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1st Editorial Decision 4th Jun 2020

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We have
now heard back from three referees of the four who have initially evaluated your study.

You will see that while referees #1 and #2 are globally satisfied and only request minor revisions,
referee #3 is not satisfied and still raised important concerns.

We have looked attentively into these concerns and would like to propose the following plan to
you:

Regarding point 1 of ref. #3, in vitro transport of Glycine.
Please provide actual traces for this experiment (fig. 7), include the needed controls and detail the
patch-clamp calibration in order to answer to referee 3's concerns.

Regarding point 2:

- FISH: please repeat the experiment on SLC6A20-/- mouse brain
- clarify and explain the high values of glycine measured
- no action required for the micro dialysis experiment

Regarding point 3: Please explain better what you meant and exert caution in the interpretation of
your data

Please make sure to provide a point-by-point letter carefully answering all issues raised by the
three referees and making the appropriate changes in your manuscript, experimentally as indicated
above. Please note that this is the last invitation to revise your article, therefore | would encourage
you to follow our indications as much as possible. Depending on the nature of the revisions, this
may be sent back to the referees for another round of review

Please re-submit your article as soon as ready. If you anticipate that it may take more than 3
months, lwould appreciate a letter of update.

In order to gain time, should the manuscript move forward, please also address the below editorial
recommendations for formatting of your revised article.

I look forward to seeing a revised form of your manuscript as soon as possible.



*Fkk Reviewer's comments *****
Referee #1 (Comments on Novelty/Model System for Author):

Authors have used PTEN mutant mice and SLC6A20A knockout mice to prove that SLC6A20 can
function as a glycine transporter.

Referee #1 (Remarks for Author):

The revised manuscript by Bae et al. has provided more evidence showing that SLC6A20, which is
upregulated in mice carrying a mutant PTEN protein, functions as a glycine transporter that
decreases brain glycine levels and NMDAR function. It suggests a potential therapeutic avenue to
target SLC6A20 for brain disorders that involve NMDAR hypofunction. Authors have painstakingly
addressed prior concerns raised by 4 reviewers, and newly added data have significantly improved
the rigor of the conclusion. | have a few minor concerns that need to be addressed.

1. Regarding the direct measurement of NMDAR function, authors have added NMDAR mEPSC
data (Fig. 1H). While the statistics shows a significant reduction of NMDAR mEPSC amplitude in
PTEN mutant mice, the representative traces do not have clear differences. More representative
examples should be used.

2. Authors stated that they have used a "modified antisense oligonucleotides with enhanced cell
permeability" (p18). It is unclear what modification was used to increase cell permeability.

3.In GSEA analysis, why "5917 gene sets in the C5 (gene ontology) category" were used?

4. Authors have linked the altered repetitive climbing behavior to SLC6A20 dysregulation of
NMDARSs. It will be interesting to know whether SLC6A20A knockout mice also have changed
climbing behavior.

5. The newly generated mouse line lacks exon 3 of the Slc6a20a gene. Why was only exon 3
deleted? Fig. 6A should be moved to supplementary figures, and key information about the
generation and characterization of Slc6a20a-mutant mice (Fig. EV10) could be moved to Fig. 6A.

6. Fig. 7B has very weak signals (v1 and v2) in human neurons. The blots for human neurons need
to be intensified, so the signals are visible. Why are there two blots (left) above actin? What is "2

wks unboiled"? What about other time points unboiled? The description about Fig. 7B is too brief
and very unclear.



7.Page 3,"..mouse line that lacks the C-terminal tail of expressing PTEN lacking of the PTEN
protein” needs to be fixed.

8.Page 4,"(LTD)26, 34" needs to change the reference citation format.

9. Page 5, "repetitive behavior" is better changed to be "repetitive climbing behavior"

Referee #3 (Comments on Novelty/Model System for Author):

See below, but the electrophysiological determination of SLC6A20 substrate specificity for glycine is
likely to be an artifact without the appropriate controls.

Referee #3 (Remarks for Author):

The authors provide a large set of new data in their revised manuscript, with the aim to bold their
interpretation that the deletion of the PDZ-binding domain of PTEN in a mouse model leads to a
transcriptional increase in slc6a20a, a proline-specific transporter expressed primarily in the
meninges and choroid plexus that would deplete glycine and suppress two forms of NMDA-
dependent plasticity, with the consequence of increasing the climbing behavior of juvenile mice.
Although I appreciated the effort made by the authors, with the addition of new experiments, the
inclusion of some raw data, controls, and statistics, | am still unconvinced by the author confusing
interpretation that slc6a20a might play a physiological role in regulating NMDAR at excitatory
synapses.

Point 1

Proving that SLC6A20 transports glycine is undoubtedly a pivotal element for the author
resubmission as it is not treated as a minor point in the supplementary material but as the final
figure of this complex paper. Using an automated patch clamp system, the authors measured
nearly-identical glycine and proline evoked currents in HEK cells transfected with different SLC6A20
isoforms, and jump directly to the conclusion that SLC6A20A mediates "proline and glycine
transport equally efficiently”, with submicromolar EC50 for the human isoform. However, the authors
cannot eliminate so easily the discrepancy with the proline-specificity of SLC6A20 that has been
done in Xenopus oocytes (Broer S et al., 2008; Kowalczuk S, 2005; Takanaga H et al., 2005), by
merely invoking the exquisite "sensitivity" of the patch-clamp technique or post-translational
differences or cellular environment that would magically change the substrate-site, which is deeply
buried in the transporter structure, inside the membrane.

The argument of the higher sensitivity of the patch-clamp technique is meaningless for this
purpose because the elementary current of ion-coupled transporters, which is typically in the 10-19
- 10-18A range, is about a million-fold lower than the pA resolution of the patch-clamp technique. If
there is an interest in the patch-clamp technique, it is for controlling the composition of the
intracellular compartment (not used here) and to achieve much faster voltage clamp (not used
here). So, a transporter current recorded in HEK cells is not different from the one recorded in
Xenopus oocytes and requires high rate of protein synthesis and membrane trafficking. At this



game, Xenopus oocytes have a major advantage because of their large membrane excess and
built-in protein synthesis factory that can efficiently synthesize several billion (1010-1012)
transporters within few days post cRNA injection. In contrast, mammalian cells may have difficulty
for trafficking and maintaining millions of proteins at their membrane for electrophysiology. They are
suitable for uptake experiments because of the higher sensitivity of the labeling technique that
integrates uptake over time and requires less transporter expression. For example, the fuzzy
expression of SLC6A20 shown in figure 7A is far from ideal membrane localization for
electrophysiological recordings.

The problem with the data, as presented by the authors, is that they do not show the actual
current traces but only a summary plot of current amplitudes. So, it is not possible to examine what
has been "carefully” measured, an adverb not often used for analyzing transporter currents in
Xenopus oocytes because the amplitude is steady and robust. Brief (100 ms) applications of glycine
or proline over this broad range of concentrations (1uM-10mM) should have produced major
changes in kinetic profiles toward the steady-state transport current, that would have reassured
about the origin of the measured current. Otherwise, it is tempting to think that a current artifact
has been measured. An automated patch clamp setup developed for massive pharmacological
screening, with loose seal and multiple cells in each well, may be prone to small leakage current
artifacts due to rapid change in solutions that would only be marginal when studying large
conductance channels, but a problem for measuring small transporter currents. T his artifact
hypothesis would explain why both mouse isoforms generate the same current while SLC6A20B is
not electrogenic in Xenopus oocytes (Kowalczuk S et al., 2005), and also why the current amplitude
of the two human isoforms are almost constant over the entire range of proline and glycine
concentrations. Fast turnover and submicromolar EC50 do not match together.

To show that the recorded current is a glycine-coupled Na+ current and to exclude an artifact
origin, the authors should have shown the actual traces and performed the following controls: 1) the
glycine and proline evoked currents should be Na+ and CI- dependent (i.e., no current evoked by 10
mM amino acid in choline Cl and NaGluconate solution); 2) the evoked current should not have a
reversal potential, which is a key signature for tightly coupled Na+-transporters; 3) the current
should not be activated by non-transported substrates, but should transport sarcosine, for
example. If these three points were confirmed, the authors would gain confidence in showing
glycine uptake directly in HEK cells expressing SLC6A20A, allowing them to revise the substrate
specificity of SLC6A20A. Without these controls, figure 7 does not provide convincing evidence
supporting the author's central hypothesis, and SLC6A20a should still be considered as a proline-
specific transporter.

Point 2

The in-situ hybridizations confirm that SLC6A20a is expressed mostly in the meninges and choroid
plexus of the mouse brain, which agrees with previous transcriptomic analysis that showed high
expression in endothelial cells and notably the pericytes (He L et al,, 2016) around capillaries, but
with low expression or no detection in whole-brain mouse, in contrast to GlyT1 (Dahlin A et al., 2009
; Dorrbaum AR et al., 2018; Fornasiero EF et al,, 2018; Kadakkuzha BM et al., 2015). The sparse
labeling found here in the hippocampus and cortex is puzzling because SLC6a20a is expected to
be present on all capillary walls (endothelial/pericyte). A control experiment with the SLC6a20a-/-
mice would have excluded non-specific labeling.

How the lack of the PDZ-domain of PTEN at excitatory synapses increases the transcription of
slc6a20a in the meninges, choroid plexus, and capillaries? In any case, the synaptic cartoon in figure
5 is misleading (a glycine transporter, presumably SLC6A20 but unlabeled is drawn on the microglia)
since SLC6A20 is not a synaptic protein.



Figure 3A shows a 50000 ratio between glycine (2 mg) and proline (40 ng) values in the whole brain
of mice. This ratio is not reasonable, and confirm that these ELISA tests that have been developed
for urinary samples are not reliable for the quantification of whole-brain amino acids. Furthermore,
glycine values for the WT group differ STRONGLY between figure 3A (1.951 mg/mg protein) and
figure 5D (0.672 mg/mg protein), which is even below the value for the DC group (0.896 mg/mg
protein) in figure 3A. Finally, it is surprising that such an extraordinary value for glycine (2 mg /mg
protein) did not catch the attention of the authors that something was likely to be wrong. Assuming
a yield of protein extraction of 100 pg protein/mg weight and an average adult brain volume of 0.5
ml (500 mg weight), the glycine content would be 2.7 M for the whole brain!

In contrast, the microdialysis experiments are self-coherent as glycine and proline values are in a
similar concentration range, and the values in control sound reasonable, although low compared to
other reports of microdialysis. However, with such complex methodology, with no control and a
single measurement per mice, these data are not enough to believe that 1.3 fold increase of a low
abundant proline transporter located around capillaries and meninges could extrude 2/3 of glycine
from the brain, reaching basal concentration so low that no amino acid transporters would have the
driving force to support such enormous gradient and would reverse and release.

Point 3

The authors confirm “that the PTEN PB motif is required for synaptic translocation of PTEN during
LTD" (Jurado S et al,, 2010), but not for LTP induced by theta-burst stimulation (Knafo S et al.,
2016). In contrast, they found that high-frequency tetanic stimulation failed to produce the late
phase of LTP in PTEN DC/DC mice. Because LTD and LTP-HFS are NMDA-dependent, the authors
conclude that NMDA signaling is suppressed in this mutant mouse and then examine NMDA
current and the glycine depletion hypothesis. However, theta-burst LTP, which is a more robust
experimental paradigm to trigger stable LTP than high-frequency tetanic stimulation (Hoffman DA
et al,, 2002; Larson J and Munkacsy E, 2015), is also dependent on NMDAR activation (Larson J and
Munkéacsy E, 2015) and it is not clear why the authors bypass this fact that contradicts their
interpretation.

Kim's group already described NMDA-dependent suppression of LTD and LTP in the analysis of the
Shank-/- knockout mice (Won H et al., 2012). Like here, the hypofunction of NMDA receptors was
the immediate cause since the plasticity was restored by adding D-Cycloserine (Won H et al., 2012),
although Shank inactivation is unlikely to alter the extracellular glycine level. Therefore, interfering
with the PSD-95 may lower NMDA signaling by many mechanisms. For example, we can speculate
that changing the distribution of synaptic vs. extrasynaptic NMDA receptors would shift the
coagonist sensitivity of NMDA receptor from D-serine (synaptic) to glycine (extrasynaptic) (Papouin
T et al,, 2012), and thus provide similar change in plasticity.

Selection of minor problems.
It is hard to accept that a 25% reduction in the number of excitatory synapses does not affect the
input/output relationship. What does mean synapses survival for fiber recruitment?

The repeated usage (35) of the adjective strong, strongly, stronger to describe each results is often
not supported by the actual data.

Page 8:"strong decrease" is 25% reduction of synaptic element without any consequence

Page 8:LTP was "strongly suppressed": suppressed or strongly reduced would make more sense.
Page 8:again, LTD was "strongly suppressed.”

Page 9: NMDA was "strongly reduced"

Page 11 "the strongly increased expression of Slc6a20a": Here, strongly refers to a 1.3 fold
overexpression, which seems marginal. Seven occurrences of strong are found in page 11.



Page 12 "deletion of the PTEN PB motif induces a strong increase in transmembrane transport-
related functions".

Page 12 "scl6a20a gene showed a strong increase in the expression”

Page 12 "exhibiting fairly strong expression in astrocyte".

etc
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1st Authors' Response to Reviewers 2nd Oct 2020

Point-by-point responses to reviewers’ comments

Re: SLC6A20 transporter: a novel regulator of brain glycine homeostasis and
NMDAR function

By Bae, Roh, Kim, Kim, Han, Yang, Kang, Lee, Kim, Kang, Jung, Yoo, Kim, Kim, Oh,
Han, Kim, Han, Bae, Kim, Ahn, Chan, Lee, Lee, Kim, and Kim

*eekk Reviewer's comments ¥
Referee #1 (Comments on Novelty/Model System for Author):

Authors have used PTEN mutant mice and SLC6A20A knockout mice to prove that
SLC6A20 can function as a glycine transporter.

Referee #1 (Remarks for Author):

The revised manuscript by Bae et al. has provided more evidence showing that
SLC6A20, which is upregulated in mice carrying a mutant PTEN protein, functions as a
glycine transporter that decreases brain glycine levels and NMDAR function. It suggests
a potential therapeutic avenue to target SLC6A20 for brain disorders that involve
NMDAR hypofunction. Authors have painstakingly addressed prior concerns raised by 4
reviewers, and newly added data have significantly improved the rigor of the conclusion.
| have a few minor concerns that need to be addressed.

- We appreciate the encouraging remarks of the reviewer.

1. Regarding the direct measurement of NMDAR function, authors have added NMDAR
mMEPSC data (Fig. 1H). While the statistics shows a significant reduction of NMDAR
mEPSC amplitude in PTEN mutant mice, the representative traces do not have clear
differences. More representative examples should be used.

- We appreciate the careful comment. We replaced the current traces with better ones.

2. Authors stated that they have used a "modified antisense oligonucleotides with
enhanced cell permeability” (p18). It is unclear what modification was used to increase
cell permeability.

- We used 2°-O-methyl (2 -OMe) modification; we clarified it in Methods.

3. In GSEA analysis, why "5917 gene sets in the C5 (gene ontology) category" were
used?

- That was the total number of gene sets in the C5 category (https://www.gsea-
msigdb.org/gsea/msigdb/collection_details.jsp#C5). We changed the text as follows to
minimize confusion: “6917 gene sets” was changed to “the gene sets”.

1



4. Authors have linked the altered repetitive climbing behavior to SLC6A20
dysregulation of NMDARSs. It will be interesting to know whether SLC6A20A knockout
mice also have changed climbing behavior.

- SIc6a20a™ mice display normal repetitive climbing likely because Slc6a20a up- and
down-regulations have distinct impacts on mouse behaviors. We plan to publish this
result and other electrophysiological and behavioral phenotypes of Sic6a20a™~ mice in
future studies; reviewer’s understanding would be much appreciated.

5. The newly generated mouse line lacks exon 3 of the Sic6a20a gene. Why was only
exon 3 deleted? Fig. 6A should be moved to supplementary figures, and key information
about the generation and characterization of Slc6a20a-mutant mice (Fig. EV10) could
be moved to Fig. 6A.

- The mouse line was obtained from EMMA (EMMA ID: 09248, Slc6a20a
tm1b(KOMP)Witsi). We thus did not have a control over the exon to be deleted.
However, we confirmed that this deletion decreases Slc6a20a mRNA and protein levels
(Fig. 6B,C).

We agree with the reviewer and switched the two figures; now Fig. 6A shows
KO strategy, and Fig. Ev10A shows gross brain morphology.

6. Fig. 7B has very weak signals (v1 and v2) in human neurons. The blots for human
neurons need to be intensified, so the signals are visible. Why are there two blots (left)
above actin? What is "2 wks unboiled"? What about other time points unboiled? The
description about Fig. 7B is too brief and very unclear.

We intensified the weak signals (v1 and v2), as requested.

The multiple blots above the actin blot are identical blots with different signal
intensities (by short, long, and longer exposures); we clarified this in the figure panel.

Boiled membrane proteins usually aggregate and get stuck at the start location
of Western blot gels. An increase in the SIC6A20 band signal (2-week time point) by
unboiling suggests that the band is a membrane protein. We did not try to unboil other
samples at other time points because one sample would be enough for proof of concept.
We clarified these points in the figure legend.

7. Page 3, "...mouse line that lacks the C-terminal tail of expressing PTEN lacking of the
PTEN protein” needs to be fixed.

- Thanks, we corrected it.
8. Page 4, "(LTD)26, 34" needs to change the reference citation format.
- Thanks, we corrected it.

9. Page 5, "repetitive behavior" is better changed to be "repetitive climbing behavior"
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- Thanks, we corrected it.

Referee #3 (Comments on Novelty/Model System for Author):

See below, but the electrophysiological determination of SLC6A20 substrate specificity
for glycine is likely to be an artifact without the appropriate controls.

Referee #3 (Remarks for Author):

The authors provide a large set of new data in their revised manuscript, with the aim to
bold their interpretation that the deletion of the PDZ-binding domain of PTEN in a
mouse model leads to a transcriptional increase in slc6a20a, a proline-specific
transporter expressed primarily in the meninges and choroid plexus that would deplete
glycine and suppress two forms of NMDA-dependent plasticity, with the consequence of
increasing the climbing behavior of juvenile mice.

Although | appreciated the effort made by the authors, with the addition of new
experiments, the inclusion of some raw data, controls, and statistics, | am still
unconvinced by the author confusing interpretation that sic6a20a might play a
physiological role in regulating NMDAR at excitatory synapses.

- We now provide additional datasets to support that SLC6A20A transports glycine in
addition to proline.

Point 1
Proving that SLC6A20 transports glycine is undoubtedly a pivotal element for the author
resubmission as it is not treated as a minor point in the supplementary material but as
the final figure of this complex paper. Using an automated patch clamp system, the
authors measured nearly-identical glycine and proline evoked currents in HEK cells
transfected with different SLC6A20 isoforms, and jump directly to the conclusion that
SLC6A20A mediates "proline and glycine transport equally efficiently”, with
submicromolar EC50 for the human isoform. However, the authors cannot eliminate so
easily the discrepancy with the proline-specificity of SLC6A20 that has been done in
Xenopus oocytes (Broer S et al., 2008; Kowalczuk S, 2005; Takanaga H et al., 2005),
by merely invoking the exquisite "sensitivity" of the patch-clamp technique or post-
translational differences or cellular environment that would magically change the
substrate-site, which is deeply buried in the transporter structure, inside the membrane.
The argument of the higher sensitivity of the patch-clamp technique is
meaningless for this purpose because the elementary current of ion-coupled
transporters, which is typically in the 10-19 - 10-18A range, is about a million-fold lower
than the pA resolution of the patch-clamp technique. If there is an interest in the patch-
clamp technique, it is for controlling the composition of the intracellular compartment
(not used here) and to achieve much faster voltage clamp (not used here). So, a
transporter current recorded in HEK cells is not different from the one recorded in
Xenopus oocytes and requires high rate of protein synthesis and membrane trafficking.
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At this game, Xenopus oocytes have a major advantage because of their large
membrane excess and built-in protein synthesis factory that can efficiently synthesize
several billion (1010-1012) transporters within few days post cRNA injection. In contrast,
mammalian cells may have difficulty for trafficking and maintaining millions of proteins at
their membrane for electrophysiology. They are suitable for uptake experiments
because of the higher sensitivity of the labeling technique that integrates uptake over
time and requires less transporter expression. For example, the fuzzy expression of
SLC6A20 shown in figure 7A is far from ideal membrane localization for
electrophysiological recordings.

The problem with the data, as presented by the authors, is that they do not show
the actual current traces but only a summary plot of current amplitudes. So, it is not
possible to examine what has been "carefully" measured, an adverb not often used for
analyzing transporter currents in Xenopus oocytes because the amplitude is steady and
robust. Brief (100 ms) applications of glycine or proline over this broad range of
concentrations (1uM-10mM) should have produced major changes in kinetic profiles
toward the steady-state transport current, that would have reassured about the origin of
the measured current. Otherwise, it is tempting to think that a current artifact has been
measured. An automated patch clamp setup developed for massive pharmacological
screening, with loose seal and multiple cells in each well, may be prone to small
leakage current artifacts due to rapid change in solutions that would only be marginal
when studying large conductance channels, but a problem for measuring small
transporter currents. This artifact hypothesis would explain why both mouse isoforms
generate the same current while SLC6A20B is not electrogenic in Xenopus oocytes
(Kowalczuk S et al., 2005), and also why the current amplitude of the two human
isoforms are almost constant over the entire range of proline and glycine concentrations.
Fast turnover and submicromolar EC50 do not match together.

To show that the recorded current is a glycine-coupled Na+ current and to
exclude an artifact origin, the authors should have shown the actual traces and
performed the following controls: 1) the glycine and proline evoked currents should be
Na+ and CI- dependent (i.e., no current evoked by 10 mM amino acid in choline Cl and
NaGluconate solution); 2) the evoked current should not have a reversal potential,
which is a key signature for tightly coupled Na+-transporters; 3) the current should not
be activated by non-transported substrates, but should transport sarcosine, for example.
If these three points were confirmed, the authors would gain confidence in showing
glycine uptake directly in HEK cells expressing SLC6A20A, allowing them to revise the
substrate specificity of SLC6A20A. Without these controls, figure 7 does not provide
convincing evidence supporting the author's central hypothesis, and SLC6A20a should
still be considered as a proline-specific transporter.

- We appreciate additional and detailed comments of the reviewer, which were very
helpful in improving the manuscript in the following ways.

1) We now show examples of actual traces of glycine/proline-induced currents from
automatic patch (auto-patch) experiments with details described in the figure legend
(Fig. EV12).



2) We additionally measured glycine/proline-induced currents from ‘single’ HEK293T
cells by ‘conventional’ patch-clamp experiments (not auto-patch experiments) that we
routinely use in the laboratory, where glycine/proline elicits similar levels of currents (Fig.
7C), similar to the results from auto-patch experiments.

3) We also used this new experimental format (single HEK293T cell patch-clamp
experiments) to demonstrate that glycine/proline currents do not have a reversal
potential (a key feature of transporters that the reviewer pointed out) (Fig. 7C).

4) We now demonstrate, by auto-patch experiments, that glycine/proline-evoked
currents of SLC6A20A are NaCl-dependent. Specifically, choline chloride and sodium
gluconate replacing Na™ and CI ions in NaCl, respectively, markedly suppress
glycine/proline currents (Fig. 7B).

5) We also demonstrate, by auto-patch experiments, that SLC6A20a transports
sarcosine (a positive control transport substrate suggested by the reviewer) in a NaCl-
dependent manner (Fig. EV13A), but not histidine or GABA (negative control substrates)
(Fig. EV13B).

6) The similar levels of glycine/proline-evoked currents across a range of glycine/proline
concentrations were partly because we did not subtract the baseline currents in the
absence of glycine/proline (although relatively small) from the currents in the presence
of glycine/proline. We corrected it. These improvements in experiments/analyses
increased the Ko s values of glycine/proline currents (Fig. 7A), which are closer to those
observed in Xenopus oocytes. We also detailed in Methods how the auto-patch system
excludes unqualified currents.

7) We found in the literature that the substrate specificity of a transporter can be
changed depending on the cell types used to express and characterize the transporters
(Palacin et al, 1998); i.e., GAT-3 can transport both GABA and 3-alanine efficiently
(~Km of 18 and 28 uM) in Xenopus oocytes (Liu et al, 1993), whereas the same GAT-3
can transport GABA but not 3-alanine in HelLa cells (Clark et al, 1992). Yet, GAT-3 can
transport B-alanine and be inhibited of GABA transport by p-alanine when stably
expressed in LLC-PK; cells, a mammalian cell type (Clark & Amara, 1994). We
mentioned these results in Discussion.

8) Lastly, many review papers on the characterization of ion channels and transporters
in heterologous cell systems describe both the advantages and disadvantages of
Xenopus oocyte and mammalian cell systems (Clare & Trezise, 2006). A key advantage
of mammalian cell systems is that they better mimic the original cell types where
channels/transporters are expressed. In addition, we have to point out that SLC6A20
mutations in humans leads to complex digenic iminoglycinuria (a renal disorder with
impaired reabsorption of glycine and imino acids [proline and hydroxyproline]) and
hyperglycinuria (Broer et al, 2008), as stated in Discussion, suggesting that SLC6A20
transports glycine in addition to proline.



Point 2

The in-situ hybridizations confirm that Slc6a20a is expressed mostly in the meninges
and choroid plexus of the mouse brain, which agrees with previous transcriptomic
analysis that showed high expression in endothelial cells and notably the pericytes (He
L et al., 2016) around capillaries, but with low expression or no detection in whole-brain
mouse, in contrast to GlyT1 (Dahlin A et al., 2009 ; Dorrbaum AR et al., 2018;
Fornasiero EF et al., 2018; Kadakkuzha BM et al., 2015). The sparse labeling found
here in the hippocampus and cortex is puzzling because SLC6a20a is expected to be
present on all capillary walls (endothelial/pericyte). A control experiment with the
Slc6a20a™~ mice would have excluded non-specific labeling.

- We performed the suggested control experiments and now show that Slc6a20a
mRNAs signals are greatly reduced in the Slc6a20a™" mice, in areas including not only
the meninges and choroid plexus but also the cortex and hippocampus (Fig. EV5C,D).

We also added the following description to Results to highlight the reported
Slc6a20a expression in brain capillaries (we appreciate this information): “Notably, the
meningeal and choroid plexus localization of Slc6a20 mMRNAs agreed with the reported
enrichment of Slc6a20a expression in pericytes around capillaries, known to regulate
BBB functions (Hall et al, 2014; He et al, 2016; Vanlandewijck et al, 2018).”

How the lack of the PDZ-domain of PTEN at excitatory synapses increases the
transcription of slc6a20a in the meninges, choroid plexus, and capillaries?

- PTEN is widely expressed in various brain cell types, as supported by our FISH
results (Fig. EV6). It is therefore possible that Pten C-terminal deletion in the cells of the
meninges, choroid plexus, and capillaries may cause cell-autonomous Slc6a20a
upregulation through nuclear B-catenin translocation that we mentioned in the main text;
we clarified this point in Discussion.

In any case, the synaptic cartoon in figure 5 is misleading (a glycine transporter,
presumably SLC6A20 but unlabeled is drawn on the microglia) since SLC6A20 is not a
synaptic protein.

- We corrected the cartoon in Fig. 4A,E by moving the transporter symbols away from
the synapse to the other corner of the microglial cell, which expresses Slc6a20a, as
shown by our FISH results.

Figure 3A shows a 50000 ratio between glycine (2 mg) and proline (40 ng) values in the
whole brain of mice. This ratio is not reasonable, and confirm that these ELISA tests

that have been developed for urinary samples are not reliable for the quantification of
whole-brain amino acids. Furthermore, glycine values for the WT group differ
STRONGLY between figure 3A (1.951 mg/mg protein) and figure 5D (0.672 mg/mg
protein), which is even below the value for the DC group (0.896 mg/mg protein) in figure
3A. Finally, it is surprising that such an extraordinary value for glycine (2 mg /mg protein)
did not catch the attention of the authors that something was likely to be wrong.
Assuming a yield of protein extraction of 100 ug protein/mg weight and an average adult
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brain volume of 0.5 ml (500 mg weight), the glycine content would be 2.7 M for the
whole brain!

In contrast, the microdialysis experiments are self-coherent as glycine and
proline values are in a similar concentration range, and the values in control sound
reasonable, although low compared to other reports of microdialysis. However, with
such complex methodology, with no control and a single measurement per mice, these
data are not enough to believe that 1.3 fold increase of a low abundant proline
transporter located around capillaries and meninges could extrude 2/3 of glycine from
the brain, reaching basal concentration so low that no amino acid transporters would
have the driving force to support such enormous gradient and would reverse and
release.

- We appreciate these careful comments, which correctly pointed out our
embarrassing mistakes in the calculation; our sincere apologies! We now show correct
glycine concentrations in Fig. 3A, where proline and glycine concentrations are largely
in comparable ranges. We also show correct glycine concentrations in Fig. 5D, which
are ~4 times lower than those in Fig. 3A. This could be attributable to different mouse
ages (P21 in Fig. 3A vs. 2-4 months in Fig. 5D), absence and presence of ASO
injection, or lot-to-lot variation of the ELISA kits; we commented on this in the figure
legend of Fig. 5D.

Regarding the substantial (~70%) decrease in the extracellular levels of glycine
induced by the 1.3-fold increase in SLC6A20 protein levels may represent the
consequence of continued action of SLC6A20A, although the driving force might be
reduced as the concentration gradient gets lowered. The suggested potential reversal in
the transporter activity of SLC6A20A in the brain of Slc6a20a™~ mice might be possible,
although this hypothesis should be directly and carefully tested in future studies with
prior determination of glycine as well as proline concentrations in blood and brain
compartments.

Point 3

The authors confirm "that the PTEN PB motif is required for synaptic translocation of
PTEN during LTD" (Jurado S et al., 2010), but not for LTP induced by theta-burst
stimulation (Knafo S et al., 2016). In contrast, they found that high-frequency tetanic
stimulation failed to produce the late phase of LTP in PTEN DC/DC mice. Because LTD
and LTP-HFS are NMDA-dependent, the authors conclude that NMDA signaling is
suppressed in this mutant mouse and then examine NMDA current and the glycine
depletion hypothesis. However, theta-burst LTP, which is a more robust experimental
paradigm to trigger stable LTP than high-frequency tetanic stimulation (Hoffman DA et
al., 2002; Larson J and Munkacsy E, 2015), is also dependent on NMDAR activation
(Larson J and Munkécsy E, 2015) and it is not clear why the authors bypass this fact
that contradicts their interpretation.

- We appreciate these comments, which correctly pointed out our misinterpretation.
Indeed, TBS-LTP is more efficient in inducing LTP than HFS-LTP and also involves
non-NMDAR components such as presynaptic mechanisms (Larson & Munkacsy, 2015).
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Therefore, the difference between WT and Pten““ 4© mice in NMDAR function might be

dampened under TBS-LTP conditions, relative to HFS-LTP conditions. We commented
it in Results.

Kim's group already described NMDA-dependent suppression of LTD and LTP in the
analysis of the Shank-/- knockout mice (Won H et al., 2012). Like here, the hypofunction
of NMDA receptors was the immediate cause since the plasticity was restored by
adding D-Cycloserine (Won H et al., 2012), although Shank inactivation is unlikely to
alter the extracellular glycine level. Therefore, interfering with the PSD-95 may lower
NMDA signaling by many mechanisms. For example, we can speculate that changing
the distribution of synaptic vs. extrasynaptic NMDA receptors would shift the coagonist
sensitivity of NMDA receptor from D-serine (synaptic) to glycine (extrasynaptic)
(Papouin T et al., 2012), and thus provide similar change in plasticity.

- This is an interesting idea. We have to point out, however, that Shank?2 is tightly
coupled with GKAP, PSD-95, and NMDARSs at excitatory synapses and is known to
cause changes in NMDAR currents as well as synaptic levels of NMDAR subunits
(Schmeisser et al, 2012; Won et al, 2012). However, our data suggest that Pten C-
terminal deletion does not affect synaptic levels of NMDAR subunits (Fig. EV1H). In
addition, Pten is not tightly associated with postsynaptic multi-protein complexes, being
recruited to synapses in a regulated manner during synaptic plasticity or AB-induced
synaptic weakening, as reported previously (Jurado et al, 2010; Knafo et al, 2016).
Moreover, our results indicate that glycine concentrations are correlated with NMDAR
functions in multiple experimental conditions (untreated/ASO-treated Pten®® A€ mice
and Slc6a20a™~ mice). Therefore, it is unlikely that the suggested changes occur in
Pten” 4 mice. We mentioned these aspects in Discussion.

Selection of minor problems.

It is hard to accept that a 25% reduction in the number of excitatory synapses does not
affect the input/output relationship. What does mean synapses survival for fiber
recruitment?

- We should have been clear about this. We meant by the input/output relationship that
the magnitude of postsynaptic responses (fFEPSC amplitudes) are correlated with the
strength of action potentials arriving at nerve terminals induced by axonal stimulation
(fiber volley amplitudes). If we plotted, fEPSC amplitudes against the strength of the
stimulation at presynaptic axon fibers (stimulus strength) rather than fiber volley
amplitude, we could have seen a difference in the input-output relationship between
genotypes. However, we did not use this parameter (stimulus strength) because it is a
highly variable parameter depending on how close the electrode tip is to axon fibers
being stimulated. We clarified this in the main text by changing “...as shown by input-
output curve of fEPSP amplitudes plotted against fiber volley amplitudes” to “...as
shown by input-output curve of fEPSP amplitudes plotted against fiber volley amplitudes
(the strength of action potentials arriving at nerve terminals)”.

The repeated usage (35) of the adjective strong, strongly, stronger to describe each
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results is often not supported by the actual data.

Page 8: "strong decrease" is 25% reduction of synaptic element without any
consequence

Page 8: LTP was "strongly suppressed": suppressed or strongly reduced would make
more sense.

Page 8: again, LTD was "strongly suppressed.”

Page 9: NMDA was "strongly reduced"

Page 11 "the strongly increased expression of Slc6a20a": Here, strongly refers to a 1.3
fold overexpression, which seems marginal. Seven occurrences of strong are found in
page 11.

Page 12 "deletion of the PTEN PB motif induces a strong increase in transmembrane
transport-related functions".

Page 12 "scl6a20a gene showed a strong increase in the expression”

Page 12 "exhibiting fairly strong expression in astrocyte".

etc

- We corrected them in the text.
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2nd Editorial Decision 20th Oct 2020

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We have
now received the enclosed report from two referees who were asked to re-assess it. As you will see
the referees are now supportive and | am pleased to inform you that we will be able to accept your
manuscript pending the following amendments:

ek Reviewer's comments ¥

Referee #1 (Comments on Novelty/Model System for Author):

Most experiments have used mouse brain tissues, which is directly relevant to the studied topic.
Referee #1 (Remarks for Author):

The manuscript by Bae et al has provided multiple lines of evidence revealing SLC6A20A as a novel
glycine transporter in the brain. SLC6A20A is abnormally increased in mice carrying a mutant PTEN
protein, leading to the reduced extracellular level of brain glycine and decreased NMDAR currents.
Elevating glycine level by SLC6A20 knockdown normalizes NMDAR currents and repetitive climbing
behavior, suggesting that SLC6A20 inhibition has therapeutic potential for brain disorders involving
NMDAR hypofunction. Authors have fully addressed prior concerns and improved the strength of
the main conclusions. The 14 supplementary figures need to be labelled with Sup. Fig. ? to make it
easier to track, and the supplementary tables should not be in the combined pdf file for the paper
(now 1389 pages).



2nd Authors' Response to Reviewers 22nd Oct 2020

The authors have made all requested editorial changes.

Accepted 19th Nov 2020

We are pleased to inform you that your manuscript is accepted for publication and is now being
sent to our publisher to be included in the next available issue of EMBO Molecular Medicine.
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1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

Sample size was determined based on the following reference (Shah. National Journal of
Physiology, Pharmacy, and Pharmacology 1:35-39, 2011) or by nature of the experimental design.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

[Sample size was determined based on the following reference (Shah. National Journal of
Physiology, Pharmacy, and Pharmacology 1:35-39, 2011) or by nature of the experimental design.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

Outliers were excluded based on the results of the ROUT test (Q = 1%).

3. Were any steps taken to minimize the effects of bias when i imal ples to treatment (e.g.  |Mice were allocated into cohorts at random. Mice were maintained in cage post-weaning with

randomization procedure)? If yes, please describe. litter-mates, with the male cohorts being caged separately from female cohorts. Pup and juvenile
mice were not weaned and not separated, with experiments being performed with whole cages 'as
is'.

For animal studies, include a about r evenifnor was used. Randomization procedure was implemented to minimize effects of subjetive bias.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results
(e.g. blinding of the investigator)? If yes please describe.

All experimenters were blind to the genotype of the mice (sex could not be occluded from the
experimenter, due to obviousness of the features). All analyses were performed in a blind manner.
Cohorts were grouped at random at time of weaning.

4.b. For animal studies, include a statement about blinding even if no blinding was done

All expierments, and subsequent analysis were performed in a double blind manner

5. For every figure, are statistical tests justified as appropriate?

Yes. All data were expressed as mean values with standard error of mean (SEM). All statistical
analyses were performed using GraphPad Prism software (version 7.0). Statistical details are
summarized in Table EV3

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

To test if values come from a Gaussian distribution, we used D'Agostino-Pearson omnibus
normality test.

Is there an estimate of variation within each group of data?

All data were expressed as mean values with standard error of mean (SEM). All

Is the variance similar between the groups that are being statistically compared?

Yes. Statistical details are summarized in Table EV3

C- Reagents



6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog [PTEN (cell signaling, 9559) pPTEN (Ser380/Thr382/383, cell signaling, 9549), AKT (cell signaling,
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g., 9272), pAKT (Ser472, cell signaling, 9271), mTOR (cell signaling, 2983), pmTOR (Ser2448, cell
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right). signaling, 2971), GIuA1 (#1193), GluA2 (#1195), GluA1 S845 (Millipore, 04-1073), GluAl
s831(Millipore, 04-823) and GluN1 (BD bioscince, 556308), GIuN2A (millipore, 07-632), GIuN2B
(Neuromab, 75-101), mGIuR1 (Millipore, 07-617), mGIuRS (Millipore, AB5675), GSK3B (cell
signaling, 9315), pGSK3p(Ser9, cell signaling, 9336), pERK (Thr202/Tyr204, cell signaling, 9101),
ERK (cell signaling, 9102), p38 (cell signaling, 9212), pp38 (Thr180/Tyr182, cell signaling, 9211), B-
catenin (BD transduction, 610154), pBCatenin (Ser-552, cell signaling, 9566), pBCatenin (Ser-675,
cell signaling, 4176), SLC6A20 (Thermofisher, PAS-68332) for mouse brain lysates, SLC6A20
(Sigma, WH0054716M2) for human neurons, B-actin (Sigma, A5316), and a-tubulin (Sigma, T5168)

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for Protocols describing the use of human ESCs were approved in accordance with the ethical
mycoplasma contamination. requirements and regulations of the Institutional Review Board of KAIST (IRB #KA2018-61 and
#KH2020-55).

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models
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and generated through in vitro fertilization

Both of these mice strains were maintained according to the Requirements of Animal Research at
KAIST.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |Experimental procedures were approved by the Committee on Animal Research at KAIST (KA2012-
committee(s) approving the experiments. 19 and KA2020-89).
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that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
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14. Report any restrictions on the availability (and/or on the use) of human data or samples. N/A
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and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
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17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [N/A
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data The accession series number for the RNA-Seq data is GEO: GSE119236
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the | The accession series number for the RNA-Seq data is GEO: GSE119236
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