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Abstract: Ca2+-activated Cl− channels (TMEM16, also known as anoctamins) perform important
functions in cell physiology, including modulation of cell proliferation and cancer growth. Many
members, including TMEM16F/ANO6, additionally act as Ca2+-activated phospholipid scramblases.
We recently presented evidence that ANO6-dependent surface exposure of phosphatidylserine (PS)
is pivotal for the disintegrin-like metalloproteases ADAM10 and ADAM17 to exert their sheddase
function. Here, we compared the influence of seven ANO family members (ANO1, 4, 5, 6, 7, 9,
and 10) on ADAM sheddase activity. Similar to ANO6, overexpression of ANO4 and ANO9 led
to increased release of ADAM10 and ADAM17 substrates, such as betacellulin, TGFα, and am-
phiregulin (AREG), upon ionophore stimulation in HEK cells. Inhibitor experiments indicated
that ANO4/ANO9-mediated enhancement of TGFα-cleavage broadened the spectrum of partic-
ipating metalloproteinases. Annexin V-staining demonstrated increased externalisation of PS in
ANO4/ANO9-overexpressing cells. Competition experiments with the soluble PS-headgroup phos-
phorylserine indicated that the ANO4/ANO9 effects were due to increased PS exposure. Overex-
pression of ANO4 or ANO9 in human cervical cancer cells (HeLa), enhanced constitutive shedding
of the growth factor AREG and increased cell proliferation. We conclude that ANO4 and ANO9,
by virtue of their scramblase activity, may play a role as important regulators of ADAM-dependent
cellular functions.
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1. Introduction

Disintegrin and metalloproteinases (ADAMs) 10 and 17 can cleave a multitude of
membrane-bound proteins in cis to effect release of their ectodomains, a process designated
as “shedding”. ADAM17 promotes inflammation through release of tumor necrosis factor
α (TNFα) [1–3] and modulates cell function via shedding of epidermal growth factor (EGF)
receptor ligands, prominent among which are amphiregulin (AREG), epiregulin, trans-
forming growth factor-alpha (TGFα) and heparin-binding EGF (HB-EGF) [4]. ADAM10
is critically involved in Notch receptor signaling [5] and liberates a number of adhesion
molecules [6–8], as well as the EGFR-ligands betacellulin (BTC) and epidermal growth
factor (EGF) [9].

Constitutive ADAM10/17-mediated shedding can be enhanced by elevation of intra-
cellular Ca2+ [10–13]. In addition, phorbol esters stimulate ADAM17 in a Ca2+-independent
manner [14].

We have recently obtained evidence that plasma membrane dynamics play an impor-
tant role in controlling sheddase function. Asymmetric distribution of phospholipids in the
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plasma membrane is a hallmark of the living cell. Phosphatidylcholine and sphingomyelin
reside primarily in the outer, and the negatively charged phosphatidylserine (PS) primarily
in the inner leaflet. Externalization of PS is promoted by elevation of intracellular Ca2+, as
well as by phorbol esters. We discovered that PS-externalization immediately upregulates
ADAM10 and ADAM17 sheddase activity, apparently by promoting the interaction of the
catalytic domains of the enzymes with their substrates [15,16].

Phospholipid membrane asymmetry is upheld by ATP-dependent “flippases” that
continuously shuttle anionic phospholipids to the cytosolic membrane leaflet. Scramblases
are the functional counterparts of flippases. These integral membrane proteins promote
vertical movement of phospholipids back along their concentration gradient [17,18]. Two
families of human scramblases, the TMEM16/Anoctamin and the Xkr family, have been
identified to date. The ten members of the first family are designated TMEM16A to K or
Anoctamin (ANO) 1–10 [19–21]. ANO1 and ANO2 function as Ca2+-activated chloride
channels and apparently lack scramblase activity, but they are listed within the family
due to structural similarity. The Xkr family comprises nine members that are less well
characterized than the Anoctamins. One member, namely XKR8, seems to play a major role
for acceleration of PS-exposure during apoptosis [22,23].

We have recently presented evidence for a direct connection between the function of
scramblases and shedding activity of ADAM10/17. This was disclosed in a series of studies
that utilized ANO6 as the model scramblase. Overexpression of ANO6 always led to
enhancement of sheddase activity, and this was shown to be due to increased PS-exposure
effected by the scramblase [16,24].

Alterations in activity of both scramblases and ADAMs are associated with immune
diseases and tumorigenesis [25–29]. Investigations are, thus, called for to uncover further
links between the two networks.

In this communication, we report on experiments conducted with ANO1, ANO4,
ANO5, ANO7, ANO9, and ANO10 in comparison with ANO6, on the sheddase function of
ADAM10 and ADAM17. The results were not entirely as might be expected. Similar links
were noted between the sheddases and ANO4 and ANO9, but not with ANO5, ANO7, and
ANO10. Possible reasons for these divergent findings are discussed.

2. Materials and Methods
2.1. Reagents and Antibodies

Annexin V-AF568 and Hoechst 33342 were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). O-phospho-L-serine (OPS) and Phorbol 12-myristate-13-acetate (PMA)
were obtained from Sigma Aldrich (St. Louis, MO, USA). Ionomycin (IO) was purchased from
Merck Millipore (Darmstadt, Germany). Hydroxamate-based ADAM17/ADAM10 inhibitor
GW280264X [30] was purchased from Aeobious (Gloucester, MA, USA). Marimastat and
ADAM10 inhibitor GI254023X [31] were purchased from Tocris Bioscience (Bristol, UK).
Additional antibodies used: ANO1 (Bio-Techne, Abingdon, UK), ANO4 (Aviva Systems
Biology, San Diego, CA, USA), ANO5 (Abcam, Cambridge, UK), ANO6 and ANO7 (Ori-
Gene, Rockville, MD, USA), ANO9 and ANO10 (LSBio, Seattle, WA, USA), and GAPDH
(Novus Biologicals, Littleton, CO, USA). Secondary antibodies for automated Western were
obtained from Protein Simple (San Jose, CA, USA) or Novus Biologicals (Novus Biologicals,
Littleton, CO, USA).

2.2. Cell Culture

HEK293T and HeLa cells were purchased from Sigma Aldrich (St. Louis, MO, USA).
Cells were grown in high glucose DMEM (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal calf serum (FCS, PAA Laboratories, Cölde, Germany) and 1%
penicillin/streptomycin (Pen/Strep, PAA Laboratories, Cölde, Germany).
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2.3. Expression Vectors and Transfection

The expression vectors for human ANO1-V5/his, ANO4-V5/his, ANO5-V5/his,
ANO6-V5/his, ANO7-V5/his, ANO9-V5/his, and ANO10-V5/his were kindly provided
by Karl Kunzelmann (University of Regensburg, Regensburg, Germany). The plasmids
for alkaline phosphatase (AP)-tagged AREG, TGFα and BTC were kindly provided by
Carl P. Blobel (Hospital for Special Surgery, New York, NY, USA). A pcDNA3.1 vector was
purchased from Thermo Fisher Scientific (Waltham, MA, USA).

HEK293T and HeLa cells were transfected using TurboFectTM Transfection Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
Then, 48 h after transfection of expression vectors, cell medium was replaced by fresh
DMEM. Transfection efficiency was always controlled in parallel by Western blot analyses
(Supplementary Figures S1 and S2). The pcDNA3.1 vector was used as a mock control.

2.4. AP-Substrate Shedding Assay

HEK293T cells were seeded in 12-well plates. Forty-eight hours after transfection,
medium was replaced by fresh serum free DMEM. For inhibitor experiments, cells were
pre-incubated with the indicated concentrations of GI254023X (GI), GW280264X (GW),
marimastat (MM), or OPS for 15 min. Thereafter, cells were treated, or not treated, with
ionomycin (1 µM, 30 min). Supernatants and cell lysates were collected and measured for
alkaline phosphatase (AP) activity at A405 nm employing the AP substrate 4-nitrophenyl
phosphate (Sigma Aldrich, St. Louis, MO, USA). Shown is the relative AP activity in the
supernatant compared to the total AP activity of supernatant plus cell lysates.

2.5. AREG ELISA

HeLa cells were seeded in 6-well plates. Twenty-four hours after transfection, cell
culture medium was replaced by fresh medium with or without marimastat (MM, 10 µM)
and cells were incubated overnight. AREG ELISA (R&D, Minneapolis, MN, USA) was
performed according to manufacturer’s instructions with supernatants and cell lysates.
Cells were lysed in lysis buffer (5 mM Tris-HCl (pH 7.5), 1 mM EGTA, 250 mM saccharose,
1% Triton X-100) supplemented with cOmplete inhibitor cocktail, Roche Applied Science
(Penzberg, Germany), and 10 mM 1,10-phenanthroline monohydrate [32]. Supernatants
and lysates were analyzed in duplicates. The relative amount of shedding products in the
supernatant was calculated in relation to total AREG (supernatant and lysate).

2.6. Proliferation Assay

HeLa cells were seeded in 48-well plates. Cells were transfected in the presence or
absence of MM (10 µM) and incubated for forty-eight hours. MM was added again after
24 h. Then, cells were harvested using accutase (Merck Millipore, Darmstadt, Germany)
and mixed with Trypan blue solution (Sigma Aldrich, St. Louis, MO, USA). The number
of viable cells in the solution was determined with Cellometer© Auto 1000 (Nexcelom
Bioscience, Lawrence, MA, USA). The assay was performed in quadruplicates.

2.7. Automated Western

Western blot was performed as Automated Western, a capillary electrophoresis im-
munoassay. Cells were lysed in lysis buffer (5 mM Tris-HCl [pH 7.5], 1 mM EGTA, 250 mM
saccharose, and 1% Triton X-100) supplemented with cOmplete inhibitor cocktail (Roche
Applied Science, Penzberg, Germany) and 10 mM 1,10-phenanthroline monohydrate. Pro-
tein concentration was determined by Pierce™ 660nm Protein Assay Reagent (Thermo
Fisher Scientific, Waltham, MA, USA). Equal concentrations of protein were loaded and
separated by 12–230 kDa Separation Module. Western blot analysis was performed by
Automated Western blot analyzer JESS (ProteinSimple, San Jose, CA, USA) with 25 min
of separation time at 375 volts, 5 min of blocking, 30 min of primary antibody incubation
against the different ANOs (1:10 dilution) or GAPDH (1:30 dilution), and 30 min of sec-
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ondary antibody incubation according to the manufacturer’s instructions. The results were
evaluated with the Compass for SW 5.0 software (ProteinSimple).

2.8. Annexin V Staining

HEK293T cells were seeded on µ-Slide 8-well (ibidi, Gräfeling, Germany). Forty-eight
hours after transfection and after indicated stimulation periods, cells were immediately
incubated with a solution of Annexin V-AF568 (1:50) and Hoechst 33342 (1:1000) in Annexin-
Binding-Buffer (ABB: 10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4) for 5 min
in the dark at room temperature, washed twice with ABB, and fixed for 15 min with 3%
paraformaldehyde. After fixation, wells were washed three times with PBS, once with
distilled water and covered with mounting medium (ibidi, Gräfeling, Germany). Image
acquisition was performed with an Axiovert A1 (Zeiss, Oberkochen, Germany) using a
63×/100× Plan-Apochromat oil immersion objective.

2.9. Image Analysis and Statistics

Image analysis was performed with ImageJ version 1.53e (National Institutes of Health,
Bethesda, MA, USA). Fluorescence signal above background fluorescence was determined
and correlated to the cell number. Four independent experiments were performed. For each
experiment one µ-Slide 8-well was prepared and two wells for each group were analyzed,
each with five images of different areas. The mean fluorescence per cell number was taken
for statistical analysis. Groups were tested by one-way-analysis of variance (ANOVA) and
Holm–Sidak multiple comparison post hoc test.

2.10. Statistical Analysis

All values are expressed as means ± standard error of the mean (SEM). The standard
error values indicate the variation between mean values obtained from at least three inde-
pendent experiments. Statistics were generated using one-way analysis of variance (one-
way ANOVA) and multiple comparison post hoc test as designated. The p values < 0.05
were considered statistically significant (either indicated with * or #).

3. Results
3.1. Ionomycin Stimulation Increases Shedding Activity in Cells Overexpressing ANO4, ANO6
and ANO9

HEK293T cells were co-transfected with respective anoctamin plasmids and alkaline-
phosphatase (AP)-tagged ADAM10 (BTC) or ADAM17 substrates (TGFα or AREG). Cells
were stimulated 48 h after transfection with ionomycin (IO) for 30 min. AP activity in cell
lysates and supernatants was determined and shedding was calculated as percentage of
shed substrate compared to total substrate (lysate and supernatant). Ionophore application
led to increased shedding of BTC in mock-transfected cells (Figure 1a). As previously ob-
served, IO-stimulated shedding was markedly enhanced in cells co-transfected with ANO6.
Significant increases were also observed for ANO1, ANO4, and ANO9. The enhancing
effect of ANO9-overexpression was remarkable, far surpassing the originally discovered ef-
fect of ANO6. A comparable picture emerged when the release of the preferential ADAM17
substrates AREG (Figure 1b) and TGFα (Figure 1c) was examined. Here, overexpression
of ANO4, ANO6, and ANO9 led to significantly enhanced shedding compared to mock-
transfected stimulated cells. Again, the most pronounced increases were observed in cells
that overexpressed ANO9. Successful ANO transfection was always monitored in parallel
by Western blot analyses (Supplementary Figure S1).

3.2. PMA Stimulation of ADAM17 Is Independent of Anoctamin Expression

PMA is a classical ADAM17 stimulus, whereby PKC-activation, rather than intracel-
lular Ca2+-elevation, is the cause of PS-exposure that triggers shedding activity. It was,
therefore, expected that ANO4- or ANO9-overexpression would not lead to enhanced
release of the preferential ADAM17 substrates AREG or TGFα upon PMA stimulation. As
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shown in Figure 2, this was indeed the case. Enhanced shedding of both AREG (Figure 2a)
and TGFα (Figure 2b) evoked by PMA occurred to a perfectly comparable extent in mock-
and ANO-transfected cells.
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Figure 1. Ionomycin induces increased shedding of BTC, AREG, and TGFα in ANO4-, ANO6-, and
ANO9-overexpressing cells. HEK293T cells were co-transfected with an ANO plasmid or mock vector
(black columns) and the AP-tagged ADAM10/17 substrates (a) betacellulin (BTC), (b) amphiregulin
(AREG), or (c) TGF-alpha (TGFα). Cells were stimulated with ionomycin (IO, 1 µM) for 30 min and
analyzed for the release of soluble BTC, AREG, or TGFα via AP-assay. * indicates a significant increase
compared to corresponding unstimulated cells or stimulated mock control (dark grey columns), and
ns indicates no significant difference (light grey columns) (n = 6; * p < 0.05; ±SEM). Data were
analyzed by one-way ANOVA and Holm–Sidak multiple comparison post hoc test.
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Figure 2. PMA-stimulated release of AREG and TGFα is not affected by overexpression of anoctamins.
HEK293T cells were co-transfected with an ANO plasmid or mock vector (black columns) and the AP-
tagged ADAM17 substrates (a) AREG or (b) TGFα. Cells were stimulated with PMA (300 ng/mL) for
30 min and analyzed for the release of soluble AREG or TGFα via AP-assay. * indicates a significant
increase compared to corresponding unstimulated cells or stimulated mock control, and ns indicates
no significant difference (light grey columns) (n = 3; * p < 0.05; ±SEM). Data were analyzed by
one-way ANOVA and Holm–Sidak multiple comparison post hoc test.

3.3. Enhanced TGFα Cleavage in ANO-Overexpressing Cells Involves Other Sheddases
Than ADAM17

The identity of sheddases involved in substrate cleavage can be probed through
the use of preferential proteinase inhibitors. GI254023X (GI) is a preferential inhibitor of
ADAM10, and GW280264X (GW) is a dual inhibitor of ADAM10/17. Experiments with
cells overexpressing ANO4 are shown in Figure 3a–c. Ionomycin-stimulated shedding in
mock-infected controls was within the usual scope (Figure 3a–c, black columns). Shedding
of the ADAM10 substrate BTC is well known to be suppressed by GI [16], while cleavage
of the preferential ADAM17 substrates AREG and TGFα can be markedly inhibited by GW
and partly by GI [24].

Analyses of cells overexpressing ANO4 generated surprising results (Figure 3a–c,
grey columns). Stimulated release of BTC was significantly diminished upon applica-
tion of the preferential ADAM10 inhibitor GI, the mixed ADAM10/17 inhibitor GW and
the broad-spectrum metalloproteinase inhibitor marimastat (MM), which indicated that
substrate release continued to be affected by ADAM10 in the ANO-overexpressing cells
(Figure 3a). Analogously, ADAM17 continued to be primarily responsible for cleaving
AREG (Figure 3b). Thus, shedding of this classical ADAM17 substrate was only slightly re-
duced by ADAM10-inhibitor GI and markedly inhibited by the dual ADAM10/17 inhibitor
GW. As in all experiments, the broad-spectrum metalloproteinase inhibitor marimastat
(MM) almost totally abrogated all shedding activity (Figure 3).
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Figure 3. Ionomycin-induced shedding of BTC and AREG in ANO4- and ANO9-overexpressing
HEK cells is ADAM10/17-dependent. HEK293T cells were co-transfected with ANO4 (a–c) or ANO9
(d–f) (grey columns) or mock vector (black columns) and the AP-tagged ADAM10/17 substrates
(a,d) BTC, (b,e) AREG, or (c,f) TGFα. Cells were stimulated with IO (1 µM) for 30 min in the absence
or presence of ADAM10 inhibitor GI (3 µM), ADAM10/17 inhibitor GW (3 µM) or broad-spectrum
metalloprotease inhibitor marimastat (MM, 10 µM) and analyzed for the release of soluble BTC,
AREG or TGFα. * indicates a significant increase compared to unstimulated cells, # indicates a
significant decrease compared to corresponding stimulated cells, and ns indicates no significant
difference (n = 3; * p < 0.05; ±SEM). Data were analyzed by one-way ANOVA and Holm–Sidak
multiple comparison post hoc test.

A different picture emerged for shedding of TGFα, the second preferential ADAM17-
substrate (Figure 3c). Overexpression of ANO4 led to enhanced stimulated shedding,
which, however, was no longer markedly reduced by ADAM17-inhibition. The dual
ADAM10/17 inhibitor GW had a comparable effect to the sole ADAM10 inhibitor GI.
Obviously, cleavage of TGFα was no longer affected by ADAM17. This indicated that
membrane changes evoked by stimulation of cells with supranormal scramblase activity
had in this case led to a re-allocation of the substrate to its shedding enzyme.

Similar experiments were conducted with cells overexpressing ANO9 and the results
fully corroborated the above findings (Figure 3d–f). Enhanced shedding of BTC and AREG
continued to be due to the action of ADAM10 and ADAM17, respectively (Figure 3d,e).
In contrast, the dual ADAM10/17 inhibitor GW exerted no effect further to that achieved
by the preferential ADAM10 inhibitor GI on shedding of TGFα (Figure 3f). Thus, cleav-
age of this substrate was again clearly affected by one or several marimastat-inhibitable
proteinases other than ADAM17.

3.4. Overexpression of ANO4 or ANO9 Leads to Enhanced PS Exposure

Overexpression of ANO6 leads to increased Ca2+-induced PS-exposure in adherent
cells [24]. A similar finding was obtained in cells overexpressing ANO4 and ANO9. Trans-
fected HEK cells were analyzed by staining with fluorescent-labelled Annexin V-AF568
(Figure 4). Increased PS exposure was already observed in ANO4- or ANO9-transfected
cells in the absence of stimulation. While these changes did not reach significance, the
findings suggest that ANO4 or ANO9 transfection might lead to slightly enhanced consti-
tutive scramblase activity. Higher basal activity of ANO4-expressing cells was reported
earlier by Suzuki et al. [21], but the finding has not previously been reported following



Membranes 2022, 12, 123 8 of 15

ANO9-overexpression. After stimulation with ionomycin, PS-exposure was markedly
enhanced in transfected cells compared to stimulated mock-transfected cells (Figure 4a,b).
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Figure 4. Ionomycin induces increased phosphatidylserine (PS) exposure in ANO4- or ANO9-
overexpressing cells. ANO4- or ANO9-transfected HEK293T cells were stimulated with IO (1 µM) for
30 min. After stimulation, cells were stained with Annexin V-AF568 (red). Nuclei were counterstained
with Hoechst (blue). Representative images of six independent experiments are shown (a). The
fluorescence was quantified for statistical analysis (b). * indicates a significant increase (n = 6;
* p < 0.05; ±SEM). Data were analyzed by one-way ANOVA and Holm–Sidak multiple comparison
post hoc test.

3.5. Increased Substrate Cleavage Depends on PS-Interaction

Competition experiments utilizing the water-soluble head group of PS, ortho-
phosphorylserine (OPS), were then conducted to probe whether ANO-dependent enhanced
shedding was causally related to surface exposed PS. OPS competes with the interaction
of membrane-bound PS with the proteases. The results obtained in ANO4- and ANO9-
overexpressing cells are depicted in Figure 5a–f, respectively. The black columns are results
obtained in mock-vector controls.

A first scrutiny of the consequences of ANO-overexpression on constitutive shedding
(columns 1 and 7) led to an interesting finding. Cells overexpressing both ANO4 and ANO9
appeared to show increased constitutive release of ADAM substrates compared to mock
vector controls.

Ionomycin-stimulation then significantly enhanced shedding of all substrates in ANO-
overexpressing cells over mock-vector controls. This event could be suppressed in mock
as well as in ANO-transfected cells by the simple presence of OPS in the cell medium. It
followed that the head group of surface-exposed PS must directly participate in the key
event underlying substrate shedding.

Next, we addressed the issue of constitutive shedding in more detail (Figure 6). The
release of soluble AREG was significantly increased upon overexpression of ANO4 as well
as ANO9 in the absence of any stimulus. The question was whether this effect could be due
to a slight increase of constitutive PS externalization and enhanced PS-dependent ADAM
activation. Indeed, the increased shedding was strikingly reduced by application of OPS.
The magnitude of reduction was comparable to the effect of marimastat (Figure 6).
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Figure 5. Release of BTC, AREG, and TGFα in ANO4- or ANO9-overexpressing cells depends
on surface exposed phosphatidylserine. HEK293T cells were co-transfected with ANO4 (a–c) or
ANO9 (d–f) vector (grey columns) or mock vector (black columns) and the AP-tagged ADAM10/17
substrates (a,d) BTC, (b,e) AREG, or (c,f) TGFα. Cells were stimulated with IO (1 µM) for 30 min in the
absence or presence of inhibitors MM (10 µM) or OPS (10 mM, 20 mM, and 30 mM) and analyzed for
the release of soluble BTC, AREG, or TGFα via AP-assay. * indicates a significant increase, # indicates
a significant decrease compared to corresponding stimulated cells, and ns indicates no significant
difference (n = 3; * p < 0.05; ±SEM). Data were analyzed by one-way ANOVA and Holm–Sidak
multiple comparison post hoc test.
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Figure 6. Increased constitutive AREG release in ANO4- or ANO9-transfected cells is inhibited
by MM and OPS. HEK293T cells were co-transfected with ANO4 (light grey columns) or ANO9
(dark grey columns) or mock vector (black columns) and the AP-tagged substrate AREG. Forty-eight
hours after transfection, cell media were replaced by serum-free media and cells were incubated
in the absence or presence of the inhibitors MM (10 µM) or OPS (10 mM, 20 mM, and 30 mM) for
30 min followed by analyses for the release of soluble AREG via AP-Assay. * indicates a significant
increase, and # indicates a significant decrease compared to corresponding untreated cells (n = 4;
* p < 0.05; ±SEM). Data were analyzed by one-way ANOVA and Holm–Sidak multiple comparison
post hoc test.

3.6. Increased Expression of ANO4 and ANO9 Stimulates Cell Proliferation

All the above findings tied in with the notion that PS-translocation to the outer mem-
brane leaflet elicited by ANO4 and ANO9 led to enhanced sheddase function of ADAM10
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and ADAM17. The observation that constitutive shedding of AREG appeared increased
in cells overexpressing both scramblases opened the way to directly examine their possi-
ble biological relevance. AREG is endogenously expressed in epithelial cells and so the
spontaneous effects of increased scramblase expression could be easily studied. Enhanced
constitutive AREG-release would be expected to directly impact on cell proliferation. Given
the relevance of both ADAMs and scramblases to tumor cell function, metastatic cervical
cancer (HeLa) cells were used as a model system.

HeLa cells were transfected with ANO4 or ANO9. After 24 h, medium was changed
and cells were incubated in the presence or absence of marimastat. After overnight incuba-
tion, cell pellets and supernatants were analyzed by ELISA. As shown in Figure 7a and in
confirmation of the previous finding (Figures 4 and 6), overexpression of ANO4 and ANO9
again led to enhanced constitutive shedding of AREG. This effect was totally abrogated in
the presence of marimastat.
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Figure 7. Release of endogenously expressed AREG is constitutively increased upon ANO4- or
ANO9-overexpression. HeLa cells were transfected with ANO4 or ANO9 or mock vector. (a) Twenty-
four hours after transfection cell media were replaced by fresh media. Cells were incubated overnight
and then analyzed for the relative amount of shedding products in the supernatant compared to the
cell lysate by AREG ELISA. (b) Forty-eight hours after transfection, cells numbers were determined.
* indicates a significant increase compared to mock-transfected cells, and # indicates a significant
decrease compared to corresponding untreated cells (n = 4; p < 0.05; ±SEM). Data were analyzed by
one-way ANOVA and Holm–Sidak multiple comparison post hoc test.

Cell proliferation can most reliably be assessed by counting viable cells. Compared to
mock-transfected cells, the numbers of ANO-transfected cells were significantly increased
48 h after transfection (Figure 7b). This result indicates that both ANO4 and ANO9 promote
cell proliferation via enhancement of sheddase function.

4. Discussion

We have been studying the possible role of membrane phospholipid asymmetry in
regulating the function of cellular sheddases. These studies led to the uncovering of a link
between the phospholipid scramblase ANO6 and ADAM10/17 [16,24]. It was found that
enhanced scramblase activity leading to increased PS-exposure at the membrane surface
directly upregulated proteolytic function of the sheddases. Consequently, we have now
proceeded to conduct a systematic analysis to investigate whether this finding might extend
to other members of the ANO-family. Affirmative results were obtained for ANO4 and
ANO9, and we present evidence for a functional relevance of this ANO-ADAM axis in
cell physiology.

HEK cells were co-transfected with ADAM-substrates and various ANOs. ANO1 and
ANO10 served as putative negative controls. ANO1 is a calcium-activated chloride channel
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without scramblase function that controls epithelial secretion, smooth muscle contraction,
and sensory signal transduction [33]. Analyses of the ADAM17 substrates TGFα and
AREG yielded the expected negative results. Rather surprisingly, however, shedding of
the ADAM10 substrate betacellulin was augmented in ANO1-overexpressing cells. It has
been reported that ANO1 can positively modulate ANO6-activity [27], and the possibility
is given that this might underlie the observed effect.

Anoctamin-10 function has been associated with autosomal recessive cerebellar ataxia [34].
Its scramblase activity seems to be restricted to the endoplasmatic reticulum [35]. An influence
on ADAM sheddase activity thus appeared highly improbable and indeed was not observed.

In contrast, plasma membrane localization and PS scramblase activity have been
described for ANO4, ANO5, ANO7 and ANO9 [19–21].

ANO5 is involved in skeletomuscular function; its mutations cause gnathodiaphy-
seal dysplasia, an autosomal dominant inherited bone disorder [36,37]. While Suzuki
et al. found that transient transfection of cells with ANO5 did not enhance phospholipid
scrambling [21], other data suggested the contrary [38–40]. Whitlock et al. reported that
overexpression of ANO5 led to cell surface localization of ANO5 and to Ca2+-dependent
phospholipid scrambling in HEK cells [41]. While we confirmed cell surface localization,
we observed only slight insignificant increases in PS externalization (data not shown). Our
results may differ from the findings of Whitlock for various reasons. Like Suzuki et al., we
used a transient expression system while Whitlock et al. used a codon-optimized ANO5
in a stably transfected cell line. The lack of significantly increased PS exposure in our
assay accorded with the lack of significantly increased ADAM sheddase activity. The
same observations apply to ANO7, a potential scramblase that is upregulated in prostate
cancer [42–44]. In our hands, overexpression of ANO7 led neither to significantly en-
hanced PS externalization (data not shown) nor to significant enhancement of ADAM
substrate release.

In contrast, the results for ANO4 and ANO9 were unambiguous. Overexpression
led to significantly increased PS exposure upon calcium stimulation and significantly
increased release of all three ADAM substrates analyzed. In contrast, ANO4- or ANO9-
overexpression had no effect on the enhancement of ADAM-function when phorbol ester
was employed as stimulus. This underscores the calcium dependency of the ANO-related
effects. Inhibition experiments utilizing OPS, the soluble phospholipid head group of PS,
provided direct evidence for a role of surface-exposed PS in relaying the ANO-effects to
the ADAMs. OPS competes for interaction of the protease with the membrane-exposed
phospholipid and was found to dose-dependently diminish shedding of all substrates.

The identity of involved sheddases was probed through the use of the two metallopro-
tease inhibitors GI (relatively selective for ADAM10) and GW (dual inhibitor of ADAM10
and ADAM17) [30,31]. It is known that TGFα is normally cleaved mainly by ADAM17,
but that cleavage can be undertaken by other ADAMs under special circumstances [45,46].
Here, overexpression of ANO4 and ANO9 minimized the inhibitory capacity of GW, indi-
cating that other sheddases had replaced ADAM17. A similar finding had previously been
observed upon overexpression of ANO6 [24]. We are speculating that the nanodomain
localization of sheddase, substrate, and scramblase will ultimately determine substrate
access and substrate cleavage by different ADAMs [47,48].

This would also potentially apply to constitutive sheddase activity. Constitutive scram-
blase activity independent of elevated calcium has previously been reported for ANO4 [21].
In our study, increased Annexin V-positivity was observed in cells overexpressing both
ANO4 and ANO9. Significantly, this was associated with enhanced constitutive release
of AREG, but not of TGFα. The increases were again reduced in the presence of OPS,
demonstrating PS-dependency also for constitutive substrate release.

The above findings had been made in HEK-cells co-transfected with ADAM-ligands
and ANOs. The observation that ANO4 and ANO9 constitutively augmented shedding
of the growth factor AREG prompted us to conduct experiments with HeLa cells. These
metastatic cervical cancer cells are a useful model to analyze cancer cell function and
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endogenously express this ADAM-ligand. Overexpression of both ANO4, as well as ANO9,
in these cells indeed led to strikingly enhanced constitutive release of AREG, in the absence
of any stimulation. Release of EGFR ligands such as AREG can induce cell proliferation mi-
gration and/or cell survival via EGFR signaling pathways [49]. Microscopical examination
immediately indicated an influence on cell proliferation, and straightforward determina-
tions of viable cell numbers after transfection revealed a truly striking effect of ANO4 and
ANO9 on cell proliferation.

The possible functional consequences of these findings are apparent.
Little is known on the biological significance of both scramblases. ANO4 is primarily

expressed in tissue with secretory activity and might play a role in aldosterone secre-
tion [50,51]. Moreover, a role in the Central Nervous Systemhas been postulated as well
as an association with various neuronal disorders [52–55]. In addition, Single-Nucleotide
Polymorphisms in the ANO4 gene are associated with breast cancer [56,57].

ANO9 expression has been linked to several malignancies [58–60]. ANO9 downregu-
lation in colorectal cancer reportedly plays a role in tumorigenesis and cancer progression.
However, an opposite function was described for esophageal squamous cell carcinoma.
Katsurahara et al. demonstrated that depletion of ANO9 resulted in reduced cell prolifera-
tion, invasion, and migration. Clinically, patients with high ANO9 expression exhibited
significantly worse survival [61].

Moreover, ANO9 has been suggested as clinically useful prognostic marker for pancre-
atic cancer and a potential therapeutic target. The scramblase is overexpressed in pancreatic
cancer cells, and high ANO9 expression is a poor prognostic factor in patients with pancre-
atic cancer. Data by Jun et al. suggest that ANO9 promotes tumorigenesis via increased
EGFR expression [59]. If overexpression of ANO9 in pancreatic cancer cells would addition-
ally correlate with increased ADAM sheddase activity and increased release of EGFR lig-
ands, accelerated tumor progression and metastasis could be the detrimental consequences.

Now, first evidence is provided that ANO4 and ANO9 upregulate ADAM10 and
ADAM17 function upon calcium influx stimulation, but also on a constitutive level. In
particular, increased release of EGFR ligands may indicate a possible participation of the
scramblase-ADAM network in regulating cellular functions. Both ADAMs, as well as the
anoctamins, have been shown to play a role in the development and progression of multiple
cancer types. ADAM and anoctamin inhibitors are discussed for cancer therapy; thus, the
functional relevance of scramblases in the general context of ADAM activation needs to be
followed up in future investigations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes12020123/s1, Figure S1: Representative Western blots
of ANO transfected HEK293T cells; Figure S2: Original uncropped data of Figure S1.

Author Contributions: K.R. conceived the project and designed the experiments. M.S. and S.B.
contributed conceptual input. S.L., J.S. and B.A., performed the biological and biochemical experi-
ments and analyzed the data. K.K. and R.S. provided conceptual input and the ANO-plasmids. The
manuscript was written by K.R. and S.B. and contributed to by all authors. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Deutsche Forschungsgemeinschaft, CRC877 (K.R., A4)
project 125440785.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/membranes12020123/s1
https://www.mdpi.com/article/10.3390/membranes12020123/s1


Membranes 2022, 12, 123 13 of 15

References
1. Black, R.A.; Rauch, C.T.; Kozlosky, C.J.; Peschon, J.J.; Slack, J.L.; Wolfson, M.F.; Castner, B.J.; Stocking, K.L.; Reddy, P.; Srinivasan, S.;

et al. A metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells. Nature 1997, 385, 729–733. [CrossRef]
[PubMed]

2. Moss, M.L.; Jin, S.L.; Milla, M.E.; Bickett, D.M.; Burkhart, W.; Carter, H.L.; Chen, W.J.; Clay, W.C.; Didsbury, J.R.; Hassler, D.;
et al. Cloning of a disintegrin metalloproteinase that processes precursor tumour-necrosis factor-alpha. Nature 1997, 385, 733–736.
[CrossRef] [PubMed]

3. Peschon, J.J.; Slack, J.L.; Reddy, P.; Stocking, K.L.; Sunnarborg, S.W.; Lee, D.C.; Russell, W.E.; Castner, B.J.; Johnson, R.S.; Fitzner,
J.N.; et al. An essential role for ectodomain shedding in mammalian development. Science 1998, 282, 1281–1284. [CrossRef]

4. Sahin, U.; Blobel, C.P. Ectodomain shedding of the EGF-receptor ligand epigen is mediated by ADAM17. FEBS Lett. 2007, 581,
41–44. [CrossRef] [PubMed]

5. Hartmann, D.; de Strooper, B.; Serneels, L.; Craessaerts, K.; Herreman, A.; Annaert, W.; Umans, L.; Lübke, T.; Illert, A.L.; von
Figura, K.; et al. The disintegrin/metalloprotease ADAM 10 is essential for Notch signalling but not for α-secretase activity in
fibroblasts. Hum. Mol. Genet. 2002, 11, 2615–2624. [CrossRef] [PubMed]

6. Maretzky, T.; Reiss, K.; Ludwig, A.; Buchholz, J.; Scholz, F.; Proksch, E.; de Strooper, B.; Hartmann, D.; Saftig, P. ADAM10
mediates E-cadherin shedding and regulates epithelial cell-cell adhesion, migration, and beta-catenin translocation. Proc. Natl.
Acad. Sci. USA 2005, 102, 9182–9187. [CrossRef]

7. Schulz, B.; Pruessmeyer, J.; Maretzky, T.; Ludwig, A.; Blobel, C.P.; Saftig, P.; Reiss, K. ADAM10 regulates endothelial permeability
and T-Cell transmigration by proteolysis of vascular endothelial cadherin. Circ. Res. 2008, 102, 1192–1201. [CrossRef]

8. Reiss, K.; Maretzky, T.; Ludwig, A.; Tousseyn, T.; De Strooper, B.; Hartmann, D.; Saftig, P. ADAM10 cleavage of N-cadherin and
regulation of cell–cell adhesion and b-catenin nuclear signalling. EMBO J. 2005, 24, 742–752. [CrossRef]

9. Sahin, U.; Weskamp, G.; Kelly, K.; Zhou, H.-M.; Higashiyama, S.; Peschon, J.; Hartmann, D.; Saftig, P.; Blobel, C.P. Distinct roles
for ADAM10 and ADAM17 in ectodomain shedding of six EGFR ligands. J. Cell Biol. 2004, 164, 769–779. [CrossRef]

10. Hayashida, K.; Bartlett, A.H.; Chen, Y.; Park, P.W. Molecular and cellular mechanisms of ectodomain shedding. Anat. Rec. 2010,
293, 925–937. [CrossRef]

11. Pupovac, A.; Sluyter, R. Roles of extracellular nucleotides and P2 receptors in ectodomain shedding. Cell. Mol. Life Sci. 2016, 73,
4159–4173. [CrossRef]

12. Reiss, K.; Bhakdi, S. Pore-forming bacterial toxins and antimicrobial peptides as modulators of ADAM function. Med. Microbiol.
Immunol. 2012, 201, 419–426. [CrossRef]

13. Sommer, A.; Fries, A.; Cornelsen, I.; Speck, N.; Koch-Nolte, F.; Gimpl, G.; Andrä, J.; Bhakdi, S.; Reiss, K. Melittin modulates
keratinocyte function through P2 receptor-dependent ADAM activation. J. Biol. Chem. 2012, 287, 23678–23689. [CrossRef]

14. Horiuchi, K.; Le Gall, S.; Schulte, M.; Yamaguchi, T.; Reiss, K.; Murphy, G.; Toyama, Y.; Hartmann, D.; Saftig, P.; Blobel, C.P.
Substrate selectivity of epidermal growth factor-receptor ligand sheddases and their regulation by phorbol esters and calcium
influx. Mol. Biol. Cell 2007, 18, 176–188. [CrossRef]

15. Sommer, A.; Kordowski, F.; Büch, J.; Maretzky, T.; Evers, A.; Andrä, J.J.J.; Düsterhöft, S.; Michalek, M.; Lorenzen, I.; Somasundaram,
P.; et al. Phosphatidylserine exposure is required for ADAM17 sheddase function. Nat. Commun. 2016, 7, 11523. [CrossRef]

16. Bleibaum, F.; Sommer, A.; Veit, M.; Rabe, B.; Andrä, J.; Kunzelmann, K.; Nehls, C.; Correa, W.; Gutsmann, T.; Grötzinger, J.; et al.
ADAM10 sheddase activation is controlled by cell membrane asymmetry. J. Mol. Cell Biol. 2019, 11, 979–993. [CrossRef]

17. Bevers, E.M.; Williamson, P.L. Getting to the outer leaflet: Physiology of phosphatidylserine exposure at the plasma membrane.
Physiol. Rev. 2016, 96, 605–645. [CrossRef]

18. Kodigepalli, K.M.; Bowers, K.; Sharp, A.; Nanjundan, M. Roles and regulation of phospholipid scramblases. FEBS Lett. 2015, 589,
3–14. [CrossRef]

19. Falzone, M.E.; Malvezzi, M.; Lee, B.C.; Accardi, A. Known structures and unknown mechanisms of TMEM16 scramblases and
channels. J. Gen. Physiol. 2018, 150, 933–947. [CrossRef]

20. Kalienkova, V.; Clerico Mosina, V.; Paulino, C. The Groovy TMEM16 Family: Molecular Mechanisms of Lipid Scrambling and Ion
Conduction. J. Mol. Biol. 2021, 433, 166941. [CrossRef]

21. Suzuki, J.; Fujii, T.; Imao, T.; Ishihara, K.; Kuba, H.; Nagata, S. Calcium-dependent phospholipid scramblase activity of TMEM 16
protein family members. J. Biol. Chem. 2013, 288, 13305–13316. [CrossRef]

22. Suzuki, J.; Imanishi, E.; Nagata, S. Exposure of phosphatidylserine by Xkrelated protein family members during apoptosis. J. Biol.
Chem. 2014, 289, 30257–30267. [CrossRef]

23. Sakuragi, T.; Kosako, H.; Nagata, S. Phosphorylation-mediated activation of mouse Xkr8 scramblase for phosphatidylserine
exposure. Proc. Natl. Acad. Sci. USA 2019, 116, 2907–2912. [CrossRef]

24. Veit, M.; Koyro, K.I.; Ahrens, B.; Bleibaum, F.; Munz, M.; Rövekamp, H.; Andrä, J.; Schreiber, R.; Kunzelmann, K.; Sommer, A.;
et al. Anoctamin-6 regulates ADAM sheddase function. Biochim. Biophys. Acta-Mol. Cell Res. 2018, 1865, 1598–1610. [CrossRef]

25. Ousingsawat, J.; Wanitchakool, P.; Kmit, A.; Romao, A.M.; Jantarajit, W.; Schreiber, R.; Kunzelmann, K. Anoctamin 6 mediates
effects essential for innate immunity downstream of P2X7 receptors in macrophages. Nat. Commun. 2015, 6, 6245. [CrossRef]

26. Seidel, J.; Leitzke, S.; Ahrens, B.; Sperrhacke, M.; Bhakdi, S.; Reiss, K. Role of adam10 and adam17 in regulating cd137 function.
Int. J. Mol. Sci. 2021, 22, 2730. [CrossRef]

http://doi.org/10.1038/385729a0
http://www.ncbi.nlm.nih.gov/pubmed/9034190
http://doi.org/10.1038/385733a0
http://www.ncbi.nlm.nih.gov/pubmed/9034191
http://doi.org/10.1126/science.282.5392.1281
http://doi.org/10.1016/j.febslet.2006.11.074
http://www.ncbi.nlm.nih.gov/pubmed/17169360
http://doi.org/10.1093/hmg/11.21.2615
http://www.ncbi.nlm.nih.gov/pubmed/12354787
http://doi.org/10.1073/pnas.0500918102
http://doi.org/10.1161/CIRCRESAHA.107.169805
http://doi.org/10.1038/sj.emboj.7600548
http://doi.org/10.1083/jcb.200307137
http://doi.org/10.1002/ar.20757
http://doi.org/10.1007/s00018-016-2274-2
http://doi.org/10.1007/s00430-012-0260-3
http://doi.org/10.1074/jbc.M112.362756
http://doi.org/10.1091/mbc.e06-01-0014
http://doi.org/10.1038/ncomms11523
http://doi.org/10.1093/jmcb/mjz008
http://doi.org/10.1152/physrev.00020.2015
http://doi.org/10.1016/j.febslet.2014.11.036
http://doi.org/10.1085/jgp.201711957
http://doi.org/10.1016/j.jmb.2021.166941
http://doi.org/10.1074/jbc.M113.457937
http://doi.org/10.1074/jbc.M114.583419
http://doi.org/10.1073/pnas.1820499116
http://doi.org/10.1016/j.bbamcr.2018.08.011
http://doi.org/10.1038/ncomms7245
http://doi.org/10.3390/ijms22052730


Membranes 2022, 12, 123 14 of 15

27. Kunzelmann, K.; Ousingsawat, J.; Benedetto, R.; Cabrita, I.; Schreiber, R. Contribution of anoctamins to cell survival and cell
death. Cancers 2019, 11, 382. [CrossRef]

28. Shin, H.W.; Takatsu, H. Phosphatidylserine exposure in living cells. Crit. Rev. Biochem. Mol. Biol. 2020, 55, 166–178. [CrossRef]
[PubMed]

29. Murphy, G. The ADAMs: Signalling scissors in the tumour microenvironment. Nat. Rev. Cancer 2008, 8, 929–941. [CrossRef]
30. Hundhausen, C.; Misztela, D.; Berkhout, T.A.; Broadway, N.; Saftig, P.; Reiss, K.; Hartmann, D.; Fahrenholz, F.; Postina, R.;

Matthews, V.; et al. The disintegrin-like metalloproteinase ADAM10 is involved in constitutive cleavage of CX3CL1 (fractalkine)
and regulates CX3CL1-mediated cell-cell adhesion. Blood 2003, 102, 1186–1195. [CrossRef] [PubMed]

31. Ludwig, A.; Hundhausen, C.; Lambert, M.H.; Broadway, N.; Andrews, R.C.; Bickett, D.M.; Leesnitzer, M.A.; David Becherer,
J. Metalloproteinase Inhibitors for the Disintegrin-Like Metalloproteinases ADAM10 and ADAM17 that Differentially Block
Constitutive and Phorbol Ester-Inducible Shedding of Cell Surface Molecules. Comb. Chem. High Throughput Screening 2005, 8,
161–171. [CrossRef]

32. Schlöndorff, J.; Becherer, J.D.; Blobel, C.P. Intracellular maturation and localization of the tumour necrosis factor alpha convertase
(TACE). Biochem. J. 2000, 347, 131–138. [CrossRef] [PubMed]

33. Yang, Y.D.; Cho, H.; Koo, J.Y.; Tak, M.H.; Cho, Y.; Shim, W.S.; Park, S.P.; Lee, J.; Lee, B.; Kim, B.M.; et al. TMEM16A confers
receptor-activated calcium-dependent chloride conductance. Nature 2008, 455, 1210–1215. [CrossRef] [PubMed]

34. Vermeer, S.; Hoischen, A.; Meijer, R.P.P.; Gilissen, C.; Neveling, K.; Wieskamp, N.; De Brouwer, A.; Koenig, M.; Anheim, M.;
Assoum, M.; et al. Targeted next-generation sequencing of a 12.5 Mb homozygous region reveals ANO10 mutations in patients
with autosomal-recessive cerebellar ataxia. Am. J. Hum. Genet. 2010, 87, 813–819. [CrossRef] [PubMed]

35. Tsuji, T.; Cheng, J.; Tatematsu, T.; Ebata, A.; Kamikawa, H.; Fujita, A.; Gyobu, S.; Segawa, K.; Arai, H.; Taguchi, T.; et al.
Predominant localization of phosphatidylserine at the cytoplasmic leaflet of the ER, and its TMEM16K-dependent redistribution.
Proc. Natl. Acad. Sci. USA 2019, 116, 13368–13373. [CrossRef]

36. Marconi, C.; Binello, P.B.; Badiali, G.; Caci, E.; Cusano, R.; Garibaldi, J.; Pippucci, T.; Merlini, A.; Marchetti, C.; Rhoden, K.J.; et al.
A novel missense mutation in ANO5/TMEM16E is causative for gnathodiaphyseal dyplasia in a large Italian pedigree. Eur. J.
Hum. Genet. 2013, 21, 613–619. [CrossRef] [PubMed]

37. Andreeva, T.V.; Tyazhelova, T.V.; Rykalina, V.N.; Gusev, F.E.; Goltsov, A.Y.; Zolotareva, O.I.; Aliseichik, M.P.; Borodina, T.A.;
Grigorenko, A.P.; Reshetov, D.A.; et al. Whole exome sequencing links dental tumor to an autosomal-dominant mutation in
ANO5 gene associated with gnathodiaphyseal dysplasia and muscle dystrophies. Sci. Rep. 2016, 6, 26440. [CrossRef]

38. Gyobu, S.; Ishihara, K.; Suzuki, J.; Segawa, K.; Nagata, S. Characterization of the scrambling domain of the TMEM16 family. Proc.
Natl. Acad. Sci. USA 2017, 114, 6274–6279. [CrossRef]

39. Gyobu, S.; Miyata, H.; Ikawa, M.; Yamazaki, D.; Takeshima, H.; Suzuki, J.; Nagata, S. A Role of TMEM16E Carrying a Scrambling
Domain in Sperm Motility. Mol. Cell. Biol. 2015, 36, 645–659. [CrossRef]

40. Di Zanni, E.; Gradogna, A.; Scholz-Starke, J.; Boccaccio, A. Gain of function of TMEM16E/ANO5 scrambling activity caused by a
mutation associated with gnathodiaphyseal dysplasia. Cell. Mol. Life Sci. 2018, 75, 1657–1670. [CrossRef]

41. Whitlock, J.M.; Yu, K.; Cui, Y.Y.; Hartzell, H.C. Anoctamin 5/TMEM16E facilitates muscle precursor cell fusion. J. Gen. Physiol.
2018, 150, 1498–1509. [CrossRef] [PubMed]

42. Bera, T.K.; Das, S.; Maeda, H.; Beers, R.; Wolfgang, C.D.; Kumar, V.; Hahn, Y.; Lee, B.; Pastan, I. NGEP, a gene encoding a
membrane protein detected only in prostate cancer and normal prostate. Proc. Natl. Acad. Sci. USA 2004, 101, 3059–3064.
[CrossRef] [PubMed]

43. Kaikkonen, E.; Rantapero, T.; Zhang, Q.; Taimen, P.; Laitinen, V.; Kallajoki, M.; Jambulingam, D.; Ettala, O.; Knaapila, J.; Boström,
P.J.; et al. ANO7 is associated with aggressive prostate cancer. Int. J. Cancer 2018, 143, 2479–2487. [CrossRef] [PubMed]

44. Mohsenzadegan, M.; Shekarabi, M.; Madjd, Z.; Asgari, M.; Abolhasani, M.; Tajik, N.; Farajollahi, M.M. Study of NGEP expression
pattern in cancerous tissues provides novel insights into prognostic marker in prostate cancer. Biomark. Med. 2015, 9, 391–401.
[CrossRef]

45. Merlos-Suárez, A.; Ruiz-Paz, S.; Baselga, J.; Arribas, J. Metalloprotease-dependent protransforming growth factor-alpha
ectodomain shedding in the absence of tumor necrosis factor-alpha-converting enzyme. J. Biol. Chem. 2001, 276, 48510–48517.
[CrossRef]

46. Schäfer, B.; Gschwind, A.; Ullrich, A. Multiple G-protein-coupled receptor signals converge on the epidermal growth factor
receptor to promote migration and invasion. Oncogene 2004, 23, 991–999. [CrossRef]

47. Sommer, A.; Düppe, M.; Baumecker, L.; Kordowski, F.; Büch, J.; Chico, J.F.; Fritsch, J.; Schütze, S.; Adam, D.; Sperrhacke, M.; et al.
Extracellular sphingomyelinase activity impairs TNF-α-induced endothelial cell death via ADAM17 activation and TNF receptor
1 shedding. Oncotarget 2017, 8, 72584–72596. [CrossRef]

48. Reiss, K.; Bhakdi, S. The plasma membrane: Penultimate regulator of ADAM sheddase function. Biochim. Biophys. Acta-Mol. Cell
Res. 2017, 1864, 2082–2087. [CrossRef]

49. Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol. 2001, 2, 127–137. [CrossRef]
50. Maniero, C.; Zhou, J.; Shaikh, L.H.; Azizan, E.A.B.; McFarlane, I.; Neogi, S.; Scudieri, P.; Galietta, L.J.; Brown, M.J. Role of ANO4

in regulation of aldosterone secretion in the zona glomerulosa of the human adrenal gland. Lancet 2015, 385, S62. [CrossRef]
51. Maniero, C.; Scudieri, P.; Haris Shaikh, L.; Zhao, W.; Gurnell, M.; Galietta, L.J.V.; Brown, M.J. ANO4 (Anoctamin 4) is a novel

marker of zona glomerulosa that regulates stimulated aldosterone secretion. Hypertension 2019, 74, 1152–1159. [CrossRef]

http://doi.org/10.3390/cancers11030382
http://doi.org/10.1080/10409238.2020.1758624
http://www.ncbi.nlm.nih.gov/pubmed/32408772
http://doi.org/10.1038/nrc2459
http://doi.org/10.1182/blood-2002-12-3775
http://www.ncbi.nlm.nih.gov/pubmed/12714508
http://doi.org/10.2174/1386207053258488
http://doi.org/10.1042/bj3470131
http://www.ncbi.nlm.nih.gov/pubmed/10727411
http://doi.org/10.1038/nature07313
http://www.ncbi.nlm.nih.gov/pubmed/18724360
http://doi.org/10.1016/j.ajhg.2010.10.015
http://www.ncbi.nlm.nih.gov/pubmed/21092923
http://doi.org/10.1073/pnas.1822025116
http://doi.org/10.1038/ejhg.2012.224
http://www.ncbi.nlm.nih.gov/pubmed/23047743
http://doi.org/10.1038/srep26440
http://doi.org/10.1073/pnas.1703391114
http://doi.org/10.1128/MCB.00919-15
http://doi.org/10.1007/s00018-017-2704-9
http://doi.org/10.1085/jgp.201812097
http://www.ncbi.nlm.nih.gov/pubmed/30257928
http://doi.org/10.1073/pnas.0308746101
http://www.ncbi.nlm.nih.gov/pubmed/14981236
http://doi.org/10.1002/ijc.31746
http://www.ncbi.nlm.nih.gov/pubmed/30157291
http://doi.org/10.2217/bmm.14.106
http://doi.org/10.1074/jbc.M103488200
http://doi.org/10.1038/sj.onc.1207278
http://doi.org/10.18632/oncotarget.19983
http://doi.org/10.1016/j.bbamcr.2017.06.006
http://doi.org/10.1038/35052073
http://doi.org/10.1016/S0140-6736(15)60377-4
http://doi.org/10.1161/HYPERTENSIONAHA.119.13287


Membranes 2022, 12, 123 15 of 15

52. Sherva, R.; Tripodis, Y.; Bennett, D.A.; Chibnik, L.B.; Crane, P.K.; De Jager, P.L.; Farrer, L.A.; Saykin, A.J.; Shulman, J.M.; Naj, A.;
et al. Genome-wide association study of the rate of cognitive decline in Alzheimer’s disease. Alzheimer’s Dement. 2014, 10, 45–52.
[CrossRef]

53. Webb, B.T.; Guo, A.Y.; Maher, B.S.; Zhao, Z.; Van Den Oord, E.J.; Kendler, K.S.; Riley, B.P.; Gillespie, N.A.; Prescott, C.A.;
Middeldorp, C.M.; et al. Meta-analyses of genome-wide linkage scans of anxiety-related phenotypes. Eur. J. Hum. Genet. 2012, 20,
1078–1084. [CrossRef]

54. Terracciano, A.; Sanna, S.; Uda, M.; Deiana, B.; Usala, G.; Busonero, F.; Maschio, A.; Scally, M.; Patriciu, N.; Chen, W.M.; et al.
Genome-wide association scan for five major dimensions of personality. Mol. Psychiatry 2010, 15, 647–656. [CrossRef]

55. Athanasiu, L.; Mattingsdal, M.; Kähler, A.K.; Brown, A.; Europe PMC Funders Group. Gene variants associated with schizophre-
nia in a Norwegian genome-wide study are replicated in a large European cohort. J. Psychiatr. Res. 2011, 44, 748–753. [CrossRef]

56. Wittkowski, K.M.; Dadurian, C.; Seybold, M.P.; Kim, H.S.; Hoshino, A.; Lyden, D. Complex polymorphisms in endocytosis genes
suggest alpha-cyclodextrin as a treatment for breast cancer. PLoS ONE 2018, 13, e0199012. [CrossRef]

57. Reichhart, N.; Milenkovic, V.M.; Wetzel, C.H.; Strauß, O. Prediction of functional consequences of missense mutations in ano4
gene. Int. J. Mol. Sci. 2021, 22, 2732. [CrossRef]

58. Kunisaki, C. Role of the Anoctamin Family in Various Carcinomas. Ann. Surg. Oncol. 2020, 27, 3112–3114. [CrossRef] [PubMed]
59. Jun, I.; Park, H.S.; Piao, H.; Han, J.W.; An, M.J.; Yun, B.G.; Zhang, X.; Cha, Y.H.; Shin, Y.K.; Yook, J.I.; et al. ANO9/TMEM16j

promotes tumourigenesis via EGFR and is a novel therapeutic target for pancreatic cancer. Br. J. Cancer 2017, 117, 1798–1809.
[CrossRef] [PubMed]

60. Li, C.; Cai, S.; Wang, X.; Jiang, Z. Identification and characterization of ANO9 in stage II and III colorectal carcinoma. Oncotarget
2015, 6, 29324–29334. [CrossRef] [PubMed]

61. Katsurahara, K.; Shiozaki, A.; Kosuga, T.; Kudou, M.; Shoda, K.; Arita, T.; Konishi, H.; Komatsu, S.; Kubota, T.; Fujiwara, H.; et al.
ANO9 Regulated Cell Cycle in Human Esophageal Squamous Cell Carcinoma. Ann. Surg. Oncol. 2020, 27, 3218–3230. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.jalz.2013.01.008
http://doi.org/10.1038/ejhg.2012.47
http://doi.org/10.1038/mp.2008.113
http://doi.org/10.1016/j.jpsychires.2010.02.002
http://doi.org/10.1371/journal.pone.0199012
http://doi.org/10.3390/ijms22052732
http://doi.org/10.1245/s10434-020-08371-3
http://www.ncbi.nlm.nih.gov/pubmed/32347400
http://doi.org/10.1038/bjc.2017.355
http://www.ncbi.nlm.nih.gov/pubmed/29024940
http://doi.org/10.18632/oncotarget.4979
http://www.ncbi.nlm.nih.gov/pubmed/26317553
http://doi.org/10.1245/s10434-020-08368-y
http://www.ncbi.nlm.nih.gov/pubmed/32227267

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture 
	Expression Vectors and Transfection 
	AP-Substrate Shedding Assay 
	AREG ELISA 
	Proliferation Assay 
	Automated Western 
	Annexin V Staining 
	Image Analysis and Statistics 
	Statistical Analysis 

	Results 
	Ionomycin Stimulation Increases Shedding Activity in Cells Overexpressing ANO4, ANO6 and ANO9 
	PMA Stimulation of ADAM17 Is Independent of Anoctamin Expression 
	Enhanced TGF Cleavage in ANO-Overexpressing Cells Involves Other Sheddases Than ADAM17 
	Overexpression of ANO4 or ANO9 Leads to Enhanced PS Exposure 
	Increased Substrate Cleavage Depends on PS-Interaction 
	Increased Expression of ANO4 and ANO9 Stimulates Cell Proliferation 

	Discussion 
	References

