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Abstract 

P olycystic kidne y disease (PKD), a disease c har acterized b y the enlargement of the kidne y thr ough cystic gr owth is the 
fourth leading cause of end-stage kidney disease w orld-wide . Tr ansient r ece ptor potential Vanilloid 4 (TRPV4), a 
calcium-permea b le TRP, channel participates in kidney cell physiology and since TRPV4 forms complexes with another 
channel whose malfunction is associated to PKD, TRPP2 (or PKD2), we sought to determine whether patients with PKD, 
exhibit pr eviousl y unknown m utations in TRPV4. Her e , w e r e port the pr esence of m utations in the TRPV4 gene in patients 
diagnosed with PKD and determine that they produce gain-of-function (GOF). Mutations in the sequence of the TRPV4 gene 
have been associated to a broad spectrum of neuropathies and skeletal dysplasias but not PKD, and their biophysical effects 
on channel function have not been elucidated. We identified and examined the functional behavior of a novel E6K mutant 
and of the pr eviousl y known S94L and A217S mutant TRVP4 channels. The A217S mutation has been associated to mixed 

neuropathy and/or skeletal dysplasia phenotypes, however, the PKD carriers of these variants had not been diagnosed with 

these r e ported clinical manifestations. The pr esence of certain m utations in TRPV4 may influence the pr ogr ession and 

severity of PKD through GOF mechanisms. PKD patients carrying TRVP4 mutations are putatively more likely to require 
dialysis or renal transplant as compared to those without these mutations. 
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 olycystic kidne y disease (PKD) is the most frequent genetic
ause of chronic kidney disease. 1 PKD is genetically heteroge-
eous. 2 Most patients carry pathogenic variants in either the
olycystin-1 ( PKD1 ) and polycystin-2 ( PKD2 ) genes and show
utosomal dominant inheritance. It has also been suggested
hat the TRPP1 and TRPP2 channels are altered by mutations,
ffecting Ca 2 + homeostasis and co-contributing to the severity
f PKD. Although a prominent role for mechanosensation in pri-
ary cilia of kidney cells and changes in Ca 2 + influx into these

tructures had been suggested for PKD, 3 recent studies have
hown that PKD due to TRPP1 and TRPP2 dysfunction seems to
 el y on a deficit of Ca 2 + signals in response to mechanical effects
n the cilia. 4 , 5 

The transient r ece ptor potential Vanilloid 4 (TRPV4) calcium-
ermea b le channel 6 , 7 has been shown to function as an
smo-, mechano-, and chemosensory protein, 8–11 responding 
o several other stimuli, 12 −15 including the synthetic agonist
SK1016790A. 16 This channel is expressed in different tissues
nd regulates the function of kidneys, the lung barrier, 17–22 

pithelial tissues (ie, skin), 23–26 and of endothelial microvascu-
ature (ie, brain). 27–31 

TRPV4 is essential for neuritogenesis in developing neurons,
keletal homeostasis, and remodeling of bone in response to
hysical activity (mechanical loading). 32–34 Hence, it comes as
o surprise that mutations in TRPV4, result in several human
athologies, being pr ominentl y associated with motor neu-
opathies and inborn motor neuron diseases, although over-
apping phenotypes are possible. 35–41 Some TRPV4 mutations

ainly affect endoc hondr al ossification, with shorter, wider
ones and cartilage, this is consistent with high TRPV4 expres-
ion in chondrocytes. 42–44 

Disease-causing mutations of TRPV4 can be widespread
hroughout all channel domains. 45–48 The human TRPV4 chan-
el homotetramer contains subunits with a 6-helix transmem-
r ane re gion, wher e the first four α-helices (S1-S4) form a v olta ge
ensor-like domain, and the S5 and S6 α-helices form the pore
omain. 49 The cytoplasmic N- and C-termini contain the phos-
hoinositide binding domain (PBD), the ankyrin repeat domain

ARD), the proline-rich domain (PRD), the coupling domain, the
RP box, the calmodulin-binding domain (CAM), and the PDZ-

ike domain. 49 Additionally, TRPV4 contains a highly flexible N-
erminal intrinsicall y disorder ed r e gion (IDR), whic h re gulates
RPV4 function in response to other molecules, such as lipids. 50 

keletal dysplasia- and neuropathy-associated mutations are 
idely distributed and affect residues located in sev eral r egions,

ncluding the N-terminus of the channel, as re vie wed in. 45 

TRPV4 has been shown to form complexes with the TRPP2
nd TRPC1 channels, 51–54 both of which are also relevant for
KD and some studies hav e pr oposed links between the activ-
ty of TRPV4 and PKD. 55–57 Here , w e sear c hed for mutations in
he TRPV4 gene of PKD patients and identified four heterozy-
ote missense variants: E6K, A217S, P19S (pr eviousl y character-
zed 

58 , 59 ), and E29A, all located at the N-terminus, two of were
unctionally c har acterized. 

We also studied the pr eviousl y unc har acterized gene vari-
nts S94L 38 and R315W, 60 which are associated to skeletomus-
ular dysplasias and atrophies. Our data show that these TRPV4
utants exhibit a GOF phenotype, with increased sensitivity to

he agonist, GSK1016790A and increased unliganded open prob-
 bility. Importantl y, these TRPV4 m utant pr oteins wer e pr esent
n the patients with more severe phenotypes, which carried
dditional mutations in PKD-associated genes. 

ethods 

atients and Sample Collection 

he study r ecei v ed appr ov al of the Ethics and Resear c h Commit-
ees from the Instituto Nacional de Ciencias M ́edicas y Nutrici ́on
alvador Zubir ́an (INCMNSZ), approval no. 3232. A random sam-
le of the r egister ed PKD patients dia gnosed with PKD thr ough
ltrasound scans 61 according to pr eviousl y esta b lished crite-
ia 62 at the Ne phr ology De partment of the INCMNSZ wer e con-
acted and invited to participate in the study. Of these, 27 unre-
ated Mexican adults, men and women (31-78 years old), were
ecruited. All participants signed a written consent, and the
tudy was conducted in agreement with the Declaration of
elsinsky. Patient oral epithelial cells were collected for DNA
xtraction using sw a bs (F AB-SW AB, Puritan). 63 DNA was used for
anger Sequencing to screen for genetic variants in all exons and
xon-intron junctions of TRPV4 gene. Whole exome-sequencing
WES) was performed in 5 patients exhibiting most severe PKD
henotypes. DNA in these patients was extracted using the
IAamp Blood Kit (Qiagen). WES and bioinformatic analyses
ere performed at DREAMGenics (Oviedo, Spain). 

ell Transfection and Electrophysiology 

uman embryonic kidney cells (HEK AD-293) (Agilent, #240085)
er e cultur ed and tr ansfected with DN A for WT and mutant
RPV4 channels, as pr eviousl y described. 64 , 65 

TRPV4 currents from transiently transfected cells were
ecorded with the patc h-clamp tec hnique using excised mem-
r ane patc hes in the inside-out configur ation. 66–69 Recording
olutions for both the bath and the pipette contained (in m m ):
30 NaCl, 3 HEPES, and 1 EDTA (pH 7.2). GSK1016790A (GSK101,
igma-Aldrich) was prepared, as previously reported. 65 , 70 The
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ill equation was fitted to the data to obtain the Hill coef- 
cient ( n ) and the apparent dissociation constant (K D ). 71 All- 
oint histogr ams w er e constructed fr om traces wher e closings 
nd openings could be r eadil y distinguished as described in, 72 

nd the open pr oba bility ( P o ) w as calculated as the sum of the
otal open time divided by the sw eep dur ation, also as previ- 
usly described. 65 , 70 Time-dependent open probability was rep- 
esented as a time plot of all recorded sweeps. Average data for 
ingle-channel current amplitude i and P o in all experiments in 

ach condition was represented as a scatter plot. 
Mean curr ent v alues wer e measur ed at steady state 

 ∼1.5 min) and for recordings of macroscopic currents of unli- 
anded channels, the membrane potential was held at 0 mV and 

he v olta ge w as ste pped fr om −120 to 120 mV in increments of
0 mV and then back to 0 mV. 

Dose-responses for GSK101 agonist were obtained for WT 

nd mutant TRPV4 channels, as previously described. 65 Single- 
 hannel recordings w ere performed by acquiring several sweeps 
t + 60 mV for 3 s, in 10-50 r e petitions using pr eviousl y r e ported
rotocols. 65 , 73 To study whether the hTRPV4 mutants were 
onstituti v el y open, traces were obtained in the absence of 
he ligand and in the presence of a gi v en concentration of 
SK1016790A. 

utagenesis 

uman TRPV4-channel mutants were constructed by a 2-step 

CR method 

66 , 67 and the DNA was sequenced to confirm the 
nsertion of a gi v en m utation. 

ta tistical Anal ysis 

roup data are reported as the mean ± standard error of the 
ean (s.e.m.). The 2-tailed t -test and one-way analysis of vari- 

nce , follow ed b y Tuke y’s post hoc test, was used for group com-
arison, and calculated with Prism softw ar e (Graphstats Tech- 
ologies). Significant differences between means were consid- 
red to exist when the P -value was less than 0.05. 

esults 

wenty-seven patients diagnosed with PKD underwent screen- 
ng for mutations within the TRPV4 gene. Clinical characteriza- 
ion of the patients is shown in Ta b le 1 . 74 Ta b les 2 and S1 show
he presence of the TRPV4 gene variants identified. Four het- 
rozygote missense variants were identified at the N-terminus 
f the channel: E6K (7 patients), A217S (3 patients), P19S (2 
atients), and E29A (1 patient). In addition, one patient carrying 
oth E6K + P19S, and a second one carrying the P19S + A217S 
 ariants wer e identified ( Ta b le 2 ). A total of 15 out of 27 patients
ere carriers of TRPV4 gene variants. Five of the most severe 
KD cases (stage G5) were selected for WES analysis to identify 
he underlying PKD gene mutations ( Table 2 ). Interestingly, all 
ave additional mutations in genes associated to PKD such as 
NF1B + ATP6V1B; SEC63; PKD1 + CFTR; PKD1 + PKHD1 + TSC2, 
nd PKD2 + HNF1B + DZIP1L, the latter presented without a 
RPV4 mutation ( Table 2 ). 

The E6K variant, although not reported in the literature as 
 causal mutation for any known disease, was found in popu- 
ation databases with a very low allele frequency (rs769769057, 
nomAD = 0.000007126) and has been r e ported as a Variant of 
ncertain Significance in the ClinVar database. Our data shows 

he presence of TRPV4 mutants E6K and A217S in PKD patients 
arboring different underlying PKD gene mutations ( Table 2 ). 
one of these patients had been diagnosed with skeletal dys- 
lasia or neuropathic manifestations, although these mutations 
ave been associated to these disease. 37 , 38 , 41 , 60 PKD patients car- 
ying TRPV4 mutations are more likely to require dialysis or 
enal transplant (12 out of 15), as compared to those without 
RPV4 mutations (4 out of 12) ( Tables 2 and S1 ). 

utant TRPV4 Channels in the IDR Present 
onstituti v e Acti vity and Increased Agonist Sensiti vity 

utations in the N-terminal IDR of TRPV4 are present in patients 
ith peripheral neuropathy or are mixed with skeletal dyspla- 

ia 38 , 75 with affected residues located adjacent to critical reg- 
latory sites, such as phosphorylation sites, 76 , 77 PBD 

78 and the 
RD. 79 , 80 

Acti v ation of the E6K and S94L mutants in the IDR was
 valuated under se veral conditions, by recording currents in 

EK293 cells expressing WT or mutant channels. Control exper- 
ments using cells transfected only with plasmid with green 

uor escent pr otein show ed no c hannel openings in the pres-
nce of GSK1016790A ( Figure S1 ), indicating that these cells 
o not express TRPV4 and constitute an adequate experimen- 
al model. The novel E6K mutant located at the beginning of 
he N-terminus ( Figure 1 A), was found in several PKD patients. 
he S94L mutation, located near the IDR r egulator y r egions 
 Figure 1 A) has been described in patients with congenital spinal 
 uscular atr ophy and arthr ogr yposis (CSMAA) and sev er e skele-

al abnormalities 38 and patients with CSMAA but not with 

keletal dysplasia, highlighting the wide phenotypic v aria bility 
ithin the clinical spectrum of the same TRPV4 mutation. 75 This 
 utation w as not pr esent in our PKD patient cohort, but had

ot been pr eviousl y c har acterized, hence it was studied here for
omparison. 

Figure 1 B-D shows representative macroscopic current traces 
f WT and E6K and S94L-TRPV4 channels acti v ated with two 
oncentrations of the agonist, GSK1016790A (GSK). The current- 
 olta ge r elationships ( Figur e S2A-C ) show the incr eased sensi-
ivity of the E6K and S94L mutants to lower GSK concentrations 
t all v olta ges tested, as compared to WT channels. 

To substantiate the observation that the E6K and S94L 
utant TRPV4 channels displayed an apparent increase in sen- 

itivity to GSK, we performed dose-response curves to GSK and 

ompared them to the WT TRPV4 response. Figure 1 E shows that 
cti v ation of E6K (orange symbols) and S94L (purple symbols) 
 utants w as left-shifted, as compar ed to the WT (b lack sym-

ols) and acti v ation curv es in r esponse to GSK yielded r educed
pparent dissociation constants (K D ). 

The shift to the left in the dose-r e ponse to GSK for E6K and
94L mutants suggested a GOF mechanism, as pr eviousl y pr o- 
osed for S94L using cytotoxicity assays. 38 Examination of the 

eak or unliganded macr oscopic curr ents showed spontaneous 
penings in both mutants, that were not observed in WT chan- 
els, suggesting constituti v e acti vity of the m utant channels 
 Figure S2D-F ). 

Single-channel recordings were performed to examine the 
iophysical details of the acti v ation of the WT and E6K and S94L
utants, in unliganded conditions and with different concen- 

rations of GSK. WT channels did not open in the absence of lig-
nd ( Figure 1 F, light gray), however, in the presence of 10 n m GSK,
pening bursts were observed (dark grey, Figure 1 F) and the aver- 
 ge single-channel curr ent amplitude w as 6.33 ± 0.5 pA (right, 
iddle , F igure 1 F). With 100 n m GSK, the channel exhibited an

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
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ncrease in opening events (black, Figure 1 F) without changes in 

he single-channel current amplitude (right, bottom, Figure 1 F). 
Single-channel currents of the E6K mutant revealed the pres- 

nce of brief opening bursts in the unliganded state (light 
r ange , F igure 1 G). Single-c hannel current amplitudes for the
nliganded state and with 10 or 100 n m GSK, remained simi- 

ar among them ( Figure 1 G, right, top, middle and bottom), as
ompared to WT. Single-channel current amplitude for the S94L 
utant channel was measured and remained constant at differ- 

nt concentrations of GSK ( Figure 1 H). 
The open pr oba bility ( P o ) as a function of time for these

ingle-r esidue m utations in TRPV4 w as ev aluated. Re pr esenta-
i v e time courses for changes in P o for unliganded and after
xposure to two GSK concentrations are shown for WT, E6K- 
 and S94L-TRPV4 c hannels ( F igure 1 I-K). As for the WT chan-
el ( Figure 1 I), the unliganded state displayed v er y low P o val-
es throughout the duration of the experiments (circles, Figure 
 I). Addition of 10 and 100 n m GSK led to opening bursts and
n increase in the P o (triangles and squares, Figures 1 I). In the
nliganded state, the E6K-TRPV4 displayed increased P o as com- 
ared to the WT. Addition of 10 and 100 n m GSK stabilized the
pen state and the P o r eadil y incr eased ( Figur es 1 J, triangles and
quar es, r especti v el y), hence the open state of the E6K m utant
hannel is fav or ed by low er concentr ations of the agonist, as
ompared to WT channels. A similar behavior was observed for 
he S94L (circles, triangles and squares, Figure 1 K). 

A summary of the data obtained both for single-channel cur- 
ent amplitudes and for P o values for unliganded and liganded 

T, E6K-, and S94L are shown in ( Figure S3A-B ). These exper-
ments allowed us to conclude that the presence of E6K and 

94L mutations in the IDR of the N-terminus of TRPV4 lead to 
n increase in activity even in the absence of an agonist. 

ain of Function of ARD TRPV4 Mutants 

ost TRPV4 channel mutations identified in patients with 

ixed skeletal and neur om uscular disease phenotypes ar e 
ocalized to the ARD in the N-terminus of the channel. 41 We 
ecided to study the functional behavior of the A217S TRPV4- 
utant channel, identified in 4/27 of the studied PKD patients 

nd pr eviousl y highlighted as a possib le cause for spondy- 
ometaphyseal dysplasias Kozlowski type (SMDK) and scapu- 
operoneal spinal muscular atrophy (SPSMA). 37 For comparison, 
e also performed electrophysiological experiments with the 
315W m utant, pr eviousl y shown to incr ease calcium influx and
ytotoxicity as a GOF mutant. 38 , 81 The R315W mutant has been 

dentified in patients with neuropathies 35 , 82 , 83 and patients with 

 mixed phenotype with SMDK and Charcot-Marie-Tooth dis- 
ase type 2C neuropathy, 41 , 84 but w as not pr esent in our patient
ohort. 

A217 and R315 residues, are located at the N-terminal region 

n the ARD’s ( Figure 2 A). A217 resides within the α-helix of
he second ankyrin repeat (AR2), while R315 residue protrudes 
rom the fourth ankyrin repeat (AR4) and is exposed to war d 

he membrane-facing surface. Our experiments show that these 
 utants exhibit incr eased acti v ation at a lower a gonist concen-

ration (10 n m ), as compared to WT channels ( Figure 2 B-D). The
cti v ation of the A217S and R315W mutant TRPV4 channels in 

 esponse to differ ent concentrations of GSK w as also shifted 

o the left, yielding slightly lower apparent K D values for both 

utants, as compared to the WT channels ( Figure 2 E). Finally, 
he increase in the response of the A217S and R315W mutants 
o 10 nm GSK (triangles), as compared to WT channels, was evi- 
ent at all v olta ges ( Figur e S4A-C ). 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data


6 FUNCTION , 2024, Vol. 00, No. 0 

Table 2. Severity of Disease in PKD Patients 

Cases With Stage G5, 
Dialysis or Transplant 

∗Ag e/Stag e G5, Dialysis 
or Transplant 
(Mean ± SD) 

Cases Not Reaching 
Stage G5, Dialysis or 

Transplant Total Cases 

Total cases 16 11 27 
Total cases with TRPV4 mutation 12 50.58 ± 7.11 3 15 
Total cases without TRPV4 mutation 4 56 ± 7.44 8 12 
Single mutation carriers 
E6K carriers 6 52.4 ± 7.63 1 7 
A217S carriers 1 51 2 3 
P19S carriers 2 43,46 0 2 
E29A carriers 1 54 0 1 
Double mutation carriers (not included in 
single mutations carriers account) 
E6K + P19S carriers 1 44 0 1 
P19S + A217S carriers 1 62 0 1 
Cases with found mutations in PKD genes and the TRPV4 variants present in these cases 
HNF1B (Q521Pfs ∗30; P) and ATP6V1B 
(I386Hfs ∗56; P) + TRPV4 (A217S) 

1 51 1 

SEC63 (R239 ∗; P) + TRPV4 (E6K) 1 45 1 
PKD1 (Q2606 ∗; P) and CFTR (L997F; P) + 

TRPV4 (P19S) 
1 43 1 

PKD1 (R3039S; LP), PKHD1 (D3795N; VUS) 
and TSC2 (G1579S; LP) + TRPV4 (E6K + P19S) 

1 44 1 

PKD2 (R496C; VUS), HNF1B (Q521Pfs ∗30; P) 
and DZIP1L (A591T; VUS) without TRPV4 
mutation 

1 45 1 

∗Age of patients carrying TRPV4 gene variants at which they reached stage G5 (CKD stage = chronic kidney disease stage based on Age/KDIGO eGFR CKD-EPI), dialysis 

or transplant. The first column presents total cases with TRPV4 mutations, total cases without TRPV4 mutations, carriers of different TRPV4 variants (E6K, A217S, 
P19S, E29A), and the carriers of two TRPV4 variants (E6K + P19S and P19S + A217S). Also, cases with mutations in PKD genes are presented, with TRPV4 variants if 
they were detected. The 5 cases with mutations in PKD-associated genes with or without mutations in TRPV4. Variants were identified on genome assembly GRCh38 
(hg38). PKD-associated genes: ATP6V1B (ATPase H 

+ transporting V1 subunit B1), CFTR (cystic fibrosis tr ansmembr ane conductance re gulator), DZIP1L (DAZ interacting 

zinc finger protein 1 like), HNF1B (he patocyte n uclear factor1-beta), PKD1 (polycystin 1), PKD2 (polycystin 2), PKHD1 (polycystic kidney and hepatic disease 1, ciliary IPT 
domain containing fibr ocystin/pol yductin), SEC63 (SEC63 homolog, protein translocation regulator), and TSC2 (tuberous sclerosis complex subunit 2). The PKD gene 
m utations ar e sho wn follo wed by their clinical significance: P athogenic (P), Likely P athogenic (LP), and Variant of Uncertain Significance (VUS). 
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The A217 residue is not located within the contact interface with 
Similarly to the IDR mutants, macroscopic currents from
217S mutant c hannels show ed constituti v e acti vity in the
nliganded state ( Figure S4D-F ). Single-channel analysis of the
217S channel determined the presence of unliganded opening
v ents ( Figur e 2 F). Application of 10 and 100 n m GSK resulted
n longer-li v ed openings ( Figur e 2 G-H). Single-channel curr ent-
mplitudes were like the WT ( Figure 2 F-H, lower panels). 

The A217S mutant TRPV4 exhibited increased P o in the unli-
anded state ( Figure 2 I, circles) and exposure to 10 or 100 n m
SK also stabilized the open state ( Figures 2 I, triangles and
quares). No significant statistical difference in the magnitude
f the unitary current among WT and A217S mutant chan-
els ( Figure S5A ) was observed but the P o in the unliganded
tate w as incr eased, as compar ed to WT channels ( Figure S5B ).
hese data suggest that the A217S m utant pr esents GOF mech-
nisms due to the increased open probability in the unliganded
tate. 

iscussion 

o date, over 70 disease-causing mutations have been described
n different domains of the hTRPV4 channel structure. Func-
ional studies show that most mutations yield GOF pheno-
ypes and are associated with increased Ca 2 + entry into the
ells where they are expressed. 38 , 41 , 42 , 81 , 85–93 Several of the
 utations r e ported for TRPV4 hav e not been electr ophysiolog-

cally studied, hence, a detailed biophysical characterization 
 as pi v otal to understand the GOF mechanisms in m utant
hannels, especially for some which were identified in patients
ith PKD. Here, we describe and characterize the novel E6K
RPV4 mutation, which is also present in patients diagnosed
ith PKD. We also identified and c har acterized other TRPV4
utants localized in the N-terminal region of the channel
ithin different domains. While E6K and S94L reside within

he IDR, A217S locates to the ARD. Here, we show that TRPV4
 utants pr esent in the PKD patients studied, exhibit consti-

uti v e acti vity in the absence of ligand, with rather high open
r oba bilities, and an apparent increase in the affinity for a
electi v e a gonist of the channel. 

Our r ecordings wer e performed using excised cell-membrane
atc hes, hence , an incr ease in the n umber of channels, as pr e-
iousl y r e ported, 38 does not explain the GOF phenomenon we
bserved but an increase in unliganded P o does. 

The N-terminus is involved in protein-protein interactions
hat re gulate c hannel function. Mutations in the ARD could
ead to significant structural changes in the membrane-facing
urface of the ARD’s, potentially affecting the interaction of
RPV4 with other proteins and destabilizing inhibitory com-
lexes, leading to channel opening. Recentl y solv ed cr yo-EM
tructures of TRPV4 in complex with the cytoskeletal remodel-
ng GTPase RhoA, which inhibits channel activity, suggest that
ome residues in the ARD are essential for interaction between
hoA and TRPV4. 49 , 94 Mutations in the ARD could disrupt this
urface structure and lead to destabilization of the closed state.

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae031#supplementary-data
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Figure 1. Mutations of two residues in the N-terminal intrinsically disordered region (IDR) result in constitutive activity of TRPV4. (A) Structure of the human TRPV4 
channel (PDB: 8FC8), 70 where one subunit is highlighted for visual clarity. The N-terminal IDR was modelled with the SWISS-MODEL server (Guex and Peitsch, 1997; 
Guex et al., 2009; Waterhouse et al., 2018) for r e pr esentati v e purposes. Residues E6 and S94 are depicted. (B-D) Representative currents were obtained at −120 mV and 
+ 120 mV for 100 ms from a holding potential of 0 mV in the inside-out configuration in wild-type (WT, B) and mutant E6K (C) and S94L (D) channels. Leak or initial 

curr ents and curr ents in the pr esence of 10 n m or 1 μm GSK1016790A (GSK) are shown, as indicated by la bels. (E) Dose-r esponse curv es for acti v ation by GSK measur ed 
at + 120 mV in inside-out patches of HEK293 cells expressing WT or mutant E6K or S94L channels. The smooth curves are fits with the Hill equation [K D = 95 ± 5 n m for 
WT ( n = 8-17), 65 ± 5 n m for E6K ( n = 4-8) and 93 ± 6 n m for S94L ( n = 5-11)]. Hill coefficients were 1.9 for WT, 2.6 for E6K, and 2.4 for S94L. A single GSK concentration 

was tested per membrane patch and normalized to the current at saturating 1 μm GSK in the same patch. Group data are reported as the mean ± s.e.m. Statistical 
significance was of ∗P < 0.01 between WT versus E6K and ∗P < 0.01 versus S94L in the presence of 10 n m GSK; ∗P < 0.01 between WT versus E6K and ∗P < 0.01 versus 
S94L in the presence of 20 n m GSK; ∗P < 0.05 between WT versus S94L in the presence of 50 n m GSK and ∗P < 0.01 versus E6K in the presence of 100 n m GSK. No 
statistical differences were observed starting from 200 n m to higher GSK concentrations between acti v ation of the WT and mutant channels. A parametric unpaired 

t -test was performed. (F) Representative traces of single-channel recordings from WT TRPV4 channels in the unliganded state ( P o = 0; i = 0 pA, n = 7) and with 10 n m 

( P o = 0.34 ± 0.06; i = 6.3 ± 0.5 pA, n = 7) or 100 n m ( P o = 0.8 ± 0.07; i = 6.3 ± 0.3 pA, n = 6) GSK. (G) Re pr esentati v e single-channel r ecordings for the mutant TRPV4- 
E6K channel in the unliganded state ( P o = 0.18 ± 0.003; i = 6.7 ± 0.5 pA, n = 4) and with 10 n m ( P o = 0.94 ± 0.03; i = 5.8 ± 0.2 pA, n = 5) or 100 n m ( P o = 0.91 ± 0.08; 
i = 6.15 ± 0.2 pA, n = 2) GSK. (H) Re pr esentati v e tr aces for single-c hannel r ecordings fr om the m utant TRPV4-S94L channel in the unliganded state ( P o = 0.51 ± 0.08; 

i = 5.96 ± 0.4 pA, n = 11) and with 10 n m ( P o = 0.82 ± 0.08; i = 5.98 ± 0.4 pA, n = 6) or 100 n m ( P o = 0.94 ± 0.03; i = 5.97 ± 0.09 pA, n = 3) GSK. Closed and open states 
are marked with letters C and O, respectively. The histograms below each trace plot the av era ge single-curr ent amplitude elicited in the unliganded state or in the 
presence of different GSK concentrations. All single-channel recordings were performed in the inside-out configuration of the patch-clamp technique. Re pr esentati v e 
open pr oba bility ( P o ) of WT (I), m utant E6K (J) and S94L (K) c hannels through time . Values for the P o ar e shown at + 60 mV fr om 0 (3 s) to up to 160 swee ps (480 s) in the 

unliganded state and in the presence of 10 and 100 n m GSK. P o was determined for the 3 s duration for each sweep at + 60 mV. 
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hoA, but is adjacent to this region in the second ARD within its 
elical section, it is also surrounded by other non-polar residues 
ith which the alanine interacts through hydrophobic bonding, 
ossib l y affecting folding of the domain. 37 

For the S94L mutant, mechanisms are possibly different to 
hose hypothesized for the mutations in the ARD, and it remains 
ifficult to explain the effect of these IDR mutations on the 
unction of the channel. However, it is important to note that 
he S94 residue is located among phosphorylation sites, which 

ould modulate the response of the channel to shear-stress 77 
nd is located in the middle of the IDR, proposed to fine-tune the
esponse of the channel to other stimuli. 80 Therefore, a variation 

n some of these residues could promote modifications in the 
nteraction with PIP 2 that may cause a GOF effect, future studies 

ill be r equir ed to address this. 
The E6K mutation at the beginning of the N-terminal domain 

nd outside the middle region of the IDR, was also consti- 
uti v el y open. The distal N-terminus of the IDR encompasses 
0 negati v el y-charged amino acids, which modulate attrac- 
i v e and r e pulsi v e interactions with other regions of the IDR,

art/zqae031_f1.eps
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Figure 2. Mutations of two residues of ARD of the N-terminus of TRPV4 result in constitutively activated macroscopic currents and a shift in the response to the 
a gonist. (A) De piction of two subunits of the cr yo-EM structur e (PDB: 8FC8) [82] of the human TRPV4 channel. Residues A217 and R315W are depicted. Representative 
currents at −120 mV and + 120 from a holding potential of 0 mV of wild-type (WT, B) and mutant A217S (C) or R315W (D) channels. Inside-out membrane patches 

were exposed to bath solution without agonist (initial), 10 n m and 1 μm GSK1016790A (GSK). (E) Dose-response curves for activation by GSK measured at + 120 mV in 
inside-out patches of HEK293 cells expressing WT or mutant A217S or R315W channels. The smooth curv es ar e fits with the Hill equation (K D = 95 ± 5 n m for WT 
[ n = 8-17, same data as in Figure 1 E), 66 ± 6 n m for A217S ( n = 5-11) and 83 ± 4 n m for R315W ( n = 4-11)]. Hill coefficients were 1.9 for WT, 2.1 for A217S, and 2.7 for 
R315W. A single GSK concentration was tested per membr ane patc h and normalized to the current at saturating 1 μm GSK in the same patch. Group data are reported 

as the mean ± s.e.m. Statistical significance was of ∗P < 0.01 between WT versus A217S and ∗P < 0.001 versus R315W in the presence of 10 n m GSK; ∗P < 0.01 between 
WT versus A217S and ∗P < 0.0001 versus R315W in the presence of 20 n m GSK; ∗P < 0.01 between WT versus A217S and ∗P < 0.01 versus R315W in the presence of 
50 n m GSK and ∗P < 0.001 versus A217S and ∗P < 0.01 versus R315W in the presence of 100 n m GSK. No statistical differences started from 200 n m GSK between the WT 

and mutant channels. A parametric unpaired t -test was performed. Representative single-channel recordings for the A217S TRPV4 mutant in the (F) unliganded state 
and in the presence of (G)10 n m or (H) 100 n m GSK at + 60 mV. The av era ge single-curr ent amplitude elicited in the unliganded state or in the presence of different GSK 
concentrations is plotted in the histograms below each trace. (I) Changes in open pr oba bility ( P o ) thr ough time in the unliganded state and in the presence of 10 and 
100 n m GSK, as indicated in the figure. Values for the P o are shown at + 60 mV from 0 (3 s) to up to 150 sweeps (450 s). P o was determined for the 3 s duration for each 

sweep at + 60 mV. The Hill equation was fitted to the data to obtain the Hill coefficient ( n ) and the apparent dissociation constant (K D ) .71 All-point histograms were 
constructed, and P o was calculated and graphed as described in Figure 1 . 
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hic h is enric hed with positi v el y charged r esidues. 80 These two
ppositel y charged r egions dynamicall y interact to modulate
hannel autoinhibition by competing for the binding of PIP 2 ,
ence, the E6K mutation could affect the autoinhibition mecha-
isms of the TRPV4 IDR. 80 

The mutant TRPV4 channels found in PKD patients studied
n this r e port could be inv olv ed in the development of cystogen-
sis, as has been suggested. 55 The finding of the E6K mutant in
0% of our studied PKD patients, suggests a role in the pheno-
ypic expression of the disease, possib l y modifying its severity,
s 6 out of 7 patients carrying this variant required dialysis or
enal transplant. As for the P19S mutant, this variant has been
efined as a non-synonymous single nucleotide polymorphism
ith loss of function in cases of hyponatremia 59 and GOF in
hr onic obstructi v e pulmonar y disease. 58 In r espirator y e pithe-
ial cells, P19S leads to abnormal Ca 2 + influx into human airway
pithelia and the activation of the metalloproteinase MMP1. 58 

ince metallopr oteinases ar e pr oteol ytic pr oteins that cleav e the
xtracellular matrix and regulate cell proliferation this mecha-
ism could be r elev ant in PKD, where the activity of metallo-
roteins during the development and growth of cysts has been
idely determined. 95–98 

Mor eov er, patients carr ying any of the four identified
RPV4 mutations were more likely to require dialysis or renal

ransplant as opposed to those who did not carry any TRPV4
 utations ( Ta b le 2 ), supporting the inv olv ement of TRPV4 in the

art/zqae031_f2.eps
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tiology of PKD. In summary, our results show the presence of 
unctionall y alter ed TRPV4 channels in PKD patients and sup- 
ort its possib le r ole as a modulator of the severity of the dis-
ase. 

It is important to note that, although a reduction in the influx 
f Ca 2 + , due to mutations in the PKD1 and PKD2 (TRPP2 ion 

hannel) genes, has been highlighted as a mechanism dir ectl y 
elated to cyst growth in PKD animal and cell models, 99 , 100 the 
ffect of an abnormal and not regulated entry of Ca 2 + due to GOF 
utations, together with mutations in the PKD genes, remains 

nclear. Some experimental models have proposed that the for- 
ation of TRPP2-TRPV4 complexes and the stimulation of these 

hannels to produce an excess of Ca 2 + entry could influence PKD 

r ogr ession. 51 

As for the role of acti v ation of TRPV4 in cell proliferation, 
here is contrasting information in the liter ature . While it has 
een shown that other GOF mutations are associated to the pro- 

iferation of some cell types, 85 , 101 in some experimental mod- 
ls acti v ation of TRPV4 by GSK1016790A can decrease cell pro- 
iferation 

102 or its inhibition can result in decr eased pr olifera- 
ion. 103 It has also been described that acti v ation of TRPV4 in a 
odent model with PKD and polycystic liver disease, produces 
 negati v e effect on cyst gr owth. 56 , 57 , 104 While regulated acti- 
ation/desensitization of TRPV4 may yield beneficial effects in 

isease pr ogr ession in PKD cell and animal models with muta- 
ions in the PKD genes, it is not curr entl y possib le to pr edict
he outcome of the presence of GOF mutations of TRPV4 can 

nfluence cystogenesis. For instance, in other cell types, such as 
he alv eolo-capillar y barrier, excess of Ca 2 + entr y pr omotes cell 
amage 105 and some GOF mutations in TRPV4 promote break- 
own of the b lood-central nerv ous system barrier, leading to 
eterioration of motor neurons. 106 

As the field advances, the role of different molecular effec- 
ors that may influence PKD pr ogr ession ar e being discov er ed. 
n example of this is TMEM16A (Anoctamin 1), which is upreg- 
lated upon knock-down of PKD1 and PKD2 and whose acti v a- 
ion due to increases in Ca 2 + leads to cyst formation through 

he secretion of Cl − in rodent experimental models. 107 , 108 Thus, 
e propose that further studies considering other molecu- 

ar dri v ers ar e r equir ed to adv ance our knowledge on this
isease. 

imitations and Future Studies 

n this study, we have determined the presence of mutations, 
ne of them pr eviousl y not described in the liter ature , in the
RPV4 ion channel in Mexican patients with PKD and focused 

n studying the biophysical properties of these mutant chan- 
els in a heterologous expression system. The limitations of 
ur work and future studies and experiments include the fol- 

owing: (1) Studying the presence of these mutations in a larger 
atient cohort, although our study constitutes the foundation 

or broader scope genome-wide association studies in a larger 
nd more diverse population; (2) Studying the biophysical prop- 
rties of the mutant channels in complex (heterotetramers) with 

RPP2 1 in heterologous expression systems to determine how 

he function of these channels is altered; (3) Producing PKD ani- 
al models that contain mutations in PKD genes, as well as the 
 utations her e described to determine whether the pr esence of 

hese amino acid substitutions in TRPV4 channels lead to dif- 
erences in the development of PKD and studying the effects at 
he cellular, subcellular 109–111 and organismal levels; (4) Clarify- 
ng how an abnormal Ca 2 + entry to the cells and organelles may 
nfluence PKD onset/pr ogr ession. 
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