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ABSTRACT
The calcium-activated chloride channel, TMEM16A, is involved

in airway hydration and bronchoconstriction and is a promising

target for respiratory disease. Drug development efforts around

channels require an electrophysiology-based assay for identi-

fying inhibitors or activators. TMEM16A has proven to be a

difficult channel to record on automated electrophysiology

platforms due to its propensity for rundown. We developed an

automated, whole-cell, electrophysiology assay on the QPatch-

48 to evaluate small-molecule inhibitors of TMEM16A. In this

assay, currents remained stable for a duration of roughly 11 min,

allowing for the cumulative addition of five concentrations of

compounds and resulted in reproducible IC50s. The absence of

rundown was likely due to a low internal free-calcium level of

250 nM, which was high enough to produce large currents, but

also maintained the voltage dependence of the channel. Current

amplitude averaged 6 nA using the single-hole QPlate and the

channel maintained outward rectification throughout the re-

cording. Known TMEM16A inhibitors were tested and their IC50s

aligned with those reported in the literature using manual

patch-clamp. Once established, this assay was used to validate

novel TMEM16A inhibitors that were identified in our high-

throughput fluorescent-based assay, as well as to assist in

structure–activity relationship efforts by the chemists. Overall,

we demonstrate an easy to operate, reproducible, automated

electrophysiology assay using the QPatch-48 for TMEM16A drug

development efforts.

Keywords: TMEM16A, small molecule, QPatch, drug devel-

opment, electrophysiology, ANO1

INTRODUCTION

T
MEM16A, also referred to as Ano1, is a calcium-

activated chloride channel1–3 found in the vascular

smooth muscle cells of the brain,4 the interstitial cells

of Cajal in the gut,5 and in the respiratory system. In

the lung, TMEM16A is expressed in airway epithelial cells,

contributing to airway hydration,6 and in airway smooth

muscle where it controls bronchodilation.7 Under normal

physiological conditions, TMEM16A displays outwardly rec-

tifying currents with a slow deactivating tail current.8

The structure of human TMEM16A was recently solved,9

confirming that TMEM16A has 10 transmembrane segments

and dimerizes to form a functional channel with 2 independent

pores.10,11 Two calcium binding sites exist in the pore of each

channel,11 allowing a total of four calcium ions to bind to a

functional channel. TMEM16A is gated in a unique way,

through which calcium binds directly to the pore locking the

channel in an open state. In a low-calcium environment, the

channel opens in response to membrane depolarization.12

However, when internal calcium levels are high, reaching above

1mM free-calcium, the channel loses its voltage dependence and

opens in response to the high calcium level. This high-calcium

environment leads to a loss of outward rectification, forcing the

channel into an open state and leading to current rundown.9

TMEM16A has multiple isoforms, with splice variants that

may contain segments a, b, c, and d.13 The different splice var-

iants vary in their expressionpatterns and have slightly different

kinetics and inactivation profiles.14 The splice segments confer a

different functional significance, for example, the ‘‘b’’ segment

on the N-terminus has been shown to bind to calmodulin15 and

cause a decrease in calcium sensitivity.13 These different TME-

M16A isoforms can form hetero- or homodimers.16

TMEM16A has been found to be overexpressed in many

cancer types,14,17 and its overexpression is associated with a

poorer prognosis.18,19 TMEM16A has high potential as a target

for various types of cancer20 and many TMEM16A small-
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molecule inhibitors have been found to suppress cell migra-

tion and proliferation in cancer cell lines.21–23 In addition, a

micro-RNA targeting TMEM16A has recently been shown to

act as a tumor suppressor in gastric cancer cells,24 presenting a

new therapeutic modality with respect to inhibiting TME-

M16A. Polycystic kidney disease has also been linked to

TMEM16A, and TMEM16A inhibitors have been found to re-

duce the growth of renal cysts in vitro.25 TMEM16A is also a

high-potential target for respiratory disease, including cystic

fibrosis, chronic obstructive pulmonary disease (COPD), and

asthma. TMEM16A is involved in bronchodilation7 where it

contributes to airway smooth muscle contraction. More recently,

we identified anthelmintics niclosamide, nitazoxanide, and re-

lated compounds as potent TMEM16A antagonists that blocked

airway smooth muscle depolarization and contraction.26,27

Benzbromarone, a TMEM16A inhibitor used as the main refer-

ence compound in the development of this assay, relaxed air-

ways and hyperpolarized airway smooth muscle cells.28

TMEM16A’s role in smooth muscle contraction in combi-

nation with its involvement in mucus hydration points to

TMEM16A as a potential asthma target. In regard to COPD and

cystic fibrosis, TMEM16A activators have been suggested to

aid in mucociliary clearance.29 Moreover, it was recently

shown that TMEM16A is essential for cystic fibrosis trans-

membrane conductance regulator (CFTR) activation and

membrane expression.30 In contrast, recent mouse knockout

data suggest that the absence of TMEM16A results in defective

basal mucus secretion, as well as attenuates the release of

proinflammatory mediators.31,32 Whether it is more beneficial

activating TMEM16A to improve airway hydration/muco-

ciliary clearance or blocking TMEM16A to inhibit smooth

muscle membrane depolarization/bronchoconstriction and

reduce inflammation in the airways of CF and COPD patients

remains to be determined. Finally, TMEM16A is highly ex-

pressed in dorsal root ganglion neurons and a contributor to

the pain pathway,17 as well as being directly activated by

noxious heat,33 posing a new pain target for drug develop-

ment. Therefore, TMEM16A continues to be a therapeutically

attractive target for a variety of indications.

Currently, there are no specific inhibitors to TMEM16A that

have been transferrable to in vivo models. Benzbromarone, a

potent TMEM16A inhibitor, also inhibits the CFTR and the epi-

thelial sodium channel.6 Niflumic acid is a nonspecific inhibitor,

targeting many other chloride channels, including glycine re-

ceptor channels.34 Ani9 and 10aa, the recently reported and

most potent TMEM16A inhibitors, were found to be metaboli-

cally unstable.35 Therefore, efforts to find a TMEM16A inhibitor

lacking off-target effects that is metabolically stable and non-

toxic in vivo are ongoing. Another requirement for TMEM16A to

be a viable drug target is for high-throughput assays to be es-

tablished to screen chemical libraries and validate any findings.

A fluorescence-based eYFP-quench assay has been estab-

lished for TMEM16A,6 and while this serves the purpose for a

first-pass high-throughput screen, in our experience, this screen

did not identify all TMEM16A full-blockers. 1PBC, a known

potent TMEM16A inhibitor,36 only caused 40% inhibition in

this assay. This was possibly due to the eYFP assay being iodide

based, since it has been reported that the anion passing through

the pore has an effect on the open state of the channel.12 It is also

impossible to control the intracellular calcium level in this as-

say, which could explain the discrepancy in potency.37 More-

over, this eYFP assay does not account for compounds that may

trigger internal calcium release, thus activating the channel.

There is clearly a need for an automated electrophysiology as-

say for TMEM16A, whether looking at activators or inhibitors.

TMEM16A has proven to be a difficult channel for electro-

physiology, owing to its fast rundown, small currents, and the

fact that it is a ligand-gated channel. In addition, fluoride,

typically used in automated patch-clamp assays to improve seal

quality, is known to decrease calcium salt solubility. Therefore,

a fluoride-free internal solution is preferable when trying to

control for a precise internal calcium concentration.

Here we report the development of a QPatch whole-cell

electrophysiology screen for the identification of TMEM16A

inhibitors and structure–activity relationship (SAR) develop-

ment efforts. This low-throughput assay can provide con-

centration–response curves for roughly 100 compounds per

week. Optimization of this assay resulted in high-quality seals,

stable currents with little rundown, an average of 6 nA peak

current amplitude, and maintenance of outward rectification

throughout the duration of the assay.

MATERIALS AND METHODS
Cell Line

HEK293T cells stably expressing the human ANO1 channel

(isoform acd) were obtained from Scottish Biomedical. Cells were

cultured in Sigma Minimum Essential Media containing 10%

heat-inactivated fetal bovine serum, 1% penicillin/streptomycin,

1% glutamine, and 600ng/mL geneticin. Cells were maintained

in a 37�C, 5% CO2 environment. Cells were passaged every 3 days

after they had reached *70% confluency and were not allowed

to reach a density greater than 1–2 · 105 cells/cm2 during routine

culture. When subculturing, cells were rinsed once with room

temperature 1 · phosphate-buffered saline (PBS; Ca2+/Mg2+

free), lifted with TrypLE Express, resuspended in prewarmed

growth media, and counted using a hemocytometer. Cells were

then plated in T150 flasks at a density of 2.9 · 104 cells/cm2 to be

either used in the assay or subcultured 72 h later.
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Cell Preparation
On the day of the experiment, cells plated at a density of

2.9 · 104 cells/cm2 72 h prior should be*70%–80% confluent.

After cells were rinsed with prewarmed 1 · PBS (Ca2+/Mg2+

free), 3 mL of room temperature Detachin solution (Genlantis)

was added to the flask and tilted gently two to three times

to cover all the cells. Approximately 2 mL of Detachin was

aspirated from the flask, leaving 1 mL on the cells, and then

placed in the 37�C incubator for 5 min. Once cells had rounded

up, the cells were dislodged by tapping the flask gently. The

cells were then resuspended in 5 mL of warm serum-free media

(EX-CELL ACF CHO Medium; Sigma; supplemented with

4 mM L-glutamine and 10 mM HEPES). A glass Pasteur pipette

with a rubber bulb was then used to gently dissociate the cells

from one another. Detachin will often leave cells as doublets

or clumps, conditions that will disrupt seal formation on the

QPatch. The cells were triturated *30 times and then, still

using the Pasteur pipette, transferred into the QPatch Cell

Hotel. This ensures that cells detach from one another leaving

a suspension of single cells. A QStirrer was added to the Cell

Hotel and the cell suspension was immediately placed on the

QPatch device. Cells were utilized within 15 min.

Test Compounds
Compoundswere reconstituted in dimethyl sulfoxide (DMSO;

Sigma) as 10mM stock solutions. An automated dilution ma-

chine set up the microtiter plate (MTP ) by making 1:5 dilutions

from a starting concentration of 30mM. The concentration of

DMSO was equal for all concentrations tested. Each MTP con-

tained one row of a negative control (DMSO) and a positive

control (benzbromarone). A total of eight compounds were run

at a time. All compounds tested were produced in-house.

Electrophysiology

Whole-cell patch-clamp experiments were performed on a

QPatch-48-automated electrophysiology platform (Sophion

Biosciences) using the 48-channel, single-hole QPlate (resis-

tance 2.0 – 0.4 MO). The external buffer (in mM) was 140 NaCl, 4

KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, pH 7.4 (osmolar-

ity = 300), and the internal buffer (in mM) was 110 CsCl, 20 TEA-

Cl, 5.374 CaCl2, 1.75 MgCl2, 10 EGTA, 10 HEPES, 4 Na2ATP, pH

7.2 (osmolarity = 310). Cell positioning was set to a 5-s wait time

with a positioning pressure of -60 mbar and a positioning time-

out of 60 s. Resistance was set to increase 750% to ensure the

success ofpositioning. To obtain a seal, pressurewas increased to

-70 mbar with an allowed pressure of -130 to -20 mbar and a

holding pressure of -20 mbar. The holding potential was set to

-70 mV and a 240-s time-out was set. The minimum seal re-

sistance was set to 0.02 GO. To go whole cell, five 1-s suction

pulses were applied starting at -180 mbar and increasing with

-40 mbar increments with a pulse period of 10 s. Suction ramp

and voltage zap protocols were kept standard, according to the

default HEK cell settings. Voltage zaps had an order of use of 3,

ten 4 ms voltage zaps with an amplitude of -400 mV for a zap

period of 20 s. The suction ramp order of use was set to 2 with a

ramp amplitude of -450 mbar and a ramp slope of 100 ms/mbar.

Once established in whole-cell configuration, cells are

clamped toa holding potential (Vhold) of 0 mV. A standardized IV

protocol was used to elicit ionic current through the TMEM16A

chloride channel at 20-s intervals. Steady-state voltage pulses

begin at -100 to +100 mV in +20 mV steps for a duration of

500 ms. After each pulse, the voltage returns to -100 mV for

50 ms to obtain tail currents, and then returns to the holding

potential of 0 mV until the beginning of the next sweep. Block of

TMEM16A chloride current due to test article is measured at the

+100 mV depolarization sweep of the third and final IV protocol

run per concentration addition. This ensures a minimum of 60 s

per concentration incubation before measuring current block.

Currents are acquired at 10 kHz and filtered at 2 kHz, leak sub-

traction and Rseries are disabled, and a 1 MOminimum resistance

is set. A cumulative concentration response is measured through

which each cell is exposed to five concentrations of test article

with a dilution factor of 1:5 (e.g., 0.048, 0.24, 1.2, 6, and 30mM).

Cells are recorded for *60 s per solution per compound addi-

tion. Initially, external solution is applied twice to allow currents

to stabilize. Vehicle from the saline reservoir is then added twice,

for a total incubation time of 2 min, to monitor any effect 0.3%

DMSO might have on currents. This leads directly into the

concentration runs by applying Concentration 1 (single addi-

tion) for 1 min. Concentration 2 is then applied for the subse-

quent minute, and so on. Recovery/washout is monitored for a

final minute with an external solution addition.

Data Analysis
The QPatch software automatically generates sweep traces,

current time (IT) plots, and IC50s when the user opens the data

using a predefined template. While there are automatic filters

embedded in the template, the user must still inspect the data

to ensure the quality of the recordings. Each individual set of

traces or trial must be visually inspected and either accepted

or rejected. The general criteria for acceptance are as follows:

1. Outward rectification must be present in the first saline

addition with inward current smaller than -2 nA.

2. Initial sustained current must be >1 nA.

3. Measured currents must achieve steady state (does not

decrement by >10%) before the first compound addition.

If a trial fails to meet one or more of these criteria, then it

will be removed from analysis. An automatic filter was en-

abled through the QPatch software that discards any cells with
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peak current amplitude measured at +100 mV that is less than

1 nA. An additional filter was set to automatically discard cells

that lost outward rectification [I(+100mV)/I(-100mV) £ 2].

The template selects the peak current at the end of each

voltage step by placing the cursor at 540 ms through 549.8 ms

of the IV step. Peak outward current magnitude is measured

for each sweep at 10-s intervals and is used to generate the IT

plot. For further statistics, the IT plot data window captures the

peak current at the last +100 mV pulse of each liquid period.

Each cell’s peak current is then normalized to itself at the

initial 0.3% vehicle control period before compound appli-

cation. This step is to account for differences in current size

for each cell. Normalized responses to test article are plotted

against their concentrations to reveal a concentration-

inhibition plot. A Normalized Group Hill fit is then per-

formed on the plotted results to yield a pooled IC50 value,

reconstructed from a minimum of two cells per concentra-

tion. The baseline response and the full response are con-

strained to 1 and 0, respectively.

RESULTS

Calcium Response
TMEM16A is a calcium-activated channel that is also

voltage dependent. It has recently been reported that there are

multiple open confirmations, one that is stimulated with high

internal calcium levels and another that opens in the presence

of low calcium and depolarized membrane potentials.9 Which

form is physiologically relevant or more important to consider

for drug development? Surely there can be internal calcium

releases that produce a brief and localized calcium concen-

tration in excess of 1 mM.38 However, the channel in the

continued presence of high internal calcium levels leads to

current rundown, which exaggerates any inhibition caused by

a compound. In addition, it is not physiological to have sus-

tained internal calcium levels at such a high concentration.

Under resting conditions, the internal calcium level in airway

smooth muscle cells is *200 nM.39 For an assay assessing

TMEM16A current, it is ideal to have internal calcium levels

be high enough to activate the channel under depolarizing

conditions, but not so high as to cause current rundown.

To determine the optimal internal calcium concentration,

the multiple ringer reservoir was used and internal solutions

with four different free-calcium concentrations were tested: 0,

250, 500, and 1,000 nM. Osmolarity and pH were identical for

each of the solutions. As expected, no currents were elicited

with the calcium free internal solution at any voltage tested.

Current amplitude increased with increasing levels of free-

calcium, however, voltage dependence changed. At 250 nM

free-calcium level, the current was outwardly rectifying and

stable for the duration of the assay (Fig. 1A). While peak

current amplitude only reached an average of 7 nA, that is

more than sufficient for identifying inhibitors. The 500 nM

free-calcium condition also produced acceptable results,

however, there was a slight leak observed with the -100 mV

pulse. Furthermore, the currents were not as stable toward the

end of the assay when compared with the 250 nM condition.

The condition with 1 mM free-calcium, while producing a

large current of 20 nA also caused the channel to lose outward

rectification and resulted in an almost linear IV curve

(Fig. 1B). It was decided that using a lower, more physiolog-

ically relevant calcium level is preferable to maintain stable

currents and outward rectification.

Establishing the Assay: Solving for Current Stability
If the cells are prepared in accordance with the protocol,

seals were of regularly high quality, with initial seals over 1

GO. Throughout the recording, minimum seal resistance was

kept at 1 MO due to some of the channels being in an open

state and thereby lowering the resistance. Nevertheless, seal

quality can be assessed by monitoring whether a cell main-

tains outward rectification throughout the recording. Cells

exhibiting inward current, with IT plots resembling the 1 mM

internal free-calcium condition, were found to have lost re-

sistance and seal quality. Presumably, loss of seal resistance

can lead to a ‘‘leaky’’ cell, allowing an influx of calcium from

the external environment. This can mask the inhibitory effects

of a compound since it was found that cells with low seal

resistance tend to display residual current with inhibitors that

are normally full blockers. This skews results toward a higher

IC50 and causes much greater variability in the data when

grouped together with high-quality cells that received the

same compound. In addition, if internal calcium levels in-

crease substantially, current will exhibit rundown, which will

result in a lower IC50, reporting an increased potency for the

compound. Again, when grouped together with cells with

high-quality recordings that received the same compound, the

standard deviation (SD) will be high leading to a wide 95%

confidence interval. Therefore, it is important to identify and

remove these cells from further analysis. Filters were set so

that any cell meeting the criteria of I(+100)/I(-100) £ 2 or I(-100) £
-1 nA was automatically excluded.

To be able to constantly monitor the outward rectification, a

voltage step protocol was designed. Cells were held at 0 mV

holding potential and then 500 ms pulses were applied from

-100 to +100 mV in +20 mV steps. Cells were then pulsed at

-100 mV for 50 ms to monitor deactivation before returning

to the holding potential of 0 mV until the voltage protocol

repeated (Fig. 2A). The voltage protocol is set to allow 10 s
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from beginning to end, and the cells are held at 0 mV until the

next voltage protocol is initiated. A ramp protocol was tried

initially; however, it tended to cause greater rundown and did

not provide output that was as user friendly to quality control

as the voltage step protocol. A 0 mV holding potential was

chosen because it allowed for the most stable currents

throughout the assay. Holding potentials of -70 and -40 mV

were tried, however, they caused an average of 28% and 25%

rundown, respectively. The 0 mV holding potential is also the

reversal potential for the Cl- in this assay, so if there are some

open channels at this potential, there will be no net flux of

ions, providing for a clean readout in the sweep and IT plots.

This voltage protocol resulted in stable currents that increased

in amplitude with increasing depolarization and had little to

no inward current (Fig. 2B). Seals were over 1 GO and resis-

tance typically dropped to 300–500 MO after whole cell was

achieved. Data were excluded from cells that dropped below

100 MO by the end of the protocol.

The peak current from the last 10 ms of each voltage step

was used to generate the IT plot (Fig. 2C). The IT plot displays

three voltage protocols from each liquid period. The last

current recorded at +100 mV for each liquid period is used for

further data analysis, statistics, and to generate an IC50.

It is ideal to have at least 8 concentrations to fit an IC50

curve and for most high-throughput electrophysiology as-

says, a 22-point curve is standard. However, TMEM16A is a

Fig. 2. (A) QPatch assay voltage protocol. Protocol consists of +20 mV steps from -100 mV to +100 mV that are 500 ms long from a 0 mV
holding potential ending in a 50 ms -100 mV pulse to monitor deactivation before returning to a holding potential of 0 mV until the start of
the next step. (B) Typical sweep plot of TMEM16A current on QPatch during one IV step protocol after a saline (external solution) addition.
The highlighted green bar represents area of peak current used to generate the IT plot. (C) IT plot with liquid additions of 0.3% DMSO from
MTP. Current remains stable, with a peak current amplitude of 6 nA at the +100 mV pulse. Outward rectification is observed by the lack of
inward current (< -1 nA). DMSO, dimethyl sulfoxide; MTP, microtiter plate.
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difficult channel to record from for extended periods. The

channel is prone to rundown, and current stability decreases

as the recording time increases. Evaluating eight compound

concentrations caused the assay to run too long, and the

control cells receiving 0.3% DMSO began to exhibit rundown.

After attempting many different recording lengths ranging

from 5 to 20 min, a roughly 11-min assay was established

comprising five compound additions (Table 1). Using a 1:5

dilution, the 5-point inhibition curves generated reproducible

IC50s that aligned with those reported in the literature. The

application protocol calls for two saline addition periods to

stabilize the current and obtain baseline currents. Then, two

60-s liquid periods with additions from the reference reservoir

are to control for any affect the vehicle, in this case 0.3%

DMSO, has on current. Next, the lowest dose of compound is

added from the MTP and three consecutive voltage protocols

are run resulting in a 1-min incubation time for that com-

pound concentration. Following that liquid period, the next

highest dose is added to the cell from the MTP. This continues

until all five concentrations have been added, each with an

incubation time of 1 min, resulting in a total compound in-

cubation time of *5 min. ‘‘Approximately’’ is used because

the QPatch can vary slightly in timing, depending on the

movement of the pipettes, the number of cells patched, and the

number of compounds on the MTP. The assay concludes with a

saline addition to look for washout effects.

DMSO tolerance was assessed and it was determined that

0.1% and 0.3% DMSO had similar effects on channel current,

whereas DMSO concentrations greater than 0.5% caused in-

creased current rundown (Fig. 3A). A 0.3% DMSO concen-

tration was chosen for all compounds, since this allowed for

higher concentrations to be tested when diluted from a 10 mM

stock solution. The effect of 0.3% DMSO on the cells was

initially tested by applying external solution containing 0.3%

DMSO from the MTP. This led to an average of 27% rundown,

which was considered acceptable for this particular channel.

However, a strange phenomenon was discovered when 0.3%

DMSO was added from the vehicle reservoir instead of the

MTP. In this case, there was zero rundown and currents re-

mained perfectly stable throughout a 14-min assay (Fig. 3B).

Therefore, 0.3% DMSO has no effect on current, and the

rundown that was observed was due to how the machine was

adding liquid to the QPlate.

A time delay is noticeable between liquid periods when

liquid is taken from the MTP. This is due to the ability of the

pipettes to move to the MTP, aspirate liquid, move back to

the QPlate and deliver the liquid to the appropriate wells, rinse

the pipette tips, and return to the MTP for the next concen-

tration of compound in a timely manner. If the pipettes cannot

return to the QPlate in time to deliver the next concentration of

compound, meaning as soon as the third voltage protocol has

concluded, the cell will remain at the holding potential in the

previously delivered liquid. This delay in the assay is causing

current rundown. When the pipettes only have to move from

the vehicle reservoir and back to the QPlate, without washing

the pipettes or minding which cell receives which compound,

there is no lag time and no rundown (Fig. 3B). To decrease this

lag time between liquid periods, the protocol was modified to

run six voltage protocols per liquid period. During the delay

between compound additions, cells were held at 0 mV poten-

tial. However, there was still a lag time present even when

doubling the voltage protocol runs, and rundown persisted.

Extending the assay further would cause the total assay time to

be too long, and therefore, another way to mitigate this lag

time between liquid periods would have to be implemented.

One feature of the QPatch-48 is that you can choose which

columns on the QPlate you would like to use in an experiment.

You can select just one, for instance column A, and run the

experiment with a maximum of eight cells. In addition, you

can choose to run half the plate for a total of 24. When the

assay was run as a half plate, the time lag was alleviated and

there was no longer rundown present in the cells receiving

0.3% DMSO (Fig. 4). The inhibition curves for known TME-

M16A inhibitors also became more consistent when the assay

was run using a half 24-well format. The rundown from the

time lag between liquid periods exaggerated the inhibition

caused by the compound, overestimating its potency. When

benzbromarone was run using a full 48-well plate format, the

Table 1. Application Protocol

Liquid period Liquid Volume (lL) VP runs

1 Saline 5 3

2 Saline 5 3

3 Vehicle 5 3

4 Vehicle 5 3

5 Concentration 1 5 3

6 Concentration 2 5 3

7 Concentration 3 5 3

8 Concentration 4 5 3

9 Concentration 5 5 3

10 Saline 5 3

VP, voltage potential.
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IC50 reported was 730 nM (n = 1). However, when run with the

half plate, the average IC50 was 2.54 – 0.94 mM (mean – SD,

n = 5). The same effect was seen with the niflumic acid, where

an IC50 of 3.89 – 0.11 mM (n = 3) was reported with the full

plate and a rundown-free half plate generated an IC50 of

8.34 – 3.77 mM (n = 5). Fortunately, the ‘‘Rolling Plate’’ setting

in the QPatch software allowed the assay to run on the half

plate, and once finished, plated cells from the cell hotel into

the other half of the plate to continue the assay. This did

extend the time required to run 48 cells, but not by a signif-

icant amount, because there was no lag time while the assay

was being run. It also required no further user intervention, as

the machine automatically loaded the second half of the plate

with cells and solutions once the first half of the plate was

finished. This minor change in the flow of the assay greatly

increased the quality of the data.

Obtaining Dose Responses Using Benchmark
Small-Molecule Inhibitors

To determine whether the QPatch assay can identify TME-

M16A small-molecule inhibitors, two benchmark inhibitors

were chosen to validate the assay. Benzbromarone6 and ni-

flumic acid, two established TMEM16A inhibitors, were cho-

sen to validate that the assay generated expected dose–

response curves. Niflumic acid repeatedly produced an IC50 of

8.34 – 3.77 mM (n = 5), aligning nicely with the reported IC50 of

12 mM.8 In addition, niflumic acid resulted in a slower deac-

tivation rate, which is typical for this compound.8 Benz-

bromarone resulted in IC50 values slightly more potent than

those reported in the literature, but still within a threefold

window. Besides producing expected IC50 values in this assay,

these IC50s were extremely reproducible over multiple runs,

whether the assay was performed on the same day or on dif-

ferent days (Table 2). Due to the time constraints on the assay,

a 1:5 dilution was determined to generate the best IC50 curves.

The dose–response curve generated by the QPatch software

for niflumic acid exemplifies how little variability there is

between cells within an experiment (Fig. 5). Once the assay

was established, other known TMEM16A inhibitors were

evaluated (Table 2). Ani9 and its analogue40 were tested, and

dose–response curves that were generated produced IC50s

within the expected range. Furthermore, for those compounds

that were run more than once, either on the same or differ-

ent days, the results were extremely reproducible, further

strengthening the validity of the assay. 1PBC, another known

TMEM16A inhibitor, resulted in almost 10 times the potency

as that reported36 in this QPatch assay. This could be due to a

variety of factors, including the isoform and species of the

channel (Peter et al. used mouse TMEM16A) and that the in-

ternal calcium concentration has a large effect on the potency

of 1PBC, presumably by allowing access to the pore. Un-

fortunately, this assay was unable to see more than a 40%

block with T16Ainh-A01, an aminophenylthiazole known to

be a potent blocker of TMEM16A.41 This could be due to

solubility issues, a slow-onset response, or to the splice variant

(TMEM16A abd) being tested. Taken altogether, the repro-

ducibility of the known inhibitors and the resultant IC50s

validated this assay for hit confirmation and SAR efforts

around a small-molecule TMEM16A inhibitor.

As mentioned, due to the nature of the channel and its

rundown issues, time limitations exist for recording. There-

fore, each concentration of compound is added to the cell for a

duration of 60 s. It is possible that the IC50 is shifted for those

compounds that require a longer time to act on the channel. To

account for this, a single-concentration/multiple-addition

protocol was established (Fig. 6). We found that niclosamide

inhibited 50% of channel current at *1 mM on the QPatch,

however, in many other in-house assays it was twice as po-

tent.42 This led us to wonder if we were missing the full re-

sponse to the concentration before the next liquid period

Table 2. Potency of TMEM16A Inhibitors Generated by QPatch Assay

Name IC50s (lM) for independent experiments

1 2 3 4 5

Benzbromarone 3.45 1.51 1.31 2.30 3.18

1PBC 1.18 0.85 1.10 1.57 —

Niflumic acid 5.29 4.62 8.45 11.12 7.71

Niclosamide 1.62 1.43 1.05 2.09 1.81

Ani9 0.067 0.054 0.078 — —

AMG compound 0.428 0.510 0.258 0.443 0.470
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began and the more concentrated, cumulative addition was

applied to the cell. The original application protocol was

amended to allow for two 4-min incubations with the same

concentration of compound. The total length of the assay is

roughly 15 min, with two 1-min saline additions to stabilize

current, two 1-min vehicle additions to account for any DMSO

effects, and two 4-min compound additions, ending with two

1-min saline additions to look for washout effects. The same

IV voltage protocol was used as well as the same whole-cell

conditions and solutions. When niclosamide was run with this

extended incubation protocol, the IC50 was four times as po-

tent (Fig. 6), aligning nicely with the other in-house assays that

were run. A DMSO condition was included to account for any

rundown that occurred, with the result of 92% current re-

maining at the end of the assay. Therefore, the block observed

with niclosamide additions was not due to rundown. When

240 nM was added, the current plateaued at *60% current

amplitude. The 1.2mM condition showed a dramatic decrease

in current after the first addition that ended with a 50% block

in current after the 4-min incubation, but on the second ad-

dition, current dropped another 20% for a final response of

78% block. The final IC50 was reported as 221 – 185 nM (n = 2),

when the single-addition, cumulative concentration assay

produced an IC50 of 1.60 – 0.39mM (n = 5). Therefore, this low-

throughput, extended assay can be used to determine whether

some compounds that are slower acting are more potent than

what was being uncovered in the standard 1-min incubation

assay. Any compounds that result in partial inhibition with the

original assay can be run on the multiple-addition assay to see

if they require more time to inhibit the channel.

DISCUSSION
Using the QPatch-48, we have developed a robust assay for

the assessment of TMEM16A small-molecule inhibitors. Many

optimization steps were performed to determine the optimal

cell culture conditions, internal calcium level, holding po-

tential and voltage protocol, and maximum duration of the

assay. It was necessary to control for the culture conditions of

the cells and strictly adhere to the cell preparation procedure

to obtain high-quality seals. In addition, while the external

solution can be used throughout the day, the internal solution

should be replaced every 2 h to ensure that the ATP is fresh.

Best practices also require solutions to be made weekly and for

the osmolarity and pH to be measured accurately. Having met

these conditions, the assay results in large currents, averaging a

peak current of 6 nA, while maintaining outward rectification

Fig. 5. Dose–response curve for niflumic acid (n = 3) resulting in a calculated IC50 of 11.12 mM.

HENCKELS, FONG, AND PHILLIPS

144 ASSAY and Drug Development Technologies APRIL 2020 MARY ANN LIEBERT, INC.



Fi
g

.
6

.
C

u
rr

e
n

t
ti

m
e

p
lo

ts
o

f
th

e
m

o
d

if
ie

d
p

ro
to

co
l

w
it

h
m

u
lt

ip
le

a
d

d
it

io
n

s
o

f
a

si
n

g
le

co
n

ce
n

tr
a

ti
o

n
.

T
o

p
:

IT
p

lo
t

w
h

e
n

2
4

0
n

M
n

ic
lo

sa
m

id
e

is
a

d
d

e
d

to
a

ce
ll

.
B

o
tt

o
m

:
IT

p
lo

t
w

h
e

n
1.

2
mM

n
ic

lo
sa

m
id

e
is

a
d

d
e

d
to

a
ce

ll
.

R
ig

h
t:

D
o

se
–r

e
sp

o
n

se
re

su
lt

s
a

n
d

cu
rv

e
fo

r
n

ic
lo

sa
m

id
e

in
th

e
m

o
d

if
ie

d
si

n
g

le
-c

o
n

ce
n

tr
a

ti
o

n
a

ss
a

y
re

su
lt

in
a

n
IC

5
0

o
f

3
5

2
n

M
,

co
m

p
a

re
d

w
it

h
th

e
cu

m
u

la
ti

ve
a

d
d

it
io

n
p

ro
to

co
l

IC
5

0
o

f
1.

6
2
mM

.

MARY ANN LIEBERT, INC. � VOL. 18 NO. 3 � APRIL 2020 ASSAY and Drug Development Technologies 145



that is characteristic of the TMEM16A channel. The benchmark

TMEM16A inhibitors that were tested during the validation

efforts generated reproducible and expected IC50 values. This

assay was established using HEK293T cells that stably ex-

pressed TMEM16A(acd), however, we found that this assay was

easily transferable to other cell lines. Another HEK293T cell

line that stably expressed the abc isoform of TMEM16A also

formed high-quality seals and produced large currents. The

currents remained stable for the duration of the assay and were

fully blocked by 30mM benzbromarone.

In addition, another cell line that was HEK293T-derived and

induced expression of TMEM16A on addition of 10 ng/mL of

doxycycline also performed well on the assay. Currents av-

eraged 8 nA, were fully blocked by 30 mM benzbromarone,

and maintained outward rectification throughout the assay.

These two other cell lines were run on the machine using the

predefined parameters that were optimized with the original

cells, including the cell preparation protocol. Therefore, it

seems that this assay is easily transferable to any cell line

expressing TMEM16A.

In summary, we developed an automated electrophysiology

assay on the QPatch-48 for the assessment of TMEM16A

small-molecule inhibitors. Using a low internal free-calcium

concentration (250 nM), currents were kept extremely stable

throughout the duration of the assay, exhibiting little to no

rundown typical of the channel. In addition, a voltage protocol

was designed to monitor the continued presence of outward

rectification, allowing an automatic quality control filter to be

applied to the data. This ensured that internal calcium levels

remained low and that data were collected from quality re-

cordings. IC50s for known TMEM16A inhibitors aligned with

published data and were highly reproducible. For slower act-

ing compounds, an extended protocol assessing the effect of

multiple additions of a single concentration was established.

This method is now being extended to evaluate large-

molecule candidates with a slightly modified liquid applica-

tion protocol. The TMEM16A QPatch-48 assay, while only

capable of assaying 100 compounds a week, greatly acceler-

ated our TMEM16A small-molecule program by providing

clear results on compounds in question. The quick data

turnaround time facilitated the medicinal chemistry team in

these SAR efforts. It is possible that this assay could be slightly

amended for use on the Qube, the 384-well whole-cell ma-

chine made by Sophion. The two machines are similar enough

that the protocol should be able to be transferred to the Qube

for a high-throughput TMEM16A inhibitor screen. This would

enable a library screen to be executed with electrophysiology,

instead of relying solely on a fluorescent-based screening

assay.
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