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Transmembrane insertases and N-glycosylation critically
determine synthesis, trafficking, and activity of the
nonselective cation channel TRPC6
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Transient receptor potential cation channel subfamily C
member 6 (TRPC6) is a widely expressed ion channel. Gain—
of—function mutations in the human TRPC6 channel cause
autosomal-dominant focal segmental glomerulosclerosis, but
the molecular components involved in disease development
remain unclear. Here, we found that overexpression of gain—
of—function TRPC6 channel variants is cytotoxic in cultured
cells. Exploiting this phenotype in a genome-wide CRISPR/Cas
screen for genes whose inactivation rescues cells from TRPC6-
associated cytotoxicity, we identified several proteins essential
for TRPC6 protein expression, including the endoplasmic
reticulum (ER) membrane protein complex transmembrane
insertase. We also identified transmembrane protein 208
(TMEM208), a putative component of a signal recognition
particle-independent (SND) ER protein-targeting pathway, as
being necessary for expression of TRPC6 and several other ion
channels and transporters. TRPC6 expression was also dimin-
ished by loss of the previously uncharacterized WD repeat
domain 83 opposite strand (WDR830S), which interacted with
both TRPC6 and TMEM208. Additionally enriched among the
screen hits were genes involved in N-linked protein glycosyla-
tion. Deletion of the mannosyl (a-1,3-)-glycoprotein B-1,2-N-
acetylglucosaminyltransferase (MGAT1), necessary for the
generation of complex N-linked glycans, abrogated TRPC6
gain- of-function variant-mediated Ca®>* influx and extracellu-
lar signal-regulated kinase activation in HEK cells, but failed to
diminish cytotoxicity in cultured podocytes. However, mutating
the two TRPC6 N-glycosylation sites abrogated the cytotoxicity
of mutant TRPC6 and reduced its surface expression. These
results expand the targets of TMEM208-mediated ER trans-
location to include multipass transmembrane proteins and sug-
gest that TRPC6 N-glycosylation plays multiple roles in modu-
lating channel trafficking and activity.
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TRPC6 is one of seven members of the canonical transient
receptor potential (TRPC)? subfamily of TRP channels (1, 2).
TRPC6 functions as a tetrameric nonselective cation channel
(3) and assembles either as a homomer or as a heteromer with
TRPC1, -C3, or -C7 (4-6). Activation and regulation of TRPC6
channel activity are complex and remain incompletely under-
stood (7). TRPCE6 is directly activated by diacylglycerol (3) and
augmented by 20-hydroxyeicosatetraenoic acid (8-10). It is
best characterized acting downstream of Gey,-coupled recep-
tors (11, 12), but it is also activated downstream of tyrosine
kinases (13—-15) and by reactive oxygen species (14, 16-19).
The ability of membrane deformation to activate TRPC6,
directly (20) or indirectly (21), remains controversial (22) and
may be cell type—specific (9, 23-29). TRPC6 directly or indi-
rectly mediates increases in intracellular calcium concentration
(30-33), leading to activation of signaling pathways (34) that
includes calcineurin—-NFAT (35-37), CREB (38 —40), ERK (38),
RhoA (41-43), and calpain-mediated proteolysis (44).

TRPC6 has a broad tissue- and cell-type expression profile,
including smooth muscle cells, epithelial cells, endothelial cells,
and immune cells (45, 46). TRPC6 functions in animal and in
vitro models (34), including differentiation, activation, and pro-
liferation of myofibroblasts (47, 48); modulation of organ fibro-
sis (48 —50); promotion of pathologic cardiac hypertrophy (35,
36) and pulmonary edema (51); modulation of glomerular dis-
eases, including diabetic nephropathy (52—56); promotion of
neuronal survival and dendritic outgrowth (57, 58); and regula-
tion of leukocyte migration (59, 60).

Human TRPC6 gene mutations are a cause of autosomal-
dominant focal segmental glomerulosclerosis (FSGS), a pro-
gressive glomerular kidney disease (61, 62). Disease mutations
are located within the cytoplasmic amino- or carboxyl-tails of
the channel, predominantly in the ankyrin repeats and the

2 The abbreviations used are: TRPC, transient receptor potential channel; TRP,
transient receptor potential; CRISPR, clustered regularly interspaced short
palindromic repeats, ER, endoplasmic reticulum; EMC, ER membrane pro-
tein complex; ERAD, endoplasmic reticulum-associated protein degrada-
tion; FSGS; focal segmental glomerulosclerosis; GOF, gain-of-function;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NTC,
no target control; RFP, red fluorescent protein; sgRNA, single-guide RNA;
SRP, signal recognition particle; SND, SRP-independent; STRING, String
Tool for the Retrieval of Interacting Genes/Proteins; Tricine, N-[2-hydroxy-
1,1-bis(hydroxymethyl)ethyllglycine; Tet, tetracycline; HBSS, Hanks’ buff-
ered saline solution; ANOVA, analysis of variance; EndoH, endoglycosidase
H; PNGaseF, peptide:N-glycosidase F; NFAT, nuclear factor of activated
T-cell; ERK, extracellular signal-regulated kinase.
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Figure 1. TRPC6 gain-of-function mutations are cytotoxic. A-C, equal numbers of TRex293 cells expressing the indicated tetracycline-inducible FLAG-
TRPC6 construct were grown in the absence (open circles) or presence (solid circles) of tetracycline. A, cells were trypsinized and counted after 90 h of growth.
B, colorimetric MTT assay was performed to compare metabolic activity after growth for 72 h. G, relative cytotoxicity/viability ratio of the indicated TRPC6-
expressing cells after 24 h of induction. D-Ff, tetracycline-inducible TRPC6 R895C-expressing cells were transfected with LentiCRISPR constructs encoding
sgRNAs either with no target (NTC) or targeting TRPC6 or PLCy1; two different sgRNA sequences were tested for each target. FLAG-TRPC6 expression was
induced with tetracycline as indicated. D, expression of TRPC6, PLCy1, and tubulin was assayed by Western blotting. Cell count (E) and MTT assay (F) were
performed after 72 h of tetracycline induction. Shown are means * S.D. and individual values. Statistical analysis was performed using two-way ANOVA with
Tukey's multiple comparisons test (C) or multiple t-testing using the Holm-Sidak method; **, p < 0.01; ***, p < 0.001; ns, p > 0.05.

coiled-coil sequences. Most mutations are reported to increase
TRPC6-mediated current amplitude, delay channel inactiva-
tion, and/or increase intracellular calcium levels (61-65). Other
studies have reported disease-associated mutations impairing
channel activity, at least in response to certain stimuli (64, 66).
Why TRPC6 mutations cause a renal-limited disease in humans
despite the channel’s many reported functions in model sys-
tems remains unclear.

We do not yet know how the various disease-associated
TRPC6 mutations cause a gain— of—function (GOF) phenotype.
It has been suggested that mutations alter cell-surface expres-
sion (15, 61), although we (67) and others (68) have not found
this to be the case. Cryo-EM structures demonstrate clustering
of disease mutations at the interface between the ankyrin
repeats and the C-terminal coiled coil (69, 70). This structure
has prompted the hypothesis that the mutations alter allosteric
gating, but confirmatory data are lacking. Although basal cur-
rents of TRPC6 GOF mutants are not of higher magnitude than
those of the WT channel (67), they do lead to increased cal-
cineurin-NFAT (67) and ERK (71) signaling in the absence of
exogenous stimuli. We have hypothesized that some yet
unidentified endogenous intermittent signal activates TRPC6
in this setting.

To better understand potential regulators of mutant TRPC6
and its downstream effects, we exploited the cytotoxic pheno-
type of cells overexpressing TRPC6 GOF mutants to perform a
genome-wide CRISPR-Cas screen to identify genes whose inac-
tivation rescued cells from cytotoxicity. The ER membrane pro-
tein complex (EMC), TMEM208 (recently identified as the
mammalian homolog of SND2 (72)), and WDR830S were
revealed as necessary for effective expression of TRPC6 protein.
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Multiple enzymes involved in protein glycosylation were also
identified as necessary for activity of TRPC6 GOF mutants.
Loss of complex N-glycans on proteins due to MGAT1 deletion
abolished TRPC6-mediated calcium influx without altering
channel surface expression, whereas deletion of TRPC6 N-gly-
cosylation sites diminished surface expression. In summary,
TRPC6 expression requires the activities of two transmem-
brane insertases, whereas complex N-glycosylation of TRPC6 is
required for TRPC6 channel function but not for its surface
expression.

Results

CRISPR/Cas screen utilizing the cytotoxicity of TRPC6 GOF
mutants for selection

We considered that overexpression of TRPC6 with GOF
mutations is detrimental to cellular survival or proliferation in
light of unsuccessful attempts at generating stable cell lines
constitutively expressing these mutant TRPC6 forms. Utilizing
previously generated stable cell lines with inducible expression
of WT or the FSGS mutant TRPC6 (67, 71), we found enhanced
cytotoxicity and impaired proliferation upon overexpression of
the GOF mutant, but not WT, TRPC6, as measured by cell
count (Fig. 14), MTT assay (Fig. 1B), and a cell viability/cyto-
toxicity assay (Fig. 1C). Furthermore, we have been unable to
maintain cultured podocytes transduced to express GOF
TRPC6 mutants (data not shown), consistent with published
data reporting enhanced podocyte apoptosis upon overexpres-
sion of GOF TRPC6 (73). CRISPR-Cas—mediated knockout of
TRPC6, but not PLCy1 knockout or use of a no-target control
(NTC) single-guide RNA (sgRNA), abrogated the cytotoxic
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effect of tetracycline induction (Fig. 1, D—F), suggesting that the
cytotoxicity of GOF TRPC6 could be used in a positive selection
CRISPR screen for genes that regulate TRPC6 function or
toxicity.

We used a pooled library of lentivirus-encoded CRISPR-Cas
sgRNAs (74) to identify genes necessary for the loss of cell via-
bility induced by overexpression of the TRPC6 E897K GOF
mutant (Table S1). Three of the four sgRNAs targeting TRPC6
were enriched; the nonenriched sgRNA targets TRPC6 at a
splice site and is thus not predicted to target the cDNA con-
struct driving TRPC6 GOF expression in our system. The top
63 gene hits identified in our screen using single-guide RNA set
enrichment analysis were entered into STRING (Search Tool
for the Retrieval of Interacting Genes/Proteins; www.string-
db.org). This generated a network (Fig. 2A) significantly
enriched for protein—protein interactions (enrichment p value:
<1.0 X 10~ '©). Gene ontology process and component analysis
identified enrichment of genes involved in N-linked glycosyla-
tion and in the ubiquitin-dependent endoplasmic reticulum-
associated protein degradation (ERAD) pathway (75, 76) and
genes found in the nuclear outer membrane—endoplasmic
reticulum membrane network and EMC (Fig. 2B). NCLN (nica-
lin), NOMO, and TMEM147, reported components of the
nodal modulator complex (77), as well as NOMO2 and
NOMO3 were also among the screen hits. In validation exper-
iments, we tested two sgRNA sequences, distinct from those in
the Brunello library (Table 1), for each of 12 screen hits for their
ability to rescue cell viability upon induction of the TRPC6
R895C GOF mutant. These genes were chosen to represent
various protein complexes or processes (EMC and ERAD path-
ways, N-linked glycosylation, the nodal modulator complex), or
because their potential mechanisms of action were unclear or of
potential biological interest. A majority of these sgRNAs signif-
icantly enhanced cell viability following induction of TRPC6
R895C, as compared with a nontarget control sgRNA (Fig. 2C).

To investigate the potential mechanism whereby knockout
of these genes rescued cell viability, we examined TRPC6 pro-
tein levels (Fig. 2D). Guide RNAs targeting EMC2, EMCE6,
CCDC47, and TMEM?208 substantially decreased TRPC6
protein levels. None of the tested sgRNAs significantly
altered tetracycline induction of TRPC6 mRNA levels (Fig.
2E). The ability of the two WDR830S sgRNAs to rescue cell
viability correlated with their effect on reducing TRPC6 pro-
tein levels; testing several additional sgRNAs confirmed the
association between loss of WDR83OS expression and
decreased TRPC6 protein levels (Fig. 2F). However, we were
unable to rescue TRPC6 expression by transfection of a
WDR83OS expression construct (Fig. 2G), leaving in ques-
tion this gene’s status as a true modulator of TRPC6 expres-
sion. In contrast, the expression of a CRISPR-resistant
TMEM208 construct rescued TRPC6 R895C expression
in TMEM208 knockout cells (Fig. 2H), further validating
TMEM208 as a modulator of TRPC6 protein levels. MGAT1
knockout significantly altered TRPC6 mobility on SDS-
PAGE (Fig. 2D), consistent with the role of MGAT1 in gen-
erating hybrid and complex N-glycans (78).

SASBMB

EMC and TMEM208 are each required for expression of
multiple transmembrane proteins, but not for each other’s
expression

The EMC is a 10-protein complex in mammalian cells (79)
that functions as a transmembrane domain insertase, necessary
for membrane insertion of tail-anchored proteins with moder-
ately hydrophobic transmembrane domains (80) and for
expression of various polytopic membrane proteins (81). In
contrast, little is known about the function of TMEM208; it has
been localized to the ER and implicated in regulation of
autophagy and ER stress (82). We therefore explored the poten-
tial role of TMEM208 in modulating TRPC6 protein levels, and
whether TMEM208 might be tied to EMC function. Expression
of FLAG-TRPC6 is diminished in EMC2, EMC6, and
TMEM208 knockout cells (Fig. 34). EMC2 and EMC6 proteins
are each mutually dependent upon the expression of the other
(Fig. 3A), consistent with previous reports that knockout of one
component of the EMC complex reduces expression of the
entire complex (80). However, neither EMC component is
affected by loss of TMEM208 nor is TMEM208 dependent
upon expression of EMC2 or EMC6, suggesting that TMEM208
functions independently of the EMC. Expression of WDR830S
was not appreciably altered in any of the cell lines.

The expression of several additional transmembrane pro-
teins was assessed in EMC- and TMEM?208-deficient cells to
address the possible requirement for TMEM208 and EMC
genes for TRPC6 expression specifically or for transmembrane
protein expression in general (Fig. 3, B and C). Expression plas-
mids encoding FLAG-tagged potassium channel KCNN4/IK1
(Fig. 3B) and HA-tagged K-ClI cotransporter SLC12A4/KCC1
(Fig. 3C) were co-transfected with TRPC6 expression con-
structs into control (NTC) CRISPR-treated cells or EMC2,
EMC6, or TMEM208 knockout cells. Cytoplasmic red fluores-
cent protein (RFP) expression plasmid was included as a control
for transfection efficiency (Fig. 3B). Multimembrane-spanning
proteins KCNN4 and SLC12A4 showed comparably poor
expression in cells lacking either the EMC component or
TMEM208. In contrast, levels of the endogenous ER resident
protein calnexin, a type 1 single transmembrane span protein,
were not appreciably affected by loss of the EMC or of
TMEM208. In sum, these results suggest that the EMC and
TMEM208 are required for expression of diverse polytopic
transmembrane proteins, including TRPC6.

TRPC6 interacts with TMEM208 and WDR830S

WDRS830S is a 106-amino acid predicted transmembrane
protein of unknown function. Overexpressed, epitope-tagged
TRPC6 and WDRS830S could be co-immunoprecipitated
and did not affect each other’s expression levels (Fig. 4A).
WDR83O0S lacking its C-terminal 27 amino acids, including
a predicted transmembrane domain, was expressed at lower
levels than full-length protein, but it maintained its ability to
immunoprecipitate TRPC6 (Fig. 4B). Interestingly, both
WDR83OS constructs appear to preferentially interact with
the lower molecular weight form of TRPC6, representing
the immaturely N-glycosylated channel. A FLAG-tagged
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WDR83O0S construct lacking amino acids 1-37 failed to pro-
duce detectable protein (data not shown).

FLAG-tagged TMEM208 was also capable of immunopre-
cipitating HA-TRPC6 when co-expressed (Fig. 4C). Truncated
forms of TMEM?208 lacking either the C-terminal 69 amino

acids (including the predicted third transmembrane domain) or
the N-terminal 68 amino acids (including the predicted first
two transmembrane domains) were still able to co-immuno-
precipitate HA—-TRPC6. However, compared with full-length
TMEM?208, the truncated mutants did not rescue TRPC6
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Table 1 A. § B. & ,§°
CRISPR sgRNA sequences utilized in validation experiments & g $‘5’§,§’ o §§§,\0
S Q@ @ K < sgRNA S Q@ @ K< sgRNA
Gene target sgRNA sequence - i

CCDC47_1 TCAGTGATTATGACCCGTTG 100— ™. ¥4  WB:FLAG 100— - WB:HA-C6
CCDC47_2 CATACCACTTGATCACTCAC 75 — 75—
EMC2_1 CACAGAGTCAAGCGATTAAC R 2% -8
EMC2_2 ATACTCATTCAGCTCCCGAA 37 - T WBEMC2 = — ' WB: FLAG-
EMCé6_1 ACGGCCGCCTCGCTGATGAA 25 e E 37— KCNN4
EMC6_2 GACCTCGGTGTCAGCGCTGT _ :
FUTS_1 ACGCGTACTCTTCCTATAGC 37— }
FUTS8_2 TACTACCTCAGTCAGACAGA — 25— Banmm R
MAN2B1_1 AGGTGCACGTTCAGCATGTT : -
MAN2B1_2 GCCTCACACACATGATGACG 100 — B et
MGATI_1 GATTTCCTCGCCCGCGTCTA 75 — PEREDEDERES o Lainexin
MGATI1_2 CCGCGGGGAAGCGAAACTGC
NCLN_1 CCGTGCCCCAGGACGTCGTC ., \VB: TMEM208 o
NCLN_2 CATGCAGCAGTACGACCTGC C & &
PLCD3_1 CCTTGTGCCACGTGCGCGAG LOLE ol
PLCD3_2 GCAAGATCCGCTCGCGCACG 15— T SET TR sgrNA
SELIL_1 CAAACATCTCTCTCGCTGCC 10 — R /c: 150 — :
SEL1L_2 AGCATATCGGTATCTCCAAA 00— & WB:FLAG-C6
SLC35C1_1 TGCCGATGAAGACCACCGAC 50 — S \VE: Actin 75—
SLC35C1_2 GCTAGCCAGCACGCCGAAGA 37— : 150—
TMEM147_1 GGTCCGAGTACAACGCCTTC - WB: HA-
TMEM147_2 CTTGTCATGTCCCGGAATGC 100 — SLC12A4
TMEM208_1 TGGCCCCCAGTATGATCCGC {2
TMEM?208_2 CTACCACTCTATGAGCTCGA 100 — ) !
WDRS30S_1 GTCCGGCGTCGGGTCGTCCA 75— " ERERERER \WE: Canexin
WDR830S_2 TGGGTCCGACATATTGTTAG
WDR830S_3 CCCGCCGAGCGAATGTAACC 30 = e o == WB: Actin
WDR830S_4 ACAATATGTCGGACCCACGG 37—
WDR830S_5 GTCCTCCGAGCTCCGAGAGT Figure 3. EMC and TMEM208 are necessary for expression of a variety of
WDR830S_6 CCTAGCTGAAGTGGTGTGCT multipass transmembrane proteins. A, FLAG-TRPC6 R895C expression was

expression as effectively when re-introduced into TMEM208
knockout cells (Fig. 4D).

Interestingly, in addition to TRPC6, we detected endoge-
nous WDRS83O0S in the FLAG-TMEM?208 immunoprecipi-
tates (Fig. 4C). To ensure that this interaction was not de-
pendent upon the presence of overexpressed TRPC6, we
repeated the experiments in the absence of overexpressed
TRPC6 (Fig. 4E), with similar results. V5-tagged TMEM208
was also immunoprecipitated by full-length and carboxyl-
truncated FLAG-WDRS83O0S (Fig. 4F). However, TMEM208
knockout did not affect WDR83OS protein levels (Fig. 34,
4G) nor did WDRS830OS knockout alter TMEM208 levels
(Fig. 4G). Immunofluorescence microscopy demonstrated
partial co-localization of overexpressed TRPC6, TMEM208,
and WDR83O0S in perinuclear and reticular patterns, intra-
cellular structures suggestive of ER (Fig. 4, H-]), providing

induced by tetracycline in cells with CRISPR-mediated knockout of EMC2,
EMC6, or TMEM208 or expressing control sgRNA (NTC). Western blot (WB)
analysis demonstrates that FLAG-TRPC6 expression depends upon each of
these three genes (top panel). In contrast, EMC2 and EMC6 expression are
dependent on each other, but not on TMEM208, whereas TMEM208 protein
levels are not altered by loss of either EMC component. Levels of endogenous
WDR830S were not appreciably different in these cell lines. Asterisks mark
nonspecific bands. B, cells with CRISPR-mediated knockout of the genes indi-
cated at the top of the panel were co-transfected with expression constructs
for HA-tagged WT TRPC6, FLAG-tagged KCNN4, and RFP. Expression of the
indicated proteins was then analyzed by Western blotting equal amounts of
cell lysates. RFP was used as a control for transfection efficiency. C, the same
CRISPR-modified cells as in B were co-transfected with expression constructs
for FLAG-TRPC6 and HA-tagged SLC12A4/KCC1, lysed, and analyzed by
Western blotting using the indicated antibodies. Endogenous calnexin was
examined as a model single-pass type 1 transmembrane protein; actin served
as a loading control.

evidence that these proteins have the opportunity to interact
in vivo. Together, these results suggest that WDR83O0S is a
predominantly ER-localized protein capable of interacting
with both TRPC6 and TMEM208.

Figure 2. CRISPR screen identifies genes necessary for TRPC6 GOF cytotoxicity. A, protein—protein interaction network generated by STRING analysis
utilizing the top 63 gene hits identified in the CRISPR screen. Only genes demonstrating at least one high-confidence interaction with another hit are displayed.
B, false discovery rate (FDR) for cellular processes and components most overrepresented among the top CRISPR hits, as defined by gene ontology. C-E,
tetracycline-inducible TRPC6 R895C-expressing cells were transfected with LentiCRISPR constructs encoding either no target control sgRNAs (NTC) or sgRNAs
targeting the indicated genes identified in the screen. Two independent sgRNAs were tested per gene. Antibiotic-selected cells were grown in the absence or
presence of tetracycline to induce FLAG-TRPC6 R895C expression. G, relative cell viability, calculated as the ratio of live cells cultured in the presence versus
absence of tetracycline for 96 h. Bar shading groups genes found in a complex or involved in a particular biological process. One-way ANOVA analysis with
Dunnett’s multiple comparisons test compared with NTC; *, p < 0.05; **,p < 0.01; ***,p < 0.001. D, Western blot analysis of FLAG-TRPC6 R895C expression after
tetracycline induction in the indicated CRISPR cell lines. Tubulin served as a loading control. E, PCR analysis of glyceraldehyde-3-phosphate dehydrogenase-
normalized TRPC6 RNA expression after tetracycline induction in the indicated CRISPR cell lines, as compared with NTC cells grown in the absence or presence
of tetracycline. One-way ANOVA analysis with Dunnett’s multiple comparisons test compared with NTC with tetracycline; ****, p < 0.0001; n.s., not significant.
F, Western blot (WB) analysis of FLAG-TRPC6 R895C, WDR830S, and actin in cells transfected with control NTC CRISPR construct or four distinct WDR830S
targeting CRISPR constructs. Loss of FLAG-TRPC6 expression correlated with the degree of WDR830S knockout achieved. G, tetracycline-inducible TRPC6
R895C-expressing cells transfected with LentiCRISPR constructs encoding sgRNAs with either no target (NTC) or targeting two distinct sequences in WDR830S
(WDR830S 1 and 4) were transfected with empty vector (EV) or plasmid encoding CRISPR-resistant HA-tagged WDR830S as indicated. Cell lysates were subject
toimmunoblotting after treatment without or with tetracycline (+Tet) as indicated. Transfection of HA-WDR830S plasmid produced WDR830S protein levels
higher than endogenous levels seen in NTC cell lines, but failed to significantly alter FLAG-TRPC6 protein levels. H, control NTC CRISPR (TMEM KO —) or
TMEM208 CRISPR knockout (TMEM KO +) TRPC6 R895C inducible cells were transfected with plasmid encoding a CRISPR-resistant V5-tagged TMEM208
construct (+) or empty vector (—) as indicated, followed by tetracycline-induction of TRPC6 expression. Cell lysates were analyzed by Western blotting for
expression of FLAG-TRPC6, TMEM208, and B-actin. V5-tagged TMEM208 (open arrowhead) runs as a slightly higher band than endogenous TMEM208 (solid
arrowhead). The asterisk marks a nonspecific band.
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Figure 4. TRPC6, WDR830S, and TMEM208 interact with each other. A, HEK 293T cells were transfected with HA-tagged WT TRPC6 and FLAG-tagged
WDR830S as indicated, lysed, and subjected to immunoprecipitation with anti-FLAG or anti-HA antibody. Whole lysates, and the FLAG and HA immunopre-
cipitates (/P), were probed with antibody against HA, WDR830S, and B-actin as indicated. The arrowhead marks endogenous WDR830S. B, cells were trans-
fected with HA-tagged TRPC6 and either full-length (1-106) or C-terminal truncated (1-79) FLAG-tagged WDR830S as shown. Cell lysates and anti-FLAG
immunoprecipitates were analyzed by SDS-PAGE followed by Western blotting (WB) with HA or FLAG antibody as indicated. C, HEK cells were transfected with
HA-TRPC6 and empty vector (—) or various FLAG-tagged TMEM208 constructs, including full-length TMEM208 (1-173), a C-terminal truncated construct
(1-104), and an N-terminal truncated form (69-173). Cell lysates and FLAG immunoprecipitation samples were subject to SDS-PAGE and Western blotting with
the indicated antibodies. Endogenous WDR830S was detected in lysates and FLAG-TMEM208 immunoprecipitates. D, HEK cells were transfected with
LentiCRISPR v2 plasmids encoding control (NTC) or TMEM208-targeting sgRNA as indicated (sgRNA). These cells were then transfected with plasmids encoding
HA-TRPC6 and various FLAG-TMEM208 constructs as in C, lysed and analyzed by SDS-PAGE followed by Western blotting with the indicated antibodies.
Co-expression of full-length (1-173) FLAG-TMEM208 rescued TRPC6 expression in the TMEM208 knockout cells to a greater extent than did the carboxyl-
(1-104) or amino-terminal (69-173) truncated FLAG-TMEM208 constructs. The arrowhead in the middle panel marks endogenous TMEM208 present in control
(NTC) CRISPR cells. £, lysates and FLAG immunoprecipitated material from HEK cells transfected with the indicated FLAG-TMEM208 expression constructs were
subjected to SDS-PAGE and Western blotting with anti-FLAG and anti-WDR830S antibodies as indicated. Endogenous WDR830S was detected in all FLAG-
TMEM containing immunoprecipitates, but not in immunoprecipitates from cells transfected with empty vector (—). F, V5-TMEM208 was transfected into HEK
cells with control vector (—), full-length (1-106) FLAG-WDR830S, or C-terminal truncated (1-79) FLAG-WDR830S. Lysates and FLAG IP material were analyzed
by Western blotting with antibodies against the FLAG-epitope or TMEM208 (TMEM) as indicated. G, HEK cells were transfected with LentiCRISPR v2 plasmids
encoding sgRNAs without a target (NTC), targeting TMEM208 (TMEM), or targeting two different sequences of WDR830S (WDR-1 and WDR-4). Cell lysates were
subjected to SDS-PAGE and Western blotting using the indicated antibodies. TMEM208 is highlighted by an arrowhead; the asterisk marks a nonspecific band.
Tubulin served as a loading control. H-J, immunofluorescence microscopy of Hela cells transiently transfected with FLAG-TRPC6 and V5-TMEM208 (H),
FLAG-TRPC6 and V5-WDR830S (/), and FLAG-WDR830S and V5-TMEM208 (J). Individual channels are shown on the left and middle panels; the composite
image is shown on the right (merge). Scale bar, 10 um.

Lack of complex N-linked glycosylation impairs TRPC6 channel
activity

Differences in the N-linked glycosylation of TRPC3 and
TRPC6 have been reported to account for their different basal
channel activities (83). Specifically, elimination of the second
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extracellular loop N-glycosylation site of TRPC6 converted a
tightly receptor-regulated channel to a constitutively active
channel. We were therefore surprised that our screen identified
numerous enzymes involved in N-linked glycosylation as
potentially contributing to the toxicity of TRPC6 GOF mutants.
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Figure 5. N-Linked glycosylation of TRPC6 R895C. A, Western blot analysis
of Tet-inducible FLAG-TRPC6 R895C-expressing cells with a control CRISPR
sgRNA (NTC) or with MGAT1-knockout mediated by one of two sgRNAs.
Lysates were treated as indicated with EndoH (to remove immature N-gly-
cans), PNGaseF (to remove all N-glycans), or mock-treated prior to SDS-PAGE.
B,FLAG-TRPC6R895Cor FLAG-TRPC6 R895C carrying mutationsof both N-gly-
cosylation sites, N473Q and N561Q (NN — QQ), was expressed in two control
(NTC) and two MGAT1 knockout cell lines. Lysates were subjected to PNGaseF
treatment as indicated prior to SDS-PAGE and Western blot analysis. C, HEK
cells transiently expressing FLAG-TRPC6 carrying the indicated mutations
were lysed and subjected to Western blotting (WB) with the indicated anti-
bodies. The increase in phospho-ERK levels induced by the R895C mutation
was largely abrogated by the dual glycosylation site mutation. D, Western
blot analysis of two control (NTC) and two MGAT1 knockout cell lines express-
ing FLAG-TRPC6 R895C with (NN) or without (QQ) N-glycosylation sites.

Our initial efforts to examine this discrepancy have focused on
the role of MGAT]1, as knockout of this enzyme had the most
robust effect on rescuing cell viability (Fig. 2C). We confirmed
by enzymatic deglycosylation that the difference in TRPC6
mobility on SDS-PAGE observed in MGAT1 knockout cells
reflects the differences in N-glycosylation and that mature
TRPC6 glycosylation normally contains hybrid or complex
N-glycans resistant to EndoH cleavage (Fig. 54). Mutation of
the two previously reported (83) N-glycosylation sites (Asn-473
and Asn-561) to glutamine (NN — QQ) abolished the differ-
ence in gel mobility of TRPC6 expressed in control or in
MGAT1-deficient cells, and it prevented further mobility shift
upon PNGase treatment (Fig. 5B), confirming that these two
asparagine residues are the only major sites of N-glycosylation
in TRPCé6. This allowed us to address whether the effects of
MGAT1 knockout on TRPC6 functions are mediated directly
through alterations in TRPC6 glycosylation or might reflect
impaired glycosylation of other endogenous proteins.

We assayed ERK phosphorylation as a surrogate marker of
mutant TRPC6 activity, as we have previously demonstrated
that TRPC6 GOF mutants activate ERK in a channel-depen-
dent manner (71). Introduction of the double glycosylation
mutation into TRPC6 R895C largely abrogated the channel’s
ability to increase phospho-ERK levels (Fig. 5C). TRPC6 R895C
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expressed in MGAT1 knockout cells also demonstrated little
ability to activate ERK (Fig. 5D). However, TRPC6 R895C with
immature glycosylation still slightly increased phospho-ERK
levels compared with TRPC6 R895C NN — QQ (Fig. 5D; com-
pare lanes 3 versus 4 and lanes S versus 6).

To more directly ascertain the role of glycosylation on
TRPC6 channel function, we examined intracellular calcium
influx in response to the TRPC3/6 agonist, GSK1702934A (84,
85). GSK1702934A induced an increase in Fura-2 fluorescence
ratio in TRex293 cells expressing FLAG-TRPC6 R895C, but
not in uninduced cells (Fig. 6, A and B). Compared with TRPC6
R895C cells with an NTC CRISPR construct, TRCP6 R895C
cells with MGAT]1 deletion showed a significantly diminished
Fura-2 response to GSK1702934A. Whole-cell voltage— clamp
experiments confirmed that TRPC6 R895C current densities in
MGAT1 knockout cells were significantly lower than in control
cells in response to agonist, but not at baseline (Fig. 6, Cand D).
Taken together, these results demonstrate that complex
N-linked glycosylation is required for TRPC6 R895C-mediated
channel activity and resultant calcium influx, ERK activation,
and cytotoxicity.

Modulation of channel activity through regulation of surface
expression has been reported for several TRPC channels,
including TRPC6 (12, 14, 16, 86 —91). To test whether glycosyl-
ation impacts surface expression of TRPC6, we compared sur-
face biotinylation of TRPC6 R895C in control and MGAT1-
deficient cells (Fig. 7A). As we reported previously (67), only the
fully glycosylated, upper band of TRPC6 is expressed on the cell
surface in control cells. However, the lower molecular weight
form of TRPC6 present in MGAT1 knockout cells could be
detected by surface biotinylation, with a similar ratio of
surface—to—total TRPC6 R895C detected in control and
MGAT1 knockout cells (Fig. 7B). We performed similar exper-
iments comparing WT and the NN — QQ glycosyla-
tion-deficient TRPC6 transiently expressed in control NTC
293T cells (Fig. 7, C and D). Unlike TRPC6 with immature
N-glycans expressed in MGAT1-knockout cells, a significantly
lower ratio of TRPC6 lacking N-glycosylation sites was avail-
able for surface biotinylation. This was not due to the R895C
mutation itself, as the NN — QQ mutation diminished surface
expression of TRPC6 R895C and WT TRPC6 to similar extents
(Fig. 7C). These results suggest that some form of N-linked
glycosylation is required for TRPC6 surface expression,
whereas MGAT1-dependent hybrid or complex N-glycans are
required for proper TRPC6 channel activity, but not for surface
expression.

TRPC6 GOF cytotoxicity in podocytes requires TRPC6 N-linked
glycosylation, but not MGAT1

Podocyte injury is a central driver of FSGS pathogenesis, and
podocyte-specific overexpression of TRPC6 mutants induces
mild glomerular disease in mice (92). We therefore examined
whether TRPC6 GOF mutations are also cytotoxic in an
immortalized human podocyte cell line (93) and whether this
phenotype is also dependent upon N-linked glycosylation.
Human podocytes were transduced with lentiviral particles
driving doxycycline-inducible expression of WT or R895C
mutant TRPC6, with (NN) or without (QQ) N-linked glycosyl-
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Figure 6. MGAT1 knockout diminishes TRPC6 R895C-mediated calcium influx and whole-cell current in response to GSK1702934A. A, time course of
Fura-2 fluorescence ratio in TRex293 FLAG-TRPC6 R895C cells. Control CRISPR (NTC) or MGAT1 knockout (MGAT1) cells were treated with or without tetracy-
cline to induce TRPC6 expression as indicated prior to Fura2 imaging. GSK1702934A (final concentration 100 um) or DMSO vehicle control (no stim) was added
after 30 s to activate TRPC6. Shown are means = S.D.from n = 10-12 experiments performed on 3 different days. B, peak post-stimulation Fura2 fluorescence
ratios from fluorescence traces shown in A; shown are the means and values from individual experiments. One-way ANOVA with Sidak’s multiple comparison
test; **, p < 0.005; *, p < 0.05; 111, p < 0.0001 versus all other groups. G, I-V curves before (dashed line) and after GSK1702934A (solid line) stimulation of
representative individual TRex293 FLAG-TRPC6 R895C cells with control CRISPR (NTC) or MGAT1 knockout (MGAT1). D, baseline and GSK1702934A stimulated
peak current density measured at —60 mV. Shown are the means and values of each individual cell; two-way ANOVA with Sidak’s multiple comparison test; **,
p < 0.005 versus all other groups; all other pairwise comparisons not significant; n = 7 per group.

ation sites (Fig. 84). Doxycycline-inducible, TRPC6 R895C-ex-
pressing podocytes were further transduced with either control
(NTC) or MGAT1-targeting LentiCRISPR virus (Fig. 8B).
TRPC6 mobility shift served to confirm the efficient loss of
MGATT1 activity. Expression of TRPC6 R895C, but not of WT
TRPC6 or TRPC6 R895C lacking N-linked glycosylation sites,
significantly decreased cell viability as assessed by MTT assay
(Fig. 8C). CRISPR-mediated knockout of MGAT1, however,
failed to significantly rescue the toxicity of TRPC6 R895C
expression in podocytes (Fig. 8D), in contrast to its effect in
HEK cells (Fig. 2C). In sum, these results suggest that TRPC6
GOF mutants are cytotoxic in a variety of cells, including podo-
cytes, and that this phenotype depends upon TRPC6 N-linked
glycosylation, but that the need for MGAT1-mediated complex
glycans is cell type—specific.

Discussion

Previous studies have implicated numerous signaling cas-
cades both upstream and downstream of TRPC6 channel activ-
ity. However, the role of these pathways in the potential adverse
effects of TRPC6 GOF mutations remains unclear. Based on an
unbiased, genome-wide CRISPR-Cas screen, we report here
that efficient TRPC6 protein expression requires the expres-
sion of several proteins, including TMEM?208, and components
of the EMC complex. In addition, N-linked glycosylation of
TRPC6 was found necessary at several stages for efficient
TRPC6 function. Deletion of N-glycosylation sites limits sur-
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face expression of TRPC6, while blocking formation of hybrid
and complex N-glycans through loss of MGAT1 impairs
TRPC6 GOF-mediated current and calcium influx without
reducing TRPC6 surface expression. Interestingly, dependence
on MGAT1 function, but not on N-glycosylation, for TRPC6
GOF cytotoxicity appears to be cell type-specific. Together,
these results advance our understanding of the requirements
for proper TRPC6 channel expression and function, and they
establish multiple novel avenues for further investigation of
TRPC6 channel regulation.

Multiple members of the EMC were identified in our screen
of modulators of TRPC6 GOF toxicity, with validated hits
EMC2 and EMC6 both necessary for effective TRPC6 expres-
sion. The EMC is an ER-resident multiprotein complex found
in all eukaryotes (94). It functions as a transmembrane insertase
required for the insertion and proper membrane topology of
tail-anchored and multitransmembrane proteins (80, 95, 96),
including GPCRs, transporters, and channels (81, 97, 98). Our
results are in line with prior work (81) demonstrating that
dPob/EMC is essential for TRP channel expression in the Dro-
sophila eye.

Our data demonstrate a need for TMEM208 for the effective
expression of TRPC6 and several additional polytopic trans-
membrane proteins. TMEM208 (hSnd2) and its yeast ortholog,
Snd2, have been identified as members of an SRP-independent
(SND) pathway that preferentially targets proteins with C-ter-
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Figure 7. Surface expression of TRPC6 glycosylation mutants. A, control
(NTC) or MGAT1 knockout (MGAT1) cells expressing Tet-inducible FLAG-
TRPC6 R895C were subjected to surface biotinylation. FLAG Western blot
analysis was performed on streptavidin precipitates and whole lysate. B,
ratios of surface-accessible-to-total FLAG-TRPC6 R895C in control and
MGAT1 knockout cells; n = 7-8; unpaired ttest, p = 0.943; n.s., not significant.
C, FLAG-tagged wildtype (WT) or R895C mutant TRPC6 with intact (NN) or
mutant (QQ) N-linked glycosylation sites was transiently expressed in control
NTC cells. Surface-biotinylated protein was isolated by streptavidin precipita-
tion and compared with whole lysate by Western blotting (WB). Actin served
as a loading control and as a negative control for surface biotinylation. D,
ratios of surface-accessible-to-total FLAG-TRPC6 WT and NN — QQ glyco-
sylation mutant expressed in control (NTC) 293T cells; n = 6 per group; paired
t test, p = 0.0049.

minal transmembrane domains to the ER (72, 99, 100). Mam-
malian homologs of the other yeast Snd components, Snd1 and
Snd3, remain undefined. Previous studies have largely focused
on the importance of TMEM208 for ER translocation of C-ter-
minal single transmembrane domain proteins (99, 100). Our
data suggest that TMEM208 is also required for the biosynthe-
sis of several multipass transmembrane proteins, although
delineation of the breadth of this TMEM208 requirement
awaits further study. Although the loss of neither EMC2 nor
EMC6 affects TMEM208 protein levels, and loss of TMEM?208
does not affect EMC2 or EMC6 levels, MS data suggest a phys-
ical interaction between Snd2 and EMC1 and EMC5 (72). Thus,
TMEM208 and the EMC may cooperate in the ER membrane
insertion of a variety of polytopic transmembrane proteins,
including TRPC6.

WDRS83O0S is a little studied gene that also emerged as a hit in
our CRISPR screen. WDRS830S is a ubiquitously expressed,
predicted transmembrane protein evolutionarily conserved in
Caenorhabditis elegans and Drosophila melanogaster. 1t is
reported to interact with the Parkinson’s disease P-type ATPase
ATP13A2/PARK9 (101) and with the bile acid transporter
ABCBI11/BSEP (102). A homozygous splice site mutation in
WDRS830S has been associated with a syndrome, including
hypercholanemia, intractable itching, intellectual disability,
and dysmorphic features (103). Although WDR830S knockout
affects TRPC6 protein levels, and WDR830S can interact with
both TRPC6 and TMEM?208, our inability to rescue TRPC6
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Figure 8. Role of N-linked glycosylation and MGAT1 function in TRPC6
R895C-mediated cytotoxicity in podocytes. A, Western blot (WB) analysis
of podocytes transduced with lentivirus constructs driving doxycycline (Dox)-
inducible expression of wildtype (WT) or R895C mutant TRPC6 with intact
(NN) or mutant (QQ) N-linked glycosylation sites. TRPC6 expression was
induced by addition of doxycycline in all samples except the 7st lane (—Dox).
Actin served as a loading control. B, doxycycline-inducible TRPC6 R895C-ex-
pressing podocytes were transduced with LentiCRISPR virus with a no target
control (NTC) sgRNA or sgRNA targeting MGAT 1. Lysates from cells grown in
the absence or presence of doxycycline were analyzed by Western blotting
for TRPC6 and actin. G, relative cell viability, measured as MTT assay absor-
bance from doxycycline-induced cells relative to uninduced cells. Podocytes
expressing WT TRPC6 (WT), N-linked glycosylation mutant TRPC6 (NN — QQ),
TRPC6 R895C mutant with intact (R895C), or mutated (R895C NN — QQ) gly-
cosylation sites, as shown in A, were examined. Shown are means = S.D. as
well as individual means from each of three independent experiments; one-
way ANOVA with Tukey’s multiple comparisons test; ***, p < 0.005 versus all
other cell lines; all other comparisons not statistically significant. D, relative
cell viability, measured as in C, of control or MGAT1-knockout podocytes
expressing TRPC6 R895 (as in B). Means = S.D., as well as individual means
from each of three independent experiments, are shown; n.s., p = 0.33 by
two-tailed, paired t test.

expression by overexpressing WDR830S in WDR830S knock-
out cells prevents definitive identification of this protein as
required for TRPC6 function. It will be interesting to determine
whether WDR830S knockout affects expression of other trans-
membrane proteins in addition to TRPC6 and to ascertain
which sequences of TRPC6 are involved in binding to
WDR830S and TMEM?208. In addition, the functional signifi-
cance of the interaction between WDR830S and TMEM208
will require an independent line of study.

A previous study has reported that N-linked glycosylation is
necessary for the low basal ion channel activity of TRPC6 (83).
In particular, the second extracellular loop N-glycosylation site
(absent in the related TRPC3 channel characterized by higher
basal activity) was found to mediate the tight receptor regula-
tion of TRPC6. Deletion of this second glycosylation site, or of
both glycosylation sites, did not prevent surface expression, but
it enhanced basal channel activity without significantly altering
peak current densities after histamine stimulation (83). We
were therefore surprised to find that preventing complex
N-glycan formation through loss of MGAT1 significantly
attenuated GSK1702934A-stimulated TRPC6 R895C current
and channel-dependent calcium influx, as well as GOF mutant-
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induced ERK activation and cytotoxicity in HEK cells. Further-
more, mutating both N-glycosylation sites diminished TRPC6
surface expression and prevented TRPC6 GOF mutant-in-
duced ERK activation, suggesting graded effects on the channel
mediated by incomplete N-glycan maturation compared with a
complete lack of glycosylation. This graded effect was most
pronounced when examining the cytotoxic effect of TRPC6
R895C in podocytes. We cannot at present provide a satisfying
synthesis of our results and those of Dietrich et al. (83). Differ-
ences in experimental design, including the use of different
mechanisms to activate the channel, the presence of the R895C
mutation, and different overexpression methods, are potential
factors contributing to the discrepant results. It is noteworthy
thatin addition to MGAT1, several additional genes involved in
N-glycan formation were identified in our initial screen, includ-
ing FUT8 and SLC35C1 involved in N-glycan fucosylation
(104), supporting the notion that N-glycosylation directly or
indirectly modulates TRPC6 activity.

We utilized the cytotoxic phenotype of overexpressed gain—
of—function TRPC6 mutants to perform our screen agnostic as
to the mechanism. We speculate that the cytotoxicity is due to
calcium overload, as we have previously noted increased intra-
cellular calcium levels in our Tet-inducible HEK cells (67, 71),
and calcium overload is known to activate multiple forms of cell
death, including apoptosis and necrosis (105). The presence of
FADD and TNFRSF10B in our initial list of screen hits suggests
death receptor-mediated apoptotic signaling (106) may be
involved. These hypotheses are being tested by ongoing exper-
iments. Ultimately, the question of whether TRPC6 GOF-me-
diated cytotoxicity is involved in the development of FSGS will
require testing in a robust model of the disease, one currently
unavailable.

In summary, exploiting the cytotoxic effects of overex-
pressed TRPC6 GOF mutants, we have identified several bio-
logical processes necessary for TRPC6 expression and function.
In addition to an expected role for EMC in TRPC6 expression,
we have identified TMEM208 as a necessary factor for the
expression of several polytopic transmembrane proteins,
including TRPC6, thus expanding the role of the human homo-
log of SND2. Our results further suggest that N-glycosylation
plays a critical role in TRPC6 function, affecting both surface
expression and ion channel function. These findings imply a
more complex role for glycosylation in the function and regu-
lation of TRPC6 than previously envisioned. In addition, it is
tempting to speculate that tissue- or cell type—specific glycosyl-
ation may influence channel activity, possibly contributing to
the renal-limited phenotype of human TRPC6 mutations. A
more detailed examination of these hypotheses will be the focus
of future studies.

Experimental procedures
Reagents and plasmids

TRex293 (Invitrogen) stable cell lines expressing FLAG-
tagged TRPC6 WT, R895C, and E897K mutant channels were
previously described (67), as were N-terminal FLAG- and HA-
tagged TRPC6 expression constructs (71). Conditionally
immortalized human podocytes were maintained as described
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previously (93). LentiCRISPR v2 (107), lentiCas9-Blast (74),
pCW57-MCS1-P2A-MCS2(Blast) (108), psPAX2, and pCMV-
VSV-G (109) plasmids were from Addgene (plasmids 52961,
52962, 80921, 12260, and 8454, respectively). Human
TMEM208 and WDR83OS expression constructs in pLX304
(110) were from the Harvard Medical School PlasmID Reposi-
tory (clones HsCD00420103 and HsCDO00421132, respec-
tively). Expression constructs for WDR830S and TMEM208
tagged with C-terminal V5, HA, or FLAG were created by
G-block cloning into pcDNA3.1 Myc/His A (Invitrogen). The
c¢DNA was made Cas9-resistant by mutating the PAM site for
each CRISPR guide while maintaining the protein-coding
sequence. The human TRPC6 ORF with various GOF and gly-
cosylation mutations was subcloned into pCW57 digested with
Nhel and BamHI using HiFi DNA assembly. Restriction
enzymes, Hi-Fi master mix, stable-competent Escherichia coli,
PNGaseF, and EndoH were from New England Biolabs. Anti-
bodies were from the following sources: Cell Signaling Tech-
nology (rabbit phospho-ERK1/2, catalog no. 4370; rabbit
ERK1/2, catalog no. 4695; rabbit and mouse anti-HA antibod-
ies, catalog nos. 3724 and 2367; horseradish peroxidase—
conjugated anti-rabbit and anti-mouse IgG secondary anti-
bodies, catalog nos. 7074 and 7076); Proteintech (rabbit
anti-TMEM208 antibody, 23882-1-AP); Sigma (unconjugated
(F3165) and agarose-coupled (A2220) FLAG M2, HA mouse
monoclonal conjugated to agarose (A2095)); and Thermo
Fisher Scientific (V5 tag mAb E10/V4RR; WDR83O0S poly-
clonal antibody PA5-66788). Fluorescence-conjugated second-
ary antibodies and phalloidin were from Jackson Immuno-
Research and Invitrogen, respectively. Oligonucleotides and
G-blocks were from IDT. Tissue culture media were from
Mediatech; tetracycline-free fetal bovine serum was from
Atlanta Biologicals. GSK1702934A was from Focus Biomol-
ecules. X-tremeGENE 9 transfection reagent was from Sigma.

Lentiviral transduction

HEK293T cells (ATCC CRL-3216) were transiently trans-
fected using X-tremeGENE 9 with psPAX2, pCMV-VSV-G,
and either LentiCRISPR v2 or pCW57 constructs in a 2:1:3
weight/weight ratio. After 6 h, fresh media were applied. Con-
ditioned media containing viral particles were collected and
cleared by centrifugation every 24 h for 2 days. Human podo-
cytes were transduced by incubating with virally conditioned
media and hexadimethrine bromide (8 ug/ml) overnight, fol-
lowed by selection with either 30 wg/ml blasticidin or 1 ug/ml
puromycin.

Cell proliferation and cytotoxicity studies

Freshly trypsinized cells were counted and plated as indi-
cated. Cells were cultured in complete media in the absence or
presence of 50 ng/ml tetracycline or 1 pg/ml doxycycline to
induce TRPC6 expression. For assessment of cell viability by
MTT, cells were plated at 5 X 103 cells per well in a 96-well plate
and grown with or without tetracycline, or doxycycline, in com-
plete media for 96 h. Media were replaced with dye-free com-
plete media containing MTT (0.5 mg/ml), and cells were incu-
bated at 37 °C for 3 h. After removal of media, MTT crystals
were solubilized in 0.1 N HCI in isopropyl alcohol, and absor-
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bance was measured at 570 nm with background at 660 nm
(SpectraMax5, Molecular Devices). For cytotoxicity and viabil-
ity measurements using the MultiTox-Fluor Multiplex Cyto-
toxicity assay (Promega), 10° cells were plated per well of a
96-well plate and grown with or without tetracycline in com-
plete media for 24 h. Toxicity was then assayed per the manufa-
cturer’s protocol.

Genome-wide CRISPR screen

Lentivirus containing the Brunello human CRISPR knockout
pooled plasmid library (74) in the lentiGuide-Puro backbone
was obtained from Addgene (catalog no. 73178-LV). The posi-
tive selection screen and amplification of integrated sgRNA
sequences were performed as outlined in Ref. 74, with minor
adjustments. Briefly, stable Tet-inducible TRPC6 E897K-ex-
pressing TRex 293 cells (67) were first transduced with lenti-
Cas9-Blast. Approximately 9 X 107 cells were then infected
with the Brunello CRISPR knockout library at a multiplicity of
infection of 0.35, followed by selection with puromycin (1
pg/ml). This provided an estimated representation of 400 cells
per sgRNA. After 7 days of puromycin selection cells were
trypsinized, and ~25% of the cell population (8.5 X 107 cells)
was harvested for Next Generation Illumina sequencing. The
remainder (2.6 X 10® cells) was treated with tetracycline (50
ng/ml) to induce TRPC6 E897K expression, resulting in a cyto-
toxic phenotype. After 2 weeks culture in the presence of
TRPC6 E897K induction, surviving cells were harvested, and
genomic DNA was isolated. Guide RNA amplification and
preparation for sequencing were performed using established
protocols (74). Next Generation Sequencing was performed on
an [llumina MiSeq machine. Read mapping and sgRNA enrich-
ment was performed using the online CRISPR AnalyzeR
(http://crispr-analyzer.dkfz.de/).?

Validation of CRISPR screen hits

CRISPR knockout cells were made for each of the target
genes chosen for further study. TRex293 cells expressing the
Tet-inducible mutant TRPC6 R895C were transfected with the
LentiCRISPR v2 plasmid containing one of two distinct
sgRNAs for the target gene, followed by selection with puromy-
cin (2 pug/ml). To confirm rescue of the TRPC6 R895C-induced
cytotoxic phenotype, the CRISPR KO TRPC6 R895C cells were
treated with tetracycline to induce TRPC6 R895C expression
for 90 h. Cell viability was quantified by MTT assay. FLAG—
TRPC6 expression was evaluated by Western blotting.

Calcium fluorescence ratio measurement

TRPC6 channel activity was assessed by Fura-2 fluorescence
ratio measurement of intracellular calcium ion (Fura-2 QBT
kit, Molecular Devices, catalog no. R8197) in a 96-well format
on a FlexStation 3 microplate reader with automated pipetting
at the Harvard ICCB-Longwood screening facility. Cells were
incubated with the Fura-2 dye for 1 h at 37 °C and then excited
every 5 s at wavelengths of 340 and 380 nm, with Fura-2 fluo-
rescence emission read at 510 nm. Agonist or vehicle carrier

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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was added after 30 s. Digitonin was added at the end of every
experiment as a positive control for dye loading.

Electrophysiology

FLAG-TRPC6 R895C- expressing TRex293 stable cell lines
transfected with control or MGAT1-targeting LentiCRISPR
were grown on coverslips and mounted on an inverted micro-
scope in a 200-ul open chamber (WPI, Sarasota, FL). Patch
pipettes of resistance 1.5-3 megohms were filled with a solu-
tion consisting of (in mm): 140 Cs methanesulfonate, 10 EGTA,
10 HEPES, 2.27 MgCl,, 1.91 CaCl,, and 1 NaATP, pH 7.2, with
CsOH. The bath solution contained (in mm): 145 NaCl, 5 KCI, 1
MgCl,, 2 CaCl,, 10 HEPES, and 10 glucose, pH 7.4, with NaOH.
Whole-cell patch currents were recorded (Axopatch 200,
Molecular Devices, Sunnyvale, CA) and digitized with a 1550B
AD/DA board (Molecular Devices). To determine current—
voltage relationships (I-V curves) in Clampex (pClampll,
Molecular Devices), a 500-ms ramp protocol from +100 to
—100 mV was repeated every 10 s for the duration of the exper-
iment (111). The bath reference electrode was a silver chloride
wire with a 3 M KCI agar bridge. Data were filtered at 500 Hz,
digitized at 10 kHz by Clampex, and analyzed offline by Clamp-
fit subroutine (pClampl1). Holding potentials in whole-cell
patch experiments were expressed as V,,,, the pipette potential.
The ramp current measured at —60 mV was chosen to report
whole-cell conductance.

Immunoprecipitation and Western blotting

Experiments were performed essentially as described previ-
ously (71). After removing media and rinsing cells in cold PBS,
cells were lysed in TBS (50 mm Tris-HCI, pH 7.4, 150 mm NaCl)
containing 1% (v/v) Nonidet P-40, EDT A-free Complete prote-
ase inhibitor, and PhosStop (Roche Applied Science). Lysates
were cleared by centrifugation at 17,000 X g for 15 min at 4 °C.
An aliquot was mixed with 4X SDS-sample loading buffer with
B-mercaptoethanol, incubated at 95 °C for 5 min, and used to
assay protein expression by Western blotting.

For immunoprecipitation, cleared lysates were incubated
with 20 ul of FLAG M2 or anti-HA-agarose slurry and incu-
bated with constant agitation at 4 °C for 2—3 h. Immunoprecipi-
tated complexes were washed three times with lysis buffer and
eluted by boiling in SDS sample loading buffer.

Mini-PROTEAN TGX and Tris-Tricine gels (Bio-Rad) were
utilized for SDS-PAGE, followed by transfer onto polyvi-
nylidene difluoride membrane for immunoblotting as de-
scribed previously (71).

Surface biotinylation assay

Cells were washed with HBSS and incubated with 1 mg/ml
sulfo-NHS-SS-biotin (Thermo Fisher Scientific catalog no.
21331) at 4 °C for 1 h. The reaction was quenched with 5 mm
Tris in HBSS, and cells were lysed in TBS 1% Nonidet P-40.
Lysate was incubated with streptavidin-agarose beads at 4 °C
for 2 h. Beads were washed, and biotinylated protein was eluted
in sample loading buffer for Western blotting.

TRPC6 glycosylation mutants

The two known TRPC6 N-glycosylation sites (Asn-473 and
Asn-561) were mutated to glutamine residues in the FLAG-
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hTRPC6 expression constructs using the QuikChange II XL
site-directed mutagenesis kit (Agilent Technologies catalog no.
200521). Successful mutation was confirmed by Sanger
sequencing. FLAG-TRPC6 WT or NN — QQ mutant was
transfected into CRISPR NTC cells or into CRISPR MGAT1
knockout 293T cells. Differences in TRPC6 glycosylation were
visualized by mobility shift on SDS-PAGE. Western blotting
was also used to identify alterations in p-ERK levels.

Immunocytochemistry

HeLa cells were transfected with expression plasmids encod-
ing FLAG-TRPC6 and V5-WDR830S or FLAG-WDR830S
and V5-TMEM208. After 24 h, cells were fixed in 4% parafor-
maldehyde and 4% sucrose in PBS and permeabilized at room
temperature with 0.3% Triton X-100 in PBS. Cells were blocked
with PBS containing 2% fetal bovine serum, 2% BSA, 0.2% fish
gelatin for 1 h, followed by a 2-h incubation with primary anti-
body directed against FLAG and V5. After rinsing, cells were
incubated with secondary antibody for 1 h before mounting.
Confocal images were obtained on a Zeiss LSM510 upright
confocal system at the Beth Israel Deaconess Confocal Imaging
Core.
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