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NDST3 deacetylates α-tubulin and suppresses
V-ATPase assembly and lysosomal acidification
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Abstract

Lysosomes are key organelles maintaining cellular homeostasis in
health and disease. Here, we report the identification of N-
deacetylase and N-sulfotransferase 3 (NDST3) as a potent regulator
of lysosomal functions through an unbiased genetic screen. NDST3
constitutes a new member of the histone deacetylase (HDAC)
family and catalyzes the deacetylation of α-tubulin. Loss of NDST3
promotes assembly of the V-ATPase holoenzyme on the lysosomal
membrane and thereby increases the acidification of the organelle.
NDST3 is downregulated in tissues and cells from patients carrying
the C9orf72 hexanucleotide repeat expansion linked to the
neurodegenerative diseases amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD). Deficiency in C9orf72 decreases
the level of NDST3, and downregulation of NDST3 exacerbates the
proteotoxicity of poly-dipeptides generated from the C9orf72
hexanucleotide repeats. These results demonstrate a previously
unknown regulatory mechanism through which microtubule acety-
lation regulates lysosomal activities and suggest that NDST3 could
be targeted to modulate microtubule and lysosomal functions in
relevant diseases.
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Introduction

The autophagy-lysosomal pathway is a major catabolic process that

functions under normal and stressful conditions to enzymatically

break down diverse cellular components in membrane compart-

ments. The lysosome is the central organelle in this process (Gatica

et al, 2018; Yu et al, 2018). As the main autophagic process,

macroautophagy (hereinafter “autophagy”) involves multiple steps,

including induction, nucleation of the phagophore, formation of the

autophagosome, fusion of the autophagosome with the lysosome,

and autolysosomal degradation (Mizushima et al, 2010; Yang &

Klionsky, 2010). The dynamic process of autophagy, or the autop-

hagic flux, is critically dependent on normal lysosome activity. As

the intracellular degradation center, the lysosome is membrane-

bound and contains over 60 different hydrolytic enzymes, including

cathepsins (Piao & Amaravadi, 2016; Lawrence & Zoncu, 2019). The

lysosomal lumen maintains an acidic environment to optimize

hydrolase activities. Given that the cytosolic environment is slightly

basic, the lower pH inside the lysosome is actively maintained by

the proton-pumping vacuolar-type H+-ATPase (V-ATPase) located

on the lysosomal membrane (Forgac, 2007; Mindell, 2012).

The mammalian V-ATPase is a large protein complex whose

activity depends on the assembly of its two multi-subunit domains:

a transmembrane V0 domain and a peripheral V1 domain. The V0

domain comprises membrane-embedded subunits a, c, c", d, e,

Ac45, and (pro)renin receptor (PRR), responsible for pumping

protons across the membrane against the electrochemical gradient

(Abbas et al, 2020). The V1 domain, consisting of eight subunits (A-

H), is an ATP hydrolase located in the cytosol. The free cytosolic V1

domain of V-ATPase is inactive unless it is assembled with the V0

domain. When the V1 domain is associated with the cytosolic side of

the V0 domain, it produces energy that V0 uses to pump protons

(Maxson & Grinstein, 2014). The assembly of the V-ATPase is a rever-

sible process that is dynamically regulated by metabolic signals such

as glucose starvation (Kane, 2000). The C subunit of the V1 domain

of V-ATPase can directly interact with microtubules (Tabke et al,

2014), and the glucose starvation-induced dissociation of the V1 from

the V0 domain is influenced by a microtubule depolymerization agent

nocodazole (Noco) (Xu & Forgac, 2001; Tabke et al, 2014).

Lysosomal dysfunction can cause aberrant accumulation of its

substrates, including misfolded proteins. This accumulation under-

lies the development of many diseases, including neurodegenerative

disorders such as Alzheimer’s disease, Parkinson’s disease, Hunt-

ington’s disease, amyotrophic lateral sclerosis (ALS), and frontotem-

poral dementia (FTD) (Yamamoto & Yue, 2014; Wang et al, 2018;

Nguyen et al, 2019; Nixon, 2020). A hexanucleotide repeat expan-

sion (HRE) in the promoter or intronic region of the C9orf72 gene is

the most common cause of both ALS and FTD (DeJesus-Hernandez

et al, 2011; Renton et al, 2011). The HRE leads to reduced expres-

sion of the C9orf72 gene and potential haploinsufficiency of the

encoded protein as an underlying cause of the disease (Haeusler et
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al, 2014; Waite et al, 2014). Although the functions of C9orf72

protein are not fully understood, it has been found in multiple cellu-

lar compartments with diverse functions including a physical and

functional connection to the lysosomes (O’Rourke et al, 2016; Sellier

et al, 2016; Sivadasan et al, 2016; Sullivan et al, 2016; Ugolino et al,

2016; Yang et al, 2016; Ji et al, 2020; Wang et al, 2020, 2021). The

HRE also generates aberrant poly-dipeptides through repeat-

associated non-ATG-dependent translation, which have been associ-

ated with impaired lysosomal functions in patient cells (Shi et al,

2018). Thus, both C9orf72 deficiency and gained proteotoxicity have

been implicated in the pathological mechanism of the disease in a

lysosome-dependent manner.

In the present study, we have identified N-deacetylase and N-

sulfotransferase 3 (NDST3) as a new member of the histone deacety-

lase (HDAC) family and a potent regulator of lysosomal activity.

NDST3 catalyzes the deacetylation of α-tubulin at Lys40; this

reduced acetylation, in turn, decreases the assembly of V-ATPase on

lysosomes. Thus, loss of NDST3 influences lysosomal acidification

and functions. We have also found evidence that the loss of NDST3

exacerbates the proteotoxicity of poly-dipeptides linked to C9orf72-

ALS/FTD and that NDST3 is downregulated in the cells and tissues

of patients affected by this major form of ALS/FTD.

Results

NDST3 is identified as a regulator of bafilomycin toxicity through
a CRISPR screen

To further understand the regulation of the autophagy-lysosomal

pathway in mammalian cells, we conducted an unbiased CRISPR

genetic screen for suppressors of toxicity induced by a well-

characterized autophagy inhibitor, bafilomycin A1 (Baf A1). Baf A1

is a macrolide antibiotic that inhibits the function of V-ATPase, thus

disrupting the lysosome’s ability to acidify and fuse with the

autophagosome (Yamamoto et al, 1998). The screen was performed

in human retinal pigmented epithelial cells (RPE1), which have

been shown to have a stable diploid genome amenable to CRISPR

editing (Katoh et al, 2017). After treatment with Baf A1 at a concen-

tration of 100 nM for 7 days, almost no RPE1 cells survived, con-

firming their sensitivity to the drug (Appendix Fig S1A). Cells were

infected with the lentivirus-expressing sgRNAs from the Human

CRISPR Knockout Pooled Library (GeCKOv2) (Sanjana et al, 2014).

The infected cells were grown under selective conditions with Baf

A1 treatment, and surviving cells were isolated for further analysis

(Fig 1A). Among the cell colonies that survived the Baf A1 treat-

ment, one of the strongest suppressors was identified to carry a

sgRNA targeting NDST3 (Appendix Fig S1B), which we focused on

for further analysis.

First, we established the NDST3 knockout (KO) RPE1 cell line

and confirmed that the CRISPR-generated mutation was a single-

base deletion in exon 5 that resulted in a premature stop codon,

thus producing a truncated protein lacking amino acids (aa) 414–
873 (Fig 1B and Appendix Fig S2A). NDST3 has three other homolo-

gous family members, NDST1, NDST2, and NDST4, among which

NDST4 shares 82% homology with NDST3 in its protein sequence

(Appendix Fig S2B). Despite the confirmed decrease in mRNA levels

expected from the premature stop codon (Appendix Fig S2C), none

of the commercial antibodies that we tested showed specificity for

the NDST3 protein in the KO cells. Therefore, we generated and

characterized a polyclonal antibody against a region of NDST3 that

is relatively unique among its homologs (Fig 1C). The NDST3 poly-

clonal antibody recognized a strong band by immunoblotting at the

molecular size expected for NDST3 in the WT RPE1 cells, but not in

the NDST3 KO cells (Fig 1D), demonstrating the specificity of the

antibody. The only exception was a minor band in the KO sample

that likely resulted from a cross-reacting protein. Indeed, in 2D gel

electrophoresis, the signal expected for NDST3 was completely

absent from the KO cells when compared to the WT controls

(Appendix Fig S2D).

Compared with the WT RPE1 controls, NDST3 KO cells showed

much higher cell viability when treated with 25 nM Baf A1 for 72 h

(Fig 1E). The observed phenotype could be restored by the exoge-

nous expression of Flag-NDST3 in the KO cells, but not by the Flag-

EGFP control at a comparable level (Fig 1F and G). This difference

indicates that the highly increased resistance to Baf A1 treatment in

NDST3 KO cells was caused by the depletion of the NDST3 protein.

To validate these findings in other cell types, we used a shRNA

against NDST3 mRNA to knock down NDST3 expression in mouse

N2a cells and N2a-differentiated neurons and then subjected the

cells to the Baf A1 sensitivity assay. The deficiency of NDST3 signifi-

cantly enhanced the survivability of the cells under Baf A1 treat-

ment (Fig EV1A–F), confirming that the resistance to Baf A1

rendered by the loss of NDST3 is not unique to RPE1 cells.

Loss of NDST3 promotes lysosomal acidification

The cellular toxicity of Baf A1 is primarily attributable to its inhibi-

tion of V-ATPase, resulting in an increase in lysosomal pH and

impairment of lysosomal function (Yamamoto et al, 1998). To

understand how the loss of NDST3 renders cells resistant to Baf A1-

induced toxicity, we examined the lysosomal acidification in NDST3

KO RPE1 cells versus WT control cells using LysoSensor Yellow/

Blue probes. A LysoSensor probe exhibits both pH-dependent dual

excitation and dual emission spectral peaks. It has a pKa of ~4.2 and

produces a predominantly yellow fluorescence in acidic organelles

but blue fluorescence in less acidic organelles, thus providing a reli-

able ratiometric measurement of the lysosomal pH independent of

probe uptake or other potential variables at a pH range of 3.5–6.0
(Klionsky et al, 2016). The LysoSensor Yellow/Blue dextran staining

demonstrated that compared with WT cells, NDST3 KO cells exhib-

ited stronger yellow fluorescence but weaker blue fluorescence

(Fig 2A). To determine the exact lysosomal pH value, we measured

the fluorescence ratio of the LysoSensor probe with a plate reader

and determined the pH values against a standard curve obtained by

exposing the cells to a series of pH calibration buffers (pH 4.0–6.0)
in the presence of monensin and nigericin. The absolute lysosomal

pH was found to be 4.8 in the WT cells, consistent with the previous

reports (Deriy et al, 2009; Dehay et al, 2012; Yagi et al, 2021),

whereas the lysosomal pH was 4.0 in the NDST3 KO cells (Fig 2B

and C). Using immunofluorescent staining against LAMP1, we

found no change in the number or size of the lysosomes as a result

of loss of NDST3 (Fig EV2A). The lysosomal pH measured by the

LysoSensor Yellow/Blue dextran was validated by another measure-

ment conducted with LysoSensor Yellow/Blue DND-160, a free cell-

permeant LysoSensor dye preferably accumulating in acidic
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Figure 1. CRISPR/Cas9 knockout library screening shows NDST3 as a regulator of bafilomycin toxicity.

A A schematic diagram of the CRISPR genetic screen.
B Generation of a stable NDST3 KO RPE1 cell line.
C Generation of NDST3 polyclonal antibodies targeting a region of NDST3 unique in the NDST family.
D Immunoblot analysis of NDST3 in stable NDST3 KO RPE1 cells.
E Bafilomycin A1 (Baf A1) sensitivity assay for NDST3 KO cells. WT and NDST3 KO RPE1 cell lines were treated with 25 nM Baf A1 for 72 h, and cell survival was

measured using calcein AM staining. The cell survival was calculated as the fluorescence intensity (percentage) of the treated cells relative to the untreated cells
(n = 4 independent cultures, ****P < 0.0001).

F Detection of Flag-NDST3 and Flag-EGFP overexpressed in NDST3 KO cells by immunoblotting with anti-Flag antibodies.
G Baf A1 sensitivity assay for NDST3 KO cells after the NDST3 restoration. The NDST3 KO cells with stable expression of Flag-NDST3 or Flag-EGFP (control) were treated

with 25 nM Baf A1 for 72 h, and cell survival was measured using calcein AM staining. The cell survival was calculated as the fluorescence intensity of the treated
cells relative to the untreated cells (n = 4 independent cultures, ****P < 0.0001).

Data information: Error bars represent � standard deviation. Scale bar, 200 μm.
Source data are available online for this figure.
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organelles such as lysosomes. The LysoSensor Yellow/Blue DND-

160 staining also showed much higher acidity in the lysosomes in

NDST3 KO cells than those in WT cells against a standard curve

(Fig EV2B–D). As a control, a co-staining of the LysoTracker probe

and the lysosomal marker LAMP1-GFP stably expressed in live cells

showed that nearly all of the acidic vesicles stained with the Lyso-

Tracker were LAMP1-GFP-positive lysosomes in both WT and

NDST3 KO cells (Fig EV2E). Furthermore, we measured the lysoso-

mal pH values in WT and NDST3 KO cells after the cells were

treated with Baf A1. The treatment with Baf A1 (100 nM, 1 h)

increased the lysosomal pH in WT and NDST3 KO cells to 5.4 and

4.8, respectively (Fig 2D). Notably, the lysosomal pH remains lower

in the NDST3 KO cells than in the WT cells, but the lysosomal pH in

the NDST3 KO cells treated with Baf A1 was comparable to that in

the WT cells without the Baf A1 treatment. These results demon-

strated that loss of NDST3 promotes acidification of lysosomes and

thereby neutralizes the Baf A1-induced basification of the lyso-

somes.

Although hydrolytic enzymes resident in the lysosome need an

acidic environment to be activated, over-acidification may suppress

their activation (Soyombo et al, 2006; Kiselyov & Muallem, 2008;

Venkatachalam et al, 2008). Cathepsin B (Cat B) is a cysteine

protease involved in lysosomal proteolysis and implicated in the

pathogenesis of neurodegenerative diseases (Gan et al, 2004; Stoka

et al, 2016). Consistent with a previous report that over-

acidification of the lysosome suppresses the proteolytic activity of

cathepsins (Mach et al, 1994), we observed that the maturation of

Cat B from the inactive precursor proCat B to the lower-molecular-

weight mature form was impaired in an in vitro maturation assay

using purified Cat B proteins, when the pH was below 4.5 (Fig

EV3A). Interestingly, we observed that the ratio of mature Cat B to

its precursor in the isolated lysosomes was significantly lower in

NDST3 KO cells than in WT cells (Fig 2E). Accordingly, when the

Cat B proteolytic activity was measured using the Magic Red Cat B

assay, which is based on an engineered Cat B substrate that gener-

ates red fluorescence upon cleavage and validated using a Cat B

inhibitor (Appendix Fig S3) (Mauvezin et al, 2015), NDST3 KO

cells showed reduced Cat B activity when compared with WT cells

(Fig 2F). Furthermore, the neutralization of lysosomal acidification

with Baf A1 (100 nM, 1 h) resulted in diminished Magic Red fluo-

rescence in WT cells but enhanced the signals in NDST3 KO cells

(Fig 2F). As a control, there was no change observed in the colo-

calization of Cat B with the lysosomal marker LAMP1 in NDST3

KO cells (Fig EV3B), suggesting that the impaired Cat B maturation

does not result from any trafficking defects but take place in the

lysosomes.

To measure the lysosomal degradative activity, we used a pH-

insensitive Alexa Fluor 488-dextran probe, which can be taken up

by the cells through endocytosis and degraded in the lysosomes (Liu

et al, 2018). Through a chase experiment to examine the degrada-

tion of the Alexa Fluor 488-dextran probe, we observed a significant

impairment of the lysosomal activity in NDST3 KO cells. Under

normal conditions, a large portion of the fluorescent probe was

degraded in the WT cells after a 4-h chase; however, the degrada-

tion was significantly slower in the NDST3 KO cells (Fig 2G). With

the treatment of Baf A1 (100 nM, 1h), the degradation of the probe

▸Figure 2. Loss of NDST3 promotes lysosomal acidification and modulates lysosomal function.

A Determination of lysosomal pH with the ratiometric probe LysoSensor Yellow/Blue dextran. WT and NDST3 KO RPE1 cells were stained with LysoSensor Yellow/Blue
dextran and then observed for fluorescence. Yellow fluorescence represents more acidic lysosomal environment, and blue fluorescence represents more neutral
lysosomal environment.

B The calibration curve for the lysosome pH. RPE1 cells were incubated with a series of pH calibration buffers (pH 4.0, 4.5, 5.0, 5.5, and 6.0) in the presence of 10 μM
monensin and 30 μM nigericin and examined for the fluorescence ratio of LysoSensor Yellow/Blue dextran staining by a plate reader.

C Lysosomal pH values in WT and NDST3 KO RPE1 cells calculated from the fluorescence ratio of LysoSensor Yellow/Blue dextran staining against the pH calibration
curve in (B) (n = 3 independent cultures, *P = 0.0242).

D Lysosomal pH values measured for WT and NDST3 KO RPE1 cells after the treatment with Baf A1 (100 nM, 1 h) (n = 3 independent cultures, *P = 0.0305).
E SDS–PAGE and immunoblotting analysis of the maturation of Cathepsin B (Cat B) in the lysosomes isolated from WT and NDST3 KO RPE1 cells. The ratio of mature

Cat B (heavy chain) to pro-cathepsin B (ProCat B) was calculated to evaluate the maturation of Cat B (n = 3 independent experiments, ***P = 0.0007). LAMP1 was
set as a loading control.

F Magic Red assay for Cat B proteolytic activity. WT and NDST3 KO RPE1 cells were treated with vehicle (VEH) or Baf A1 (100 nM, 1 h) and then stained with MR-(RR)2
to measure the Cathepsin B activity (n = 48 cells in the VEH-treated WT group, n = 37 cells in the VEH-treated NDST3 KO group, n = 64 cells in the Baf A1-treated
WT group, n = 42 cells in the Baf A1-treated NDST3 KO group, ****P < 0.0001).

G Alexa Fluor (AF) 488-dextran degradation assay. WT and NDST3 KO RPE1 cells were loaded with AF488-dextran in culture medium and observed for fluorescence. The
AF488 fluorescence signals without a chase period, with a 4-h chase period, and with the 4-h chase period in the presence of Baf A1 (100 nM, 1 h) were recorded as
fluorescence of uptake, chase, and chase with Baf A1, respectively. The AF488 intensity per cell was quantified and calculated into degradation percentage according
to the equation in Materials and Methods (n = 62 cells in the VEH-treated WT group, n = 36 cells in the VEH-treated NDST3 KO group, n = 65 cells in the Baf A1-
treated WT group, n = 78 cells in the Baf A1-treated NDST3 KO group, ****P < 0.0001).

H Analysis of the conversion of LC3B-I to LC3B-II and the levels of p62. WT and NDST3 KO RPE1 cells were cultured with or without 100 nM rapamycin (Rapa) for 6 h
and LC3B-I, LC3B-II, p62, and GAPDH levels in the total cell lysates were determined by SDS–PAGE and immunoblotting. The ratios of LC3B-II to LC3B-I (n = 3
independent experiments, *P = 0.0451, **P = 0.0042) and the p62 levels normalized to β-tubulin (n = 3 independent experiments, *P(Rapa−) = 0.0158, *P
(Rapa+) = 0.0183) are quantified.

I The LC3 turnover assay. WT and NDST3 KO RPE1 cells were cultured in the presence of 100 nM Rapa and with or without 50 μM chloroquine (CQ) for 6 h, and LC3B-
II levels in the total cell lysates were determined by immunoblotting. The fold change of LC3B-II levels was shown by comparing the samples with and without CQ
treatment (n = 6 independent experiments, ***P = 0.0007).

J The LC3 turnover assay after a 48-h Baf A1 treatment. WT and NDST3 KO RPE1 cells were cultured with 25 nM Baf A1 for 48 h and analyzed for the LC3B-II fold
change as in (I) (n = 6 independent experiments, **P = 0.0014).

Data information: Error bars represent � standard deviation. Scale bar, 10 μm.
Source data are available online for this figure.

4 of 18 The EMBO Journal 40: e107204 | 2021 ª 2021 The Authors

The EMBO Journal Qing Tang et al



A

F

H

I
J

G

B E

C D

Figure 2.

ª 2021 The Authors The EMBO Journal 40: e107204 | 2021 5 of 18

Qing Tang et al The EMBO Journal



was significantly decreased in WT cells. In contrast, the degradation

of the probe in the NDST3 KO cells was significantly accelerated by

the treatment with Baf A1 (Fig 2G). These results support the notion

that the lysosomal activity is reduced as a result of its hyperacidifi-

cation upon loss of NDST3, a deficit that can be alleviated by the

Baf A1 treatment.

Next, we asked if the lysosomal dysfunction in NDST3 KO cells

has any impact on autophagic activities. The autophagy marker

LC3B-I is converted to the lipidated form LC3B-II, which is recruited

to the autophagosomal membrane and degraded in the lysosome

after the fusion of the two organelles. We observed that the ratio of

LC3B-II to LC3B-I was increased when cells were depleted of NDST3

under basal autophagy conditions (Fig 2H). Treatment with rapa-

mycin, an mTOR inhibitor that induces autophagy, led to a more

significant increase in the LC3B-II/LC3B-I ratio in NDST3 KO cells

than in WT controls (Fig 2H). The accumulation of LC3B-II relative

to LC3B-I indicates that the autophagy-lysosomal pathway is

perturbed by the loss of NDST3. Moreover, p62, another substrate

in the autophagy-lysosomal pathway, was significantly increased in

NDST3 KO cells compared to WT controls under both basal and

rapamycin-induced autophagy conditions (Fig 2H). The accumula-

tion of LC3B-II and p62 suggests that the degradation of autophago-

somes by the lysosome may be impaired upon loss of NDST3. To

assess the changes in the autophagic flux as a consequence of the

loss of NDST3, we performed the LC3B-II turnover assay by treating

WT and NDST3 KO cells with the lysosomal inhibitor chloroquine,

which blocks the fusion of autophagosomes with lysosomes (Mau-

the et al, 2018). The chloroquine-induced accumulation of LC3B-II

was significantly lower in NDST3 KO cells than in the WT controls

(Fig 2I), indicating that the autophagic flux was slowed in the

absence of NDST3. Furthermore, under a prolonged treatment with

Baf A1 (25 nM, 48 h), although the autophagic flux as measured by

the LC3B-II turnover was completely blocked in WT cells, the

NDST3 KO cells were able to maintain a partial autophagic flux

(Fig 2J), consistent with the compensatory effect of lysosomal acidi-

fication upon loss of NDST3 that renders cells resistant to Baf A1-

induced toxicity.

During the Western blotting analysis of LAMP1, we noticed that

LAMP1 from NDST3 KO cells migrated slightly faster on SDS–PAGE
than that from WT cells (Fig 2E). Treatment with swainsonine

(SWN), an inhibitor of protein glycosylation, resulted in the same

shift in the migration of LAMP1 from WT cells while not affecting

LAMP1 from NDST3 KO cells (Appendix Fig S4A), suggesting the

migration shift was a consequence of deglycosylation of LAMP1.

The SWN treatment alone did not cause lysosomal hyperacidifi-

cation or dysfunction (Appendix Fig S4B and C), as observed in

NDST3 KO cells, indicating that the deglycosylation of LAMP1 was

not responsible for the changes in lysosomal pH and functions in

the NDST3 KO cells.

Loss of NDST3 increases the V-ATPase V1-V0 holoenzyme on
lysosomal membranes

Lysosomal acidification is primarily regulated by the V-ATPase

complex, which is responsible for the proton transitions between

the cytosol and the lysosomal lumen (Breton & Brown, 2013;

Chung et al, 2019). The V1 peripheral domain and the V0 integral

membrane domain of the V-ATPase complex are each composed of

multiple subunits. The cytosolic V1 subunits need to associate with

the membrane-embedded V0 subunits to form the V1-V0 holoen-

zyme in order to form a functional proton pump (Seol et al, 2001;

Abbas et al, 2020) (Appendix Fig S5). To understand how the loss

of NDST3 increases lysosomal acidification, we examined the

levels of the V-ATPase V1-V0 holoenzyme assembled on the lyso-

some membrane in WT and NDST3 KO cells. We isolated the

membrane fraction of cells and quantified the abundance of

membrane-associated V1 subunits V1A and V1C1 relative to the

V0 subunit V0D as an indicator of assembled V1-V0 holoenzymes.

The relative levels of V0D in the membrane fractions were compa-

rable in WT and NDST3 KO cells after normalization against the

lysosomal marker LAMP1 (Fig 3A and B), suggesting that the

density of the V-ATPase V0 domain on the lysosomes was not

altered in the mutant cells. However, the levels of the V1 domain

docked onto the V0 domain, as measured by the levels of V1A and

V1C1 in the membrane fraction, were significantly increased in

NDST3 KO cells when compared to those in WT cells (Fig 3A, C

and D), indicating an increase of V-ATPase V1-V0 holoenzymes in

the absence of NDST3. These data suggest that loss of NDST3

increases lysosomal acidification by promoting the assembly of the

V-ATPase holoenzyme.

A B

C D

Figure 3. Loss of NDST3 promotes the assembly of the V-ATPase V1-V0
holoenzyme.

A To examine the levels of the V-ATPase V1-V0 holoenzyme in WT and
NDST3 KO RPE1 cells, cytosolic and membrane fractions were analyzed
by immunoblotting using antibodies against the V-ATPase subunits V1A
(ATP6V1A), V1C1 (ATP6V1C1), and V0D (ATP6V0D). LAMP1 and vinculin
were used as loading controls for membrane proteins and cytosolic
proteins, respectively.

B Quantification of the levels of ATP6V0D relative to LAMP1 in the
membrane fraction from (A) (n = 3 independent experiments,
P = 0.7786).

C, D Ratios of ATP6V1A (C) and ATP6V1C1 (D) to ATP6V0D in the membrane
fraction from (A) to represent the assembly of the V-ATPase V1-V0
holoenzyme (n = 3 independent experiments, ***P = 0.0005,
****P < 0.0001).

Data information: Error bars represent � standard deviation.
Source data are available online for this figure.
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NDST3 regulates assembly of V-ATPase holoenzyme via
microtubule acetylation

We investigated how loss of NDST3 promotes the assembly of V-

ATPase holoenzyme on the lysosome. A change in the level of a

specific subunit such as ATP6V1C1 does not appear to be the cause

for the increase of V-ATPase holoenzymes, since overexpression of

ATP6V1C1 in WT cells did not change the level of membrane-bound

ATP6V1C1 or the level of another subunit ATP6V1A in any fraction

(Appendix Fig S6A–E), suggesting an alternative mechanism related

to the assembly of V-ATPase subunits. It was reported that micro-

tubule stability affects V-ATPase disassociation (Xu & Forgac, 2001).

Additionally, lysosomal positioning and movement are dependent

on microtubules (Matteoni & Kreis, 1987). To test whether the

microtubule is required for the recruitment of V-ATPase V1 subunits

to the lysosome, we treated RPE1 cells with the microtubule depoly-

merization agent Noco or a stabilizing agent Taxol and observed

significantly decreased or increased colocalization of ATP6V1C1

with the lysosomes marked by LAMP1-GFP, respectively (Fig EV4A

and B), suggesting that the microtubule stability is critical for the

recruitment of V1 subunits to the lysosome.

Microtubule acetylation is a hallmark of stable microtubules, and

specifically, the acetylation of α-tubulin at Lys40 protects the micro-

tubules from depolymerization (Janke & Montagnac, 2017; Xu et al,

2017). Through an immunostaining assay against LAMP1-GFP,

ATP6V1C1, and α-tubulin acetylated at Lys40 in RPE1 cells, we

found that LAMP1-GFP and ATP6V1C1 colocalized in a perinuclear

area where acetylated microtubules are relatively enriched and that

treatment of Noco disrupted the colocalization of LAMP1-GFP and

ATP6V1C1 in the perinuclear area (Fig 4A and B). To test whether

microtubule acetylation plays a crucial role in the assembly of the

V-ATPase holoenzyme, we treated RPE1 cells with tubacin, a

selective inhibitor of HDAC6 as one of the known α-tubulin deacety-

lases, to elevate the acetylation level of α-tubulin in the cells (Fig 4

G). Then, we fractionated the cells and examined the levels of the

V-ATPase V1-V0 holoenzyme in the membrane fractions. The level

of the integral domain subunit V0D in the membrane fraction was

unchanged under the treatment of tubacin (Fig 4C and D); however,

the relative amounts of the peripheral domain subunits V1A and

V1C1 assembled onto V0D were increased in tubacin-treated cells

when compared to those in VEH-treated cells (Fig 4C, E and F),

suggesting that the microtubule acetylation increased the assembly

of the V-ATPase holoenzyme. Moreover, treatment with the micro-

tubule depolymerizing agent Noco, which also substantially reduced

the level of microtubule acetylation (Fig 4G), completely ablated the

effect of tubacin on the V-ATPase holoenzyme assembly (Fig 4C–F).
Furthermore, when we overexpressed the deacetylase HDAC6 to

downregulate the level of acetylated α-tubulin (Fig 4L), the level of

V0D in the membrane fraction was not altered (Fig 4H and I), but

the levels of V1A and V1C1 assembled onto ATP6V0D were substan-

tially decreased as a result of HDAC6 expression (Fig 4H, J and K),

confirming that microtubule acetylation plays a critical role in medi-

ating the V-ATPase holoenzyme assembly.

In accordance with the increase of V-ATPase holoenzymes upon

loss of NDST3, we observed higher levels of microtubule acetylation

(Fig 4M and N) and increased colocalization of the lysosomes and

V-ATPase V1 subunits (Fig 4M and O) in NDST3 KO cells compared

to those in WT cells. Furthermore, when HDAC6 was overexpressed

in the NDST3 KO cells to downregulate the acetylation of α-tubulin,
we found that the levels of ATP6V1A and ATP6V1C1 assembled

onto ATP6V0D were significantly decreased (Fig 4P–T), confirming

that the increase in the assembly of the V-ATPase V1-V0 holoen-

zyme induced by loss of NDST3 was dependent on the microtubule

acetylation.

▸Figure 4. The assembly of the V-ATPase V1-V0 holoenzyme is dependent on microtubule acetylation.

A, B Perinuclear enrichment and colocalization of acetylated microtubules, lysosomes, and V-ATPase V1 subunits. RPE1 cells stably expressing LAMP1-GFP were treated
with vehicle (VEH) or 10 μg/ml nocodazole (Noco) for 6 h before being fixed and subjected to immunofluorescence staining with antibodies against ATP6V1C1 and
acetylated-α-tubulin (Ac-α-tubulin). The nucleus was stained with DAPI. Representative images of LAMP1-GFP, ATP6V1C1, and Ac-α-tubulin immunostaining are
shown in (A). Representative distribution profiles of Ac-α-tubulin, LAMP1-GFP and ATP6V1C1 were plotted by Fiji software in (B).

C–F The assembly of V-ATPase V1-V0 holoenzymes after treatment with an α-tubulin deacetylase inhibitor or a microtubule depolymerizing agent. RPE1 cells were
treated with VEH, tubacin (2.5 μM, 20 h), Noco (10 μg/ml, 6 h), or in combination. Cytosolic and membrane fractions were then extracted and analyzed by
immunoblotting using antibodies against V-ATPase subunit V1A (ATP6V1A), V1C1 (ATP6V1C1), or V0D (ATP6V0D). LAMP1 and GAPDH were used as loading controls
for membrane proteins and cytosolic proteins, respectively. The levels of ATP6V0D in the membrane fraction are shown in (D) after normalization against LAMP1
(n = 3 independent experiments, ns represents non-significant). The levels of assembled ATP6V1A (E) (n = 3 independent experiments, *P = 0.0118, **P = 0.0040)
and ATP6V1C1 (F) (n = 3 independent experiments, *P = 0.0214, **P = 0.0013) are normalized against ATP6V0D in the membrane fraction.

G Representative immunoblots for Ac-α-tubulin and GAPDH in the samples from (C).
H–K The assembly of V-ATPase V1-V0 holoenzymes in WT RPE1 cells over-expressing the α-tubulin deacetylase HDAC6 or EGFP as a control. Representative

immunoblots for ATP6V0D, ATP6V1A, ATP6V1C1, LAMP1, and GAPDH are shown in (H). The levels of ATP6V0D in the membrane fraction (I) (n = 3 independent
experiments, P = 0.2602) and those of assembled ATP6V1A (J) and ATP6V1C1 (K) (n = 3 independent experiments, *P = 0.0101, ***P = 0.0008) are quantified.

L Representative immunoblots for HDAC6, Ac-α-tubulin and GAPDH in the WT RPE1 cells over-expressing HDAC6 or EGFP.
M–O Loss of NDST3 enhances microtubule acetylation and the colocalization of the lysosomes with V-ATPase V1 subunits. WT and NDST3 KO RPE1 cells stably

expressing LAMP1-GFP were fixed and analyzed by immunofluorescence staining with antibodies against ATP6V1C1 and Ac-α-tubulin. The relative levels of Ac-α-
tubulin (N) (n = 75 cells in the WT group, n = 79 cells in the NDST3 KO group, ****P < 0.0001) and the colocalization of LAMP1-GFP with ATP6V1C1 (O) (n = 75
cells in the WT group, n = 79 cells in the NDST3 KO group, ****P < 0.0001) are quantified.

P–S The assembly of V-ATPase V1-V0 holoenzymes in NDST3 KO RPE1 cells over-expressing HDAC6 or EGFP as a control. Representative immunoblots for ATP6V0D,
ATP6V1A, ATP6V1C1, LAMP1, and GAPDH are shown in (P). The levels of ATP6V0D in the membrane fraction relative to LAMP1 (Q) (n = 3 independent experiments,
P = 0.9795) as well as the levels of assembled ATP6V1A (R) (n = 3 independent experiments, *P = 0.0316) and ATP6V1C1 (S) (n = 3 independent experiments,
**P = 0.0027) are quantified.

T Representative immunoblots for HDAC6, Ac-α-tubulin and GAPDH in the NDST3 KO RPE1 cells over-expressing HDAC6 or EGFP.

Data information: Error bars represent � standard deviation. Scale bar, 10 μm.
Source data are available online for this figure.
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Figure 5. NDST3 deacetylates α-tubulin in the cells and in vitro.

A Immunoblotting analysis demonstrated a large accumulation of α-tubulin acetylated at Lys40 (Ac-α-tubulin) in NDST3 KO RPE1 cells, while the total α-tubulin
relative to GAPDH remained unchanged (n = 3 independent cultures, ***P = 0.0008).

B Immunoblotting analysis showed decreased levels of Ac-α-tubulin, but unchanged levels of total α-tubulin relative to GAPDH, in RPE1 cells over-expressing Flag-
NDST3 compared to those in Flag-EGFP control cells (n = 3 independent cultures, *P = 0.0399).

C In vitro enzymatic assay quantitating the effect of NDST3 on α-tubulin acetylation. Flag-NDST3 was expressed in HEK293T cells and immunoprecipitated by anti-Flag
beads. Flag-EGFP was used as a control. The immunoprecipitated protein was incubated with purified tubulin heterodimers in vitro, with or without 1 mM NAD+,
400 nM TSA, or 5 mM nicotinamide (NAM) for 2 h at room temperature. The reaction products were examined by immunoblotting against Ac-α-tubulin or total α-
tubulin (n = 3 independent experiments, *P = 0.0185, **P < 0.01, ****P < 0.0001).

D The same in vitro enzymatic assay as in (C), except that the purified tubulin was polymerized in the presence of 20 μM Taxol and 1 mM GTP (n = 3 independent
experiments, **P < 0.01, ***P = 0.0001).

Data information: Error bars represent � standard deviation. ns means non-significant.
Source data are available online for this figure.
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NDST3 is a deacetylase of α-tubulin

To study the mechanism through which loss of NDST3 increases the

assembly of the V-ATPase holoenzyme, we explored the role of

NDST3 in mediating microtubule acetylation. NDST3 was previ-

ously identified as a deacetylase of heparan sulfates (Grobe et al,

2002; Pallerla et al, 2008), prompting us to ask whether NDST3 can

also deacetylate α-tubulin. Using immunoblotting assays, we found

that the levels of α-tubulin acetylated at Lys40 were substantially

increased in NDST3 KO cells when compared to WT cells, but the

levels of total α-tubulin remained unchanged (Fig 5A). Conversely,

when NDST3 was overexpressed in RPE1 cells, the level of α-
tubulin acetylated at Lys40 was significantly lower than that in cells

expressing the EGFP control (Fig 5B). Similar effects of NDST3 on α-
tubulin deacetylation were observed in mouse N2a cells and N2a-

differentiated neurons when NDST3 was knocked down with

shRNA (Fig EV5A–F).
To test the deacetylase activity of NDST3 on α-tubulin directly,

we performed an in vitro enzymatic assay. NDST3 protein was puri-

fied from HEK293T cells and incubated with purified tubulin hetero-

dimers or polymers in vitro. The reaction products were examined

by immunoblotting with a specific antibody against α-tubulin acety-

lated at Lys40. We found that the presence of NDST3, but not EGFP,

led to robust deacetylation of α-tubulin in both the heterodimer and

polymer forms (Fig 5C and D). The addition of nicotinamide

adenine dinucleotide (NAD+), a coenzyme required for the activity

of Class III HDAC enzymes, did not alter the deacetylase activity of

NDST3. Furthermore, the Class III HDAC inhibitor nicotinamide

(NAM) did not show any inhibitory effect on NDST3 deacetylation

in vitro. In contrast, trichostatin (TSA), an inhibitor of HDACs other

than the Class III enzymes, reduced the catalytic activity of NDST3

on α-tubulin when the purified α-tubulin was present in the form of

dimers (Fig 5C), and it completely inhibited the deacetylation when

the α-tubulin was in the form of polymers (Fig 5D). These results

demonstrate that NDST3 is a deacetylase of α-tubulin. Furthermore,

the evidence suggests that NDST3 is a classical HDAC member

rather than a Class III HDAC enzyme.

Implication of NDST3 in C9orf72-linked ALS

Given the critical role of NDST3 in the regulation of lysosomal func-

tions, we explored its potential connection to neurodegenerative

diseases with lysosome-related pathologies such as C9orf72-linked

ALS. Immunoblot analysis of the protein levels of NDST3 in B

lymphocytes from three ALS patients carrying C9orf72 hexanu-

cleotide repeat expansions and three healthy controls showed that

NDST3 was significantly downregulated in the patients’ cells when

compared to those in the healthy controls (Fig 6A and B; Appendix

Table S1). Moreover, the levels of NDST3 protein were significantly

lower in the spinal cord tissues from five C9orf72-linked ALS

patients than in those from four healthy controls (Fig 6C and D;

Appendix Table S1). Consistent with the reduction of NDST3 and its

role in microtubule acetylation, there was a significant increase in

the levels of acetylated α-tubulin, but not the total α-tubulin, in the

spinal cords from the ALS patients when compared to those from

healthy controls (Fig 6C, E and F).

One of the consequences of the hexanucleotide repeat expan-

sions is reduced expression of C9orf72 in patient cells and tissues.

To address whether the reduction of NDST3 in the patient tissues is

a result of the C9orf72 haploinsufficiency, we tested the regulation

of NDST3 levels by C9orf72 using immunoblotting assays in

cultured cells. When C9orf72 was knocked down in RPE1 cells, we

found that NDST3 was significantly downregulated (Fig 6G–I).
Conversely, when C9orf72 was overexpressed, NDST3 was signifi-

cantly up-regulated (Fig 6J–L). These results indicate a positive

regulation of C9orf72 on NDST3 protein levels.

Next, we asked whether NDST3 could affect the proteotoxicity

associated with C9orf72-linked ALS. The proline-arginine (PR) poly-

dipeptide is one of the toxic dipeptide repeat proteins produced via

the non-AUG-dependent translation of the expanded C9orf72

hexanucleotide repeat in ALS/FTD patients (Wen et al, 2014; Shi et

al, 2017). To study the proteotoxicity of the PR poly-dipeptide, we

expressed a codon-optimized construct producing a stretch of 82

repeats of the PR poly-dipeptide (PR82) in RPE1 cells and found that

PR82 induced significantly higher cytotoxicity in NDST3 KO RPE1

▸Figure 6. NDST3 is downregulated in C9orf72-linked ALS patient cells and tissues.

A, B NDST3 protein levels relative to β-tubulin in B lymphocytes derived from healthy controls and C9orf72-linked ALS patients, as examined by immunoblotting (n = 3
biologically independent samples, **P = 0.0026).

C–F The protein levels of NDST3 relative to GAPDH (D) (**P = 0.0013), Ac-α-tubulin relative to total α-tubulin (E) (*P = 0.0379), and total α-tubulin relative to GAPDH
(F) (P = 0.5700), as examined by immunoblotting, in spinal cord tissues from healthy controls and C9orf72-linked ALS patients (n = 4 biologically independent
samples in the control group and n = 5 biologically independent samples in the ALS patient group).

G–I Immunoblotting assays showing downregulation of NDST3 in C9orf72 shRNA (shC9orf72)-treated RPE1 cells, as compared to control shRNA (shCTRL)-treated cells.
Quantification of C9orf72 and NDST3 expression relative to GAPDH is shown in (H) (n = 4 independent experiments, ***P = 0.0004) and (I) (n = 4 independent
experiments, ***P = 0.0001), respectively.

J–L Immunoblotting assays showing up-regulation of NDST3 in RPE1 cells over-expressing Flag-C9orf72 compared to those expressing Flag-EGFP as control.
Quantification of C9orf72 and NDST3 expression relative to GAPDH is shown in (K) (n = 3 independent experiments, **P = 0.0011) and (L) (n = 3 independent
experiments, **P = 0.0033), respectively.

M, N Baf A1 sensitivity assay for WT, NDST3 KO, and Noco-treated NDST3 KO RPE1 cells expressing proline-arginine poly-dipeptide (PR82). 24 h after the transfection of
PR82, WT and NDST3 KO cells were treated with vehicle or 10 μg/ml Noco overnight. The cell survival measured using calcein AM staining at 48 h post-
transfection was quantified as the percentage of the fluorescence intensity for treated cells relative to that of untreated cells (n = 3 independent cultures,
*P = 0.0369, ***P = 0.0007). Scale bar, 200 μm.

O, P Immunoblotting analysis of PR82 levels in WT, NDST3 KO, and Noco-treated NDST3 KO RPE1 cells from (M, N) after the drug treatment. Quantification of the
levels of PR82 relative to β-tubulin is shown in (P) (n = 4 independent experiments, *P = 0.0141, **P = 0.0045).

Data information: Error bars represent � standard deviation.
Source data are available online for this figure.
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cells than in WT cells (Fig 6M and N). The immunoblotting results

demonstrated a consistently increased level of the PR82 protein in

NDST3 KO cells when compared to that in WT cells (Fig 6O and P).

To determine whether the effect of NDST3 on PR82-induced

proteotoxicity was dependent on polymerized microtubules, we

treated the PR82-expressing NDST3 KO cells with Noco to depoly-

merize the microtubules. The Noco treatment completely ablated

the abnormal accumulation of PR82 in NDST3 KO cells (Fig 6O and
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P) and slowed the cell death of NDST3 KO cells (Fig 6M and N).

These observations suggest that the downregulation of NDST3 in

C9orf72-linked ALS could contribute to the proteotoxicity in the

disease through its functions related to microtubules and lysosomes.

Discussion

The autophagy-lysosomal pathway plays an essential role in main-

taining normal cellular functions and is critically involved in human

diseases ranging from cancer to neurodegeneration (Shu et al,

2020). Lysosomes, the first organelle discovered in this pathway,

depend on an optimally maintained acidic lumenal environment in

order to act as a functional degradation center. In the present study,

we have identified a robust regulator of the autophagy-lysosomal

pathway, NDST3, which regulates lysosomal acidification and

degradative capacity through controlling V-ATPase assembly via a

microtubule-dependent mechanism, where NDST3 acts as a previ-

ously uncharacterized deacetylase of α-tubulin (Fig 7).

NDST3 was previously recognized as a bifunctional enzyme that

is responsible for catalyzing the N-deacetylation and N-sulfation of

N-acetylglucosamine (GlcNAc) residues in heparan sulfate (Aikawa

et al, 2001; Pallerla et al, 2008). Our in vitro and cell-based studies

have now uncovered a new function for NDST3 as a deacetylase of

α-tubulin. Evidence from our studies using inhibitors against vari-

ous classes of deacetylases suggests that NDST3 is a classical HDAC

member, rather than a Class III HDAC enzyme. Considering the key

role of α-tubulin acetylation in maintaining microtubule stability

(Portran et al, 2017; Eshun-Wilson et al, 2019), the identification of

NDST3 as a α-tubulin deacetylase extends our understanding of the

regulation of this critical post-translational modification and offers a

new entry point for integrating signals that regulate microtubule

integrity and associated functions.

The roles of microtubule deacetylation in the cell are not fully

understood. The present study demonstrates that deficiency of

microtubule deacetylation plays an important role in the regulation

of V-ATPase holoenzymes. This finding provides a mechanistic link

connecting NDST3 to the assembly of the V-ATPase holoenzyme on

the lysosomal membrane as well as to the lysosome’s acidification

and degradative functions. We have demonstrated that loss of

NDST3 promotes the acetylation of α-tubulin, the assembly of V-

ATPase holoenzymes, and the acidification of the lysosomal lumen.

In traditional models, an increase in lysosomal acidification would

lead to an acceleration of the autophagic flux. However, we found

that the over-acidification of the lysosome as a result of the loss of

NDST3 led to an impairment of the lysosome’s degradative activi-

ties, a decrease in the autophagic flux, and accumulation of

misfolded proteins. These observations indicate that the mainte-

nance of pH homeostasis within a normal range is required for the

lysosome to optimally carry out its degradative activity. The lysoso-

mal dysfunction may trigger a variety of downstream deleterious

events, including apoptosis (Boya et al, 2005), accumulation of

damaged organelles (Platt et al, 2012), and perturbation of iron

homeostasis (Miles et al, 2017; Yambire et al, 2019; Weber et al,

2020), which could together lead to cell toxicity or death.

Our study also extends the association between NDST3 and

human diseases. Previous genome-wide association studies have

implicated NDST3 in psychiatric diseases such as schizophrenia and

bipolar disorder (Lencz et al, 2013; Gu et al, 2014; Sakai et al, 2015;

Zhang et al, 2016). The present identification of NDST3 as a strong

regulator of the autophagy-lysosomal pathway may implicate it in

other neurological diseases. In particular, dysregulation of the

autophagy-lysosomal pathway and associated proteostatic imbal-

ance is a hallmark of neurodegenerative diseases (Martini-Stoica et

al, 2016; Kurtishi et al, 2019). Notably, we now show that NDST3 is

downregulated in the spinal cord tissues of ALS patients whose

defects are linked to the hexanucleotide repeat expansion in

C9orf72. Furthermore, we provide evidence that NDST3 defi-

ciency leads to both accumulation of poly-dipeptides generated

from the C9orf72 hexanucleotide repeat expansion and exacerba-

tion of their toxicity. These findings suggest that NDST3-

dependent lysosomal dysregulations may contribute to the patho-

genesis underlying C9orf72-linked ALS. In the present study, we

have demonstrated that the regulatory effects of NDST3 on micro-

tubule acetylation and lysosomal functions took place in neurons.

Future studies are needed to fully understand the role of NDST3

in the complex interplay of the autophagy-lysosome pathway and

the microtubule-meditated transport in different cell types includ-

ing neurons relevant to the diseases. In summary, the present

study has identified NDST3 as a previously unrecognized deacety-

lase of α-tubulin and has illustrated a pathway by which NDST3

regulates V-ATPase assembly and lysosomal functions. The find-

ings of these NDST3 functions open new avenues for future stud-

ies such as developing therapeutic interventions to modulate

microtubule acetylation and lysosomal acidification in the

contexts of specific diseases.

Figure 7. Schematic model for the role of NDST3 in the regulation of
α-tubulin acetylation, V-ATPase assembly, and lysosomal functions.

Loss of NDST3 promotes α-tubulin acetylation and microtubule stability,
increasing the level of the V-ATPase V1-V0 holoenzyme on lysosomal
membranes and resulting in hyperacidification and dysfunction of the
lysosomes.
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Materials and Methods

Cell culture

Human retina pigmented epithelial (RPE1) cells immortalized with

hTERT (ATCC CRL-4000) were cultured in DMEM-F12 complete

growth medium supplemented with 10% FBS and 0.01 mg/ml hygro-

mycin B. HEK293T cells (ATCC CRL-3216) and mouse Neuro-2a

(N2a) cells (ATCC CCL-131) were cultured in DMEM supplemented

with 10% FBS. For N2a differentiation, 8 × 104 N2a cells per well in

12-well plates were cultured in differentiation medium (DMEM + 2%

FBS + 20 μM retinoic acid) for 48 h to be differentiated into neurons

and used for subsequent experiments. All the cells were grown in a

humidity-controlled incubator at 37°C with 5% CO2.

Lentivirus production

HEK293T cells were cultured in PEI-coated dishes under standard

culturing conditions. The lentiviral transfer plasmid encoding the

insert of interest was co-transfected with the psPAX2 packaging

plasmid (Addgene #12260) and the pMD2.G envelope plasmid

(Addgene #12259) into HEK293T cells using Lipofectamine 2000

(Thermo Scientific #11668019) in OPTI-MEM medium to produce

lentiviral particles. Lentiviral particle-containing medium was

harvested at 60 h post-transfection, centrifuged at 500 × g at 4°C for

10 min to pellet cell debris, and then filtered through a 0.45-μm
PVDF membrane filter (Millipore Sigma HVHP02500). The

harvested lentivirus was aliquoted and stored at −80°C.

Genome-wide CRISPR/Cas9 library screening

The CRISPR/Cas9 library screening was conducted in the RPE1 cells

with the Human GeCKOv2 CRISPR Knockout pooled library, a gift

from Feng Zhang (Addgene #1000000048), as previously described

(Shalem et al, 2014). In brief, around 7.2 × 107 RPE1 cells were trans-

duced with lentivirus particles containing the GeCKOv2 library A

sgRNAs via spinfection. Twenty-four hours after the transduction, the

infected cells underwent puromycin (10 μg/ml) selection for 5 days.

The cells that survived the puromycin selection were then exposed to

Baf A1 (100 nM, CST #54645) for 7 days, followed by a recovery to

~90% cell confluence. These treatment and recovery processes were

repeated twice more. At the end of the screening, the surviving cells

were passaged to another plate to harvest resistant colonies. The

genomic DNAs from the cell colonies were extracted with a Blood &

Cell Culture DNA Mini Kit (Qiagen #13323) and PCR-amplified for the

lentiCRISPR sgRNAs. The resulting amplicons were gel-purified and

subjected to Sanger sequencing (Genewiz, USA).

Generation of NDST3 knockout or knockdown cells

To generate knockout cells, RPE1 cells were infected with lentiviruses

carrying either a NDST3-targeting sgRNA or a control sgRNA. The

infected cells were selected with puromycin (10 μg/ml) for stable

NDST3 sgRNA expression. Single colonies were picked up to ensure

the complete depletion of NDST3 in the cells. To genotype the NDST3

knockout cells, the genomic DNA was extracted, and the region

around the targeting sgRNA was amplified by PCR (forward:

CTAGATCTGTCTCACCACCC, reverse: CATACTGGAGGAAGCTCACC)

followed by Sanger sequencing. To generate knockdown cells, N2a

cells were transfected with either NDST3-targeting shRNA

(TRCN0000097828, Dharmacon) or a control shRNA expressed from

the pLKO.1 vector. N2a-differentiated neurons were infected with

lentivirus carrying either the NDST3-targeting shRNA or a control

shRNA. After 72 h of knockdown treatments, the cells were used in

subsequent experiments. The gene expression levels were measured

by quantitative RT–PCR (NDST3 forward: CCAATGATG-

TAAAGGCCCTGC, NDST3 reverse: TCTGAAGTCGCAGGTTGGTC,

GAPDH forward: GAGTCAACGGATTTGGTCGT, GAPDH reverse:

TTGATTTTGGAGGGATCTCG).

Cell survival assay

After the treatment of either Baf A1 exposure or proline-arginine

poly-dipeptide overexpression, cell viability was analyzed using

calcein AM (Invitrogen #C3099), a cell-permeant fluorescent dye for

live cell staining. In brief, cells were plated in either a 6-well plate

or 12-well plate at ~60% confluence and subjected to the specific

treatment. Blank control (containing calcein AM but no cells) and

positive control (containing cells but without treatment) wells were

used to determine the background signal and the total number of

cells for each group, respectively. Following the treatment, the cell

culture medium was removed, and cells were gently washed with

1× DPBS (containing MgCl2 and CaCl2). The cells were then incu-

bated with either 600 μl (for a 12-well plate) or 1 ml (for a 6-well

plate) per well of 3 μM calcein AM at 37°C for 30 min. Finally, the

fluorescence intensity in the wells was detected at 485 nm/535 nm

(excitation/emission) using a plate reader (BioTek, Synergy H1) and

a fluorescence microscope was used for imaging (Nikon Eclipse

TS100, equipped with Lumencor). The fluorescence intensity of the

experimental wells, blank control wells, and positive control wells

was recorded as Fx, F0, and Fmax, respectively. The cell survival

percentage of the experimental wells was calculated with the follow-

ing equation: Cellsurvivalð%Þ¼ ðFx�F0Þ=ðFmax �F0Þ�100.

Generation of anti-NDST3 polyclonal antibody

By comparing the protein sequence of NDST3 with its family

members NDST1, NDST2, and NDST4, we found a region (aa 52–
73, CGDLQHLPYQLMEVKAMKLFDA) in NDST3 with relatively low

homology to the other NDSTs. Therefore, we designed an antigen

using this segment of protein sequence. The synthesis and immu-

nization of the antigen as well as the purification of antibodies were

performed by 21st Century Biochemicals. The specificity of the

chosen polyclonal antibody was validated using NDST3 KO cells.

2D-CN/SDS–PAGE electrophoresis

Two dimensional (2D)-clear native (CN)/SDS–PAGE electrophoresis

was performed to analyze the NDST3 protein level. For the prepara-

tion of protein samples, cells were lysed in ice-cold 1× native cell

lysis buffer (CST #9803) for 5 min and sonicated on ice three times

for 5 s each. The cell lysates were then centrifuged, and the super-

natant was mixed with a native sample buffer (Bio-Rad #161-0738)

before being loaded onto the first-dimension gel. The first-

dimension electrophoresis was a clear native PAGE. The proteins

were separated in a precast 4–20% mini-protean TGX PAGE gel
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(Bio-Rad #4561095) by charge-to-mass ratio. After the first-

dimension separation at a low voltage on ice, the gel was cut into

strips lane by lane and equilibrated in the SDS–PAGE buffer for

30 min. The strips were then applied in the second-dimension sepa-

ration using SDS–PAGE after being rotated 90° counter-clockwise.

The second-dimension electrophoresis separated the proteins a

second time by molecular weight. The subsequent procedure was

the same as that in the immunoblotting analysis. The antibodies

used in the 2D-CN/SDS–PAGE electrophoresis were rabbit poly-

clonal anti-NDST3 (1:500, generated in-house), rabbit polyclonal

anti-NDST3 (1:500, Abcam #ab173356), rabbit monoclonal anti-

GAPDH (1:1,000, CST #2118), and goat anti-rabbit IgG (H + L)

(DyLight 680 conjugate) (1:10,000, CST #5366).

NDST3 ORF cloning

A cDNA library of RPE1 cells was used as a template for the cloning

of the NDST3 open reading frame (ORF). PCR was conducted for 20

cycles using Phusion High-Fidelity DNA Polymerase (NEB M0530L),

with the forward primer GGGGACAAGTTTGTACAAAAAAGCAGGC-

TAGTCAAAAAGCCTGAGCCGATG and the reverse primer GGGGAC-

CACTTTGTACAAGAAAGCTGGGTCTGCCTTTTGGTAGCTTCTGG,

containing an attB1 and an attB2 sequence, respectively. The resulting

amplicon was gel-extracted and inserted into a Gateway pDONR221

vector (Thermo Fisher Scientific #12536017) and then cloned into

either a lentiviral vector (pLenti6.2-ccdB-3×Flag-V5, Addgene #87071)

or a pcDNA3.1-CMV-3×nFlag vector using a Gateway Single-Fragment

BP/LR reaction. In addition, for the rescue experiment, because of the

remaining expression of the sgRNA and Cas9 in the NDST3 KO cells,

synonymous mutations were created for the NDST3 ORF at the

sgRNA-targeted region by replacing several base pairs with nucleotides

encoding the same amino acids using a Q5 Site-Directed Mutagenesis

Kit (NEB E0554) to render the NDST3 cDNA resistant to cleavage.

Immunoblotting and antibodies

Cell lysates were prepared with RIPA lysis buffer supplemented with

1 mM PSMF (CST #8553), protease inhibitor cocktail (1:100, CST

#5871), 10 μM TSA (CST #9950S), and 10 mM NAM (Sigma-Aldrich

N0636). Protein concentrations were determined by the Pierce BCA

protein assay. The antibodies used are as follows: rabbit polyclonal

anti-NDST3 (1:500, generated in-house), rabbit polyclonal anti-β-
tubulin (1:4,000, Proteintech #10068-1-AP), mouse monoclonal anti-

Flag (1:1,000, Millipore Sigma F3165), rabbit monoclonal anti-LAMP1

(1:1,000, CST #9091), mouse monoclonal anti-β-actin (1:1,000, Santa

Cruz sc-47778), rabbit monoclonal anti-LC3B (1:1,000, CST #3868),

rabbit monoclonal anti-p62 (1:1,000, CST #5114), rabbit monoclonal

anti-GAPDH (1:1,000, CST #2118), rabbit monoclonal anti-Cathepsin

B (1:1,000, CST #31718), mouse monoclonal anti-ATP6V1A (1:500,

Santa Cruz sc-293336), mouse monoclonal anti-ATP6V1C1 (1:500,

Santa Cruz sc-271077), mouse monoclonal anti-ATP6V0D (1:500,

Santa Cruz sc-393322), rabbit monoclonal anti-vinculin (1:1,000, CST

#13901), mouse monoclonal anti-α-tubulin (1:500, Santa Cruz sc-

23948), mouse monoclonal anti-acetylated-α-tubulin (Lys40, 1:500,

Santa Cruz sc-23950), rabbit monoclonal anti-HDAC6 (1:1,000, CST

#7558), mouse monoclonal anti-C9orf72 (1:500, Bio-Rad VMA00065),

rabbit polyclonal anti-PR repeat (1:1,000, Proteintech #23979-1-AP),

IRDye 680LT goat anti-rabbit IgG secondary antibody (1:10,000, LI-

COR #926-68021), IRDye 800CW goat anti-rabbit IgG secondary anti-

body (1:10,000, LI-COR #926-32211), IRDye 680LT donkey anti-

mouse IgG secondary antibody (1:10,000, LI-COR #926-68022), and

IRDye 800CW donkey anti-mouse IgG secondary antibody (1:10,000,

LI-COR #926-32212). Immunoblots were analyzed for band intensity

with a LI-COR Odyssey CLx Infrared Imaging System (LI-COR, USA).

Immunocytochemistry

Cells were grown on coverslips to ~80% confluence. After the treat-

ment with relevant drugs, the culture medium was aspirated and

the cells were fixed with 4% PFA. Following three times of 1× PBS

washes, the fixed cells were blocked with blocking buffer (1× PBS /

5% BSA / 0.3% Triton X-100) for 1 h at room temperature. After

the aspiration of blocking solution, the cells were stained with rele-

vant primary and secondary antibodies. The primary antibodies

used are as follows: rabbit monoclonal anti-LAMP1 (1:200, CST

#9091S), rabbit monoclonal anti-acetyl-α-tubulin (Lys40) (1:800,

CST #5335T), mouse monoclonal anti-ATP6V1C1 (1:50, Santa Cruz

sc-271077), goat polyclonal anti-Cathepsin B (5 μg/ml, R&D Systems

AF953), and rabbit polyclonal anti-β-tubulin (1:500, Proteintech

#10068-1-AP). The coverslips were mounted with ProLong Diamond

Antifade Mountant with DAPI (Invitrogen P36962) after PBS

washes. Images were acquired using a confocal microscope (Leica,

TCS SP8), and fluorescence intensity of puncta was quantified using

Fiji software.

LysoTracker staining

The LysoTracker staining was performed on live cells as described

previously (Chazotte, 2011). Stable LAMP1-GFP RPE1 cell lines were

generated with the pLVX-EF1a-LAMP-1-mGFP-IRES-Puromycin plas-

mid (Addgene #134868, a gift from David Andrews) (Schormann et

al, 2020). Then, the cells were grown on coverslips in normal culture

medium to ~80% confluence. The LysoTracker Red DND-99 probe

(Invitrogen L7528) was diluted to a working concentration of 50 nM

in pre-warmed (37°C) culture medium and applied to replace the

normal culture medium. After the cells were incubated with the

probe-containing medium for 1 h under growth conditions, the load-

ing medium was aspirated, and the cells were washed with fresh

normal culture medium to remove any extra dye from the coverslips.

The nucleus was stained with Hoechst 33342 (ImmunoChemistry

#639) at a concentration of 0.5% v/v. The coverslips were then trans-

ferred onto slides and mounted with PBS. The slides were imaged

immediately under a confocal microscope (Leica, TCS SP8). The

number and size of LysoTracker-positive puncta per cell were quanti-

fied. The colocalization of LysoTraker and LAMP1-GFP was analyzed

using the colocalization tool in Fiji software.

Lysosomal pH measurements

The lysosomal pH values in WT and NDST3 KO RPE1 cells were

measured as described previously (Lee et al, 2010; Guha et al,

2014) using ratiometric probes including LysoSensor Yellow/Blue

dextran (Invitrogen L22460) and LysoSensor Yellow/Blue DND-160

(Invitrogen L7545). WT and NDST3 KO RPE1 cells were grown

either on coverslips or in black 96-well plates to confluence. For the

LysoSensor Yellow/Blue dextran staining, cells were incubated,
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protected from light, with 1 mg/ml LysoSensor Yellow/Blue dextran

for 24 h under normal culture conditions before treatment with

selected drugs. For the LysoSensor Yellow/Blue DND-160 staining,

cells were treated with drugs followed by removal of the culture

medium, and the cells were incubated, protected from light, with

2 μM LysoSensor Yellow/Blue DND-160 for 3 min at room tempera-

ture in an isotonic buffer (105 mM NaCl, 5 mM KCl, 6 mM HEPES-

Acid, 4 mM HEPES-Na, 5 mM NaHCO3, 60 mM mannitol, 5 mM

glucose, 0.5 mM MgCl2, 1.3 mM CaCl2, adjusted to pH 7.4). Imme-

diately after the staining, cells were rinsed with isotonic buffer three

times to remove the extra dye.

The coverslips were mounted with PBS and then observed and

imaged immediately under a confocal microscope (Leica, TCS SP8).

The excitation wavelength was set to ~405 nm. Images were

captured under both emission wavelengths, 450 � 33 nm and

510 � 20 nm. The fluorescence intensity in black 96-well plates was

determined with a plate reader (BioTek, Synergy H1) at dual excita-

tion wavelengths, 340 nm (F340 nm) and 380 nm (F380 nm), with the

emission wavelength set at 527 nm. Relative lysosomal pH was

determined from the F340 nm/F380 nm ratio.

To obtain the absolute lysosomal pH value, calibrations were

performed using a series of pH calibration buffers (pH 4.0, 4.5, 5.0,

5.5, 6.0, and 6.5) in MES solution (20 mM 2-(N-morpholino) ethane-

sulfonic acid, 110 mM KCl, 20 mM NaCl). RPE1 cells were incu-

bated with calibration buffers in the presence of 10 μM monensin

and 30 μM nigericin at room temperature for 10 min after staining

with the ratiometric probes. The fluorescence intensity ratios

(F340 nm/F380 nm) were calculated for the pH-calibrated cells. A lyso-

somal pH calibration curve was then drawn by using both the pH

values and the fluorescence intensity ratios.

Lysosome isolation

Lysosomes were isolated using the Lysosome Enrichment Kit for

Tissues and Cultured Cells (Thermo Scientific #89839). In brief, cell

pellets were lysed and neutralized with PSMF and protease inhibi-

tors, and centrifuged at 500 × g for 10 min at 4°C. The supernatant

was collected and subjected to ultracentrifugation in discontinuous

density gradients at 145,000 × g for 2 h at 4°C. After centrifugation,
the lysosome fraction at the top of the gradient was collected and

washed with 1× PBS. The lysosome pellet was saved at −80°C for

subsequent experiments.

Cathepsin activity assay

Cathepsin B activity was measured with ICT’s Magic Red Cathepsin B

substrate MR-(RR)2 (ImmunoChemistry #6134). In brief, cells were

seeded onto coverslips and grown to 60–70% confluence. The

MagicRed probe was first diluted in H2O at a ratio of 1:10 and then

added into the cell culture medium at approximately 1:26. The cells

were incubated with the probe for 1 h at 37°C and protected from

light. Cells were cleared of the medium and washed twice for 1 min

with 1× DPBS. Subsequently, the cells were stained with Hoechst

33342 (ImmunoChemistry #639) at a concentration of 0.5% v/v. The

coverslips were mounted with a drop of PBS, and the cells were

immediately observed for MagicRed-stained puncta by confocal

microscopy. The MagicRed intensity per cell was analyzed using Fiji

software.

In vitro Cathepsin B maturation assay

The recombinant human Cat B (BioLegend #557702) was diluted to

10 μg/ml in activation buffers (25 mM MES, 1 mM DTT) with dif-

ferent pH values (4.0, 4.5, 5.0, 5.5, 6.0, and 6.5) and incubated at

25°C for 10 min. The incubation was terminated by the addition of

5× SDS–PAGE protein loading buffer and boiled at 95°C for 10 min.

The samples were then subjected to immunoblotting assays. The

ratio of mature Cat B to proCat B was calculated to evaluate the

maturation rate of Cat B.

Dextran degradation assay

Cells were grown on coverslips to 60–80% confluence and loaded

with 0.4 mg/ml Alexa Fluor 488-dextran (10,000 MW, Invitrogen

D22910) for 20 min in culture medium as previously described (Liu

et al, 2018). Following aspiration of the culture medium, cells were

washed twice with PBS to remove the un-endocytosed dextran.

Subsequently, the cell samples for uptake analyses were immediately

fixed with 4% PFA, and the other parallel samples for chase analyses

were incubated in normal culture medium for 4 h and then fixed with

4% PFA after culture medium removal. Drug treatment was carried

out during the chase period. The coverslips were mounted with

ProLong Diamond Antifade Mountant with DAPI (Invitrogen

P36962). Images were acquired using a confocal microscope (Leica,

TCS SP8) with the excitation wavelength set at ~488 nm and emis-

sion wavelength at 520 � 20 nm. Fluorescence intensity was quanti-

fied using Fiji software. The fluorescence intensity of the uptake and

the chase was recorded as Fuptake and Fchase, respectively. The degra-

dation of Alexa Fluor 488-dextran was calculated with the following

equation: Degradationð%Þ¼ ðFuptake�FchaseÞ=Fuptake�100.

Subcellular fractionation

Subcellular fractionation was conducted with the Cell Fractionation

Kit (CST #9038). In brief, cells grown to 80–90% confluence in 10-

cm dishes were cleared of medium and washed with 1× DPBS,

followed by extraction with ice-cold Cytosol Isolation Buffer (CIB,

300 μl) supplemented with 1 mM PSMF (CST #8553), protease inhi-

bitor cocktail (1:100, CST #5871), 10 μM trichostatin A (TSA, CST

#9950S), and 10 mM nicotinamide (NAM, Sigma-Aldrich N0636).

The tubes were vortexed for 5 s and then incubated on ice for

5 min. The extracts were centrifuged at 500 × g for 5 min, and the

supernatants were saved as the cytosolic fractions. The pellets were

resuspended in 200 μl ice-cold Membrane Isolation Buffer (MIB),

which was also supplemented with inhibitors equivalent to those in

the CIB. The mixtures were vortexed for 15 s, incubated on ice for

5 min, and centrifuged at 8,000 × g for 5 min. The supernatants

were saved as the membrane fractions. The subcellular fractions

were mixed with SDS loading buffer and boiled at 95°C for 5 min

for subsequent immunoblotting analysis.

Purification of NDST3 protein

NDST3 was overexpressed in HEK293T cells by transfecting the cells

with the pcDNA3.1-CMV-3×nFlag-NDST3 plasmid. At 48 h post-

transfection, HEK293T cells were harvested and lysed in ice-cold

lysis buffer (50 mM Tris–HCl [pH 7.5], 0.5 mM EDTA, 0.5% NP-40,
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150 mM NaCl, 1 mM PMSF, and 1× protease inhibitor cocktail). Cell

lysates were precleared and immunoprecipitated with Anti-FLAG

M2 Magnetic Beads (Sigma-Aldrich M8823). The immunoprecipi-

tated Flag fusion protein was eluted with 3× Flag peptides (Sigma-

Aldrich F4799). The Flag-tagged EGFP control protein was also

prepared by the same method.

In vitro α-tubulin deacetylation assay

The in vitro α-tubulin deacetylation assay was performed as

described previously (Hubbert et al, 2002; North et al, 2003). In

brief, purified NDST3 or EGFP protein was added in 100 μl
deacetylation buffer (10 mM Tris–HCl [pH 8.0] and 10 mM NaCl),

together with either purified dimeric tubulin (Cytoskeleton Inc.

T240) or Taxol-stabilized polymerized microtubules that had been

assembled from the dimeric tubulin in PEM buffer (80 mM PIPES

[pH 6.8], 1 mM MgCl2, and 1 mM EGTA) supplemented with

20 μM Taxol (MilliporeSigma T7402) and 1 mM GTP (Milli-

poreSigma G8877) at 37°C for 30 min. The experimental reaction

was performed at 25°C for 2 h in either the presence or absence of

1 mM NAD (MilliporeSigma N6522), with constant stirring. Inhibi-

tory controls were also prepared using the histone deacetylase

inhibitors TSA (CST #9950S) or NAM (Sigma-Aldrich N0636). TSA

or NAM was added to the reaction system before the addition of

substrate and NAD at a final concentration of 400 nM and 5 mM,

respectively. After incubation at 25°C for 10 min, the reaction was

started, following the same procedure as in the experimental reac-

tion. All deacetylation reactions were stopped by the addition of

50 μl 5× SDS–PAGE loading buffer, and the samples were

subjected to immunoblotting analysis to measure the acetylated-α-
tubulin level.

Statistical analysis

All data were derived from at least three independent experiments.

The exact n value for each data set used for calculating statistics is

indicated in the corresponding figure legend. Data are expressed as

mean � standard deviation (SD). The two-tailed Student’s t-test was

used to analyze the data unless otherwise indicated. A P value of

< 0.05 was considered statistically significant.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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