Reviewers' comments:
Reviewer #1 (Remarks to the Author):

This paper from the Jan lab provides evidence that TMEM16K plays a role in endosomal transport
and suggests that mutations in TMEM16K may produce SCAR10 as a result of defects in endosomal
sorting. This is an extremely interesting, but sprawling, investigation that opens new territory in
both the TMEM16 and membrane trafficking fields. While I am highly intrigued by its novelty,
overall I think that the conclusions are drawn in a somewhat cavalier manner from data that is
preliminary or incomplete.

Major issues:
There is no characterization of the knockout mouse to show that it does not express TMEM16K.

The authors begin by showing that the TMEM16K knockout mice exhibit hindlimb clasping and
smaller neuromuscular junctions, but the paper does not provide an explanation. While the
implication that this phenotype can be explained by defective endosomal trafficking is appealing,
there are no data to allow such a conclusion.

The proteomic analysis in Fig. 2 and S-Table 1 is not well presented, confusing, and appears
misleading. S-Table 1 shows <50 proteins, but Fig. 2 shows 365 proteins. The correspondence
between the table and figure is inscrutable and it is not clear how much of Fig. 2 is actual data and
how much is bioinformatics. For example, of the 16 proteins in S-Table 1 listed as Endosomal
transport, only 5 appear in the pink panel labelled Endosomal Transport in Fig. 2c. The majority of
the proteins in this panel do not appear in S-Table 1.

Fig. 3a,b shows nicely that the trafficking of CI-MPR and CtxB are altered in the knockout, but
does this mean that endosome-to-Golgi trafficking is reduced, or that retention in the Golgi is
reduced possibly by increased anterograde traffic? Experiments to sort this out are necessary to
justify the conclusion that "TMEM16K is required for proper endosome to trans-Golgi retrograde
trafficking”.

The localization of TMEM16K in ER is not quantitatively established. Although the data show that
the bulk of it is in ER, expression in the endolysosomal system at a lower level is not investigated
rigorously. The authors’ interpretation of the split GFP experiments assumes that 16K is
exclusively localized in ER and Rab7 exclusively in endosomes. If even a small fraction of 16K and
Rab7 were localized in the same compartment, one might expect to see reconstitution of
fluorescence.

The authors do not show why lyososomal pH is altered. Does it alter the trafficking of lysosomal
channels that regulate pH (like the v-H-ATPase)? If so, this should be tested. If 16K is present in
lysosomes and, like other TMEM16s, conducts ions, it might alter lysosomal pH directly. More
information is required to allow the conclusion that (Page 4) “these results show that loss of
TMEM16K causes a defect in endosomal retrograde sorting, which can cause deficiencies within the
later stages of the endolysosomal system”.

I do not know how to interpret Fig. 4a and b. The bright SA labeling in Fig. 4a seems to enclose a
large cluster of Rab7 positive structures (~2 um in diameter) and colocalization of 16K and Rab7
seems minimal. But in Fig. 4b, 16K and Rab7 co-localize perfectly, which is not what one would
expect if ER and endosomes are interacting. A more quantitative analysis is required.

The conclusion that “ER-localized TMEM16K forms contact sites with endosomes, interacting with
Rab7 and PtdIns(3)P” is not justified. The authors only show that PI3P binds to 16K N-terminus in
an in vitro system and that knockout of TMEM16K alters the size of PI3P-positive vesicles.



Specific comments.

Because there is some variability in the literature, the authors should state exactly what the box
plots mean.

Page 2. "While the yeast homolog Ist2 forms MCS that play a vital role in lipid homeostasis at MCS
between the ER and plasma membrane. “ IST2 has not been shown to participate in lipid
homeostasis, to my knowledge.

Page 2. "mammalian family member most closely related to Ist2.” I think that this is an
exaggeration. The mammalian homologs have only 5 - 9% identity to Ist2. Although TMEM16K
may have the highest percent identity (9%), any implication that TMEM16K has any functional
similarity to Ist2 is unwarranted. Fig. 1a should have a scale bar and bootstrap values.

S-Fig.1c and S-Fig. 2a,b are interpreted too casually. While the colocalization of 16K with ER-
tdTomato is convincing, the co-localization with calreticulin and PDI is less obvious. It seems that
PDI and 16K are in different sub-compartments even though there is general overlap. A
guantitative treatment of these data is necessary. Also, because overexpressed proteins often
accumulate in the ER, is there any data that endogenous TMEM16K is concentrated in ER?

Page 2. “knockout mice displayed increasing hindlimb clasping, a behavioral phenotype
characteristic of impaired neuromuscular function.” Please provide a reference. It seems to me
that hindlimb clasping is more likely explained by CNS defects rather than defective neuromuscular
junctions.

Page 3. “"Because dysfunctions of endosomal transport are tightly associated with
neurodegenerative diseases.” What does “tightly associated with” mean?

Fig. 3f legend: (WT slope= -0.633, KO slope= -0.0438). These numbers are in error. There is not
a >10-fold difference in slopes. Also, please provide units. There are no error bars.

Fig. 3g. It is not clear how these experiments were performed: is this a steady-state measurement
in the absence of FCCP? Because Lysosensor is not ratiometric is it ratioed vs. Cherry-CAAX
fluorescence? Are these measurements reliable without a ratiometric indicator?

Fig. 4d - Is the box in 16K-V5-GFP11 drawn correctly to show enlarged area?

Images showing overlay of 3 colors are not useful because there is too much information. I would
prefer to see overlays of 2 key channels at a time so that I can clearly see colocalization.

Reviewer #2 (Remarks to the Author):

There is great interest in the composition and function of membrane contact sites, and this paper
has used BioID to identify proteins in the vicinity of TMEM16K, an ER protein that is a lipid
scramblase linked to spinocerebellar ataxia. In mouse ubiquitous and neuron specific knock outs,
the authors observed reductions in the sizes of neuromuscular junctions and overall impaired
neuromuscular function. This was not well connected to the rest of the story. Upon BiolD, the
authors detected ER and endosomal protein interactions. The authors noted dispersal of mannose
6-phosphate receptors from a perinuclear compartment and decreased transport of cholera toxin
to the Golgi as well as weaker endo-lysosomal acidification which could have been due to defects
in trafficking of newly synthesized lysosomal enzymes and the V-ATPase. (Note that MPRs usually
are seen in perinuclear late endosomes, not the TGN at steady state). The authors note an



interaction with Rab7 by split GFP and STED reveals compartment interaction. (A nice control
would have been a GDP-locked Rab7). Dot blots suggest that the protein binds PI3P but Rab7 is
late endosomal where there would be more PI3,5P. Because dot blots aren't perfect, it might be
worth trying to recapitulate this interaction in a liposome flotation scenario, although the
accumulation of PI3P structures is consistent with what was shown. Interestingly, TMEM16K seems
to influence PI3P levels independent of VAPA/B, enlarging these structures. Is it blocking early to
late endosome Rab conversion? Transferrin recycling was not altered, nor was EGF co-localization
with Rab7. Longer half time of EGF degradation would provide indication of whether conversion
was altered and this is easy to add and should be.

In summary, there is a lot of nice data here implicating a lipid scramblase in a new class of
junction. The precise mechanism is not yet shown but the data will be of interest to workers in this
area. Perhaps the authors could look at the consequences of KNOCKOUT on PikFYVE kinase that
generates PI3,5P as its activity seems to be lacking. ALso, the authors should try to link the mouse
phenotypes with the cell biology.

Reviewer #3 (Remarks to the Author):

The manuscript of Petkovic et al. focuses on the role of the lipid scramblase TMEM16K as a
potential regulator of endosomal sorting. The authors demonstrate that TMEM16K contact proteins
of the endosomal machinery, likely via contact sites, and interacts with Rab7 and PI-3-P. Loss of
TMEM16K impairs endosomal transport, yet not other trafficking pathways. The authors suggest
that TMEM16K is a critical factor in ER-endosome contact site formation and endosomal sorting.

The authors provide a full spectrum of assays to address the critical role of TMEM16K in endosomal
biogenesis. Their analysis of the knock-out mutant is overall extensive, and complementation
analyses suggest that the scramblase activity is required for TMEM16K function. While I consider
the extent of their analysis impressive, I miss several controls to be able to judge the relevance of
their observations relative to the loss of known endosomal proteins. Also lipid scramblase activity
needs are not really addressed. My detailed points are listed below:

1. Figure 3 is the first figure where defects in TMEM16K are addressed. The authors need to show
a positive control for endosomal transport defects (a,b). Otherwise it is not possible to judge the
relevance. Is this a strong defect or a mild one? The same applies for Figure 3e-g. There is no
knock out analysis shown without complementation with wild-type or mutant 16K, or any other
known mutant/siRNA knock out affected in lysosomal biogenesis. This is again critical to judge if
TMEM16K is just needed as a supporting factor or has an overall critical role.

2. Figure 3b does not show complementation with the wild-type protein. This needs to be added.
Also Figure 3e is incomplete here.

3. Along the same line, the figure has to be completed with information provided in Suppl. Figure 1
regarding the ER localization. Here as along the entire manuscript, the content of the figures is so
condensed that the paper becomes unreadable without having the supplements next to each
figure.

4. Figure 4a is impossible to read. There is not cell outline and I am just completely puzzled what
to look at.

5. Figure 4g suggests that TMEM16K has a PI-3-P binding domain. This needs to be repeated with
recombinant proteins and a flotation assay. I agree that this is indicative, yet it remains
incomplete. In addition, the identified PIP-binding deficient mutant needs to be analyzed in their
complementation (Figure 3a, b, e) and interaction analyses (Figure 4d).

6. The authors could here also use a complementation assay by mutating the PIP-binding domain
and by fusing TMEM16K to a PI-3-P interacting domain. If their interpretation is correct, this
should rescue the mutant (if it indeed has a defect in endosomal sorting).

7. Figure 5: The authors suggest that scamblase activity of TMEM16K is important for endosomal
transport. However, their mutants in Figure 5 are not analyzed for deficient scramblase activity.



This is particularly important for the parts where entire segments are swapped.
8. I normally would expect a detailed ultrastructural analysis of endosome-ER contact sites and
their alterations due to TMEM16K mutants. Has this been done?



Response to reviewers’ comments

We thank the reviewers for their helpful and constructive comments. We have significantly
improved our paper by performing several additional experiments and modified the figures and
the text of the manuscript accordingly. With the new data, we have confirmed as well as extended
our conclusions from the original submission. We believe that we have addressed the reviewers’
comments whenever possible and have substantially improved the paper. We hope that the
reviewers will now find our revised paper suitable for Nature Communication.

The following is a brief summary of the major changes made and is followed by our point-by-point
response to referees’ comments.

We have done colocalization analysis of TMEM16K with ER markers Calreticulin, PDI and
Sec61B. We have also included colocalization analysis of Sec61f with other ER-markers
to provide meaningful context for TMEM16K colocalization analysis, as Sec61p is a pore
forming subunit of translocon complex localized exclusively to ER (Fig. 1e,f)

We have evaluated whether reintroducing TMEM16K into TMEM16K knockout cells
rescues the endosomal retrograde trafficking defect observed with cholera toxin B (CtxB)
by (Fig. 3b).

We have evaluated anterograde biosynthetic pathway using “Retention Using Selective
Hooks” (RUSH) system. RUSH allows synchronization of protein transport through the
biosynthetic pathway (Boncompain et al., 2012) and we tracked three transmembrane
proteins with different steady state distributions: the glycosylphosphatidylinositol anchor
(GPI; transported to plasma membrane), the transferrin receptor (TfR; transported to
plasma membrane, early endosomes, and recycling endosomes), and the cation-
dependent mannose-6-phosphate receptor (CD-MPR; transported from TGN directly to
early/late endosomes). (Fig. 3c-e).

We have performed EGF colocalization experiment with Rab7 with longer EGF incubation
time points (40 min and 60 min). (Fig. 39)

We have redone the imaging experiments evaluating TMEM16K proximity to endosomes
to include the view of the entire cells, region of interest as well as high magnification
incepts. We have also included line scan quantifications. (Fig. 4a-e)

We have included live imaging of TMEM16K with endosomes labeled with Rab7 and EGF.
(Fig. 4b, Supplemental Video 3)

To further evaluate the specificity of TMEM16K interaction with the Rab7, we generated
Rab7 mutants: constitutively active Q67L, which mimic permanently GTP-bound Rab7 and
inactive T22N, which mimic permanently GDP-bound Rab7. We have tested their ability
to reconstitute split-GFP with TMEM16K (Fig. 4e,)).

We have generated N-terminal truncation of TMEM16K, and evaluated its ability to
reconstitute split-GFP with Rab7, as well as its ability to rescue endosomal retrograde
trafficking defect (Fig. 5d, e,f).

We have tested effects of pharmacological inhibition of PikFYVE kinase in the wild type
and TMEM16K knockout cells (Fig. 6c¢,d)

We have evaluated human disease point mutants and scrambling domains chimeras for
their ability to reconstitute split-GFP with Rab7 (Fig. 6g,h)

We have done RT-PCR analysis evaluating presence of TMEM16K mRNA in liver and
brain tissues obtained from the wild type and TMEM16K ubiquitous knockout littermates.
(Supplemental Fig. 1b)



Point by point response to Reviewer Comments:
Reviewer #1 (Remarks to the Author):

This paper from the Jan lab provides evidence that TMEM16K plays a role in endosomal transport
and suggests that mutations in TMEM16K may produce SCAR10 as a result of defects in
endosomal sorting. This is an extremely interesting, but sprawling, investigation that opens new
territory in both the TMEM16 and membrane trafficking fields. While | am highly intrigued by its
novelty, overall | think that the conclusions are drawn in a somewhat cavalier manner from data
that is preliminary or incomplete.

Major issues:
There is no characterization of the knockout mouse to show that it does not express TMEM16K.

We have added RT-PCR results showing the absence of TMEM16K mRNA in TMEM16K
knockout mice (Supplemental Fig. 1b). Information about all the primers for RT-PCR as
well as genotyping are in the Material and Methods, along with the identification
information from the International Knockout Mouse Consortium that generated the
TMEM16K conditional knockout mice used in our study.

The authors begin by showing that the TMEM16K knockout mice exhibit hindlimb clasping and
smaller neuromuscular junctions, but the paper does not provide an explanation. While the
implication that this phenotype can be explained by defective endosomal trafficking is appealing,
there are no data to allow such a conclusion.

While we would very much like to provide direct demonstration that the observed defects
in endosomal transport are the cause of the pathology, achieving this goal would require
demonstration that the observed cellular defects can be rescued in a way different from
reintroducing TMEM16K to mutant cells (for example with small molecule) and the same
treatment can also relieve the pathology. While no such treatment has been identified, we
have tested the converse scenario, and shown that mutations of three different single
amino acids in TMEM16K that cause the pathology in humans also severely impact the
ability of these TMEM16K mutants to rescue the observed cellular defects (Fig. 6g,l,)).

The proteomic analysis in Fig. 2 and S-Table 1 is not well presented, confusing, and appears
misleading. S-Table 1 shows <50 proteins, but Fig. 2 shows 365 proteins. The correspondence
between the table and figure is inscrutable and it is not clear how much of Fig. 2 is actual data
and how much is bioinformatics. For example, of the 16 proteins in S-Table 1 listed as Endosomal
transport, only 5 appear in the pink panel labelled Endosomal Transport in Fig. 2c. The majority
of the proteins in this panel do not appear in S-Table 1.

Thank you for helpful comment. We have clarified the text.

Briefly, Fig. 2b shows actual raw data -the obtained candidates from the TMEM16K
proteomics. To identify in a unbiased manner the most biologically relevant functional
clusters which could infer TMEM16K function rather than just hand-picking one or two
highly ranked candidates for our study, we have visualized the list of these candidates as
protein-protein interaction network using String app in the Cytoscape.

From here, we have done 2 bioinformatics analysis:



(1) We identified functional enrichment categories based on GO terms, which we overlaid
with color-code on our list of candidates. Indeed, visualization of this overlay suggest
functional clusters of proteins identified in the TMEM16Kproteomics.

(2) We performed a mathematical clustering analysis using MCODE cluster app in
Cytoscape to identify clusters from our raw data, generating the simplified network shown
in Fig. 2c. Clusters are defined as highly interconnected nodes in the network. We then
overlaid the color-coding from functional enrichment analysis on this simplified network
generated via clustering analysis.

We have originally listed only a subset of the proteins listed in the Supplemental Table 1
to indicate their cellular functions. Thank you for your helpful comment to point out that
this is confusing - we have added the full list of candidates to Supplemental Table 1. In
addition, all the raw proteomics data will be made available to other researchers.

Fig. 3a,b shows nicely that the trafficking of CI-MPR and CtxB are altered in the knockout, but
does this mean that endosome-to-Golgi trafficking is reduced, or that retention in the Golgi is
reduced possibly by increased anterograde traffic? Experiments to sort this out are necessary to
justify the conclusion that “TMEM16K is required for proper endosome to trans-Golgi retrograde
trafficking”.

CI-MPR and CTxB are classical markers used to evaluate endosome to TGN retrograde
trafficking by performing pulse chase experiments, so in these experiments we are
following only the retrogradely trafficked molecules from the plasma membrane through
endosomes to TGN. Their mis-localization in pulse chase experiments shows that the
endosome to trans-Golgi retrograde trafficking is perturbed as previously reported in
literature (Bonifacino and Rojas, 2006; Sandvig and van Deurs, 2002; Seaman et al.,
1998). However, as reviewer pointed out, one can imagine a scenario in which
anterograde secretory pathway is perturbed upstream of retrograde trafficking from
endosomes to TGN. To address this question, we took advantage of recent
methodological developments that allow synchronization of protein transport through the
biosynthetic pathway (Chen et al., 2017). Using the “Retention Using Selective Hooks”
(RUSH) system we tracked the biosynthetic transport of three transmembrane proteins
with different steady state distributions: the glycosylphosphatidylinositol anchor (GPI,
transported to plasma membrane), the transferrin receptor (TfR; transported to plasma
membrane, early endosomes, and recycling endosomes), and the cation-dependent
mannose-6-phosphate receptor (CD-MPR; transported from TGN directly to early/late
endosomes). We found no difference in the transport through the biosynthetic pathway
between the MEF cells from wild type mice and TMEM16K knockout mice, showing that
the anterograde secretory pathway is unaffected (Fig. 3c,d,e).

The localization of TMEM16K in ER is nhot quantitatively established. Although the data show that
the bulk of it is in ER, expression in the endolysosomal system at a lower level is not investigated
rigorously.

We have shown ER localization in both live imaging and immunofluorescence (Fig. 1e,
Supplemental Video 2). We have quantified the colocalization of TMEM16K with
Calreticulin, PDI and Sec61fB (Fig. 1f). We have also done immunohistochemistry and
guantified in the same manner the colocalization of Sec61p with Calreticulin and PDI to
provide a meaningful context for the colocalization analysis obtained with TMEM16K (Fig.
1f), given that Sec61f3 is a pore forming component of the translocon complex localized
exclusively to the ER.



Additionally, Bushnell et al. reported in Nature Communication (2019) TMEM16K crystal
structure as well as an analysis of the TMEM16K localization to the ER, further
corroborating our findings.

The authors’ interpretation of the split GFP experiments assumes that 16K is exclusively localized
in ER and Rab7 exclusively in endosomes. If even a small fraction of 16K and Rab7 were localized
in the same compartment, one might expect to see reconstitution of fluorescence.

Thank you for raising this point. We have tested several other endosomal proteins found
in our proteomics (OSBPL11, SNX1, SNX2, VPS26) with the split-GFP assay
(Supplemental Fig. 4) and did not observed positive GFP signal with any of the other
tested proteins besides Rab7 (Fig. 4h), so it seems unlikely that a small fraction of the
TMEM16K is in the endosomal compartment. We have also found that TMEM16K
mutants (F337V, D615N, SCRDA), which are all localized in the ER, are not able to
reconstitute the split-GFP with Rab7 (Fig. 6g,h), further supporting the specificity of this
interaction. Likewise, TMEM16K was able to reconstitute split-GFP only with the
constitutively active Rab7 mutant Q67L (Fig. 4i), but not with the inactive T22N Rab7
mutant (Fig. 4j), again corroborating the specificity of the interaction.

The authors do not show why lyososomal pH is altered. Does it alter the trafficking of lysosomal
channels that regulate pH (like the v-H-ATPase)? If so, this should be tested. If 16K is present in
lysosomes and, like other TMEM16s, conducts ions, it might alter lysosomal pH directly. More
information is required to allow the conclusion that (Page 4) “these results show that loss of
TMEM16K causes a defect in endosomal retrograde sorting, which can cause deficiencies within
the later stages of the endolysosomal system”.

As pointed out by the reviewer, V-ATPase and other lysosomal channels indeed could
have perturbed trafficking, and this will be the focus of follow-up studies. However, it does
not seem likely TMEM16K is directly contributing to altering lysosomal pH-TMEM16K was
shown to be a scramblase and we and others have localized it to the endoplasmic
reticulum (Bushell et al., 2019), We have revised the statement.

| do not know how to interpret Fig. 4a and b. The bright SA labeling in Fig. 4a seems to enclose
a large cluster of Rab7 positive structures (~2 um in diameter) and colocalization of 16K and Rab7
seems minimal. But in Fig. 4b, 16K and Rab7 co-localize perfectly, which is not what one would
expect if ER and endosomes are interacting. A more quantitative analysis is required.

Thank you for these helpful comments. To address these comments, we have included
live imaging showing fluorescently tagged TMEM16K, with fluorescently tagged Rab7 and
EGF-Alexa647 (Fig. 4b, Supplemental Video 3). These experiments reveal highly dynamic
movements of TMEM16K and Rab7, as well as their interactions. We have also added
line scans for a quantitative analysis.

The conclusion that “ER-localized TMEM16K forms contact sites with endosomes, interacting with
Rab7 and PtdIns(3)P” is not justified. The authors only show that PI3P binds to 16K N-terminus
in an in vitro system and that knockout of TMEM16K alters the size of PI3P-positive vesicles.

We have used a broad range of approaches to support our conclusion that TMEM16K
forms contacts with Rab7-endosomes, including proximity biotinylation proteomics (Fig.
2), confocal/live imaging/super-resolution microscopy (Fig. 4), and split-GFP



reconstitution (Fig. 4, 5, 6), by following precedence in the literature (Scorrano et al.,
2019). We have validated the specificity of this interaction using mutants of both Rab7 and
TMEM16K (Fig. 4i,j, 6g,h). We have further shown in vitro binding of a subdomain of
TMEM16K to a subset of phosphatidylinositols, with two other mammalian members used
as control (Fig. 5a-c), as done for various phosphatidylinositol binding proteins (Fischer et
al., 2009; Kim et al., 2008). We have also found that the absence of TMEM16K leads to
enlarged PI3P-vesicles, and showed that reintroducing TMEM16K can rescue the defect
(Fig. 6b,d), as it was similarly done for Ist2 and PtdIns4P at the plasma membrane (Fischer
et al.,, 2009; Manford et al., 2012). We have modified the wording to more precisely
represent our findings: “TMEM16K forms contact sites with endosomes, reconstituting
split-GFP with small GTPase Rab7 and binding phosphatidylinositol 3-phosphate
(PtdIns(3)P).”

Specific comments.

Because there is some variability in the literature, the authors should state exactly what the box
plots mean.

We have added the following clarification to the Statistics section in Materials and
Methods: “We used box plot to graphically visualize data where the box includes the first
quartile and the third quartile, with the central line representing the median. Whiskers
represent the minimum and maximum values of data. X inside the box represents the
mean of data.”

Page 2. “While the yeast homolog Ist2 forms MCS that play a vital role in lipid homeostasis at
MCS between the ER and plasma membrane. “ IST2 has not been shown to participate in lipid
homeostasis, to my knowledge.

Manford et al. Developmental Cell (2012) reported the accumulation of plasma membrane
PtdIins4P in the absence of Ist2. Such accumulation leads to perturbed exchange of lipids
at the ER-plasma membrane MCS. We have included this citation in the revised
manuscript.

Page 2. “mammalian family member most closely related to Ist2.” | think that this is an
exaggeration. The mammalian homologs have only 5 — 9% identity to Ist2. Although TMEM16K
may have the highest percent identity (9%), any implication that TMEM16K has any functional
similarity to Ist2 is unwarranted. Fig. 1a should have a scale bar and bootstrap values.

While 9% is low identity, this was what sparked our interest to pursue the question whether
TMEM16K might be involved in membrane contact sites. With a similarly low percentage
of amino acid identity between TMEM16 family members, there is functional similarity
among lipid scramblases such as mammalian TMEM16K (Bushell et al., 2019),
mammalian TMEM16F (Yang et al., 2012), fungal afTMEM16 (Malvezzi et al., 2013) and
nhTMEML16 (Brunner et al., 2014), as well as a distant ameboidea DfFTMEM homolog (Pelz
et al., 2018). Considering that the mammalian TMEM16 family members are modulators
of diverse cellular functions, it will be of significant interest and physiological relevance to
determine whether some members of this family have a role in interorganelle
communication. As we now state in our revised manuscript, since submission of this
manuscript, another study was recently published showing that mammalian TMEM16H



has a role at membrane contact sites between ER and plasma membrane (Jha et al.,
2019).

S-Fig.1c and S-Fig. 2a,b are interpreted too casually. While the colocalization of 16K with ER-
tdTomato is convincing, the co-localization with calreticulin and PDI is less obvious. It seems that
PDI and 16K are in different sub-compartments even though there is general overlap. A
guantitative treatment of these data is necessary. Also, because overexpressed proteins often
accumulate in the ER, is there any data that endogenous TMEM16K is concentrated in ER?

Localization of the endogenous proteins compared to tagged version can be an issue. We
have tested commercially available antibodies and generated 2 different TMEM16K
antibodies to visualize endogenous protein, but we found the antibodies were not specific.
Hence, we have used a multitude of different tags and have found that all the constructs
yielded only ER localization as assessed by both live imaging and immunofluorescence
(Fig. 1e,f, Supplemental Video 2). We have performed quantification of colocalization
between TMEM16K and ER markers Calreticulin, PDI and Sec61f3. We further cite in our
revised manuscript the recent publication of Bushell et al. in Nature Communications
(2019), which reports TMEM16K crystal structure as well as TMEM16K localization to
endoplasmic reticulum.

Page 2. “knockout mice displayed increasing hindlimb clasping, a behavioral phenotype
characteristic of impaired neuromuscular function.” Please provide a reference. It seems to me
that hindlimb clasping is more likely explained by CNS defects rather than defective
neuromuscular junctions.

Hindlimb clasping is a behavioral marker of disease progression in a number of mouse
models of neurodegeneration, including ataxias, and is characteristic of impaired
neuromuscular function (Guyenet et al.,, 2010; Hatzipetros et al., 2015). As reviewer
pointed out, this impaired neuromuscular function indeed can be due to defects in the CNS
including the spinal cord (Lalonde and Strazielle, 2011). We also need to bear in mind that
neuromuscular junctions correspond to the synaptic contacts between muscle and axon
terminals of motor neurons in the CNS. Reduction of neuromuscular junctions is an early
pathological target of impaired neuromuscular function that is easily accessible for
histological visualization and quantification (Sleigh et al., 2014). We have included
citations in the revised manuscript.

Page 3. “Because dysfunctions of endosomal transport are tightly associated with
neurodegenerative diseases.” What does “tightly associated with” mean?

With an increasing number of genes involved in the endolysosomal pathway implicated in
neurodegenerative diseases, endolysosomal dysfunction represents a pathophysiological
mechanism shared across these diseases (Neefjes and van der Kant, 2014; Wang et al.,
2018). We have provided additional references in the revised manuscript.

Fig. 3f legend: (WT slope= -0.633, KO slope=-0.0438). These numbers are in error. There is not
a >10-fold difference in -slopes. Also, please provide units. There are no error bars.

Thank you, indeed this is an error. We have corrected the mistake and provided the
equations and R2,



Fig. 3g. Itis not clear how these experiments were performed: is this a steady-state measurement
in the absence of FCCP? Because Lysosensor is not ratiometric is it ratioed vs. Cherry-CAAX
fluorescence? Are these measurements reliable without a ratiometric indicator?

Thank you for a well raised point. Lysosensor green DNP-189 is extensively used in
literature as a reliable way of qualitatively evaluating pH of the acidic compartments
(Davis-Kaplan et al., 2004; Lu et al., 2014; McKnight et al., 2014; Pi et al., 2017). We have
performed the experiments in the following manner: we loaded Lysosensor Green DNP-
189 over 30 min incubation, washed twice with imaging media and all acquisition was
done over the next 3 min, where we measured the fluorescence intensity per cell.

We have additionally tested the specificity of the measured signal with Lysosensor Green
DNP-189 using proton ionophore FCCP (Fig. 3i) Furthermore, we have performed
extensive rescue experiment with both wild type and mutant TMEM16K cDNA (Fig. 3j).

Fig. 4d — Is the box in 16K-V5-GFP11 drawn correctly to show enlarged area?

Thank you, indeed the box marking the inset on the 16K-V5-GFP11 image was shifted.
We have corrected it.

Images showing overlay of 3 colors are not useful because there is too much information. | would
prefer to see overlays of 2 key channels at a time so that | can clearly see colocalization

We were unsure which two channels would constitute key channels, so we have added
the line scan quantification to simplify interpretation of the colocalization (Fig 4a,b,e). We
hope this helps in evaluating the represented data.

Reviewer #2 (Remarks to the Author):

There is great interest in the composition and function of membrane contact sites, and this paper
has used BiolD to identify proteins in the vicinity of TMEM16K, an ER protein that is a lipid
scramblase linked to spinocerebellar ataxia. In mouse ubiquitous and neuron specific knock outs,
the authors observed reductions in the sizes of neuromuscular junctions and overall impaired
neuromuscular function. This was not well connected to the rest of the story.

As mentioned previously, while we would very much like to provide direct demonstration
that the observed defects in endosomal transport are the cause of the pathology, this
would require that we can rescue the observed cellular defects in a different way (for
example with small molecule) so that we can test whether this treatment that rescues the
cellular defects also relieve the pathology. Before such a treatment can be developed, we
have tested the converse scenario, and shown that three different TMEM16K mutations
with single amino acid substitution that cause the pathology in humans also compromise
the ability of TMEM16K to rescue the observed cellular defects.

Upon BiolD, the authors detected ER and endosomal protein interactions. The authors noted
dispersal of mannose 6-phosphate receptors from a perinuclear compartment and decreased
transport of cholera toxin to the Golgi as well as weaker endo-lysosomal acidification which could
have been due to defects in trafficking of newly synthesized lysosomal enzymes and the V-
ATPase. (Note that MPRs usually are seen in perinuclear late endosomes, not the TGN at steady
state).



To avoid the potential caveats mentioned by the reviewer, we pursue pulse chase
experiments looking at trafficking of internalized CI-MPR from the plasma membrane
through endosome to TGN. We have clarified the text that we are looking at the pulse
chase experiment at the t=60min time point, and not a steady state localization.

The authors note an interaction with Rab7 by split GFP and STED reveals compartment
interaction. (A nice control would have been a GDP-locked Rab7).

Thank you for the great suggestion. We have generated inactive GFP(1-10)-HA-T22N
Rab7 and constitutively active GFP(1-10)-HA-Q67L Rab7 mutants (Spinosa et al., 2008),
and evaluated their ability to reconstitute GFP with TMEM16K-V5-GFP11. We found that
TMEM16K was able to reconstitute split-GFP only with the constitutively active Rab7 Q67L
mutant (Fig. 4i), but not with the inactive Rab7 T22N mutant (Fig. 4j), further validating the
specificity of the observed contact between TMEM16K and Rab7 endosomes.

Dot blots suggest that the protein binds PI3P but Rab7 is late endosomal where there would be
more PI3,5P. Because dot blots aren't perfect, it might be worth trying to recapitulate this
interaction in a liposome flotation scenario, although the accumulation of PI3P structures is
consistent with what was shown. Interestingly, TMEM16K seems to influence PI3P levels
independent of VAPA/B, enlarging these structures. Is it blocking early to late endosome Rab
conversion? Transferrin recycling was not altered, nor was EGF co-localization with Rab7. Longer
half time of EGF degradation would provide indication of whether conversion was altered and this
is easy to add and should be.

Thank you for this great suggestion. We have performed this experiment looking at the
40min and 60min time point. We found no difference between the wild type and knockout
cells in the colocalization of the EGF with the late endosomal markers Rab7 at 10 min, 15
min and 40 min time points (Fig. 3g), indicating that the mutant phenotype arose from a
defect at or after the Rab7 stage of endolysosomal maturation. However, we found greater
retention of the EGF in Rab7 endosomes at 60 min in TMEM16K knockout cells compared
to wild type cells (Fig. 3g), suggesting defect in endosomal sorting.

In summary, there is a lot of nice data here implicating a lipid scramblase in a new class of
junction. The precise mechanism is not yet shown but the data will be of interest to workers in this
area. Perhaps the authors could look at the consequences of KNOCKOUT on PikFYVE kinase
that generates PI3,5P as its activity seems to be lacking

Thank you for another great suggestion. We have tried evaluating Ptdins(3,5)P2 with the
available lipid sensor ML1Nx2, but we were not convinced it could be reliably used for
studies of primary mouse fibroblasts. Hence we used pharmacological manipulation with
YM201636 to inhibit PikFYVE kinase to evaluate the observed phenotypes in the wild type
and TMEM16K knockout cells using PtdIns3P lipid sensor P40XP-gfp. Inhibiting PIKfyve
in TMEM16K wild type cells recapitulated the TMEM16K knockout phenotype. However,
in the TMEM16K knockout cells we did not observe additional cumulative effect,
suggesting that conversion between PtdIins3P to Ptdins(3,5)P2is impaired in the absence
of TMEM16K (Fig. 6¢,d).

ALso, the authors should try to link the mouse phenotypes with the cell biology.



We wholeheartedly agree with the reviewer that it would be great to further investigate
how the observed cellular defects lead to the mouse phenotypes. Such an endeavor will
require developing new ways to rescue the cellular defects so as to test whether rescue
approaches other than reintroducing wildtype TMEM16K, but not TMEM16K bearing
disease-causing mutations, can also rescue the mouse phenotypes — a fairly substantial
new project. We feel that sharing our findings with the community at this point before
embarking another demanding project will be of interest; our revised manuscript will
contribute to the better understanding of this link by facilitating the development of follow
up studies by our lab as well as our colleagues.

Reviewer #3 (Remarks to the Author):

The manuscript of Petkovic et al. focuses on the role of the lipid scramblase TMEM16K as a
potential regulator of endosomal sorting. The authors demonstrate that TMEM16K contact
proteins of the endosomal machinery, likely via contact sites, and interacts with Rab7 and PI-3-
P. Loss of TMEM16K impairs endosomal transport, yet not other trafficking pathways. The authors
suggest that TMEM16K is a critical factor in ER-endosome contact site formation and endosomal
sorting.

The authors provide a full spectrum of assays to address the critical role of TMEM16K in
endosomal biogenesis. Their analysis of the knock-out mutant is overall extensive, and
complementation analyses suggest that the scramblase activity is required for TMEM16K
function. While | consider the extent of their analysis impressive, | miss several controls to be able
to judge the relevance of their observations relative to the loss of known endosomal proteins. Also
lipid scramblase activity needs are not really addressed. My detailed points are listed below:

1. Figure 3 is the first figure where defects in TMEM16K are addressed. The authors need to
show a positive control for endosomal transport defects (a,b). Otherwise it is not possible to judge
the relevance. Is this a strong defect or a mild one? The same applies for Figure 3e-g. There is
no knock out analysis shown without complementation with wild-type or mutant 16K, or any other
known mutant/siRNA knock out affected in lysosomal biogenesis. This is again critical to judge if
TMEM16K is just needed as a supporting factor or has an overall critical role.

We are grateful for your correction. Indeed, the point of our experiments was not to claim
that TMEM16K is more or less important than other proteins shown to regulate endosomal
retrograde trafficking, but to show that it is involved in this process, and that in absence of
this ER protein endosomal retrograde trafficking is perturbed. We have corrected the text
appropriately to avoid misconception. Many labs have done important work studying this
pathway, and we feel it would be outside of the scope of this paper to expand it to include
hierarchical analysis with other known regulators.

2. Figure 3b does not show complementation with the wild-type protein. This needs to be added.
Also Figure 3e is incomplete here.

Thank you for pointing it out. We have added the rescue experiment, and found that
reintroduction of TMEM16K into TMEM16K knockout cells rescues the CTxB trafficking



defect (Fig. 3b), further confirming that TMEM16K is required for proper endosome to
trans-Golgi retrograde trafficking.

Lysosomal acidification defect is shown in Fig. 3h. We have done extensive rescue
analysis of the lysosomal acidification defect — we tested rescue with wild type TMEM16K,
and further tested a mutant TMEM16K with substitutions of calcium-binding acidic
residues, as shown in the Fig. 3j. Briefly, TMEM16K mutant cDNA into wild type cells has
dominant negative effect. (Please note that we have made a labeling error in our first
submission with significance markings, which we have corrected). Furthermore,
reintroducing wild type but not mutant TMEM16K rescued the acidification defect of
TMEM16K knockout primary cells, demonstrating that TMEM16K is required for normal
maturation of the endolysosomal compartments (Fig. 3j).

3. Along the same line, the figure has to be completed with information provided in Suppl. Figure
1 regarding the ER localization. Here as along the entire manuscript, the content of the figures is
so condensed that the paper becomes unreadable without having the supplements next to each
figure.

Thank you for your helpful comment. We have added TMEM16K localization analysis to
Fig 1, as panel Fig. 1le. We have also included quantification of the colocalization of
TMEM16K with ER markers Calreticulin, PDI and Sec61f, as well as colocalization
analysis of Sec61p with Calreticulin and PDI for comparison (Fig. 1f). We wholeheartedly
agree that our figures are dense, but with so much data we are not sure how to better
represent and include all these experiments.

4. Figure 4a is impossible to read. There is not cell outline and | am just completely puzzled what
to look at.

Thank you for the helpful comment. We have repeated the experiment to include the full
view of the entire cells, and marked incepts showing the regions presented at higher
magnification. We hope that this clarifies what this figure presents (Fig. 4a). Briefly, in this
experiment, we have transfected COS7 cells with myc-BiolD-TMEM16K, the same
construct used for proximity biotinylation proteomics, with the goal to visualize endosomes
labeled with biotin in a TMEM16K-dependent manner. We incubated the cells for 6h with
biotin, and immunostained for endogenous Rab7 and fluorescently labeled Streptavidin.
We show TMEM16K, and overlap of TMEM16K-dependent proximity biotinylation with
Rab7. We have also added a line scan for a quantitative analysis.

5. Figure 4g suggests that TMEM16K has a PI-3-P binding domain. This needs to be repeated
with recombinant proteins and a flotation assay. | agree that this is indicative, yet it remains
incomplete. In addition, the identified PIP-binding deficient mutant needs to be analyzed in their
complementation (Figure 3a, b, €) and interaction analyses (Figure 4d).

Thank you for the great suggestion. We have generated N-terminal deletion mutant of
TMEM16K that lack amino acids 1-169 (Fig. 5d). This TMEM16K N-terminal deletion
mutant properly localized to endoplasmic reticulum and could still reconstitute split-GFP
with Rab7, demonstrating that the N-terminal domain is not required for contacts with
endosome (Fig. 5e ). However, this N-terminal deletion mutant was not able to rescue



endosomal retrograde transport defect when reintroduced in the TMEM16K knockout cells
(Fig. 5f,g), showing that the N-terminal domain is required for TMEM16K function.

6. The authors could here also use a complementation assay by mutating the PIP-binding domain
and by fusing TMEM16K to a PI-3-P interacting domain. If their interpretation is correct, this should
rescue the mutant (if it indeed has a defect in endosomal sorting).

That you for this suggestion. We have generated TMEM16K chimera with P40PX
Ptdins3P binding domain instead of TMEM16K N-terminal domain. However, the chimera
seemed to form clusters in the ER, indicative of compromised folding of the chimeric
protein.

7. Figure 5: The authors suggest that scamblase activity of TMEM16K is important for endosomal
transport. However, their mutants in Figure 5 are not analyzed for deficient scramblase activity.
This is particularly important for the parts where entire segments are swapped.

We completely agree with the reviewer - we have not directly evaluated scramblase
activity in TMEM16K mutants. To do so we would need to purify these mutants as well as
wild type TMEM16K as positive control, reconstitute them in liposomes and perform
scrambling assays in vitro using fluorescent lipids. While these experiments are important
for understanding the mechanism of TMEM16K scrambling activity, we feel they are
outside of the scope of this study. Based on the crystal structure Bushnell et al. reported
in Nature Communciations (2019), all three single point mutants evaluated in our study
are predicted to have impaired scrambling function. The established approach of
swapping minimal scrambling domains between family members that are localized in
intracellular compartment, like TMEM16K, with TMEM16A or TMEM16F that reside on the
cell membrane where scrambling can easily be assayed, have demonstrated the
usefulness of domain swapping in assessing scrambling activity (Gyobu et al., 2017; Yu
et al., 2015). While TMEM16K scrambling activity is not the main message of the study
and we have not directly evaluated scrambling activity of the TMEM16K mutants,
considering the aforementioned points we feel our results implicating TMEM16K
scrambling activity in endosomal retrograde sorting are of interest to the scientific
community. We have adjusted the language to ensure we are precisely describing our
findings.

8. I normally would expect a detailed ultrastructural analysis of endosome-ER contact sites and
their alterations due to TMEM16K mutants. Has this been done?

We have not done EM analysis. Instead of pursuing EM analysis that entails a significant
amount of effort and expertise, we have used a broad range of approaches, including
proximity biotinylation proteomics, confocal/live imaging/super-resolution microscopy,
split-GFP reconstitution, biochemistry, and a battery of cellular assay and plethora of
mutants to substantiate our findings.
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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

The authors have done a great job responding to my previous comments. This paper makes a very
significant contribution to the field and opens new avenues for exploration. There remain some
hiccups to be addressed.

Overlay in middle panels of Fig. 3c-e are not registered correctly with the images.

Also, the cartoons in d, e are identical despite the reporters being targeted to different
compartments.

In Fig. 3g and i, the x-axis is screwy. 100 = log(sec) is a very long time and the text implies that
the last data point in Fig. 3g is 60 min (=3600 sec?)

Last line page 4: wild type is repeated twice

Fig. 4 legend. What is an incept?

Fig. 4b. The plot of relative fluorescence intensity seems inverted on the x-axis compared to the
adjacent image. Also, the line in the image that indicates the region used to create the plot is
offset (does not seem to intersect the EGF signal at all). The x-axis in the plot should be in um
rather than pixels and there should be tics on the axis. The same applies to other panels in this
figure.

Bottom of page 8 refers to the non-scramblase 16K-16A chimera in Fig. 6g ("However the putative
scramblase chimera TMEM16K-SCRD16F was able to reconstitute split-GFP with Rab7 (Fig. 6g)
and"), but this figure shows point mutants.

Reviewer #2 (Remarks to the Author):

The authors have tried to respond to the reviewer comments. The paper should be published
although some of the conclusions are still too strong. This reviewer is not convinced that Golgi
structure is normal in the KO cells and the authors should be reminded that MPRs go transiently to
the Golgi but at steady state are found in perinuclear late endosomes next to the Golgi. Yes the
phenotype is consistent with a block in that overall pathway, and may be due to mis-targeting of
enzymes needed for late endosome/lysosome function. Overall, the work is of high quality and
interesting.

Reviewer #3 (Remarks to the Author):

The authors provide an almost complete answer to my questions, yet failed to show that the
postulated PI-3-P binding resides on very incomplete analyses. I understand that their
replacement assays with a PX fusion failed due to misbehavior of the protein, though their claim of
PI-3-P specificity then still rests just on the PIP-strip analysis (which is stated in their abstract). I
find this too weak to be placed to prominently. Either their tune their statement down or show
addition evidence to support their claim.

Likewise, an ultrastructural analysis is normally part of such a study. Finally, I would strongly
encourage the authors to include a working model to complete the study.



Response to reviewers’ comments

We thank the reviewers for their helpful and constructive comments throughout both rounds of
revisions. We have significantly improved our paper by performing several additional experiments
and we have modified the figures and the text of the manuscript accordingly. With the new data,
we have confirmed as well as extended our conclusions from the original submission. We believe
that we have addressed the reviewers’ comments and have substantially improved the paper.
We hope that the reviewers will now find our revised paper suitable for Nature Communication.

The following is a brief summary of the major changes made throughout both rounds of revisions
and is followed by our point-by-point response to reviewers’ comments.

We have evaluated 3D morphology of cis-Golgi and trans-Golgi complex visualized with
immunolabeling of endogenous GM130 or TGN38, in acquired 3D reconstructed confocal
images, in the wild type and TMEM16K knockout cells (Supplemental Fig. 3b,c)

We have performed transmission electron microscopy to carry out ultrastructural analysis
of ER-endosome membrane contact sites in wild type and TMEM16K knockout cells
(Supplemental Fig. 5a,b)

We have bolstered our ultrastructural analysis with proximity ligation assay with VAPB and
Rab7 as markers of ER and endosomes, respectively, in the wild type and TMEM16K
knockout cells (Supplemental Fig. 5c,d)

We have done colocalization analysis of TMEM16K with ER markers Calreticulin, PDI and
Sec61B. We have also included colocalization analysis of Sec61p with other ER-markers
to provide meaningful context for TMEM16K colocalization analysis, as Sec61pB is a pore
forming subunit of the translocon complex localized exclusively to ER (Fig. le,f)

We have evaluated whether reintroducing TMEM16K into TMEM16K knockout cells
rescues the endosomal retrograde trafficking defect observed with cholera toxin B (CtxB)
(Fig. 3b).

We have evaluated the anterograde biosynthetic pathway using the “Retention Using
Selective Hooks” (RUSH) system. RUSH allows synchronization of protein transport
through the biosynthetic pathway (Boncompain et al.,, 2012) and we tracked three
transmembrane  proteins  with  different steady state distributions: the
glycosylphosphatidylinositol anchor (GPI; transported to plasma membrane), the
transferrin receptor (TfR; transported to plasma membrane, early endosomes, and
recycling endosomes), and the cation-dependent mannose-6-phosphate receptor (CD-
MPR; transported from TGN directly to early/late endosomes). (Fig. 3c-e).

We have examined EGF colocalization with Rab7 with longer EGF incubation time points
(40 min and 60 min). (Fig. 39)

We have redone the imaging experiments evaluating TMEM16K proximity to endosomes
to include the view of the entire cells, region of interest as well as high magnification insets.
We have also included line scan quantifications. (Fig. 4a-e)

We have included live imaging of TMEM16K with endosomes labeled with Rab7 and EGF-.
(Fig. 4b, Supplemental Video 3)

To further evaluate the specificity of TMEM16K interaction with Rab7, we generated Rab7
mutants: constitutively active Q67L, which mimics permanently GTP-bound Rab7, and
inactive T22N, which mimics permanently GDP-bound Rab7. We have tested their ability
to reconstitute split-GFP with TMEM16K (Fig. 4e,)).

We have generated N-terminal truncation of TMEM16K, and evaluated its ability to
reconstitute split-GFP with Rab7, as well as its ability to rescue endosomal retrograde
trafficking defect (Fig. 5d,e,f).



= We have tested effects of pharmacological inhibition of PikFYVE kinase in the wild type
and TMEM16K knockout cells. (Fig. 6¢,d)

= We have evaluated human disease point mutants and scrambling domains chimeras for
their ability to reconstitute split-GFP with Rab7. (Fig. 6g,h)

= We have done RT-PCR analysis evaluating the presence of TMEM16K mRNA in liver and
brain tissues obtained from the wild type and TMEM16K ubiquitous knockout littermates.
(Supplemental Fig. 1b)

Point by point response to Reviewer Comments, 2" resubmission:

Reviewer #1 (Remarks to the Author):

The authors have done a great job responding to my previous comments. This paper makes a
very significant contribution to the field and opens new avenues for exploration. There remain
some hiccups to be addressed. Overlay in middle panels of Fig. 3c-e are not registered correctly
with the images.
The Fig.3c-e shows RUSH assay with 3 different RUSH constructs. Columns are different
time points after addition of biotin, showing distribution of the RUSH construct at that time
point. First row of images shows scheme of the distribution of the RUSH construct at that
corresponding time point, second row shows representative image of the wild type cells,
and third row shows representative images of the TMEM16K knockout cells. There are no
overlays shown in these panels. Thank you for pointing out how this layout is confusing;
we have clarified the figure panels and text.

Also, the cartoons in d, e are identical despite the reporters being targeted to different
compartments.
The cartoons are different, but as you kindly pointed out, with far too subtle colors and line
thickness to be helpful. We have improved the contrast and clarity of the schemes.

In Fig. 3g and i, the x-axis is screwy. 100 = log(sec) is a very long time and the text implies that
the last data point in Fig. 3g is 60 min (=3600 sec?)
The time points for the EGF-Alexa647 pulse-chase experiment are 10 min, 15 min, 40 min
and 60 min. We have corrected the scale label to minutes, thank you for noticing this error.

Last line page 4: wild type is repeated twice
Thank you, we have corrected it.

Fig. 4 legend. What is an incept?
It should have been written as inset. We have corrected the misspelling.

Fig. 4b. The plot of relative fluorescence intensity seems inverted on the x-axis compared to the
adjacent image. Also, the line in the image that indicates the region used to create the plot is
offset (does not seem to intersect the EGF signal at all). The x-axis in the plot should be in um
rather than pixels and there should be tics on the axis. The same applies to other panels in this
figure.

Thank you for the helpful observation, we have improved the figures.



Bottom of page 8 refers to the non-scramblase 16K-16A chimera in Fig. 6g ("However the putative
scramblase chimera TMEM16K-SCRD16F was able to reconstitute split-GFP with Rab7 (Fig. 6g)
and"), but this figure shows point mutants.

Thank you, we have corrected the figure assignment.

Reviewer #2 (Remarks to the Author):

The authors have tried to respond to the reviewer comments. The paper should be published
although some of the conclusions are still too strong. This reviewer is not convinced that Golgi
structure is normal in the KO cells and the authors should be reminded that MPRs go transiently
to the Golgi but at steady state are found in perinuclear late endosomes next to the Golgi. Yes
the phenotype is consistent with a block in that overall pathway, and may be due to mis-targeting
of enzymes needed for late endosome/lysosome function. Overall, the work is of high quality and
interesting.
Thank you for this valid point. Experiments using cholera toxin corroborated our findings
of impaired endosomal retrograde transport obtained with pulse chase experiment with
CI-MPR. We have looked at the distribution of multiple Golgi resident proteins in wild type
and TMEM16K knockout cells, and found no obvious difference. We have evaluated the
trafficking pathway of three transmembrane proteins with different steady state
distributions, which all pass through Golgi, and found no difference between wild type and
TMEM16K knockout cells. We have now included a more detailed evaluation of 3D Golgi
morphology. We have performed immunocytochemistry to label cis or trans-Golgi in wild
type and TMEM16K knockout cells, acquired dense z-stacks on the confocal microscope
and reconstructed the corresponding Golgi structures in 3D using Imaris Software. We
have found no difference in volume, area nor index of fragmentation (defined as
volume/area) between the wild type and TMEM16K knockout cells. However, we agree
with the reviewer that we cannot exclude the possibility of a more subtle perturbances to
the Golgi complex, and indeed, we would whole-heartedly agree that in the absence of
TMEM16K some proteins needed for the late endosome/lysosome function could be
mistargeted due to the observed defect in endosome sorting. We have included this
sentence in the discussion to provide further clarification.

Reviewer #3 (Remarks to the Author):

The authors provide an almost complete answer to my questions, yet failed to show that the
postulated PI-3-P binding resides on very incomplete analyses. | understand that their
replacement assays with a PX fusion failed due to misbehavior of the protein, though their claim
of PI-3-P specificity then still rests just on the PIP-strip analysis (which is stated in their abstract).
| find this too weak to be placed to prominently. Either their tune their statement down or show
addition evidence to support their claim.

We have adjusted the text to more precisely communicate our results.

Likewise, an ultrastructural analysis is normally part of such a study.
We have combined in this study almost all experimental approaches so far employed to
study membrane contacts (Scorrano et al., 2019). We have now included the
ultrastructural analysis to evaluate the membrane contact sites between ER and
endosomes, and their possible alterations in the absence of TMEM16K. Using electron
microscopy as previously reported (Kilpatrick et al., 2017), we found no difference in the
percentage of endosomes in close proximity (>30 nm) of ER, between wild type and



TMEM16K knockout cells. We have further bolstered these observations with proximity
ligation assay (PLA) in situ, a powerful novel approach to study contact sites alterations in
a highly quantitative manner (Lim et al., 2019). Using PLA in situ with VAPB and Rab7 as
markers of ER and endosomes, respectively, we found no difference in the extent of ER-
endosome MCS, as measured by the number of PLA puncta, between the wild type and
TMEM16K knockout cells. These are not unexpected results, as most contacts have
multiple tethering molecules so deleting any singular tether is unlikely to eliminate a
contact. One of the classical examples is deletion of the TMEM16K yeast homolog, Ist2,
which does not significantly affect the extent of ER-PM contact (Manford et al., 2012;
Toulmay and Prinz, 2011). Additional concomitant deletion of the other 5 ER-PM MCS
proteins, namely three tricalbins (homologs to mammalian Extended Synaptotagmins),
Scs2 (homolog to mammalian VAPA) and Scs22 (homolog to mammalian VAPB), was
required for strong reduction of ER-PM contact. Likewise, multiple distinct contact sites
between the ER and endosomes have been identified to date, with diverse molecular
compositions (Raiborg et al., 2015a). Further supporting the possibility of redundancy, our
TMEM16K proteomics dataset includes multiple proteins known to function at ER-
endosomal contact sites including VAPA and VAPB (Alpy et al., 2013; Dong et al., 2016;
Rocha et al., 2009), SNX1 and SNX2 (Dong et al., 2016), Rab7A (Friedman et al., 2013;
Raiborg et al., 2015b; Rocha et al.,, 2009), and PTP1B (Eden et al., 2010) (Fig. 2b;
Supplemental Table 1).

Besides proximity between two membranous organelles, a bona fide membrane contact
site (MCS) should fulfill specific functions. Most MCS proteins have not only structural role,
but also non-mutually exclusive functional and/or regulatory roles (Eisenberg-Bord et al.,
2016; Scorrano et al., 2019). We found TMEM16K mutants which can reconstitute split-
GFP with Rab7, but are unable to rescue the CI-MPR retrograde trafficking defect in
TMEM16K knockout cells (Fig. 5d,e, Fig. 6g,l,j), so these mutants can still form contacts
with endosomes, but cannot fulfill the TMEM16K cellular function. That would suggest that
TMEML16K has functional and/or regulatory role at contact sites with endosomes enabling
endosomal sorting, and our results further raise the possibility that the functional or
regulatory role of TMEM16K could involve phospholipid scrambling.

Finally, | would strongly encourage the authors to include a working model to complete the study.
Thank you for this kind encouragement. We have expanded on our hypotheses to spell
out how our data and the literature could fit in all together, hopefully providing a testable
framework to be evaluated in the future.

Point by point response to Reviewer Comments, 1% resubmission:
Reviewer #1 (Remarks to the Author):

This paper from the Jan lab provides evidence that TMEM16K plays a role in endosomal transport
and suggests that mutations in TMEM16K may produce SCAR10 as a result of defects in
endosomal sorting. This is an extremely interesting, but sprawling, investigation that opens new
territory in both the TMEM16 and membrane trafficking fields. While | am highly intrigued by its
novelty, overall | think that the conclusions are drawn in a somewhat cavalier manner from data
that is preliminary or incomplete.

Major issues:



There is no characterization of the knockout mouse to show that it does not express TMEM16K.

We have added RT-PCR results showing the absence of TMEM16K mRNA in TMEM16K
knockout mice (Supplemental Fig. 1b). Information about all the primers for RT-PCR as
well as genotyping are in the Material and Methods, along with the identification
information from the International Knockout Mouse Consortium that generated the
TMEM16K conditional knockout mice used in our study.

The authors begin by showing that the TMEM16K knockout mice exhibit hindlimb clasping and
smaller neuromuscular junctions, but the paper does not provide an explanation. While the
implication that this phenotype can be explained by defective endosomal trafficking is appealing,
there are no data to allow such a conclusion.

While we would very much like to provide direct demonstration that the observed defects
in endosomal transport are the cause of the pathology, achieving this goal would require
demonstration that the observed cellular defects can be rescued in a way different from
reintroducing TMEM16K to mutant cells (for example with small molecule) and the same
treatment can also relieve the pathology. While no such treatment has been identified, we
have tested the converse scenario, and shown that mutations of three different single
amino acids in TMEM16K that cause the pathology in humans also severely impact the
ability of these TMEM16K mutants to rescue the observed cellular defects (Fig. 6g,l,j).

The proteomic analysis in Fig. 2 and S-Table 1 is not well presented, confusing, and appears
misleading. S-Table 1 shows <50 proteins, but Fig. 2 shows 365 proteins. The correspondence
between the table and figure is inscrutable and it is not clear how much of Fig. 2 is actual data
and how much is bioinformatics. For example, of the 16 proteins in S-Table 1 listed as Endosomal
transport, only 5 appear in the pink panel labelled Endosomal Transport in Fig. 2c. The majority
of the proteins in this panel do not appear in S-Table 1.

Thank you for this helpful comment. We have clarified the text.

Briefly, Fig. 2b shows actual raw data — the obtained candidates from the TMEM16K
proteomics. To identify in an unbiased manner the most biologically relevant functional
clusters which could infer TMEM16K function rather than just hand-picking one or two
highly ranked candidates for our study, we have visualized the list of these candidates as
protein-protein interaction network using String app in the Cytoscape.

From here, we have done 2 bioinformatics analysis:

(1) We identified functional enrichment categories based on GO terms, which we overlaid
with color-code on our list of candidates. Indeed, visualization of this overlay suggests
functional clusters of proteins identified in the TMEM16K proteomics.

(2) We performed a mathematical clustering analysis using MCODE cluster app in
Cytoscape to identify clusters from our raw data, generating the simplified network shown
in Fig. 2c. Clusters are defined as highly interconnected nodes in the network. We then
overlaid the color-coding from functional enrichment analysis on this simplified network
generated via clustering analysis.

We have originally listed only a subset of the proteins listed in the Supplemental Table 1
to indicate their cellular functions. Thank you for your helpful comment to point out that
this is confusing - we have added the full list of candidates to Supplemental Table 1. In
addition, all the raw proteomics data will be made available to other researchers.



Fig. 3a,b shows nicely that the trafficking of CI-MPR and CtxB are altered in the knockout, but
does this mean that endosome-to-Golgi trafficking is reduced, or that retention in the Golgi is
reduced possibly by increased anterograde traffic? Experiments to sort this out are necessary to
justify the conclusion that “TMEM16K is required for proper endosome to trans-Golgi retrograde
trafficking”.

CI-MPR and CTxB are classical markers used to evaluate endosome to TGN retrograde
trafficking by performing pulse chase experiments, so in these experiments we are
following only the retrogradely trafficked molecules from the plasma membrane through
endosomes to TGN. Their mis-localization in pulse chase experiments shows that the
endosome to trans-Golgi retrograde trafficking is perturbed as previously reported in
literature (Bonifacino and Rojas, 2006; Sandvig and van Deurs, 2002; Seaman et al.,
1998). However, as this reviewer pointed out, one can imagine a scenario in which
anterograde secretory pathway is perturbed upstream of retrograde trafficking from
endosomes to TGN. To address this question, we took advantage of recent
methodological developments that allow synchronization of protein transport through the
biosynthetic pathway (Chen et al., 2017). Using the “Retention Using Selective Hooks”
(RUSH) system we tracked the biosynthetic transport of three transmembrane proteins
with different steady state distributions: the glycosylphosphatidylinositol anchor (GPI,
transported to plasma membrane), the transferrin receptor (TfR; transported to plasma
membrane, early endosomes, and recycling endosomes), and the cation-dependent
mannose-6-phosphate receptor (CD-MPR; transported from TGN directly to early/late
endosomes). We found no difference in the transport through the biosynthetic pathway
between the MEF cells from wild type mice and TMEM16K knockout mice, showing that
the anterograde secretory pathway is unaffected (Fig. 3c,d,e).

The localization of TMEM16K in ER is not quantitatively established. Although the data show that
the bulk of it is in ER, expression in the endolysosomal system at a lower level is not investigated
rigorously.

We have shown ER localization in both live imaging and immunofluorescence (Fig. le,
Supplemental Video 2). We have quantified the colocalization of TMEM16K with
Calreticulin, PDI and Sec61p (Fig. 1f). We have also done immunohistochemistry and
guantified in the same manner the colocalization of Sec61p with Calreticulin and PDI to
provide a meaningful context for the colocalization analysis obtained with TMEM16K (Fig.
1f), given that Sec61f is a pore forming component of the translocon complex localized
exclusively to the ER.

Additionally, Bushnell et al. reported in Nature Communication (2019) TMEM16K crystal
structure as well as an analysis of the TMEM16K localization to the ER, further
corroborating our findings.

The authors’ interpretation of the split GFP experiments assumes that 16K is exclusively localized
in ER and Rab7 exclusively in endosomes. If even a small fraction of 16K and Rab7 were localized
in the same compartment, one might expect to see reconstitution of fluorescence.

Thank you for raising this point. We have tested several other endosomal proteins found
in our proteomics (OSBPL11, SNX1, SNX2, VPS26) with the split-GFP assay
(Supplemental Fig. 4) and did not observed positive GFP signal with any of the other
tested proteins besides Rab7 (Fig. 4h), so it seems unlikely that a small fraction of the
TMEM16K is in the endosomal compartment. We have also found that TMEM16K
mutants (F337V, D615N, SCRDA), which are all localized in the ER, are not able to



reconstitute the split-GFP with Rab7 (Fig. 6g,h), further supporting the specificity of this
interaction. Likewise, TMEM16K was able to reconstitute split-GFP only with the
constitutively active Rab7 mutant Q67L (Fig. 4i), but not with the inactive T22N Rab7
mutant (Fig. 4j), again corroborating the specificity of the interaction.

The authors do not show why lyososomal pH is altered. Does it alter the trafficking of lysosomal
channels that regulate pH (like the v-H-ATPase)? If so, this should be tested. If 16K is present in
lysosomes and, like other TMEM16s, conducts ions, it might alter lysosomal pH directly. More
information is required to allow the conclusion that (Page 4) “these results show that loss of
TMEM16K causes a defect in endosomal retrograde sorting, which can cause deficiencies within
the later stages of the endolysosomal system”.

As pointed out by the reviewer, V-ATPase and other lysosomal channels indeed could
have perturbed trafficking, and this will be the focus of follow-up studies. However, it does
not seem likely TMEM16K is directly contributing to altering lysosomal pH given that
TMEM16K was shown to be a scramblase and we and others have localized it to the
endoplasmic reticulum (Bushell et al., 2019), We have revised the statement.

| do not know how to interpret Fig. 4a and b. The bright SA labeling in Fig. 4a seems to enclose
a large cluster of Rab7 positive structures (~2 um in diameter) and colocalization of 16K and Rab7
seems minimal. But in Fig. 4b, 16K and Rab7 co-localize perfectly, which is not what one would
expect if ER and endosomes are interacting. A more quantitative analysis is required.

Thank you for these helpful comments. To address these comments, we have included
live imaging showing fluorescently tagged TMEM16K, with fluorescently tagged Rab7 and
EGF-Alexa647 (Fig. 4b, Supplemental Video 3). These experiments reveal highly dynamic
movements of TMEM16K and Rab7, as well as their interactions. We have also added
line scans for a quantitative analysis.

The conclusion that “ER-localized TMEM16K forms contact sites with endosomes, interacting with
Rab7 and PtdIns(3)P” is not justified. The authors only show that PI3P binds to 16K N-terminus
in an in vitro system and that knockout of TMEM16K alters the size of PI3P-positive vesicles.

We have used a broad range of approaches to support our conclusion that TMEM16K
forms contacts with Rab7-endosomes, including proximity biotinylation proteomics (Fig.
2), confocalllive imaging/super-resolution microscopy (Fig. 4), and split-GFP
reconstitution (Fig. 4, 5, 6), by following precedence in the literature (Scorrano et al.,
2019). We have validated the specificity of this interaction using mutants of both Rab7 and
TMEM16K (Fig. 4i,j, 6g,h). We have further shown in vitro binding of a subdomain of
TMEM16K to a subset of phosphatidylinositols, with two other mammalian members used
as control (Fig. 5a-c), as done for various phosphatidylinositol binding proteins (Fischer et
al., 2009; Kim et al., 2008). We have also found that the absence of TMEM16K leads to
enlarged PI3P-vesicles, and showed that reintroducing TMEM16K can rescue the defect
(Fig. 6b,d), as it was similarly done for Ist2 and PtdIns4P at the plasma membrane (Fischer
et al., 2009; Manford et al., 2012). We have modified the wording to more precisely
represent our findings: “TMEM16K forms contact sites with endosomes, reconstituting
split-GFP with small GTPase Rab7 and binding phosphatidylinositol 3-phosphate
(PtdIns(3)P).”



Specific comments.

Because there is some variability in the literature, the authors should state exactly what the box
plots mean.

We have added the following clarification to the Statistics section in Materials and
Methods: “We used box plot to graphically visualize data where the box includes the first
guartile and the third quartile, with the central line representing the median. Whiskers
represent the minimum and maximum values of data. X inside the box represents the
mean of data.”

Page 2. “While the yeast homolog Ist2 forms MCS that play a vital role in lipid homeostasis at
MCS between the ER and plasma membrane. “ IST2 has not been shown to participate in lipid
homeostasis, to my knowledge.

Manford et al. Developmental Cell (2012) reported the accumulation of plasma membrane
Ptdins4P in the absence of Ist2. Such accumulation leads to perturbed exchange of lipids
at the ER-plasma membrane MCS. We have included this citation in the revised
manuscript.

Page 2. “mammalian family member most closely related to Ist2.” | think that this is an
exaggeration. The mammalian homologs have only 5 — 9% identity to Ist2. Although TMEM16K
may have the highest percent identity (9%), any implication that TMEM16K has any functional
similarity to Ist2 is unwarranted. Fig. 1a should have a scale bar and bootstrap values.

While 9% is low for amino acid identity, this was what sparked our interest to pursue the
guestion whether TMEM16K might be involved in membrane contact sites. With a similarly
low percentage of amino acid identity between TMEM16 family members, there is
functional similarity among lipid scramblases such as mammalian TMEM16K (Bushell et
al., 2019), mammalian TMEM16F (Yang et al., 2012), fungal afTMEM16 (Malvezzi et al.,
2013) and nhTMEM16 (Brunner et al., 2014), as well as a distant ameboidea DfTMEM
homolog (Pelz et al., 2018). Considering that the mammalian TMEM16 family members
are modulators of diverse cellular functions, it will be of significant interest and
physiological relevance to determine whether some members of this family have a role in
interorganelle communication. As we now state in our revised manuscript, since
submission of this manuscript, another study was recently published showing that
mammalian TMEM16H has a role at membrane contact sites between ER and plasma
membrane (Jha et al., 2019).

S-Fig.1c and S-Fig. 2a,b are interpreted too casually. While the colocalization of 16K with ER-
tdTomato is convincing, the co-localization with calreticulin and PDI is less obvious. It seems that
PDI and 16K are in different sub-compartments even though there is general overlap. A
guantitative treatment of these data is necessary. Also, because overexpressed proteins often
accumulate in the ER, is there any data that endogenous TMEM16K is concentrated in ER?

Localization of the endogenous proteins compared to tagged version can be an issue. We
have tested commercially available antibodies and generated 2 different TMEM16K
antibodies to visualize endogenous protein, but we found the antibodies were not specific.
Hence, we have used a multitude of different tags and have found that all the constructs
yielded only ER localization as assessed by both live imaging and immunofluorescence
(Fig. 1e,f, Supplemental Video 2). We have performed quantification of colocalization



between TMEM16K and ER markers Calreticulin, PDI and Sec61p. We further cite in our
revised manuscript the recent publication of Bushell et al. in Nature Communications
(2019), which reports TMEM16K crystal structure as well as TMEM16K localization to
endoplasmic reticulum.

Page 2. “knockout mice displayed increasing hindlimb clasping, a behavioral phenotype
characteristic of impaired neuromuscular function.” Please provide a reference. It seems to me
that hindlimb clasping is more likely explained by CNS defects rather than defective
neuromuscular junctions.

Hindlimb clasping is a behavioral marker of disease progression in a number of mouse
models of neurodegeneration, including ataxias, and is characteristic of impaired
neuromuscular function (Guyenet et al., 2010; Hatzipetros et al., 2015). As the reviewer
pointed out, this impaired neuromuscular function indeed can be due to defects in the CNS
including the spinal cord (Lalonde and Strazielle, 2011). We also need to bear in mind that
neuromuscular junctions correspond to the synaptic contacts between muscle and axon
terminals of motor neurons in the CNS. Reduction of neuromuscular junctions is an early
pathological target of impaired neuromuscular function that is easily accessible for
histological visualization and quantification (Sleigh et al., 2014). We have included
citations in the revised manuscript.

Page 3. “Because dysfunctions of endosomal transport are tightly associated with
neurodegenerative diseases.” What does “tightly associated with” mean?

With an increasing number of genes involved in the endolysosomal pathway implicated in
neurodegenerative diseases, endolysosomal dysfunction represents a pathophysiological
mechanism shared across these diseases (Neefjes and van der Kant, 2014; Wang et al.,
2018). We have provided additional references in the revised manuscript.

Fig. 3f legend: (WT slope=-0.633, KO slope=-0.0438). These numbers are in error. There is not
a >10-fold difference in -slopes. Also, please provide units. There are no error bars.

Thank you, indeed this is an error. We have corrected the mistake and provided the
equations and R2,

Fig. 3g. It is not clear how these experiments were performed: is this a steady-state measurement
in the absence of FCCP? Because Lysosensor is not ratiometric is it ratioed vs. Cherry-CAAX
fluorescence? Are these measurements reliable without a ratiometric indicator?

Thank you for a well raised point. Lysosensor green DNP-189 is extensively used in
literature as a reliable way of qualitatively evaluating pH of the acidic compartments
(Davis-Kaplan et al., 2004; Lu et al., 2014; McKnight et al., 2014; Pi et al., 2017). We have
performed the experiments in the following manner: we loaded Lysosensor Green DNP-
189 over 30 min incubation, washed twice with imaging media and all acquisition was
done over the next 3 min, where we measured the fluorescence intensity per cell.

We have additionally tested the specificity of the measured signal with Lysosensor Green
DNP-189 using proton ionophore FCCP (Fig. 3i) Furthermore, we have performed
extensive rescue experiment with both wild type and mutant TMEM16K cDNA (Fig. 3j).



Fig. 4d — Is the box in 16K-V5-GFP11 drawn correctly to show enlarged area?

Thank you, indeed the box marking the inset on the 16K-V5-GFP11 image was shifted.
We have corrected it.

Images showing overlay of 3 colors are not useful because there is too much information. | would
prefer to see overlays of 2 key channels at a time so that | can clearly see colocalization

We were unsure which two channels would constitute key channels, so we have added
the line scan quantification to simplify interpretation of the colocalization (Fig 4a,b,e). We
hope this helps in evaluating the represented data.

Reviewer #2 (Remarks to the Author):

There is great interest in the composition and function of membrane contact sites, and this paper
has used BiolD to identify proteins in the vicinity of TMEM16K, an ER protein that is a lipid
scramblase linked to spinocerebellar ataxia. In mouse ubiquitous and neuron specific knock outs,
the authors observed reductions in the sizes of neuromuscular junctions and overall impaired
neuromuscular function. This was not well connected to the rest of the story.

As mentioned previously, while we would very much like to provide direct demonstration
that the observed defects in endosomal transport are the cause of the pathology, this
would require that we can rescue the observed cellular defects in a different way (for
example with small molecule) so that we can test whether this treatment that rescues the
cellular defects also relieve the pathology. Before such a treatment can be developed, we
have tested the converse scenario, and shown that three different TMEM16K mutations
with single amino acid substitution that cause the pathology in humans also compromise
the ability of TMEM16K to rescue the observed cellular defects.

Upon BiolD, the authors detected ER and endosomal protein interactions. The authors noted
dispersal of mannose 6-phosphate receptors from a perinuclear compartment and decreased
transport of cholera toxin to the Golgi as well as weaker endo-lysosomal acidification which could
have been due to defects in trafficking of newly synthesized lysosomal enzymes and the V-
ATPase. (Note that MPRs usually are seen in perinuclear late endosomes, not the TGN at steady
state).

To avoid the potential caveats mentioned by the reviewer, we pursued pulse chase
experiments looking at trafficking of internalized CI-MPR from the plasma membrane
through endosome to TGN. We have clarified the text that we are looking at the pulse
chase experiment at the t = 60 min time point, and not a steady state localization.

The authors note an interaction with Rab7 by split GFP and STED reveals compartment
interaction. (A nice control would have been a GDP-locked Rab7).

Thank you for the great suggestion. We have generated inactive GFP(1-10)-HA-T22N
Rab7 and constitutively active GFP(1-10)-HA-Q67L Rab7 mutants (Spinosa et al., 2008),
and evaluated their ability to reconstitute GFP with TMEM16K-V5-GFP11. We found that
TMEM16K was able to reconstitute split-GFP only with the constitutively active Rab7 Q67L



mutant (Fig. 4i), but not with the inactive Rab7 T22N mutant (Fig. 4j), further validating the
specificity of the observed contact between TMEM16K and Rab7 endosomes.

Dot blots suggest that the protein binds PI3P but Rab7 is late endosomal where there would be
more PI3,5P. Because dot blots aren't perfect, it might be worth trying to recapitulate this
interaction in a liposome flotation scenario, although the accumulation of PI3P structures is
consistent with what was shown. Interestingly, TMEM16K seems to influence PI3P levels
independent of VAPA/B, enlarging these structures. Is it blocking early to late endosome Rab
conversion? Transferrin recycling was not altered, nor was EGF co-localization with Rab7. Longer
half time of EGF degradation would provide indication of whether conversion was altered and this
is easy to add and should be.

Thank you for this great suggestion. We have performed this experiment looking at the 40
min and 60 min time point. We found no difference between the wild type and knockout
cells in the colocalization of the EGF with the late endosomal markers Rab7 at 10 min, 15
min and 40 min time points (Fig. 3g), indicating that the mutant phenotype arose from a
defect at or after the Rab7 stage of endolysosomal maturation. However, we found greater
retention of EGF in Rab7 endosomes at 60 min in TMEM16K knockout cells compared to
wild type cells (Fig. 3g), suggesting defect in endosomal sorting.

In summary, there is a lot of nice data here implicating a lipid scramblase in a new class of
junction. The precise mechanism is not yet shown but the data will be of interest to workers in this
area. Perhaps the authors could look at the consequences of KNOCKOUT on PikFYVE kinase
that generates PI3,5P as its activity seems to be lacking

Thank you for another great suggestion. We have tried evaluating Ptdins(3,5)P2 with the
available lipid sensor ML1Nx2, but we were not convinced it could be reliably used for
studies of primary mouse fibroblasts. Hence we used pharmacological manipulation with
YM201636 to inhibit PikFYVE kinase to evaluate the observed phenotypes in the wild type
and TMEM16K knockout cells using the Ptdins3P lipid sensor P40XP-gfp. Inhibiting
PIKfyve in TMEM16K wild type cells recapitulated the TMEM16K knockout phenotype.
However, in the TMEM16K knockout cells we did not observe additional cumulative effect,
suggesting that conversion between PtdIins3P to PtdIns(3,5)P2is impaired in the absence
of TMEM16K (Fig. 6c,d).

ALso, the authors should try to link the mouse phenotypes with the cell biology.

We wholeheartedly agree with the reviewer that it would be great to further investigate
how the observed cellular defects lead to the mouse phenotypes. Such an endeavor will
require developing new ways to rescue the cellular defects so as to test whether rescue
approaches other than reintroducing wildtype TMEM16K, but not TMEM16K bearing
disease-causing mutations, can also rescue the mouse phenotypes — a fairly substantial
new project. We feel that sharing our findings with the community at this point before
embarking another demanding project will be of interest; our revised manuscript will
contribute to the better understanding of this link by facilitating the development of follow
up studies by our lab as well as our colleagues.

Reviewer #3 (Remarks to the Author):



The manuscript of Petkovic et al. focuses on the role of the lipid scramblase TMEM16K as a
potential regulator of endosomal sorting. The authors demonstrate that TMEM16K contact
proteins of the endosomal machinery, likely via contact sites, and interacts with Rab7 and PI-3-
P. Loss of TMEM16K impairs endosomal transport, yet not other trafficking pathways. The authors
suggest that TMEM16K is a critical factor in ER-endosome contact site formation and endosomal
sorting.

The authors provide a full spectrum of assays to address the critical role of TMEM16K in
endosomal biogenesis. Their analysis of the knock-out mutant is overall extensive, and
complementation analyses suggest that the scramblase activity is required for TMEM16K
function. While | consider the extent of their analysis impressive, | miss several controls to be able
to judge the relevance of their observations relative to the loss of known endosomal proteins. Also
lipid scramblase activity needs are not really addressed. My detailed points are listed below:

1. Figure 3 is the first figure where defects in TMEM16K are addressed. The authors need to
show a positive control for endosomal transport defects (a,b). Otherwise it is not possible to judge
the relevance. Is this a strong defect or a mild one? The same applies for Figure 3e-g. There is
no knock out analysis shown without complementation with wild-type or mutant 16K, or any other
known mutant/siRNA knock out affected in lysosomal biogenesis. This is again critical to judge if
TMEM16K is just needed as a supporting factor or has an overall critical role.

We are grateful for your correction. Indeed, the point of our experiments was not to claim
that TMEM16K is more or less important than other proteins shown to regulate endosomal
retrograde trafficking, but to show that it is involved in this process, and that in the absence
of this ER protein endosomal retrograde trafficking is perturbed. We have corrected the
text appropriately to avoid misconception. Many labs have done important work studying
this pathway, and we feel it would be beyond the scope of this paper to expand it to include
hierarchical analysis with other known regulators.

2. Figure 3b does not show complementation with the wild-type protein. This needs to be added.
Also Figure 3e is incomplete here.

Thank you for pointing it out. We have added the rescue experiment. We found that
reintroduction of TMEM16K into TMEM16K knockout cells rescues the CTxB trafficking
defect (Fig. 3b), further confirming that TMEM16K is required for proper endosome to
trans-Golgi retrograde trafficking.

Lysosomal acidification defect is shown in Fig. 3h. We have done extensive rescue
analysis of the lysosomal acidification defect — we tested rescue with wild type TMEM16K,
and further tested a mutant TMEM16K with substitutions of calcium-binding acidic
residues, as shown in the Fig. 3j. Briefly, TMEM16K mutant cDNA introduced into wild
type cells has dominant negative effect. (Please note that we have made a labeling error
in our first submission with significance markings, which we have corrected). Furthermore,
reintroducing wild type but not mutant TMEM16K rescued the acidification defect of
TMEM16K knockout primary cells, demonstrating that TMEM16K is required for normal
maturation of the endolysosomal compartments (Fig. 3j).

3. Along the same line, the figure has to be completed with information provided in Suppl. Figure
1 regarding the ER localization. Here as along the entire manuscript, the content of the figures is



so condensed that the paper becomes unreadable without having the supplements next to each
figure.

Thank you for your helpful comment. We have added TMEM16K localization analysis to
Fig 1, as panel Fig. 1le. We have also included quantification of the colocalization of
TMEM16K with ER markers Calreticulin, PDI and Sec61B, as well as colocalization
analysis of Sec61p with Calreticulin and PDI for comparison (Fig. 1f). We wholeheartedly
agree that our figures are dense, but with so much data we are not sure how to better
represent and include all these experiments.

4. Figure 4a is impossible to read. There is not cell outline and | am just completely puzzled what
to look at.

Thank you for the helpful comment. We have repeated the experiment to include the full
view of the entire cells, and marked insets showing the regions presented at higher
magnification. We hope that this clarifies what this figure presents (Fig. 4a). Briefly, in this
experiment, we have transfected COS7 cells with myc-BiolD-TMEM16K, the same
construct used for proximity biotinylation proteomics, with the goal to visualize endosomes
labeled with biotin in a TMEM16K-dependent manner. We incubated the cells for 6h with
biotin, and immunostained for endogenous Rab7 and fluorescently labeled Streptavidin.
We show TMEM16K, and overlap of TMEM16K-dependent proximity biotinylation with
Rab7. We have also added a line scan for a quantitative analysis.

5. Figure 4g suggests that TMEM16K has a PI-3-P binding domain. This needs to be repeated
with recombinant proteins and a flotation assay. | agree that this is indicative, yet it remains
incomplete. In addition, the identified PIP-binding deficient mutant needs to be analyzed in their
complementation (Figure 3a, b, €) and interaction analyses (Figure 4d).

Thank you for the great suggestion. We have generated N-terminal deletion mutant of
TMEM16K that lack amino acids 1-169 (Fig. 5d). This TMEM16K N-terminal deletion
mutant properly localized to endoplasmic reticulum and could still reconstitute split-GFP
with Rab7, demonstrating that the N-terminal domain is not required for contacts with
endosome (Fig. 5e). However, this N-terminal deletion mutant was not able to rescue
endosomal retrograde transport defect when reintroduced in the TMEM16K knockout cells
(Fig. 5f,g), showing that the N-terminal domain is required for TMEM16K function.

6. The authors could here also use a complementation assay by mutating the PIP-binding domain
and by fusing TMEM16K to a PI-3-P interacting domain. If their interpretation is correct, this should
rescue the mutant (if it indeed has a defect in endosomal sorting).

That you for this suggestion. We have generated TMEM16K chimera with P40PX
PtdIns3P binding domain instead of TMEM16K N-terminal domain. However, the chimera
seemed to form clusters in the ER, indicative of compromised folding of the chimeric
protein.

7. Figure 5: The authors suggest that scamblase activity of TMEM16K is important for endosomal



transport. However, their mutants in Figure 5 are not analyzed for deficient scramblase activity.
This is particularly important for the parts where entire segments are swapped.

We completely agree with the reviewer - we have not directly evaluated scramblase
activity in TMEM16K mutants. To do so we would need to purify these mutants as well as
wild type TMEM16K as positive control, reconstitute them in liposomes and perform
scrambling assays in vitro using fluorescent lipids. While these experiments are important
for understanding the mechanism of TMEM16K scrambling activity, we feel they are
beyond the scope of this study. Based on the crystal structure that Bushnell et al. reported
in Nature Communciations (2019), all three single point mutants evaluated in our study
are predicted to have impaired scrambling function. The established approach of
swapping minimal scrambling domains between family members that are localized in
intracellular compartment, like TMEM16K, with TMEM16A or TMEM16F that reside on the
cell membrane where scrambling can easily be assayed, have demonstrated the
usefulness of domain swapping in assessing scrambling activity (Gyobu et al., 2017; Yu
et al., 2015). While TMEM16K scrambling activity is not the main message of the study
and we have not directly evaluated scrambling activity of the TMEM16K mutants,
considering the aforementioned points we feel our results implicating TMEM16K
scrambling activity in endosomal retrograde sorting are of interest to the scientific
community. We have adjusted the language to ensure we are precisely describing our
findings.

8. | normally would expect a detailed ultrastructural analysis of endosome-ER contact sites and
their alterations due to TMEM16K mutants. Has this been done?

We have not done EM analysis. Instead of pursuing EM analysis that entails a significant
amount of effort and expertise, we have used a broad range of approaches, including
proximity biotinylation proteomics, confocal/live imaging/super-resolution microscopy,
split-GFP reconstitution, biochemistry, and a battery of cellular assay and plethora of
mutants to substantiate our findings.
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