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KCTDS, a novel TRPM4-regulatory protein required for cell
migration as a new predictor for breast cancer prognosis

2,3 2

| Nicolas Diaz"* | IanSilval? | Danna Morales®® | Boris Lavanderos”
Alhejandra Alvarez'” | Maria Paz Saldias'* | Eduardo Pulgar5 | Pablo Cruz'”? |

José Rivas"

Diego Maureira’” | Guillermo Flores' | Alicia Colombo®’ | Constanza Blanco'”? |
Héctor R. Contreras® | Fabian Jaia>® | Ivan Gallegos®” | Miguel L. Concha™'*!! |
Ariela Vergara-Jaque®'>"® | Horacio Poblete®'> | Wendy Gonzalez>"® |

Diego Varela®* | James S. Trimmer'® | Moénica Ciceres'® | Oscar Cerda!?*®

'Program of Cellular and Molecular Biology, Institute of Biomedical Sciences (ICBM), Faculty of Medicine, Universidad de Chile, Santiago, Chile
Millennium Nucleus of Ton Channel-Associated Diseases (MiINICAD), Santiago, Chile

3Departament0 de Ciencias de la Salud, Universidad de Aysén, Coyhaique, Chile

*Program of Physiology and Biophysics, Institute of Biomedical Sciences (ICBM), Faculty of Medicine, Universidad de Chile, Santiago, Chile
5Program of Anatomy and Developmental Biology, Institute of Biomedical Sciences (ICBM), Faculty of Medicine, Universidad de Chile, Santiago, Chile
6Departament0 de Oncologia Basico Clinica, Faculty of Medicine, Universidad de Chile, Santiago, Chile

7Departamento de Anatomia Patolégica, Hospital Clinico Universidad de Chile, Universidad de Chile, Santiago, Chile

8The Wound Repair, Treatment and Health (WoRTH) Initiative, Santiago, Chile

“Biomedical Neuroscience Institute, Santiago, Chile

Center for Geroscience, Brain Health and Metabolism, Santiago, Chile

"'Millennium Nucleus on Physics of Active Matter, Santiago, Chile

12Multidisciplinary Scientific Nucleus, Universidad de Talca, Talca, Chile

3Center for Bioinformatics and Molecular Simulations (CBSM), Faculty of Engineering, Universidad de Talca, Talca, Chile

14Department of Physiology and Membrane Biology, School of Medicine, University of California, Davis, CA, USA

Correspondence Abst ¢
Oscar Cerda, Program of Cellular and S 5
Molecular Biology, Institute of Biomedical Transient receptor potential melastatin 4 (TRPM4) is a Ca*-activated nonselective

Sciences (ICBM), Faculty of Medicine,
Universidad de Chile, Santiago, Chile.
Email: oscarcerda@uchile.cl

cationic channel that regulates cell migration and contractility. Increased TRPM4
expression has been related to pathologies, in which cytoskeletal rearrangement and

cell migration are altered, such as metastatic cancer. Here, we identify the K" channel
Funding information o tetramerization domain 5 (KCTD3) protein, a putative adaptor of cullin3 E3 ubiqui-
Fondo Nacional de Desarrollo Cientifico y

Tecnolégico (FONDECYT), Grant/Award tin ligase, as a novel TRPM4-interacting protein. We demonstrate that KCTDS is a
Number: 1160518, 11170291, 11170223, positive regulator of TRPM4 activity by enhancing its Ca*" sensitivity. We show that

1171155, 1190806, 1160900 and 1181263;

T through its effects on TRPM4 that KCTD5 promotes cell migration and contractility.
Iniciativa Cientifica Milenio

Abbreviations: DPBS, Dulbecco's phosphate buffered saline; ER, estrogen receptor; KCTD, K™ channel tetramerization domain; MS, mass spectrometry; PR,
progesterone receptor; sShRNA, small hairpin RNA; TBS, tris-buffered saline; TRPM4, transient receptor potential melastatin 4; TNM, tumor, node, metastasis.
José Rivas, Nicolas Diaz, and Ian Silva contributed equally to this study.

[Correction added on April 28, 2020, after first online publication: The figures “Figure 1F and Figure 2A” was updated in this title and How to cite section.]

© 2020 Federation of American Societies for Experimental Biology

The FASEB Journal. 2020;00:1-19. wileyonlinelibrary.com/journal/fsb2 | 1


www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿
mailto:oscarcerda@uchile.cl

RIVAS ET AL.

u_?ASE‘BJOURNAL

KEYWORDS

1 | INTRODUCTION

Transient receptor potential melastatin 4 (TRPM4) is a Ca>*-
activated nonselective cationic channel' that regulates cell
migration,”* contractility, and wound healing.””> TRPM4 lo-
calizes to focal adhesions (FA) and regulates their disassem-
bly, leading to cytoskeletal rearrangement and altered Ca®*
signaling.S’4 Increased expression of these channels has been
observed in prostate cancer, B-cell non-Hodgkin lymphoma,
human cervical-uterine tumor samples, and cervical-uterine
cancer derived cell lines.®'” Moreover, increased expression
of TRPM4 enhances prostate cancer cell migr21tion.8’11'13 As
such, a better understanding of mechanisms that regulate
TRPM4 activity represents a novel approach to the develop-
ment of potential therapeutic strategies for these pathologies
by modulating TRPM4 activity.

Potassium channel tetramerization domain (KCTD) fam-
ily members are BTB (Bric-a-brac, Tramtrack, and Broad
Complex) domain-containing proteins.14 These proteins reg-
ulate diverse functions such as transcriptional repression, cy-
toskeletal remodeling, and ion channel gating.14 KCTD5 is a
pentameric Cullin3-RING E3 ligase-adapter protein highly
expressed in spleen, thymus, testis, ovary, prostate, small,
and large intestine.'>'” Moreover, enhanced KCTD5 pro-
tein expression has been observed in transformed cell lines
and peripheral blood leukocytes exposed to mitogens.15 The
Drosophila KCTDS ortholog insomniac plays a critical role
in sleep homeostasis associated with dopaminergic path-
way.'®!” In addition, KCTD5 is involved in Helicobacter
pylori adhesion to gastric epithelial cells.® However, the
mechanism whereby KCTD5 exerts these effects, including
potential substrates and effectors of KCTD5 remain unclear."

Here, we identify KCTDS5 as a novel TRPM4-interacting
protein that regulates TRPM4 channel activity. Moreover, we
demonstrate that KCTDS5 regulates cell migration and con-
tractility through its effects on TRPM4 activity. Moreover,
we found that KCTDS is a novel regulator of cell migration
in vivo. We also demonstrate that TRPM4 and KCTDS5 ex-
pression is increased in breast cancer cells and tumors in

Finally, we observed that both TRPM4 and KCTDS5 expression are increased in dis-
tinct patterns in different classes of breast cancer tumor samples. Together, these data
support that TRPM4 activity can be regulated through expression levels of either
TRPM4 or KCTDS5, not only contributing to increased understanding of the molecu-
lar mechanisms involved on the regulation of these important ion channels, but also
providing information that could inform treatments based on targeting these distinct
molecules that define TRPM4 activity.

cell migration, KCTD proteins, TRP channels

distinct patterns. The expression patterns of these genes cor-
relate with the dedifferentiation and progression characteris-
tics of aggressive and malignant tumors. Together, these data
suggest a novel role for KCTDS5 as a regulator of TRPM4
activity, and that distinct modes of regulation of various
TRPM4-mediated physiological and pathophysiological pro-
cesses could be regulated by altered expression of TRPM4
and/or KCTDS5. Our findings also suggest that both TRPM4
and KCTDS5 represent attractive targets for development of
drugs that modulate TRPM4 activity through these distinct
mechanisms, and that which may display distinct therapeutic
potential.

2 | MATERIALS AND METHODS

2.1 | Cell culture and transfections

HEK293 and COS-7 cells were cultured in DMEM high glu-
cose medium (Thermo Fisher Scientific, Waltham, MA, USA,
catalog #12100046), supplemented with 5% v/v Fetal Bovine
Serum (FBS; GE Healthcare Life Sciences, Chicago, IL,
USA, catalog #SV30160.03). Mouse Embryonic Fibroblasts
(MEF) were maintained in DMEM high glucose medium sup-
plemented with 10% v/v fetal bovine serum. MDA-MB-231
(ATCC HTB-26) and MCF7 (ATCC HTB-22) cells were cul-
tured in DMEM/F12 media supplemented with 10% v/v FBS
and 100 pg/mL penicillin-streptomycin. MCF10A (ATCC
CRL-10317) cells were cultured in DMEM/F12 media
supplemented with 5% v/v Horse Serum, 20 ng/mL EGF
(Invitrogen, Carlsbad, CA, USA catalog #PHG0311), 10 pg/
mL Insulin (Sigma-Aldrich, San Louis, MO, USA, catalog
#10516), and 0.5 pg/mL Hydrocortisone (Sigma-Aldrich,
catalog #H0888). The T47D (ATCC HTB-133) cell line was
cultured in DMEM with 5% v/v FBS. The 4T1 cell line was
cultured in RPMI media supplemented with 10% v/v FBS.
HEK?293 and COS-7 cells were transfected with the different
plasmids using Lipofectamine 2000 reagent (Thermo Fisher
Scientific catalog #11668019). Mouse Embryonic Fibroblast
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(MEF) cells were transfected using Lipofectamine LTX rea-
gent (Thermo Fisher Scientific catalog #15338100). All cell
lines were grown at 37°C and 5% CO.,.

HEK?293 CRISPR/Cas9-based KCTD5 knockout cell line
(HEK293"¥~=) was generated by transfecting KCTDS5-
Double Nickase plasmid (hl) (Santa Cruz Biotechnology,
Dallas, TX, USA, catalog #sc-409961-NIC), followed by se-
lection with puromycin (2 pg/mL) (Thermo Fisher Scientific
catalog #A1113802). Single clones were selected, and the
absence of KCTD5 expression was evaluated by RT-PCR,
gPCR, and immunoblot as described below.

2.2 | mRNA expression

mRNA from HEK293 and HEK293*“~~ cells was puri-
fied using TRIzol reagent (Invitrogen, catalog #15596026)
according to supplier's instructions. Briefly, cells were lysed
with TRIzol reagent, scraped, and centrifuged for 15 min-
utes at 12 000g at 4°C. Next, for RNA precipitation, the
aqueous phase was separated and mixed with isopropanol,
incubated for 10 minutes, and centrifugated for 10 minutes
at 12 000g at 4°C. The pellet was resuspended in 75% v/v
ethanol, vortexed briefly, and centrifuged for 5 minutes at
7500g at 4°C. Finally, the obtained pellet was resuspended
in DEPC-treated water and incubated at 65°C for 10 minutes.
cDNA was obtained with in vitro retrotranscription, using
1 pg of RNA sample and mixed with dNTPs (1 mM), 5X
Reaction Buffer, Ribolock RNase Inhibitor (20 U) (Thermo
Fisher Scientific, catalog #EOO0381), Random Primers
(100 pmol), and RevertAid Reverse Transcriptase (200 U)
(Thermo Fisher Scientific catalog #EP0441). In vitro retro-
transcription was performed using the following conditions:
25°C for 10 minutes, 42°C for 60 minutes, and finally, 70°C
for 10 minutes. Amplification of KCTDS5 and f-actin cDNAs
was carried out using the following primers (Forward/
Reverse): KCTD5 (5'-GGAGCTGCTGGGATTCCTTT-
3'/5'-GTCAGTCTGCACAGTACCCC-3") 400 nM; B-actin
(5'-TGACGTGGACATCCGCAAAG-3'/5'-CTGGAAG
GTGGACAGCGAGG-3") 250 nM. Quantitative PCR re-
actions were prepared using SensiMix SYBR Hi-ROX
Kit (Bioline, London, UK catalog QT605-05) following
manufacturer's instructions and reaction detection was per-
formed using the StepOne Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA), using the following cy-
cling conditions: 95°C for 10 minutes, followed by 40 cycles
of 95°C for 15 seconds and 60°C for 1 minute, followed by
a melt curve starting at 60°C, gradually increasing the tem-
perature by 0.3°C to 95°C. StepOne Software v 2.3 was used
for curve analyses. Relative expression was normalized to
B-actin and determined using the double delta Ct method.”!
Conventional PCR was performed using Taq polymerase
(Thermo Fisher Scientific catalog #EP0401) following the
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manufacturer's instructions. The reaction was performed on a
G-STORM GS00482 Thermal cycler (G-STORM, Somerset,
UK), using the following cycling conditions: 95°C for
10 minutes, followed by 30 cycles of 95°C for 15 s, 57.5°C
for 1 minute, and 7°C for 1 minute. The reactions ended with
a final extension step of 72°C for 10 minutes. PCR products
were resolved by electrophoresis in 2% w/v agarose gels.

2.3 | Immunoblot analyses

Cells were lysed in lysis buffer [SO mM Tris-HCI, 150 mM
NaCl (Merck, Darmstadt, Germany, catalog #1064045000),
1 mM ethylenediaminetetraacetic acid (EDTA; Chemix,
Lampa, Santiago, Chile, catalog #160408), 1 mM sodium
orthovanadate (Calbiochem, San Diego, CA, USA, catalog
#567540), 5 mM NaF (Sigma-Aldrich catalog #S7920), 1%
v/v Triton X-100 (Sigma-Aldrich catalog #10789704001), pH
7.4] containing as protease inhibitors 1 mM phenylmethyl-
sulfonyl fluoride (PMSF; Sigma-Aldrich catalog #78830)
and a protease inhibitor cocktail (PIC; Cytoskeleton, Inc,
Denver, CO, USA, catalog #PIC02) for 30 minutes at 4°C.
The lysates were centrifuged at 12 000g at 4°C for 10 min-
utes. Reducing Sample Buffer (RSB) [62.5 mM Tris-HCI,
2% wiv SDS (Sigma-Aldrich catalog #1.5750), 10% v/v glyc-
erol (Merck catalog #356352), 1% v/v p-Mercaptoethanol
(Merck catalog #8057400250)] was added to the superna-
tants samples, and then, boiled for 5 minutes followed by
size fractionation on SDS-PAGE. Following SDS-PAGE,
proteins were transferred to nitrocellulose membranes (GE
Healthcare Life Sciences catalog #10600002), which were
then blocked for 1 hour with BLOTTO [4% w/v nonfat dry
milk/ 0.1% v/v Tween-20 in Tris-buffered saline (TBS:
50 mM Tris, pH 7.5, 150 mM NaCl)] followed by 2 hours
or overnight incubation with primary antibodies. After 3
washes with BLOTTO, the membranes were incubated
with the appropriate HRP-conjugated secondary antibody
for 1 hour. After 3 washes for 10 minutes each with 0.1%
v/v Tween-20/TBS, immunoblots were visualized by Pierce
ECL Western Blotting Substrate (Thermo Fisher Scientific
catalog #34080). The images were acquired with a Mini
HD9 imager (Uvitec Ltd., Cambridge, UK) and quantified
using the Nine-Alliance software (Uvitec Ltd.).

24 | Plasmids

The EGFP-KCTDS5 plasmid was previously generated by
subcloning the human KCTD5 (hKCTD5) cDNA into the
pEGFP-N1 plasmid as described.”® The hAKCTD5 cDNA was
obtained from the pKoz Max-HA-KCTDS5 plasmid, a kind
gift from Dr Steve Goldstein. For Biomolecular fluorescence
complementation (BiFC), human TRPM4 (hTRPM4) was
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subcloned into the pBiFC-VNI155 (I152L) (myc-TRPM4-
VN) and pBiFC-VC155 (HA-TRPM4-VC) vectors (pro-
vided by Dr Chang-Deng Hu, via Addgene plasmids #27097
and #22011, respectively).zz’23 hKCTDS5 was subcloned
into the pBiFC-VC155 vector (HA-KCTD5-VC). All these
constructs were generated using the Gibson Assembly pro-
tocol.”* Ectodomain hemagglutinin (HA)-tagged TRPM4
(FLAG-TRPM4-HA) was inserted into the TRPM4 coding
sequence of FLAG-TRPM4 using the pcDNA4/TO-FLAG-
TRPM4 vector as template (a kind gift of Dr Pierre Launay)
by PCR-based site-directed mutagenesis using the Quick-
change site-directed mutagenesis kit (Agilent, Santa Clara,
CA, USA, catalog #200518). The HA tag was inserted after
Leu 722 residue in the extracellular loop between the S1
and S2 transmembrane segments using the primers: 5'-TAC
CCA TAC GAT GTT CCA GAT TAC GCT GAG TTT GAC
ATG GAT AGT ATT AAT GGG-3" and 5'-AGC GTA ATC
TGG AAC ATC GTA TGG GTA TAG CTC CTC CCG
TGT GGG CTCT CTC TTC TGA-3'. All constructs were
verified by DNA sequencing. Plasmids pCI-His-hUbi (Hiss-
ubiquitin; Addgene plasmid #31815)* and BFP-SEC61p
(Addgene plasmid #49154)* were provided by Drs. Astar
Winoto and Gia Voeltz, respectively. Plasmids encoding
for shRNAs against KCTDS5 were purchased from OriGene,
Rockville, MD, USA (catalog #T'G303786).

2.5 | Antibodies

Antibodies used for immunofluorescence, immunoblot, im-
munoprecipitation, proximity ligation assays and immuno-
histochemistry experiments are listed on Table 1.

2.6 | Immunoprecipitation assay

HEK?293 and MCF7 cells were lysed in lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM sodium or-
thovanadate, 5 mM NaF, 1% v/v Triton X-100, pH 7.4)
containing as protease inhibitors 1 mM PMSF, and PIC.
The lysates were centrifuged at 12 000g at 4°C for 10 min-
utes. The supernatants were incubated with rabbit pAb anti-
FLAG (Sigma-Aldrich catalog #F7425) or mAb anti-KCTD5
(Origene catalog # TA501035) antibodies for 16 hours at
4°C. Immunocomplexes were recovered by the incubation
with 30 uL of protein G beads (GE Healthcare Life Sciences
catalog #17061802) for 1 hour on a tube rotator at 4°C. After
incubation, the beads were washed six times in wash buffer
(150 mM NaCl, 1 mM EDTA, 1% v/v Triton X-100, 50 mM
Tris-HCI, pH 7.4). Immunocomplexes were eluted by boiling
the samples in Reducing Sample Buffer (RSB) for 5 minutes
followed by size fractionation on SDS-PAGE.

2.7 | In gel digestion and MS analysis

Mass spectrometry analyses were performed as described.*
Immunopurified complexes were separated in 12% SDS-
PAGE and the bands were excised, diced, and washed
twice in 50% v/v acetonitrile (ACN)/25 mM ammonium
bicarbonate (Sigma-Aldrich catalogs #270717 and #09830,
respectively) and dried 10 minutes in a speed vacuum con-
centrator. Then, Cys residues were reduced by incubation
of the gel pieces in 10 mM dithiothreitol (DTT; Sigma-
Aldrich catalog #150460) at 56°C for 1 hour and protected
by alkylation by incubating with 55 mM iodoacetamide
(Sigma-Aldrich catalog #I6709) at room temperature
for 45 minutes in the dark. Gel pieces were then washed
10 minutes in 50 mM ammonium bicarbonate, dehydrated
in 50% v/v ACN/50 mM ammonium bicarbonate for
10 minutes and dried in a vacuum concentrator. Dried gel
pieces were rehydrated with 100 pL of 50 mM ammonium
bicarbonate on ice for 10 minutes, and then, the solution
was removed and the gel pieces were covered with 50 mM
ammonium bicarbonate containing 10 ng/ul. mass spec-
trometry grade trypsin (Promega, Valencia, CA, USA, cat-
alog # V5280) and incubated overnight at 37°C. Digested
peptide mixtures were extracted by vortexing with 50% v/v
ACN/5% v/v formic acid for 30 minutes, and completely
dried until further analysis. LC-MS/MS procedures were
performed at the UC Davis Proteomics Facility using an
ultra-performance liquid chromatography (UPLC) system
(nanoACQUITY, Waters, Milford, MA, USA) coupled
with an ion trap mass spectrometer (LTQ-FT, Finnigan, San
Jose, CA, USA) for LC- MS/MS data acquisition. MS/MS
spectra were interpreted through the Mascot searches
(Matrix Science) with a mass tolerance of 20 ppm, MS/MS
tolerance of 0.4 or 0.6 Da, and one missing cleavage site
allowed. Carbamidomethylation of cysteine, oxidation of
methionine, and phosphorylation on serine, threonine, and
tyrosine residues was allowed.

2.8 | Immunofluorescence staining

Forty-eight hours posttransfection, cells were fixed for
15 minutes at 4°C in fixative solution [4% w/v formal-
dehyde (freshly prepared from paraformaldehyde, Sigma-
Aldrich catalog #158127), 4% w/v sucrose (Sigma-Aldrich
catalog #S0389) in Dulbecco's phosphate buffered saline
(DPBS), pH 7.4]. For surface staining experiments, cells
were blocked with blocking solution containing 4% w/v
nonfat dry milk in DPBS, for 30 minutes at room tem-
perature and incubated with the anti-HA primary antibody
(Table 1) for 4 hours at 4°C. Cells were then permeabi-
lized and blocked with blocking solution containing 0.1%
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v/v Triton X-100, 4% w/v nonfat dry milk in DPBS, for
30 minutes at room temperature and incubated with the
respective primary antibody (Table 1) for 1 hour at room
temperature. After three washes for 10 minutes each, pri-
mary antibodies were detected by incubation for 1 hour
at room temperature with Alexa-labeled isotype-specific
secondary antibodies (Table 1) and Hoechst 33 258 nu-
clear stain at 200 ng/mL (Thermo Fisher Scientific catalog
#H3569). Samples were washed 3 times for 10 minutes
each on 0.1% v/v Triton X-100/DPBS and mounted
with ProLong Gold (Thermo Fisher Scientific catalog
#P36930). Images were acquired with a CCD camera in-
stalled on a Carl Zeiss LSM800 microscope with 63X, 1.4
numerical aperture objectives coupled to ZEN software
(Carl Zeiss, Oberkochen, Germany).

2.9 | Proximity ligation assay

The assays were carried out using the Duolink in Situ
Red Starter Kit Mouse/Rabbit (Sigma-Aldrich catalog
#DUO92101) following the manufacturer's instructions.
Cells were fixed and permeabilized as described in the pre-
vious section, followed by incubation for 1 hour at 37°C
in blocking solution. All subsequent incubations were per-
formed in a humid chamber. Mouse anti-TRPM4 mAb and
rabbit anti-KCTD5 mAb primary antibodies were added and
samples incubated for 1 hour at room temperature. After
three washes for 10 minutes each, the samples were incu-
bated with secondary antibodies coupled with oligonucleo-
tides for 1 hour at 37°C. After three washes, ligation solution
was added and the samples incubated for 30 minutes at 37°C,
followed by a 100 minutes incubation with Ligation Solution
at 37°C. The samples were mounted and images were ac-
quired by confocal microscopy. Fluorescence intensity was
quantified using the Fiji/Image J software and expressed as
fluorescence intensity per cell as described.”” The acquisition
settings were identical for all of the images.

2.10 | Biomolecular fluorescence
complementation (BiFC)

BiFC assays were performed as described.”** HEK293
cells were cotransfected with HA-KCTD5-VC and myc-
TRPM4-VN. Combination of HA-TRPM4-VC and myc-
TRPM4-VN was used as positive control. Then, the cells
were fixed and permeabilized as described in the previous
sections. Images were acquired by confocal microscopy and
the Venus fluorescence intensity was quantified using the
Fiji/Image J software and expressed as fluorescence inten-
sity per cell.

2.11 | Computational modeling of the
TRPM4-KCTDS association

To evaluate the molecular assembly between the human
TRPM4 channel and the KCTDS5 protein, the lowest reso-
lution cryo-EM structure of TRPM4 (PDB ID: 6BCO)*
and the N-terminal BTB domain of KCTDS5 (PDB ID:
3DRZ)"” were used. Evolutionary Couplings (EC) analyses
employing the EV complex server were initially performed
to identify putative protein-protein interaction sites.”’
Predicted inter-protein EC pairs with an EVcomplex score
>0.1 were used as input restraints for protein-protein dock-
ing calculations. Due to the difficulty of evaluating the as-
sociation of multimeric protein complexes, a first docking
approach was performed with HADDOCK v 2.2% using
only one monomer of both TRPM4 and KCTD5. Based on
the predicted inter-ECs, residues 115, 172, 187, 188, 217,
272, 280, 308, 363 in TRPM4 and 46, 59, 60, 70, 94, 99,
107 in KCTDS5 were defined as active for docking. The
best HADDOCK score conformation was then used as
starting point to simulate the interaction between the te-
trameric structure of TRPM4 and the pentameric structure
of KCTDS5 using the Monte Carlo based multi-scale dock-
ing algorithm implemented in ROSETTA.*' Ten thousand
docking conformations were generated and clustered using
a root-mean-square deviation (RMSD) cutoff value of 5 A.
The structures with the lowest ROSETTA score in each
cluster were chosen as representative and structurally ana-
lyzed using PyMOL v 1.8.4 (Schroédinger, LLC).

2.12 | Electrophysiological solutions
Intracellular: 140 mM CsCl, 5 mM NaCl, 1 mM MgCl,,
10 mM HEPES, pH 7.2 adjusted with CsOH, and the free
Ca** (10 nM to 1 mM) was calculated with Winmaxc 2.4
software  (http://www.stanford.edu/~cpatton/maxc.html).
Extracellular: 140 mM NaCl, 5 mM CsCl, 1 mM MgCl,,
1 mM CaCl,, 10 mM HEPES, and 10 mM glucose, adjusted
to pH 7.4 with NaOH.

2.13 | Patch clamp recording

TRPM4 currents were recorded using the patch clamp tech-
nique in whole cell configuration with an EPC-7 ampli-
fier (HEKA, Holliston, MA, USA). Data were digitized
at 10 kHz with a Digidata 1322A (Axon Instruments, San
Jose, CA, USA) and low-pass filtered at 1 kHz (Frequency
Devices, Ottawa, IL, USA). The step protocols consisted
of a 400 ms step at —100 mV from a holding of 0 mV, fol-
lowed by a 400 ms step at +100 mV and a 800 ms ramp
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protocol from —60 to +120 mV. pClamp 9.2 software
(Molecular Devices Corp., San Jose, CA, USA) was used
for data acquisition and analysis. Patch electrodes (~3 MQ
resistance) were pulled from borosilicate glass (Warner
Instruments, Hamden, CT, USA) using a BB-CH puller
(Mecanex SA, Geneva, CH). All experiments were con-
ducted at 22 + 2°C. The time course for current deactiva-
tion was fitted to a single exponential equation where 7.
represents the time constant for the closing of the channels.
The time course for current activation was fitted to a dou-
ble exponential plus a constant term equation. The expres-
sion used was:

I = A]e—l/Topenl + Aze—t/ropenz +C

where A; and A, correspond to the fractional amplitude
for each component and C correspond to maximal current.
Topen1 @0d Topeny Tepresents the slow and fast time constants,
respectively.

The data showing the current dependence on intracellular
calcium was fitted to a sigmoidal dose-response curve of the
form:

I —1

max min
I =

=7 . +
"1 4 1008 (ECsy) — [Ca?H,

2.14 | Ni**-NTA affinity chromatography

Transfected HEK293 cells were lysed in lysis buffer [0.5%
v/v NP-40 (Sigma-Aldrich catalog #18896), 300 mM NaCl
(Merck catalog #1064045000), 50 mM Tris-HCI, pH 8.0,
5 mM NaF, 40 mM Imidazole (Sigma-Aldrich catalog
#1202), 1 mM PMSF, and PIC]. The lysates were centri-
fuged at 12 000g at 4°C for 10 minutes. The supernatants
were incubated with 70 pL of Ni Sepharose 6 Fast Flow
histidine-tagged protein purification resin (GE Healthcare
Life Sciences catalog #17531801) for 2 hours on a tube
rotator at 4°C. After incubation, the resin was washed ten
times in wash buffer (0.5% v/v NP-40, 300 mM NaCl,
50 mM Tris-HCI, pH 8.0, 5 mM NaF, 40 mM Imidazole)
for 5 minutes. The retained proteins were eluted by boiling
the samples in RSB for 5 minutes, and then, size-fraction-
ated on SDS-PAGE.

2.15 | Surface biotinylation assay

Biotinylation assays were performed as described.’*** The
cells were grown to 80%-90% confluence on poly-L-lysine
(200 pg/mL) treated 35 mm tissue culture dishes. The cells
were washed twice with ice-cold DPBS (pH 8.0) and incu-
bated with 500 pg/mL EZ-link sulfo-NHS-LC-biotin (Thermo
Fisher Scientific catalog #21335) dissolved in DPBS (pH 8.0)
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for 30 minutes at room temperature. The reaction was termi-
nated with blocking solution (50 mM Tris, 154 mM NaCl,
pH 8.0) and the cells washed twice with ice-cold PBS. The
cells labeled with sulfo-NHS-biotin were lysed as described
above, and lysates were incubated with streptavidin-agarose
(Thermo Fisher Scientific catalog #20351) overnight at 4°C.
The precipitated proteins were eluted with RSB and resolved
in SDS-PAGE for further immunoblot analysis.

2.16 | Boyden chamber transwell
invasion assays

MEE cells (5.0 x 10* cells) transfected with the plasmids ex-
pressing EGFP and EGFP-KCTDS5 were plated into 8 um pore-
Transwell chambers (Sigma-Aldrich catalog #CLS3422). Cell
migration were induced by adding 10% v/v FBS in the lower
chamber for 16 hours at 37°C. The nonmigrating cells were re-
moved and the migrating cells were fixed and stained with 0.2%
w/v crystal violet dissolved in 10% v/v ethanol. The migrating
cells were counted and expressed as percentage of control.

2.17 | Zebrafish experiments

Zebrafish embryos were obtained by natural spawning
and raised at 28°C in E3 medium. Lines used were wild
type TU and Tg(sox17:GFP )>* The Bioethics Committee
of the Faculty of Medicine, Universidad de Chile ap-
proved animal manipulation protocols. Embryos were in-
jected at the one cell stage using standard procedures with
an antisense morpholino against KCTD5 (9 ng/embryo;
5-CTCTTCTCCGCCATCCCTCCTCT-3", tagged with lissa-
mine atthe 3’ extreme or a standard control morpholino (9 ng/em-
bryo; 5'-AGCTATGACCCCCTCTCAAAATGGC-3") (Gene
Tools LLC., Philomath, OR, USA). Morpholino-dependent
KCTDS5 silencing was determined by immunoblot. To do that, a
pool of embryos obtained from five mates were fractionated in
two batches of two hundred embryos. Each batch was injected
at the one cell stage with 9 ng of the antisense morpholino
against KCTDS or with 9 ng of a standard control morpholino
for control embryos. Embryos were manually dechorianted, an-
esthetized at 24 hours postfertilization (hpf), and the yolk sac
was removed mechanically using a glass Pasteur pipet in cold
E3 medium. Twenty deyolked embryos were homogenized in
RIPA lysis buffer, supplemented with protease and phosphatase
inhibitors, using a microfuge pestle until uniform consistency
and incubated for 30 minutes on ice. Lysed samples were cen-
trifugated and the supernatant was analyzed by immunoblot.
‘Whole-mount in situ hybridization was performed as described
previously35 using an antisense Digoxygenin-labeled riboprobe
against thxta. Epiboly progression, convergence width, and
extension length were measured manually using the Fiji/Image]
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open software from images obtained using a Nikon SMZ100
stereoscope coupled to a Nikon digital camera. Tg(sox17:GFP)
line was used for paraxial endoderm cell tracking. Embryos
were imaged from shield stage onwards in a LEICA TCS LSI
confocal microscope using a 5X objective. Paraxial endoderm
cells were tracked manually using the MTrack]J plugin of the
Fiji/ImageJ open software. Kinetics parameters were extracted
from these tracks.

2.18 | Tissue mRNA expression

The expression of TRPM4 and KCTDS5 mRNA in breast can-
cer was analyzed using OriGene TissueScan Breast Cancer
cDNA Array II (OriGene catalog #BCRT102, lot #TH25).
The array contains cDNA obtained from 48 clinical samples:
5 normal and 43 breast cancer tissues covering all different
disease stages. All of the samples have a pathology report and
relevant clinical information publicly available at the manu-
facturer's website. Amplification of TRPM4, KCTDS5, and
B-actin cDNAs was carried out using the following primers
(Forward/Reverse): TRPM4 (5'-AGAGTGAACTCTTTCGG
GGG-3'/5'-TCCATGAGGGAAGCTTCGAG-3") 250 nM;
KCTD5 (5'-GGAGCTGCTGGGATTCCTTT-3'/5'-GTCAG
TCTGCACAGTACCCC-3’) 400 nM; p-actin (5-TGAC
GTGGACATCCGCAAAG-3'/5"-CTGGAAGGT
GGACAGCGAGG-3") 250 nM. PCR reactions were prepared
using SensiMix SYBR Hi-ROX Kit (Bioline, London, UK cat-
alog QT605-05) following manufacturer's instructions and re-
action detection was performed using the StepOne Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA),
using the following cycling conditions: 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C for
1 minute, followed by a melt curve starting at 60°C, gradu-
ally increasing the temperature by 0.3°C to 95°C. StepOne
Software v 2.3 was used for curve analyses. Relative expres-
sion was normalized to fB-actin and determined using the dou-
ble delta Ct method.”

2.19 | Breast cancer samples
immunohistochemistry

Immunohistochemistry studies were performed on formalin-
fixed paraffin embedded (FFPE) triple negative breast cancer
and normal tissues for TRPM4 and KCTD5 immunodetec-
tion. Antigen retrieval was performed by incubating the tis-
sue samples with 0.05% w/v trypsin at 37°C for 20 minutes,
and then, at room temperature for 10 minutes. The slides
were then treated with 3% v/v hydrogen peroxide solution for
20 minutes and blocked with 10% v/v calf serum, 0.3% v/v
Triton X-100 diluted in PBS for 2 hours. The samples were
then incubated with a 1:100 dilution of mouse anti-TRPM4

mAb or rabbit anti-KCTD5 mAb antibodies overnight at
4°C. For negative control sections, primary antibody was
replaced by nonimmune calf serum. After three washes for
10 minutes each, primary antibodies were detected by in-
cubation in anti-mouse/rabbit IgG RTU biotinylated sec-
ondary antibody (Vector Laboratories, Burlingame, CA,
USA, catalog #BP-1400) for 30 minutes at room tempera-
ture. Secondary antibody labeling was amplified using the
ABC Peroxidase Standard Staining Kit (Thermo Scientific
catalog #32020) for 30 minutes at room temperature. After
three washes with PBS, the immunolabeling signal was de-
tected with DAB Peroxidase substrate (Vector Laboratories
catalog #SK-4100). After immunohistochemical procedures,
Mayer's hemalum solution (Merck catalog #109249) was
used for nuclear counterstaining. Images were acquired with
a Leica DFC425C camera installed on a Leica DM2500 CCD
microscope with 10X and 40X objectives (Leica, Wetzlar,
Germany).

3 | RESULTS
3.1 | KCTDS5 is a novel TRPM4-associated
protein

As we previously reported,4 we undertook a mass spec-
trometry-based proteomics approach to identify TRPM4-
associated proteins. We immunopurified FLAG-tagged
human TRPM4 from HEK?293 cells, and identified as novel
candidate interacting proteins 124 copurifying endogenous
HEK?293 cell proteins with a Mascot score >50.* In addition
to the numerous FA proteins that we previously reported,4
the potassium channel tetramerization domain 5 (KCTDS)
protein was also a prominent component of this analysis
(Mascot Score: 270, Queries matched: 11 peptides), as un-
derscored by the 46% overall sequence coverage obtained
(Figure 1A). We validated this interaction by coimmunopre-
cipitation of coexpressed FLAG-TRPM4 and EGFP-KCTD5
proteins in HEK293 cells (Figure 1B). Moreover, Proximity
Ligation Assay (PLA) experiments, which yield a signal
from proteins in close proximity to one another’’ generated
a positive signal from coexpressed TRPM4 and KCTDS re-
sults (Figure 1C,D). In addition, we performed BiFC assays
using TRPM4 and KCTD5 fused to N- and C-terminal half
of Venus fluorescent protein, respectively (ie, myc-TRPM4-
VN and HA-KCTDS5-VC) (Figure 1E-G). We observed
that coexpression of these constructs complemented Venus
fluorescence in a similar manner as myc-TRPM4-VN and
HA-TRPM4-VC (Figure 1F,G). We also found that myc-
TRPM4-VN and HA-KCTDS5-VC BiFC signal localizes
preferentially at the plasma membrane (Figure S1).

Finally, the association of TRPM4 and KCTDS5 was evalu-
ated at the molecular level by taking advantage of the currently
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available structures of TRPM4 and KCTD5 proteins.”’28 Inter-
protein contacts predictions obtained by evolutionary couplings
(EC) analysis29 identified residues 115, 172, 187, 188, 217,
272, 280, 308, 363 in the N-terminal nucleotide-binding do-
main (NBD) of TRPM4 interacting with at least one subunit of
the BTB domain of KCTD5 (ie, residues 46, 59, 60, 70, 94, 99,
107). Moreover, protein-protein docking simulations using EC
pairs as input restraints revealed the formation of the protein
complex assembly (Figure 1H). These data suggest that KCTD5
is a novel interaction partner of the TRPM4 ion channel.

FIGURE 1 TRPM4 interacts with KCTDS5. A, Absolute
coverage for the KCTDS protein obtained from immunoprecipitation
of TRPM4 and subsequent LC-MS/MS analyses. B, Representative
immunoblots of immunoprecipitation products showing the interaction
between FLAG-TRPM4 and EGFP-KCTDS in HEK293 cells.
Representative images of results obtained from three independent
experiments are shown. C, Representative images of Proximity
Ligation Assay (PLA) labeled HEK293 cells expressing the indicated
plasmids using mouse anti-TRPM4 mAb and rabbit anti-KCTD5 mAb.
PLA positive signal is showed in red. Representative images of results
obtained from three independent experiments are shown. Scale Bar:
20 pm. D, Graph shows the mean =+ standard deviation (SD) of the
PLA signal intensity for TRPM4-KCTD)S interaction per cell from

16, 18, and 21 cells for FLAG-TRPM4+EGFP, pcDNA4/TO+EGFP-
KCTDS5, and FLAG-TRPM4+4+-EGFP-KCTDS, respectively. Statistical
analysis was performed using a one-way ANOVA test, followed

by Tukey's multiple comparisons test (¥*P < .0001). E, Cartoon
representing the TRPM4 and KCTDS5 constructs and combinations
used in the BiFC assays. F, Representative images of BiFC assays
from HEK?293 cells expressing the indicated plasmids. Representative
images of results obtained from three independent experiments are
shown. Scale Bar: 20 pm. G, Graph shows the mean + standard
deviation (SD) of the Venus fluorescence signal intensity for TRPM4-
KCTDS5 and TRPM4-TRPM4 (as control) interaction per cell from 94,
91, 88, and 90 cells for HA-KCTD5-VC, myc-TRPM4-VN, HA-
KCTD5-VC+myc-TRPM4-VN and HA-TRPM4-VC+myc-TRPM4-
VN. Statistical analysis was performed using a one-way ANOVA

test, followed by Tukey's multiple comparisons test (*P < .0001). H,
Lowest score protein-protein docking conformation of TRPM4 (gray)
interacting with the BTB domains of KCTDS pentamer (cartoon in
colors). Inter-protein EC predictions (red lines) were used as input
restraint for docking

3.2 | KCTDS regulates TRPM4 channel
Ca’* sensitivity

We next determined the role of KCTDS5 in regulating TRPM4
activity. We performed whole cell voltage clamp recordings
from HEK?293 cells expressing TRPM4 and shRNAs against
KCTD5 to knockdown endogenous KCTDS5 expression,
which we verified in immunoblot analyses (Figure 2A). We
used 10 uM free intracellular Ca*" or [Ca2+]i in our record-
ings to ensure maximal open probability of the TRPM4 chan-
nels.” We found that shRNA-mediated KCTD5 knockdown
diminished TRPM4-mediated currents by ~50% relative to
the scrambled shRNA control (Figure 2B,C). Similar results
were obtained from recordings performed in HEK 293"~/
cells (Figures S2 and 2D-F). Moreover, we observed that the
rescue of the expression of KCTDS5 recovers TRPM4 cur-
rent levels (Figure 2D-F). Cell surface biotinylation labeling
experiments revealed that knockdown of KCTDS did not
significantly alter TRPM4 surface expression (Figure 2G,H).
Complementary immunofluorescence experiments yielded
a consistent picture, such that no differences were observed
in the cell surface labeling intensity of external HA-tagged
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TRPM4 in intact HEK293 cells expressing shRNASCmble
and shRNAKCTDS (Figure 2I-K). Together these results sup-
port that KCTDS5 regulates the activity of TRPM4 channels
through a mechanism that does not involve altered TRPM4
surface expression.

We next assessed the effect of KCTDS overexpression on
TRPM4 activity. We did not observe significant differences
between TRPM4 currents in cells without and with KCTDS5
overexpression at 10 uM [Ca’*], (EGFP: 81.96 + 6.70, n = 8
cells vs EGFP-KCTD5: 90.44 + 5.12, n = 8 cells). We then
performed similar experiments at physiological resting levels
of [Ca®*]; (ie, 100 nM free Ca®") and found that exogenous
EGFP-KCTDS5 expression yielded ~2x increases in whole
cell TRPM4 currents (Figure 2L,M). We next evaluated
EGFP-KCTD5 coexpression impacted the Ca®* sensitivity
of TRPM4 channels (Figure 2N). We found that the Ca*t
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sensitivity of TRPM4 channels coexpressed with EGFP-
KCTDS5 increased ~2x compared to the EGFP control (ECs
values of 234.24 + 59.14 nM and 107.78 + 57.84 nM for
EGFP and EGFP-KCTDS5, respectively). This suggests that
endogenous levels of KCTDS in HEK293 cells fully support
TRPM4 activity when [Ca2+]i is elevated, and that overex-
pression of KCTDS yields TRPM4 channels that are active at
resting levels of [Ca®*]..

We analyzed the kinetic parameters of the activation and
deactivation of TRPM4 currents by fitting a two-exponen-
tial equation including a time-independent component to
model the activation process, and a single exponential equa-
tion to model the deactivation process (see Experimental
Procedures). We found that the reduced TRPM4 currents
in KCTDS5 knockdown cells did not exhibit differences
in their activation time constants or fractional amplitude
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FIGURE 2 KCTDS5 regulates TRPM4 activity. A, Representative immunoblot demonstrating shRNA-mediated KCTDS5 silencing in HEK293
cells. Numbers below each lane correspond to mean + SD of the KCTD5 immunoreactive band quantification normalized against shRNAScrmele
control. B, Whole cell currents recorded from HEK293 cells expressing FLAG-TRPM4 and either shRNAXK™ or the SIRNAS™™® ¢ongrol.
Data correspond to the maximal current recorded at 10 pM [Ca"] ;- C, Graphs depicting the maximal currents [mean + standard error of the mean

(SEM)] obtained at +100 mV recorded at 10 uM [Ca*"] ; from 6 or 9 cells, respectively, from HEK293 cells expressing FLAG-TRPM4 and either

the SIRNAS™™ ¢ontrol or sSsIRNAKCTDS (unpaired 7 test, *P = .0034). D, Representative immunoblot for KCTDS5 expression from wild type,
CRISPR-mediated KCTD5 knockout (HEK293*~/~) and HEK293*"*~/~ 4 EGFP-KCTD5 cells. E, Whole cell recordings of FLAG-TRPM4
currents expressed in wild type, HEK293*"*~/~ and HEK293*"~/~ +EGFP-KCTD5 HEK293 cells. Data correspond to the maximal current
recorded at 10 uM [Ca2+]i. F, Graphs depicting the maximal currents [mean + standard error of the mean (SEM)] obtained at +100 mV recorded at
10 uM [Ca%]i from 6, 8, and 7 cells, respectively, from control expressing FLAG-TRPM4 (one-way ANOVA test, followed by Tukey's multiple
comparisons test (*P = .0460, **P = .0188). G, Representative immunoblot of cell surface biotinylation assays from COS-7 cells transfected

with FLAG-TRPM4 and either shRNAS™™ 5 shRNAKCTDS Representative images of results obtained from five independent experiments are
shown. H, Graph shows the mean + SD signal intensity of TRPM4 levels in the streptavidin bound fraction (Strept. bound) relative to the input,

and normalized against the sShRNASramble

control. Statistical analysis was performed using Mann-Whitney test, n = 5, P = .1270 compared to

ShRNASC™™ ¢ontrol. n.s., no significant. I, Cartoon representing the TRPM4 HA-tagged construct. Transmembrane segments (black segments)

and the position of external HA tag (magenta) and cytoplasmic FLAG tag (cyan) are shown. J, Immunocytochemical analysis of external HA-

tagged FLAG-TRPM4 channels in intact (magenta) and permeabilized (cyan) COS-7 cells transiently cotransfected with either shRN

AScramble

or shRNAKCTDS (green). Scale bar: 20 um. K, Graph showing the ratio of the HA to FLAG signal intensity + SD Data were obtained from five
independent experiments of 19 and 27 cells for shtRNAS™™¢ and shRNAKC™S conditions, respectively. Statistical analysis was performed using

unpaired  test, n = 5, P = .1259 compared to shRNAS"™"

control. n.s., not significant. L, Whole cell currents recorded from HEK293 cells

expressing FLAG-TRPM4 and either EGFP-KCTDS5 or EGFP as control. Data correspond to the maximal current recorded at 100 nM [Ca%]i. M,
Graphs depicting the maximal currents [mean =+ standard error of the mean (SEM)] obtained at +100 mV from 8 and 5 cells for TRPM4 expressing
EGFP and EGFP-KCTDS3, respectively (unpaired ¢ test, *P = .0143). N, Ca’t dose-response relationship for TRPM4 maximal currents in cells
coexpressing EGFP-KCTD)S (red circles) or coexpressing EGFP as control (black circles). The Ca®* concentration response data were fitted to

a single Hill equation (see Experimental Procedures). n are indicated in black and red for EGFP and EGFP-KCTDS, respectively. Significant

differences between curves were determined by using Fischer test (P = 5.2874 X 1079

when compared to control cells (Figure S3A). Analyses of
TRPM4 currents in cells overexpressing KCTDS5 at 100 nM
[Ca2+]i revealed that while KCTDS5 overexpression does not
change the opening exponential components (Figure S3B),
the deactivation kinetics at —100 mV were significantly
faster when compared to control cells. These results sug-
gest that KCTDS is a positive regulator of TRPM4 through
a mechanism that also yields alterations in certain channel
kinetic properties.

3.3 | KCTDS5 does not promote TRPM4
ubiquitination

Since KCTDS is an ubiquitin E3-ligase adapter,15 we
next determined whether altering KCTDS5 expression im-
pacts TRPM4 ubiquitination. We coexpressed TRPM4
and EGFP-KCTDS5 and polyhistidine-tagged ubiquitin
(Hisg-Ub) in HEK293 cells and performed Ni*-NTA af-
finity chromatography to purify polyhistidine-containing
(ie, ubiquitinated) proteins. Interestingly, we found that
TRPM4 is ubiquitinated in both control (EGFP) and EGFP-
KCTDS transfected cells (Figure S4A). Both the immature
and mature populations of TRPM4 channels, which can be
distinguished by their distinct electrophoretic mobility on
SDS gels”’40 are ubiquitinated (Figure S4A). Overall, we
did not observe significant changes in the extent of TRPM4
ubiquitination upon KCTDS5 overexpression (Figure

S4A,B). Consistently, we also did not detect any overall
changes in ubiquitination of TRPM4 protein upon KCTD5
silencing (Figure S4C,D).

3.4 | KCTDS regulates cell migration and
contractility

Since TRPM4 activity regulates cell migration and contractility,
we hypothesized that KCTDS5 may also impact these processes
through the regulation of TRPM4 channel activity defined
above. We evaluated the role of KCTD5 in cell migration and
contractility by performing Transwell chamber migration and
3D collagen matrix contractility assays. We found that MEF
cells expressing exogenous KCTDS5 have increased migration
(Figure 3A) and contractility (Figure 3B). Also, we found that
pharmacological inhibition of TRPM4 with 9-phenanthrol or
shRNA-based TRPM4 silencing“’33 (Figure S5), abolished the
KCTD5-dependent effects on cell migration, supporting that
these effects were mediated through TRPM4 (Figure 3C,D).
We next assessed the in vivo effects of manipulating
KCTDS expression on cell migration employing an estab-
lished zebrafish model of cell migration.‘“’42 We used mor-
pholino antisense oligonucleotide injection into embryos to
silence KCTDS5 expression (Figure 4A). We observed sig-
nificantly delayed epiboly progression, conversion width,
and extension length in the KCTD5 morphant embryos
in vivo (Figure 4B,C). We found that endodermal cells



RIVAS ET AL.

2 L FASEB cun

(A) (B)
e 250

%)

& < 200 g
@ 25 s
2 = 150 2
45 g
2 g 2100 £
5 @ 50 (&)
% EG??_ G‘(O -
it} e@?
%
66??, ‘(\010
el

_EGFP EGFP-KCTD5 EGFP-KCTD5

=
H
&
<
=z
14
<
[

—

= NN
a O O
o © O

O]

Relative
cell migration (%)

(¢]

Relative
cell migration (%

(o)}
o o

0

DMSO 9-phen ShRNAS®  shRNATRPM4
ag??‘(\oxof’ <GF° ‘(\0105 ‘&G?_? o ec,?? \&0105
7T Y (7T o

in KCTD5 morphant embryos have diminished trajectory
and speed (Figure 4D-F), suggesting that diminished cell
migration underlies the morphological differences in the
oligonucleotide-injected embryos. Together, these results
suggest that KCTDS is a novel regulator of cell migration.

3.5 | Expression of TRPM4 and KCTDS5 is
increased in breast cancer samples

A series of recent studies demonstrated that TRPM4 expres-
sion is increased in several types of cancer.*"1%% Given
our findings that KCTDS5 regulates TRPM4 activity and
impacts TRPM4-mediated cellular processes, we hypoth-
esized that KCTDS5 may also be increased in certain cancers.
Interestingly, transcriptomics data in public databases** sug-
gest an increased expression of both TRPM4 and KCTD5
genes in breast cancer samples. To begin to investigate
KCTDS5 in breast cancer, we first used immunoblot assays
to evaluate the relative expression of KCTD5 and TRPM4
proteins in four breast cell lines: MCF10A, an epithe-
lial mammary gland cell line, T47D, an estrogen receptor/

FIGURE 3 KCTD5 regulates cell migration. A, Transwell
Boyden chamber migration assays of MEF cells transfected with EGFP
or EGFP-KCTD)5 for 48 hours, and then, stimulated with 10% v/v
serum for 16 hours. Graph shows the percentage (mean + SD) of cell
migration normalized to EGFP-transfected cells. Data were obtained
from five independent experiments, and statistical significance was
analyzed by a Mann-Whitney test, *P < .05 for EGFP-KCTD5
compared to the EGFP control. B, Three-dimensional contraction
assay of MEFs transfected with EGFP or EGFP-KCTDS5. Contraction
was induced by incubating the immersed cells with 10% v/v serum

for 48 hours. The upper graph represents the data collected from four
independent assays. Statistical analysis was performed using a Mann-
Whitney test (*P < .001). C, Transwell Boyden chamber migration
assays of MEF cells transfected with EGFP or EGFP-KCTD5 for

48 hours, and then, stimulated with 10% v/v serum and treated with
DMSO and 10 uM 9-phenanthrol (9-phen) for 16 hours. Graph shows
the percentage (mean + SD) of cell migration normalized to EGFP-
transfected cells. Data obtained from eight independent experiments,
and statistical significance was analyzed by a one-way ANOVA,
followed by Tukey's multiple comparisons test, *P < .0001. D,
Transwell Boyden chamber migration assays of MEF cells transfected
with EGFP or EGFP-KCTD5 and shRNAS™™ (shRNAS®) and
ShRNATRPM4 £ 48 hours, and then, stimulated with 10% v/v serum
for 16 hours. Graph shows the percentage (mean + SD) of cell
migration normalized to EGFP-transfected cells. Data obtained from
five independent experiments, and statistical significance was analyzed
by a one-way ANOVA, followed by Tukey's multiple comparisons test
(*P = .0040, #*P = .0368, ***P = .0328, ****P < .0001)

progesterone receptor positive (ER+/PR+) breast cancer cell
line, MCF7, an ER+cell line, and MDA MB-231 and 4T1
cells, models for triple negative breast cancer. We observed
that TRPM4 expression is increased in MCF7 and 4T1 cells
(Figure 5A,B). A distinct pattern was seen for KCTDS pro-
tein expression, with increased levels in MDA MB-231 and
4T1 cells (Figure 5A,B). As such these breast cancer cells
lines overexpress TRPM4, KCTDS5 or both. Moreover, we
validated TRPM4-KCTDS5 endogenous interaction from
MCFT7 lysates (Figure 5C).

We next used real-time qPCR to evaluate the expression
level of TRPM4 and KCTD5 mRNA in normal breast tissue
and breast cancer tumors from 48 patients. When averaged
across all samples, both TRPM4 and KCTD5 mRNAs are
significantly up regulated in breast cancer tumors vs normal
breast tissue samples from these 48 breast cancer patients
(Figure 5D). We then determined whether the increased
mRNA levels of KCTD5 and TRPM4 are related to defined
subtypes of breast cancer and/or stages of the disease. We an-
alyzed the mRNA expression data relative to the Nottingham
score,45 TNM classification*® and biomarker characteriza-
tion*” of each of the individual tumor samples from these 48
breast cancer patients. We found that TRPM4 and KCTD5
expression are significantly increased in samples from pa-
tients with intermediate (G2) and high-grade (G3) breast
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FIGURE 4 Global knockdown of KCTDS5 in zebrafish disturbs cell migration during early development. A, Representative immunoblot
demonstrating KCTDS5-specific antisense morpholino -mediated KCTDS silencing in zebrafish embryos. B, T-box transcription factor TA (tbxta)
expression at 75% of epiboly in embryos injected with a control or a KCTD35-specific antisense morpholino. Red, green, and yellow brackets
indicate epiboly progression, convergence width, and extension length, respectively. Scale bar: 100 pm. C, Quantification of epiboly progression
(red), convergence width (green) and extension length (yellow) from three pattern expressions of tbxta in control and KCTDS morphants
(Control-MO, n = 61 embryos; KCTD5-MO, n = 71 embryos). Statistical analysis was performed by using a ¢ test (*P = .0453, **P = .0034,
P = (132). D, Dorsal views of confocal z-stack maximum projections from 90% epiboly of Tg(sox!7:GFP) control and KCTD5 morphants
used to tracked endodermal cells (green cells). Arrows indicate the migration direction of endodermal cells during their convergence to the
embryonic midline. Scale bar: 100 pm. E, Endodermal cell tracking of control (left, n = 24 medial endodermal cells) and KCTD5 morphants (right,
n = 26 medial endodermal cells) for 120 minutes from 5 and 4 embryos for Control-MO and KCTD5-MO, respectively. F, Quantification of the
trajectory length, minimum speed, maximum speed and mean speed during 120 minutes of endodermal cell migration. Statistical analysis was
performed using a 7 test (*P = 8.5044 x 10713, ##P = 1.9195 x 10710, ##xp = 2.6501 x 107°, *#*##p = 9.8280 x 107'1)

cancer (Figure 5E) based on the Nottingham Score,* which
represent breast cancers comprising poorly differentiated and
highly proliferative tumor tissue. When we evaluated these
data based on the TNM stage classification, related to size of
the primary tumor, compromised lymph nodes and the pres-
ence of metastasis, we observed significant differences for
TRPM4 expression in IIB, IIA, and IV stages (Figure 5F).
However, KCTDS expression increases in I, IIA, and IIA

TNM stages (Figure 5F). When we analyzed the data based
on biomarker characterization, we found that both TRPM4
and KCTDS5 expression are increased in ER*/PR* and Triple
Negative samples (Figure 5G).

Given the increased level of both TRPM4 and KCTDS5
transcripts in triple negative breast cancer mRNA samples, we
performed immunohistochemistry for both proteins in normal
breast and triple negative cancer tissues. Immunolabeling for
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FIGURE 5 TRPM4 and KCTDS expression are elevated in breast cancer samples. A, Representative immunoblot showing TRPM4 and
KCTDS5 protein expression from MCF10A, T47D, MCF7, MDA-MB-231, and 4T1 breast cell lines. Representative images of results obtained

from five independent experiments are shown. B, Graphs representing data from panel A for TRPM4 and KCTDS5 protein expression. The protein

levels were normalized to f-actin control and normalized relative to expression in MCF10A cells. Statistical significance was analyzed by a

one-way ANOVA, followed by Tukey's multiple comparisons test, *P < .0001. C, Representative immunoblots of immunoprecipitation products

showing the TRPM4-KCTD)5 interaction in MCF-7 cells. Representative images of results obtained from four independent experiments are shown.
Arrowhead indicates IgG light chain. Arrow shows KCTDS5 immunoreactive band. D-G, Graphs depicting TRPM4 and KCTDS5 mRNA expression
levels in breast cancer tumors compared (n = 43 samples) to normal tissue (n = 5 samples). The mRNA levels were normalized to f-actin mRNA

expression. D, TRPM4 and KCTDS5 relative mRNA expression in breast cancer tumors relative to normal tissue. Statistical significance was
analyzed by using Mann-Whitney test (*P < .0006, **P < .0001). E-G, Relative mRNA expression correlated to different tumor classification
systems: Nottingham grade (E), TNM classification (F), and biomarker (G). Results are represented as mean + SD Statistical significance was
analyzed by using Kruskal-Wallis test (*P < .05, **P < .01, ***P < .001, ****P < .0001 relative to normal tissue expression)

TRPM4 and KCTDS5 was not detected in conserved glands of
normal appearance (Figure 6A). However, a heterogeneous
KCTDS5 immunolabeling pattern was observed in areas of
high-grade carcinoma, identified by the variability of nu-
clear shape and increased nuclear size, showing different in-
tensities along the same tumor sample section (Figure 6B).
TRPM4 immunolabeling was also heterogeneous across dif-
ferent areas with moderately positive or intense, but heteroge-
neous TRPM4 signal present in high-grade neoplastic tissue
(Figure 6B). Together, these data suggest that the levels of
both TRPM4 and KCTDS are elevated in highly malignant

breast cancers with poor prognoses, raising the possibility
that their coincident overexpression may act synergistically
to enhance TRPM4 activity.

4 | DISCUSSION

Increased TRPM4 activity has been proposed to contribute
to the pathophysiology of different cancers®’ 4348
as other pathological states.*>* As such, studies elucidat-

ing novel mechanisms of TRPM4 regulation are of interest

as well
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FIGURE 6

Immunohistochemical detection of TRPM4 and KCTDS expression in normal and triple negative breast cancer tissue. A, Serial

sections from normal breast tissue including glands (selected area) in a breast lobule showing negative immunostaining for TRPM4 and KCTD5

proteins. B, Triple negative breast cancer tissue showing positive signal for TRPM4 and KCTD5 in undifferentiated tissue. Note the increased

nuclear size and shape heterogeneity of neoplastic cells compared to the normal gland cells nuclei present in panel A. Negative controls of the

sections are included in the right-hand panels. Serial sections were used for TRPM4 and KCTDS5 staining and negative controls. Lower panels show

40x magnification of the insets. Scale Bar in insets = 50 pm

from a standpoint of both basic and applied biomedical re-
search. Here, we use mass spectrometry-based proteomics
to identify to KCTDS5 as a novel TRPM4-interacting pro-
tein. Moreover, we demonstrate that KCTDS is a novel pos-
itive regulator of TRPM4 channel activity by impacting the
biophysical properties of the TRPM4 channels, but not their
surface expression. We also find that manipulating KCTD5
expression levels impacts TRPM4-dependent regulation
of cell migration, and that both TRPM4 and KCTDS5 are
upregulated in pathological states. This points to a model
whereby TRPM4 activity reflects the combined contribu-
tions of TRPM4 itself and the regulatory KCTDS interact-
ing protein.

Previous studies demonstrated that KCTDS5 interacts
with Cullin3, an E3 ligase that participates in the process of
ubiquitination.ls’m’55 This interaction promotes poly-16 and
mono-ubiquitination®® of several proteins. Ubiquitination

is a well-known negative regulatory mechanism for mem-
brane stability of ion channels, by affecting endocytosis and
degradation of these proteins.57'61 Mass spectrometry-based
metaproteomics analyses identified that six lysine residues
are candidates for ubiquitination in the TRPM4 protein se-
quence (ie, di-Gly modified Lys residues).®*®* Here, we
present the first biochemical data supporting that TRPM4
is ubiquitinated. We observed that both immature (ER) and
mature (post-ER) forms of TRPM4**% are ubiquitinated,
suggesting that TRPM4 ubiquitination begins at an early
stage in TRPM4 biosynthesis. This raises the possibility that
the ubiquitin ligases involved in this process might regulate
TRPM4 biosynthetic maturation, intracellular trafficking,
and activity. It is important to note that our results showed
that changes in KCTD5 expression do not affect the over-
all ubiquitination state of TRPM4 protein. However, as our
experiments do not distinguish mono- vs poly-ubiquitination
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or identify the ubiquitinated sites, it is possible that KCTD5
could impact the pattern of ubiquitination sites, as well as the
nature of ubiquitination at those sites.

Our results provide a consistent pattern of KCTD5 acting
as a positive regulator of TRPM4 activity. However, KCTD5
appears to exert these effects through the increased activity
of plasma membrane TRPM4 channels, and not through in-
creasing the levels of plasma membrane TRPM4 channels.
We demonstrated that coexpression with KCTDS5 causes
a 2-fold increase in Ca®" sensitivity of TRPM4 channels.
Moreover, we determined that exogenous KCTDS causes a
significant acceleration of deactivation kinetics. Together,
these data suggest that KCTDS is a novel regulator of the
biophysical properties of the channel. Thus, subtle and local
changes in Ca’* levels in TRPM4-expressing subcellular
compartments, such as at FA complexes, might substantially
impact TRPM4 activity through a mechanism impacted by
KCTDS expression levels.

Our data suggest that KCTDS5 does not detectably alter
the overall ubiquitination state of TRPM4 channels. Thus, it
is possible that through its direct interaction with TRPM4,
as supported by our co-IP, PLA, and BiFC results, KCTD5
acts to allosterically modulate TRPM4 activity. Consistent
with this model, other KCTD proteins regulate the activity
of ion channels and receptors in an ubiquitination-indepen-
dent manner,®*% However, we cannot discard an alternative
model whereby KCTDS5 expression leads to enhanced ubig-
uitination of TRPM4 at only a small subset of its 39 cyto-
plasmic lysine residues, such that the overall impact is not
substantial enough to be detectable in our ubiquitination
assays. It is interesting to note that candidate ubiquitinated
lysine residues are found in the highly conserved TRP do-
main that has been shown to play a key role in allosteric
modulation of TRP channel activity,67’68 and in the putative
pleckstrin homology® and calmodulin-binding domains that
define the Ca*" sensitivity of TRPM4 channels.”®*® As such,
KCTD5-mediated changes in the ubiquitination state of a
small number of key residues could impact the gating prop-
erties of TRPM4 channels through conformational changes
in the TRP domain or by impacting calmodulin binding to
impact Ca*t sensitivity, respectively. In addition, there exist
other ubiquitin-dependent mechanisms that may contribute
to the observed impact of KCTD5 on TRPM4, for example
the conditional participation of other substrates for KCTD5-
mediated ubiquitination.

Our previous studies have established a role for TRPM4
channel activity in cell migration and FA dynamics. Here,
we demonstrate that manipulating KCTDS5 expression
also impact FAs and cell migration. Our results show that
KCTDS5 regulates cell migration as well in an in vivo ani-
mal model using a morpholino-based silencing strategy.70
In zebrafish, we found that the abrogation of KCTDS5 give

raise defects in the migration of endoderm during gastrula-
tion. Thus, our outcomes are consistent in both experimen-
tal models. We also showed that the effects of heterologous
expression of KCTDS5 are abolished by the TRPM4 in-
hibition and silencing. This supports that the effects of
KCTDS5 on cell migration are mediated through its inter-
action with and regulation of TRPM4. This is consistent
with our electrophysiological data that show that KCTD5
is a positive modulator of TRPM4 function. Given that
TRPM4 activity is crucial in regulating diverse physiolog-
ical processes,l‘2’4’7l'73 the novel KCTD5-mediated mode
of TRPM4 regulation that we identified here could help
shape physiological regulation of these processes. Further
studies using complementary loss-of -function strategies
(eg, CRISPR-based knockout models) will allow to con-
firm these results.

Aberrant KCTD5-mediated regulation of TRPM4 could
also play a role in the pathophysiology of numerous dis-
eases that have been linked to a gain-of-function in TRPM4
activity.“9’54’74 In particular, a number of studies have re-
ported elevated expression of TRPM4 in cancer.®”** For
instance, TRPM4 promotes cell migration and promotes ep-
ithelial to mesenchymal transition of prostate cancer cells,’
and recent evidence supports using TRPM4 expression as
a clinical biomarker for biochemical recurrence in pros-
tate cancer implicated in cell migration and proliferation
of malignant cells.3 19475 Enhanced expression of KCTD
protein has been described in medulloblastoma, gastroin-
testinal, and colon cancer.”®’”” We observed an increased
TRPM4 expression in breast cancer tumors. We also pro-
vide new information that KCTDS5 expression is also in-
creased in breast cancer tumors. Interestingly, our data
shows that KCTD5 mRNA levels are increased in poorly
differentiated breast cancer subtypes (ie, Nottingham clas-
sification).*> Our findings also suggest that both TRPM4
and KCTDS5 expression are increased in the aggressive tri-
ple negative subtype, which has the highest mortality rate,
poor prognosis, and lacks of specialized treatment.”>""
Importantly, KCTDS5 expression was higher in high-grade
tumors with heterogeneous pattern, which exhibit moder-
ate or intense KCTDS5 labeling. This is consistent with the
diversity of cell subpopulations described for breast can-
cer.’*8! Since our data suggest that KCTDS is a positive
regulator of TRPM4 that increases the Ca** sensitivity of
these channels, increased expression of KCTDS5 might con-
stitute a key regulator of the malignancy of these types of
tumor by potentiating the constitutive activity of TRPM4
and TRPM4-dependent migration, thereby contributing
to the tumor aggressiveness of this type of cancer. Given
their enhanced and in some cases coordinately increased
expression in these forms of breast cancer, TRPM4, and
KCTDS5 might constitute novel potential biomarkers for
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complementary diagnostics for malignancy and progres-
sion of breast cancer. Future studies focused on testing
whether pharmacologically uncoupling TRPM4-KCTD5
interaction will impact migration, invasiveness and sur-
vival of breast cancer tumors may support that TRPM4 and
KCTDS may not only serve as potential diagnostics but
also therapeutics targets.
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