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Key points

e Phosphatome RNAI screen identified both activators and inhibitors of cellular
glucocerebrosidase activity

e Depletion of selective phosphatases in HelLa cells improved the folding and
trafficking of mutant p-glucocerebrosidase to lysosomes

e Knockdown of selective phosphatases restored the low basal B-glucocerebrosidase
activity to that of wild-type in primary cells derived from Gaucher’s disease patients

e Depletion of selective phosphatases displayed variable B-GC activity in neuropathic
and non-neuropathic Gaucher’s disease patient cells

Abstract

Lysosomes function as a primary site for catabolism and cellular signaling. These organelles
digest a variety of substrates received through endocytosis, secretion and autophagy with the
help of resident acid hydrolases. Lysosomal enzymes are folded in the endoplasmic reticulum
(ER) and trafficked to lysosomes via Golgi and endocytic route. The inability of hydrolase
trafficking due to mutations or mutations in its receptor or cofactor leads to cargo
accumulation (storage) in lysosomes, resulting in lysosome storage disorder (LSD). In
Gaucher’s disease (GD), the lysosomes accumulate glucosylceramide due to a lack of -
glucocerebrosidase (B-GC) activity that causes lysosome enlargement/dysfunction. We
hypothesize that improving the trafficking of mutant B-GC to lysosomes may delay the
progression of GD. RNAI screen using high throughput based lysosomal enzyme activity
assay followed by reporter trafficking assay utilizing B-GC-mCherry lead to the identification
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of nine potential phosphatases. Depletion of these phosphatases in HelLa cells enhanced the
B-GC activity by increasing the folding and trafficking of Gaucher’s mutants to the
lysosomes. Consistently, the lysosomes in primary fibroblasts from GD patients restored their
function upon the knockdown of these phosphatases. Thus, these studies provide evidence
that altering phosphatome activity possibly delays the GD and forms an alternative
therapeutic strategy for this genetic disease.

Keywords: B-glucocerebrosidase, TFEB, phosphatome, lysosome, Gaucher’s disease,
lysosome storage diseases and RNAI screen

Introduction

Lysosomes are a unique set of organelles that harbor acid hydrolases and are involved in
maintaining cellular homeostasis, organelle turnover, intra and extracellular signaling
(Ballabio and Bonifacino, 2020; Luzio et al., 2014; Perera and Zoncu, 2016; Platt et al., 2018;
Yang and Wang, 2021). These organelles receive the hydrolases from the Golgi via M6PR -
dependent and -independent pathways (Saftig and Klumperman, 2009; Schwake et al., 2013;
Staudt et al., 2016) and degrade the cargo received from endocytosis, biosynthetic, secretory
and autophagy processes (Ballabio and Bonifacino, 2020; Perera and Zoncu, 2016). Apart
from the recycling of degraded materials, lysosomes act as a hub for sensing cellular
nutrition, inter-organelle communication, wound healing, plasma membrane repair and
apoptosis (Ballabio, 2016; Ballabio and Bonifacino, 2020; Huber and Teis, 2016; Perera and
Zoncu, 2016). Inherited mutations in the genes of lysosomal hydrolases or their co-activators
or receptors result in the loss of lysosome function due to accumulation of respective
enzyme’s substrate (storage), observed in lysosome storage disorders (LSDs) (Futerman and
van Meer, 2004; Parenti et al., 2015; Platt et al., 2012; Platt et al., 2018; Sun, 2018).
Gaucher’s disease (GD) is the most prevalent form of the known 70 LSDs wherein mutations
in B-glucocerebrosidase (3-GC, EC 3.2.1.45) enzyme perturbs its trafficking to the lysosomes
(Graves et al., 1988). Around 300 mutations in GBAL has been reported (Hruska et al., 2008),
which leads to the misfolding and degradation of mutant B-GC by ERAD pathway leading to
reduced activity in the lysosomes (Ron and Horowitz, 2005; Sawkar et al., 2005; Tan et al.,
2014; Wang et al., 2008). The mutations such as N370S and L444P in GBA1 are the two
common forms observed in GD (Hruska et al., 2008). These mutations affect the folding and
trafficking of B-GC but not the activity upon their trafficking to the lysosomes resulting in
gradual accumulation of the substrate glucosylceramide. This process primarily causes an
impairment in lysosome function followed by secondary defects, including atypical activation
of signaling pathways that lead to multisystemic dysfunction (Pastores and Hughes, 1993;
Platt et al., 2018; Stirnemann et al., 2017). GD has been classified into Type I, II, 11l and
perinatal lethal forms. Additionally, Type Il and Il are shown to associated with central
nervous system (CNS) deficits (Platt et al., 2018; Stirnemann et al., 2017). The currently
available treatments such as enzyme replacement therapy (ERT) and substrate reduction
therapy (SRT) are acting as therapies for Type |, but not Type I1/111, where these reagents do
not cross the blood-brain barrier (Cox et al., 2003; Weinreb et al., 2002). Further, a small
molecule-based pharmacological chaperone therapy (PCT) is known to improve the folding
and trafficking of mutant B-GC (lIstaiti et al., 2021), potentially act as a therapy for GD with
neuropathic systems and is under clinical trial (Gary et al., 2018; Parenti et al., 2015; Pastores
and Hughes, 1993; Platt et al., 2018; Stirnemann et al., 2017).

The modulation of different cellular pathways has been shown to delay GD by restoring the
trafficking of mutant B-GC to lysosomes. For example, enhancing the ER calcium levels by
blocking ryanodine receptors (Liou et al., 2016; Ong et al., 2010), inhibiting the ERAD-
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mediated degradation (Ron and Horowitz, 2005) or transcriptional activation of lysosome
biogenesis genes through transcription factor (TF) EB (TFEB)/TFE3 (Song et al., 2013) lead
to increased folding/trafficking of mutant 3-GC and/or lysosomes biogenesis. Interestingly,
the alterations in these common cellular pathways may also impact the other forms of LSDs
(Song et al., 2013). However, the small molecules modulating the ER and/or lysosome
proteostasis are still under clinical trials (Platt et al., 2018). Therefore, extensive studies in
identifying the new cellular pathways to fine-tune the folding/trafficking of B-GC to
lysosomes are in high priority for curing GD.

The folding and trafficking of lysosomal proteins are a well-tuned process and is tightly
regulated by various cellular signaling pathways (Ballabio and Bonifacino, 2020; Kornfeld
and Mellman, 1989; Luzio et al., 2014; Saftig and Klumperman, 2009). Phosphorylation is
one of the most common post-translational modifications (PTMs) occurring during this
signaling. The process of phosphorylation and dephosphorylation is generally controlled by
approximately 518 kinases (Manning et al., 2002) and 255 phosphatases (Sacco et al., 2012),
respectively and their function in modulating different cellular pathways associated with
lysosome function is poorly understood. Phosphatases control the extent and relay of cell
signaling by dephosphorylating the biomolecules that are phosphorylated by kinases. Very
few phosphatases such as calcineurin (Medina et al., 2015) and MTMR4 have been shown to
regulate lysosomal proteostasis through TFEB (Pham et al., 2018), but their role in regulating
B-GC folding and trafficking has not been directly elucidated. Similarly, the depletion of
RIPK3 has been shown to improve the disease phenotype in a mouse model of GD (Vitner et
al., 2014). We hypothesize here that fine-tuning the signaling pathways by modulating the
activity of phosphatases may improve the lysosome function or folding/trafficking of mutant
B-GC to the lysosomes and can be used to cure/delay the progression of GD. In this study,
RNAI screen against the cellular phosphatome (320, including the catalytic and regulatory
subunits) identified nine potential phosphatases, which upon depletion in HeLa and primary
fibroblasts from GD patients enhanced the lysosome activity by increasing the folding and
trafficking of B-GC to lysosomes. Thus, this study provided the potential therapeutic targets
for GD and other forms of LSDs.

Results

B-GC is a lysosomal luminal enzyme that functions at acidic pH and metabolizes the
byproduct glucosylceramide into ceramide and glucose (Fig. 1A). In GD, B-GC undergoes
degradation due to a variety of genetic mutations, which results in the accumulation of
glucosylceramide in the lysosomes (Motabar et al., 2012). Moreover, the mutations at N370S
and L444P in human GBAL are predominant and spread across the Type 1, 1l and 11l forms of
GD (Hruska et al., 2008; Sibille et al., 1993). Our goal is to restore the trafficking of these
mutants from ER to Golgi and then to the lysosomes, allowing these B-GC mutants to digest
the accumulated glucosylceramide, which delays the disease progression. In this study, we
used an RNAI screen to identify the phosphatases that modulate B-GC activity. We then
screened these phosphatases for improved trafficking of B-GC mutants to lysosomes.
Additionally, the role of phosphatases in regulating the trafficking of lysosome hydrolases,
including the mutants of B-GC, to the lysosomes has not yet been investigated. Thus, this
approach will help to identify the new druggable targets for GD and other LSDs.

Screening of phosphatases for modulating the B-GC activity
1. Standardization of B-GC activity assay for the high throughput analysis:
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To inhibit the activity of phosphatases, we have followed the RNAI approach by using the
phosphatome shRNA library (Sigma Aldrich, SH0411). We have performed the transient
knockdown of these phosphatases in HeLa cells and measured the B-GC activity. We have
standardized the previously published intact cell B-GC activity assay by using 4-
methylumbelliferyl B-D-glucopyranoside (MUD, non-fluorescent substrate for both o-
glucosidase and B-glucosidase) (Sawkar et al., 2002) amenable for the high-throughput
screen (data not shown). Incubation of HeLa cells with MUD in acidic buffer releases a
fluorescent product 4-methylumbelliferone (with excitation at 365 nm and emission at 440
nm) and D-glucose by the activity of GC (Fig. 1A). Additionally, we have used conduritol B
epoxide (CBE), an active site inhibitor of B-GC (Boot et al., 2007), as a control in the assay
(Fig. 1A).

As reported, cells express non-lysosomal GC (nL-GC, including GBA2, GBA3 and other
enzymes) in addition to B-GC (GBAL enzyme) (Boot et al., 2007; van Weely et al., 1993).
However, the B-GC functions in an acidic environment, unlike nL-GC (Sawkar et al., 2002).
As part of assay standardization to identify the time point and the B-GC specificity, we have
incubated the HeLa cells with MUD at variable time points in the presence (+) and absence (-
) of CBE (Fig. 1B). We have considered the measured GC activity in the presence of CBE as
nL-GC or non-specific activity. Plotting the total GC, nL-GC, and B-GC activities separately
showed that the B-GC activity values are equivalent to the total GC activity, suggesting that
the nL-GC may not show any background activity in the assay condition (Fig. 1B). As
expected, B-GC activity increases with time and 150 min (2.5 h) was chosen for screening to
identify both the up and down regulators of B-GC activity (Fig. 1B). For validating the assay,
HelLa cells were knockdown for GBAL using a pool of two shRNAs (Supplementary Table
1) and then measured the GC activity in the cells (Fig. 1C and 1D). Consistently, the GBA
knockdown cells showed reduced B-GC but not nL-GC activity (Fig. 1C and 1D). Further,
the reduced B-GC activity in shGBA cells was almost equivalent to shRNA-mediated gene
knockdown efficiency (Fig. 1C), indicating the assay is specific to 3-GC.

2. Primary screening of phosphatome against 3-GC activity:

To screen the phosphatases that modulate B-GC activity, we prepared pooled shRNA per
gene by mixing DNA of 2 to 5 individual shRNAs, isolated from the glycerol stocks (refer to
materials and methods). Note that only a single sShRNA was available for few phosphatases in
the library and was used in the screen. A total of 492 pools targeting 320 phosphatases
(including catalytically active and regulatory subunits, receptors and pseudophosphatases)
were prepared manually and transfected into HeLa cells using Lipofectamine 2000 in 24 well
plate (Fig. 1E). Post transfection and puromycin selection, cells were assayed for cell
viability using the resazurin assay followed by B-GC activity assay without CBE. We used
non-mammalian targeting shRNA (SHC002, Sigma-Aldrich) as a control throughout the
study. As expected, the control shRNA (referred to here as shControl) did not show any
toxicity to the cells, and the B-GC activity was nearly equivalent to that of plain cells (data
not shown). Fold change in B-GC activity in phosphatome knockdown cells with respect to
the control cells was measured and plotted (Supplementary Fig. 1A and 1B). Upon
individual knockdown of phosphatases, the B-GC activity in HeLa cells varied from 11.16 to
0.22 folds compared to the control cells (Supplementary Fig. 1A and 1B). In addition, the
knockdown cells showed variable cell viability, as shown in the graphs (Supplementary Fig.
1A and 1B). Moreover, the multiple sShRNAs pools against the genes ENOPH1, ITPA, PTER,
PTPRJ and PTPN1 showed variable GC activity in HeLa cells (data not shown) and therefore
excluded for further analysis. Overall, our primary shRNA screen of phosphatome against -
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GC activity scored 310 phosphatases, and their activities are ranging from 3.16+0.11 to
0.22+0.05 folds with respective to the control (Fig. 1E).

3. Characterization of primary hits into GC activators and inhibitors:

The primary screen hits are labeled as GC modulators (not as B-GC modulators) because we
did not use CBE in the activity assay. To further screen these modulators, we selected the
phosphatases whose knockdown in HelLa cells enhanced the GC activity by 1.5 fold or above
compared to the control, defined as GC activators (GC,). Similarly, the phosphatases whose
knockdown in HeLa cells reduced the activity to 0.5 fold or below compared to the control,
defined as GC inhibitors (GC;) (Fig. 1E). Note that the shPhosphatases showing the GC
activity between 0.5 to 1.5 folds with respect to the control were not further examined.
Additionally, we did not measure the knockdown efficiency for any shRNA pool during the
primary screen. Nevertheless, this analysis identified 26 GC, and 27 GC; phosphatases (Fig.
2A and 2B). We proceeded with the GC, phosphatases to identify the unique phosphatases
whose inhibition in activity should enhance the GC activity. Moreover, any small molecular
inhibitors available for these phosphatases may substitute the shRNA mediated protein
depletion in the cells. In contrast, we predict that the GC; phosphatases may only be useful if
we enhance their activity in disease conditions.

4. Secondary and tertiary screening of GC, phosphatases for 3-GC activity:

To eliminate the false positive hits (due to the off-target effect of ShRNASs) of the primary
screen, we reanalyzed the 26 GC, phosphatases by repeating the GC activity in HelLa cells
that are knockdown with individual shRNAs of each phosphatase (labeled as secondary
screen, Supplementary Fig. 1C). Interestingly, 8 out of 26 GC, phosphatases retained the
GC activity equivalent to the pooled shRNA (Supplementary Fig. 1C). Additionally, we
have selected 19 phosphatases whose knockdown in HeLa cells showed variable GC activity
in different sShRNA pools (Supplementary Fig. 1C). Repetition of the GC activity in the
later set resulted in identifying 9 additional GC, phosphatases (Supplementary Fig. 1C).
Overall, our secondary screen led to the identification of 17 GC, phosphatases (except
shPHPT1, Supplementary Fig. 1C), whose knockdown using individual shRNA showed
increased GC activity in HelLa cells. Note, two individual shRNAs of PHPT1 showed
enhanced while the other two shRNAs decreased the GC activity in HeLa cells compared to
control (Supplementary Fig. 1C) and, hence, were subjected to tertiary assay.

To determine the specificity of secondary screen hits against B-GC, we selected two best
shRNAs (using bioinformatic target sequence analysis) for each phosphatase
(Supplementary Table 1) that showed enhanced activity in the secondary screen. By using
these shRNAs, we performed the GC activity assay in the presence of CBE (labeled as a
tertiary screen) and calculated the B-GC activity in the phosphatase knockdown Hela cells
(Fig. 1E). In a nutshell, the tertiary screen led to the identification of nine unique
phosphatases that are scattered across different phosphatase families. As expected, the
knockdown of these phosphatases in HelLa cells enhanced the B-GC activity by 1.6 fold or
above with at least one shRNA in the presence of CBE compared to control cells
(Supplementary Fig. 1C). We have labeled these phosphatases as RNAI hits of B-GC
activity. These include DUSP14 and PTPN20B from protein-tyrosine phosphatase
superfamily; PPP6C and MTMR4 from protein serine/threonine phosphatase family;
PPAP2B, a phospholipid phosphatase; PPA2, a pyrophosphatase; NT5E, a nucleotidase;
STYXL1, a pseudophosphatase; and SAPS3, a regulator of phosphatase (Fig. 1C). To
increase the efficiency of GC, phosphatase knockdown, we combined the two ShRNAs
selected from the tertiary screen (labeled as shPhosphatase, a mix of shl+sh2 shown in
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Supplementary Fig. 1C and listed in Supplementary Table 1) and was used in the further
experiments. As expected, the knockdown of these nine phosphatases using the sh1+sh2 pool
in HelLa cells showed a significant (except in shPPAP2B) increase in B-GC activity in HelLa
cells compared to the control cells (Fig. 2C). However, we observed a variable knockdown (a
range from 20% to 60%) of the respective gene upon shRNA (sh1+sh2) transfection in HeLa
cells (Fig. 2D). Interestingly, the obtained phosphatase knockdown was sufficient to display
the enhanced B-GC activity in multiple experiments and improved lysosome function in both
HelLa and primary fibroblasts (see below).

Analyses of GC, phosphatase hits for improved lysosomal function in HeL a cells
Tertiary RNAI screen using B-GC activity assay in HelLa cells identified nine GC,
phosphatases (Fig. 2C). Interestingly, the role of these phosphatases have not been implicated
in the disease pathology linking to GD or elucidated their direct involvement in the lysosome
function except MTMR4 (Pham et al., 2018). We tested whether the significant increase in 3-
GC activity in individual GC, phosphatase knockdown HeLa cells (sh1+sh2) is due to
increased lysosome biogenesis/function or enhanced folding/trafficking of B-GC to the
lysosomes. To address the earlier point, we measured the following parameters of lysosomes:
(1) distribution/position, (2) acidity, (3) proteolytic activity, and (4) status of lysosome
biogenesis transcription factors. Upon probing the lysosomes with anti-LAMP-1 antibody, all
the GC, phosphatase knockdown HelLa cells showed an enhanced number of lysosomes as
compared to shControl cells (Fig. 3A). Consistently, we also observed increased dispersal of
these lysosomes in the cytosol of all GC, phosphatase knockdown HeLa cells as compared to
control cells (quantified as a perinuclear index in Fig. 3A’). We observed a minimum
dispersion of about 1.21 folds in sSAIMTMR4 and as high as 1.87 folds in shPPAP2B (Fig.
3A).

Lysosomal pH is critical for its function, and recent studies have illustrated a difference in pH
between peripheral (less acidic) vs perinuclear (more acidic) localized lysosomes (Johnson et
al., 2016). Therefore, we assessed the status of lysosomes by using LysoTracker Red in the
GC, phosphatase knockdown and control HeLa cells that are expressing lysosomal protein
GFP-LAMP-1 (Fig. 3B). Fluorescence microscopy of cells showed the variable number of
LysoTracker Red-positive compartments in the GC, phosphatase knockdown and control
HelLa cells (Fig. 3B’). Interestingly, shDUSP14, shPPA2, shPPP6C, shPTPN20B and
shSTYXL1 cells showed an increased number of acidic compartments compared to shControl
cells (Fig. 3B’). However, we did not observe any change in the LysoTracker Red-positive
compartments in the rest of the GC, phosphatase knockdown cells compared to control cells
(Fig. 3B’). Note that we observed a minor reduction in the number of LysoTracker Red-
positive compartments in shPPAP2B cells (Fig. 3B’). To know whether the lysosomes in all
GC, phosphatase knockdown HelLa cells are acidic, we measured Pearson’s correlation
coefficient (r) between GFP-LAMP-1 and LysoTracker Red and compared with control cells
(Fig. 3B"). Surprisingly, we did not observe any increase in r values between GC,
phosphatase knockdown and control cells. However, we observed a minor reduction in r
values in shDUSP14, shPPAP2B, shPTPN20B, shSTYXL1 and shMTMR4 cells (Fig. 3B™").
Overall, these studies indicate that the acidity of lysosomes is not altered drastically, even
with an increase in lysosome number in certain GC, phosphatases knockdown cells.
Moreover, this data suggests that GC, phosphatases may not be involved in maintaining the
acidity of lysosomes. Next, we tested the functionality in terms of proteolytic processivity of
lysosomes using DQ-Red BSA uptake assay (Marwaha and Sharma, 2017). Upon incubation
of cells with DQ-Red BSA, both GC, phosphatase knockdown and control HelLa cells
showed DQ-Red fluorescence in LAMP-1-positive compartments (Fig. 3C). Quantitative
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analysis of DQ-Red with LAMP-1 showed no major change in colocalization in all GC,
phosphatase knockdown and control HeLa cells (Fig. 3C’), suggesting that the knockdown of
GC, phosphatases may not affect the processivity of substrates in the lysosomes. Note that
we did not observe DQ-Red signal in shPPAP2B cells but restored it upon repetition of the
assay in GFP-LAMP-1 transfected shPPA2B cells.

To understand the mechanism behind the increased lysosome numbers or LysoTracker Red-
positive compartments or their dispersal in GC, depleted cells, we tested the localization of
lysosome biogenesis transcription factors, TFEB and TFE3 (Martina et al., 2016; Settembre
et al., 2011) using respective antibodies. Quantification of TFEB localization to the nucleus
by immunofluorescence microscopy (IFM) showed TFEB localizes to the nucleus in only 6%
of control HeLa cells. We observed a similar percentage of TFEB localization to the nucleus
in shPPP6C, shPTPN20B and shMTMR4 cells. In contrast, more than 40% of GC,
phosphatases knockdown (shDUSP14, shPPA2, shPPAP2B, shSAP3, shNT5E and
shSTYXL1) HeLa cells displayed nuclear TFEB localization. To confirm the results of the
above biased-based approach on TFEB localization, we have quantified the ratio of nuclear to
cytosol localization of TFEB. Surprisingly, we have observed an increase in the nuclear
localization of TFEB in GC, phosphatase knockdown cells compared to control cells except
in shPPP6C and sShMTMRA4 cells (Fig. 3D’). Similarly, we observed marginally altered TFE3
localization to the nucleus in the GC, phosphatase knockdown cells compared to control
Hela cells (Fig. 3E). The TFE3 was localized to the nucleus in more than 25% of the HelLa
cells, especially in shPPA2, PPP6C, shPPAP2B, shSAPS3, shNT5E and shSTYXL1. In other
GC, phosphatase knockdown cells, the TFE3 localization to the nucleus was almost similar to
that of shcontrol cells (Fig. 3E). Quantification of TFE3 localization to the nucleus showed
an enhanced nuclear localization in the majority of GC, phosphatase knockdown cells except
in shDUSP14, shPTPN20B and shMTMR4 cells compared to control HelLa cells (Fig. 3E’).
Next, we tested the expression of TFEB/TFE3 driven lysosome biogenesis genes by gRT-
PCR. However, the transcript levels of TFEB and TFE3 or their downstream genes did not
alter in GC, phosphatase knockdown cells compared to control cells except in ShSAPS3 cells
(Supplementary Fig. 2A and 2B). In contrast, the levels of TFEB/TFE3 regulated lysosome
biogenesis genes moderately reduced in SAMTMR4 cells (Supplementary Fig. 2B). These
results suggest that the knockdown of the GC, phosphatases may not regulate the lysosome
biogenesis at the transcriptional level, although a marginally enhanced nuclear localization of
TFEB and TFE3 was observed in these cells. Based on these results, we hypothesized that the
increased functionality of lysosomes in GC, phosphatase knockdown cells might be due to
the increased trafficking of lysosomal proteins such as B-GC to the lysosomes except in
shSAP3 cells.

Reporter cellsto measure thetrafficking of B-GC to the lysosomes

To test our above prediction, we have generated a B-GC reporter in a lentiviral plasmid
wherein the GBA1 was fused with mCherry epitope tag at the C-terminus (GC""-mCherry)
(Fig. 4A). Similarly, we wanted to monitor the trafficking of B-GC having GD patient
mutations such as N370S and L444P to lysosomes. For this purpose, we generated the
GCN¥"%.mCherry and GC**"-mCherry lentiviral reporter constructs through site-directed
mutagenesis. Note, N409S and L483P corresponds to N370S and L444P mutations
respectively in GBAL gene having a leader sequence of 39 aa at the N-terminus gHruska et
al., 2008). Further, we observed an additional mutation at N156D in the GCN*"*>-mCherry
construct (Fig. 4A). To test the functionality of these reporters, we have generated the
lentivirus-mediated stable HelLa cell lines, and they showed an expression of these reporters.
Further, we have used a non-clonal Hela cell population to study the B-GC trafficking to
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lysosome. Imaging studies revealed that HelLa cells expressing GC"'-mCherry localized
majorly as punctate structures that are colocalized with lysosomal protein LAMP-1, and a
cohort of the reporter observed as reticular pattern positive for calnexin (represents ER) (Fig.
4B). In contrast, both GC"**-mCherry and GC****"-mCherry mutants localized majorly to
ER and displayed no or minimal localization to lysosomes (Fig. 4B). To test the trafficking of
GCN¥OSIL444P_mCherry reporters to lysosomes, we have treated the cells with proteasomal
inhibitor MG132 (similar to the studies in (Mu et al., 2008)), and these reporters showed
localization to LAMP-1-positive lysosomes (Fig. 4B). These studies illustrate that the GC-
mCherry encoding reporter HeLa cell lines are functional and can be used for testing the -
GC trafficking to the lysosomes. To test whether the stably expressing GC-mCherry reporter
cell lines possess any altered B-GC activity in lysosomes, we measured the activity using
MUD in the presence of CBE. Compared to empty mCherry expressing cells, GC""-mCherry
expressing cells showed increased B-GC activity (1.33+0.16 folds) and decreased in
GCNTOL444P_mCherry  expressing cells (0.64+0.09 folds in GCM¥%-mCherry cells,
0.60+0.05 folds in GC-***-mCherry) (Fig. 4C). These results suggest that the overexpression
of GD mutants of GBAL alters the lysosome enzyme activity.

Effect of GC, phosphatase knockdown on the folding and trafficking of GC and GD
mutantsto the lysosome

To test whether the knockdown of GC, phosphatases improves the trafficking of lysosomal
hydrolase, B-GC to the lysosomes, we performed the knockdown of GC, phosphatases in
reporter cell lines stably expressing GC"™0S/L44%_mCherry. IFM of these cells revealed
that GC""-mCherry localized to LAMP-1-positive lysosomes in all GC, phosphatase
knockdown cells, similar to shControl (Fig. 5A). The measurement of B-GC"'-mCherry
puncta and their percentage colocalization with lysosomes in GC, phosphatase knockdown
HelLa cells was significantly unaffected compared to control cells (see Fig. 5D and 5E).
Interestingly, both GCN*"**-mCherry and GC****"-mCherry reporters majorly localized to ER
in shControl cells and appeared as puncta colocalized with LAMP-1 in all GC, phosphatase
knockdown cells (Fig. 5B and 5C). The number of B-GCN¥"5““4"_mCherry puncta was
significantly enhanced in all GC, phosphatase knockdown HelLa cells compared to control
cells (see Fig. 5D and 5E). As expected, the B-GCM"*“*".mCherry puncta were
colocalized with lysosomes in all phosphatase knockdown and control cells (Fig. 5D and 5E).
These studies showed that the knockdown of GC, phosphatases enhanced the trafficking of
Gaucher’s mutant reporters to the lysosomes.

To further confirm that the increased trafficking of GCN*"*“*"_mCherry to lysosomes is
associated with increased B-GC activity in lysosomes, we have carried out a lysosomal
enzyme activity assay using MUD in these cells. Surprisingly, the B-GC activity in GC,
phosphatase knockdown HeLa cells significantly increased as compared to control cells (as
high as 1.12+0.04 to 3.64+0.11 folds in GCN*"*-mCherry reporter cells and 2.32+0.17 to
6.35+0.20 folds in GC““*"-mCherry reporter cells compared to shControl cells)
(Supplementary Fig. 2C). These results suggest that the knockdown of these GC,
phosphatases in HeLa cells improved the trafficking of GD patient mutants of B-GC to
lysosomes.

Effect of GC, phosphatase knockdown in improving the lysosome activity in Typel and
Il GD patient fibroblasts

To validate the function of GC, phosphatases in GD, we have obtained the primary human
fibroblasts derived from GD patients and wild-type cells (from a healthy individual) (Coriell
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Life Sciences, USA). For covering the broad spectrum of GD, we have used Type |
(GCN3705846G - N3OS VAL oLy (GCH** Type(1) and (2) are from two different
patients) and Type 11 (GC"***") pathology associated GD patient fibroblasts in this study (Fig.
6). Initial analysis of GD primary cells by IFM showed enlarged and clustered LAMP-1-
positive lysosomes compared to wild-type fibroblasts (Fig. 6A). Note that the enlargement of
lysosomes is assumed to be due to the accumulation of glucosylceramide in the lysosomes of
GD patient cells (Garcia-Sanz et al., 2017; Kinghorn et al., 2017). We have analyzed the cells
for lysosome acidity and proteolytic processivity by labeling the cells with LysoTracker Red
and DQ-Red BSA, respectively. Interestingly, most of the GD primary fibroblasts showed
similar lysosome acidity (quantified as r values between LAMP-1 and Lysotracker Red) in
both Type | and Type Il cells, which is equivalent to wild-type primary cells (Fig. 6A). In a
similar line, the lysosome protease activity was almost similar in Type /Il GD patient
fibroblasts compared to wild-type cells (Fig. 6A), suggesting that lysosome acidity or its
protease activity was not greatly altered in GD patient fibroblasts. Further, we tested the -
GC activity in these primary cells along with wild-type cells (Fig. 6B). As expected, we
observed significantly reduced B-GC activity in Type | and Il cells than wild-type fibroblasts
(Fig. 6B). Moreover, the primary cells of GCN¥%#4€C and GCH*P® of Type | and GCH44?
of Type Il GD showed a substantial defect in B-GC activity (Fig. 6B). These results suggest
that GD patient fibroblasts display severe defectivity in B-GC activity due to mutations in
GBAL1; however, their lysosome acidity and general protease activity remain unaffected.
Thus, we have used these primary cells to test the effect of GC, phosphatase knockdown on
B-GC trafficking to lysosomes.

To analyze the effect of GC, phosphatase knockdown on B-GC activity in wild-type cells, we
transduced the primary fibroblasts with lentiviruses encoding respective GC, phosphatase
SshRNAs (sh1+sh2) or control shRNA. Post 60 h, the cells were assayed for B-GC activity
using MUD in the presence of CBE and measured the B-GC activity as fold change in each
phosphatase knockdown cells with respect to the control (Fig. 6C, GCV'4Y") n all these
experiments, we did not select the primary cells with antibiotic resistance due to their high
sensitivity towards the puromycin. Interestingly, the knockdown of phosphatases such as
DUSP14, PPA2, PTPN20B, STYXL1 and MTMR4 in wild-type primary fibroblasts
enhanced the B-GC activity 1.5 or above folds compared to shControl cells. However, we
observed slightly reduced B-GC activity in shPPP6C, shPPAP2B, shSAPS3 and shNT5E
cells compared to shControl cells (Fig. 6C, GC"'*¥P®). Note that the measured B-GC
activity in these GC, phosphatase knockdown cells is above the basal level activity shown in
Fig. 6B. Thus, these studies indicate that the knockdown of certain phosphatases enhances
the lysosomal B-GC activity above its basal level. Similar analysis of B-GC activity in Type |
GD fibroblasts showed variable phenotypes. Upon knockdown of GC, phosphatases in Type
| GD fibroblasts having mutations at N370S and 84GG in B-GC displayed no major change
in B-GC activity (between 0.84+0.11 folds to 1.43+0.19 folds), whereas Type | GD
fibroblasts having mutations at N370S and V394L in 3-GC showed enhanced -GC activity
(between 1.14+0.13 folds to 2.32+0.52 folds) compared to shControl transduced fibroblasts
(Fig. 6C). Note that the basal level B-GC activity in GCV¥*9#4¢C fiproblasts is significantly
lower than in GCN¥%5V394L GD fibroblasts (Fig. 6B). These studies revealed that the net
observed B-GC activity in GCN¥"%5#4C fibroblasts signifies an improvement in the activity.
Interestingly, B-GC activity analysis showed enhanced -GC activity in the majority of GC,
phosphatase knockdown primary fibroblast cells derived from Type | GD patient carrying
GC™***" mutation compared to shControl cells (between 1.18+0.11 folds to 2.67+0.11 folds,
except shPPP6C in GC“**** Type | and between 1.04+0.08 folds to 2.21+0.35 folds in
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another patient GC****" Type 1(2)) (Fig. 6C). Note that the two different patient cells of
GC"P Type | possess very different basal level B-GC activity (Fig. 6B). Consistently, the
primary fibroblasts derived from Type Il GD patient having L444P mutation displayed an
increase in B-GC activity in the majority of GC, phosphatase knockdown cells (except
shPPA2 and shMTMR4) compared to shControl cells (between 1.01+0.24 folds to 1.71+0.41
folds) (Fig. 6C). Note that these cells possess moderate levels of B-GC activity at the basal
level (Fig. 6B).

The composite analysis of the B-GC activity in different GD fibroblasts by the heatmap
method clearly displayed an increase in B-GC activity by more than 1.01+0.24 folds to
2.67+0.011 folds almost all GC, phosphatase depleted cells compared to control cells (except
in few phosphatases labeled as grey) (Fig. 6D). In contrast, the knockdown of the majority
GC, phosphatases in wild-type cells showed a slight decrease in B-GC activity despite a high
level of basal activity (Fig. 6B and 6D). Overall, we observed an improved B-GC activity in
most of GD fibroblast cells upon knockdown of GC, phosphatases compared to control cells.
Thus, these genes act as potential therapeutic targets in curing GD and other LSDs (required
testing in future).

Discussion

LSDs are known to result from autosomal recessive mutations in the lysosomal hydrolases or
their transporters/carrier proteins/cofactors that lead to the accumulation of respective
un/partially digested substrate (storage) in the lysosomes (Platt et al., 2018; Sun, 2018). This
process not only blocks the recycling of end metabolites but also results in leakage from
lysosomes that activates cellular signaling in addition to a change in autophagy flux
(Lieberman et al., 2012; Myerowitz et al., 2021; Seranova et al., 2017; Settembre et al.,
2008). Moreover, the storage results in a plethora of changes in lysosome homeostasis and
affect several tissues/organs, observed as childhood-onset. GD is the most prevalent
monogenetic disorder of LSD (Ferreira and Gahl, 2017; Pastores and Hughes, 1993; Platt et
al., 2018) and is caused by approximately 300 different familial mutations, grouped into Type
I, Il and 11l forms (Grabowski, 1993; Hruska et al., 2008). ERT and SRT have been described
as treatments for Type I, but not for neuropathic forms of GD (Futerman and Platt, 2017;
Gary et al., 2018). PCT is an alternative and promising strategy for Type Il and I1l GD, which
is under clinical trials (Han et al., 2020; Kopytova et al., 2021; Shin and Lim, 2017; Smid et
al., 2010). However, these therapies are specific to a type of LSD and mostly act on non-
neuropathic forms of the disease. In this study, we have attempted to identify new cellular
targets as phosphatases, whose activity modulation may improve the lysosome function even
in disease conditions. Moreover, we focused our approach on improving the trafficking of
disease mutants of B-GC to lysosomes. These studies illustrated a role for nine new
phosphatases, and their depletion improved the lysosomal trafficking of two mutant forms of
-GC and restored the lysosome function in GD condition.

In GD, the mutations in B-GC are subjected to ERAD mediated degradation due to
misfolding of the protein in the ER (Tan et al., 2014; Wang and Segatori, 2013; Wang et al.,
2008). Interestingly, most of these mutant proteins display an enzyme activity when they are
trafficked to lysosomes (Fig. 6B) (Lu et al., 2010). Currently, studies such as blocking the
calcium release from ryanodine receptor (RYR) (Liou et al., 2016; Ong et al., 2010),
enhancing lysosomal biogenesis through TFEB/TFE3 transcription factors (Song et al.,
2013), blocking ERAD pathway using MG132 (Ron and Horowitz, 2005) or improving
mitochondrial dynamics (Kim et al., 2021) have been shown to alter the trafficking mutant -
GC to lysosomes and restored the lysosome function in GD. However, these targets are broad
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and may be prone to alter the general physiology of the healthy cells. Nevertheless, the small
molecules modulating these pathways are under clinical trials (Platt et al., 2018). However,
the approach followed in this study, which is focused on improving the B-GC trafficking
through a specific cellular target (phosphatase), may form an alternative strategy to the above
methods and has not been explored previously. Moreover, this strategy has several
advantages: (1) the assay described here identified several new phosphatases novel to the
trafficking of mutant f-GC to the lysosome; (2) the activity of few phosphatases possibly
modulated through small inhibitory molecules, those may form potential future drug
candidates; (3) the flexibility in altering the phosphatase activity may provide buffering to
delay the spectrum of GD mutations and possibly benefit other LSDs.

B-GC functions as a glycolipid hydrolase in lysosomes along with its cofactor saposin C
(Liou et al., 2019; Motta et al., 2014; Yoneshige et al., 2015). There are few cellular assays to
measure the activity of B-GC and have been used for small molecule screens (Ong et al.,
2010; Sawkar et al., 2002). Most in-cell assays utilize an artificial substrate, which will be
hydrolysed into a fluorescent molecule by glucocerebroside enzymes (Motabar et al., 2012).
In this study, we combined RNAI screen in HelLa cells with a B-GC activity by utilizing
MUD as substrate and measured the fluorescence intensity of released 4-methyl umbelliferon
using a microplate reader. Additionally, we introduced two conditions for making the assay-
specific to B-GC: (1) performed the assay at acidic pH of 4.2, which is equivalent to that of
lysosomal pH, and (2) used CBE, an inhibitor specific to B-GC in the reaction buffer as a
control (Kuo et al., 2019; Premkumar et al., 2005; Ridley et al., 2013). Both these conditions
supported the idea that the measured activity was specific to B-GC but not to nL-GC (Fig.
1B). Additionally, we have conducted the study in the form of three different screens (Fig.
1E) to reduce the false positive hits. However, the screen has the following pitfalls that may
raise the false positives: (1) the efficiency of knockdown between the genes was not
measured and possibly varied between the experiments (data not shown); (2) unexpectedly,
the multiple shRNA pools for a single gene behaved very differently in the assay (data not
shown); and (3) the cell viability was varied between the genes upon phosphatome
knockdown in HeLa cells which may alters the measured GC activity (Supplementary Fig.
1A and 1B). We accounted for these possibilities while scoring the hits at the end of each
screen; for example, we have considered the gene that showed increased activity in any one
of the available shRNA pools (Supplementary Fig. 1C). Although we have taken the
maximum measures to avoid false positives, we predict that our data might carry few false
positives due to unprecedented low resazurin values (cell viability) or the off-target effect of
shRNA. The latter was eliminated by scoring the activity using individual ShRNAs per gene
(during the secondary screen), followed by remeasuring the activity (in the presence of CBE)
using a pool of two selective shRNAs (tertiary screen). Additionally, the sensitivity of
phosphatase knockdown cells against the puromycin sensitivity was not accounted for in the
assay. In contrast, our screen might have missed a few potential positive hits due to the lack
of enough shRNA knockdown in the HelLa cells. Nevertheless, our assay conditions
overcame these drawbacks and identified both GC, and GC; phosphatases.

Post-screening of genome-wide phosphatome, we predict that the identified 26 GC,
phosphatase primary hits may play a key role in improving the lysosome function compared
to GC; phosphatases for the following reasons: (1) loss of phosphatase function enhancing
GC activity can possibly be mimicked by using small molecules against them in future; (2)
these phosphatases may act as inhibitors for lysosomal/GC activity in wild-type cells and
would be interesting to study their mechanism of action; and (3) enhancing the GC activity
was the primary criteria of this study, which may improve the activity in disease conditions
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of LSD. Upon screening of 26 primary GC activators further, only four phosphatases retained
[-GC activity (considered as hits) upon their knockdown in HelLa cells (Supplementary Fig.
1C). At this point, we revisited the genes those having multiple pools of sShRNA and selected
19 genes (listed as miscellaneous genes) for the secondary screening. Interestingly, this gene
set yielded five new phosphatases as hits after the tertiary ShRNA screen (Supplementary
Fig. 1C). Nonetheless, the identified nine phosphatase hits consistently improved the p-GC
activity upon their knockdown in HeLa cells and primary fibroblasts from GD patients.
Interestingly, few of these phosphatases have been implicated in lysosome function either
directly or indirectly. Studies have shown that the phosphatase MTMR4 has been shown to
localize to the late endosomes and autophagosomes and dephosphorylate PI(3)P to Pl (Pham
et al., 2018). MTMR4 knockdown in A549 cells has been shown to inhibit the nuclear
translocation of TFEB following reduced expression of lysosome biogenesis genes upon
starvation (Pham et al., 2018). In line with these studies, we did not observe any TFEB and
TFES3 translocation to the nucleus upon MTMR4 depletion in HelLa cells (Fig. 3D, 3E, 3D’
and 3E’). Moreover, we observed a minor reduction in the expression of lysosome biogenesis
genes in the MTMR4 knockdown cells (Supplementary Fig. 2B), suggesting the increased
B-GC activity and enhanced trafficking of mutant B-GC to lysosomes, is possibly
independent of TFEB/TFE3 regulation. Another phosphatase, NT5E (referred as CD73), acts
as an ectoenzyme and regulates many lysosome-independent cellular functions (Alcedo et al.,
2021). Our studies indicated that this phosphatase might regulate the nuclear translocation of
TFEB and TFE3 (Fig. 3D and 3E). However, we did not observe any change in their
transcriptional activity (Supplementary Fig. 2B), and we predict it may be due to the lower
phosphatase knockdown in the cells during these experiments. Interestingly, we have also
identified two closely associated phosphatases, PPP6C and SAPS3, to a holoenzyme PP6 in
our screen. This heteromeric complex comprises a catalytic (PPP6C), three regulatory
(PP6R1/2/3, also called SAPS1/2/3) and three ankyrin repeat-domain containing regulatory
subunits (ANKRD28/44/52) (Ohama, 2019). It would be interesting to test whether PPP6C
and SAPS3 work together in a PP6 holoenzyme to modulate the B-GC activity or their
independent regulation.

The accumulation of glucosylceramide inside the lysosomes is due to mutations in B-GC,
which results in the enlargement and dysfunction of lysosomes in GD. This process can be
improved by enhancing the folding and trafficking of mutant enzymes or increasing the net
lysosomal enzyme activity through lysosome biogenesis. We found that shRNA-mediated
depletion of a majority of GC, phosphatase hits in HelLa cells marginally increased the
localization of TFEB/TFE3 to the nucleus (Fig. 3D’ and 3E’); however, the transcription of
lysosome biogenesis genes was not greatly enhanced (Supplementary Fig. 2B). Therefore,
we predict that the depletion of these phosphatases possibly enhances the folding of mutant
B-GC in ER/Golgi and then the trafficking to lysosomes. As expected, the knockdown of
these GC, hits enhanced the folding of endogenous B-GC and the localization of j-
GCNOSH44P_mCherry mutants to the lysosomes (positive for LAMP-1) following increased
B-GC activity in HeLa cells (Fig. 5). Studies have shown that primary fibroblasts derived
from GD patients (Type I, 1l or 111) or the neuronal cells expressing GBAL1 mutants exhibit
residual B-GC enzyme activity when compared to those derived from healthy individuals or
GBA1 wild-type respectively (Bae et al., 2015; Ong et al., 2010; Sawkar et al., 2002).
Consistently, our studies also observed shallow B-GC activity in GD patient fibroblasts
possessing B-GC™'% or B-GC***" mutation (Type I, Il or 111) compared with fibroblasts
from healthy individuals (Fig. 6B). Surprisingly, the lentiviral mediated knockdown of GC,
phosphatase hits in GD patient primary fibroblasts carrying different mutations restored the
-GC activity than respective control cells (Fig. 6D). Thus, these results provided evidence
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that the inhibition of GC, phosphatases activity (through gene knockdown) potentially alter
the lysosome function through enhanced B-GC trafficking in GD patient cells. Clinical
studies indicate that a slight enhancement in enzyme activity may effectively treat GD. For
example, infusion of alglucerase enzyme during ERT showed a 1.7 to 9.6 fold increase in (3-
GC activity in GD patients (Beutler et al., 1995), suggesting a 1.5 to 2 fold increase in
activity may be clinically valuable (Sawkar et al., 2002). In support of these studies, we have
observed more than one fold GC activity in all our GC, phosphatase knockdown or [3-
GCNT0SIL44P_mCherry expressing HeLa cells or GD primary cells (Figs. 5 and 6). However,
the role of these GC, phosphatases in modulating the lysosome function in other forms of
LSD would be interesting to test in future. Overall, our screen identified novel phosphatases,
including a pseudophosphatase and subunits of the holoenzyme, whose depletion at the
transcript level improved the B-GC activity. Thus, the loss of function of these phosphatases
either directly or indirectly alters the cellular pathways, facilitating the trafficking of mutant
B-GC to lysosomes. Precisely, identifying the specific substrate or the small inhibitory
molecules specific to these phosphatases may provide the mechanism/s underlining the
improved lysosome function both in normal cells and primary fibroblasts derived from GD
patients.

Materials and methods

Reagents and antibodies:

All chemicals and tissue culture reagents were purchased either from Sigma-Aldrich (Merck)
or ThermoFisher Scientific (Invitrogen). MG132, puromycin, resazurin and 4-
methylumbelliferyl B-D-glucopyranoside (MUD) from Sigma-Aldrich (Merck) were
purchased. Conduritol B epoxide (CBE) was procured from Tocris Bioscience. LysoTracker
Red DND-99 (L7528) and DQ-Red BSA (D12051) were obtained from ThermoFisher
Scientific (Invitrogen). Matrigel was purchased from BD Biosciences. Endoglycosidase H
(Endo Hy, PO703L) was obtained from New England BioLabs. The following commercial
polyclonal and monoclonal antisera were used (m, mouse; h, human and r, rat proteins): anti-
LIMPII (ab165222) was from Abcam; anti-Calnexin (2679), anti-hLAMP-1 (9091) and anti-
TFEB (4240) were from Cell Signalling Technology; anti-hLAMP-1 and anti-hLAMP-2
(H4B4) were from Developmental Studies Hybridoma Bank; anti-B-actin (A5441), anti-hGC
(G4171), anti-TFE3 (HPA023881) and y-tubulin (T6557) from Sigma-Aldrich. All secondary
antibodies were either from Invitrogen or Jackson Immunoresearch.

Plasmids and ShRNAs:

pMD2.G (VSV-G lentiviral envelope vector, 12259) and psPAX2 (lentiviral packaging
vector, 12260) were obtained from Addgene. e\EGFP-Cl-LAMP-l was obtained as a gift
from Dr. Mahak Sharma, IISER Mohali. GCWN370S'L444P_ \/q\/G-pCDNA3.1+ constructs
were a kind gift from Jeffery Kelly, Scripps Institute, USA (Ong et al., 2010).
GCWTNSTOSILAAP o Cherry-pCDNA3.1+ constructs were made by PCR amplifying the gene
GCWTN3TOSILAAP senarately from the above clones, digested and cloned as in-frame N-
terminal fusion with mCherry in mCherry-pCDNAS3.1+ vector (available in the lab).
GCWTNSTOSILAAP_Cherry-pLVX-puro  constructs were made by  digesting the
GCWTN3TOSILAAP _mCherry from their respective pCDNAS3.1+ vectors, followed by subcloning
into g)LVX-puro (Clontech). All constructs were sequenced before use. Note that N409S in
GCN"%.mCherry and L483P in GC****"-mCherry corresponds to N370S and L444P
mutations respectively in the longer isoform-1 of GBA (GBAL) having a leader sequence of
39 aa at the N-terminus (Hruska et al., 2008). We found an additional N156D mutation in the
GCN¥"%.mCherry construct (Fig. 4A).
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shRNA vectors and phosphatome library: Individual ShRNAs against each phosphatase are
arrayed as a focused set of phosphatases in human TRC shRNA library, purchased from
Sigma-Aldrich, USA (Catalog no. SH0411). All clones are procured as E. coli glycerol stocks
in a 96 well plate. DNA from each well was isolated using the GenElute HP 96 well plasmid
miniprep kit (NA9604). Finally, the DNA was eluted in 150 ul of elution buffer and stored at
-20 °C for long term use. The quality and quantity of DNA isolation across the 96 well plate
were measured using agarose gel electrophoresis and Nanodrop (ThermoFisher Scientific),
respectively. A pool of ShRNAs against each phosphatase was prepared by manual mixing of
an equal volume of 2-5 shRNAs. Note that several phosphatases possess more than one pool,
and we screened as a separate pool in the GC activity assay. pLKO.1-puro Non-mammalian
SshRNA (referred to here as shControl, SHC002) was used as a control throughout the
experiments. In the high throughput screen, we have also included two other additional
controls, pLKO.1-puro empty (SHC001) and pLKO.1-puro CMV-Turbo GFP (SHC003).

Cell culture, transfection and lentiviral transduction:

HeLa (ATCC) and HEK293T (ATCC) were maintained in DMEM (Invitrogen)
supplemented with 10% FBS (Biowest), 1% L-glutamine (Invitrogen) and 1% penicillin-
streptomycin (Pen-Strep, Invitrogen) antibiotics at 10% CO; in a humified cell culture
chamber. Cells were transiently transfected with Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol with preincubation of cells in OPTI-MEM (Invitrogen) for 30
min. For shRNA screening, HelLa cells were seeded in 24 well plate at an 80% confluency.
Post 12 h of plating, cells were transfected with a cocktail containing ~500 ng of shRNA and
0.75 ul Lipofectamine 2000 in OPTI-MEM. shControl and pLKO.1-puro CMV-Turbo GFP
were used as experimental and transfection controls, respectively. Cells were supplemented
with a complete medium after 5 h of transfection. Post 48 h, the cells were subjected to two
doses of puromycin selection (0.5 ug/ml and 1 pug/ml) for 12 h each with an interval of 12 h
between the doses. After selection, the cells were grown in a growth medium without
puromycin for 12 h before using it for biochemical GC activity assay or immunofluorescence
microscopy. In Fig. 3B, cells were transfected with GFP-LAMP-1 post puromycin selection
and then plated onto coverslips, fixed, stained and imaged. In Figs. 4 and 5, cells were
transduced with lentivirus encoding GC"'-mCherry, GC™"*-mCherry or GC*****-mCherry
reporters separately and subjected to puromycin selection to obtain the stable HelLa cells
expressing GC reporters. Further, these cells were transiently transfected with shControl or
shRNA (mix of shl and sh2, sequences are listed in Supplementary Table 1) against each
phosphatase. Post 48 h, cells were plated on coverslips, fixed, stained and then imaged.
Lentiviruses are prepared by following a protocol described previously (Shakya et al., 2018)
using HEK293T cells.

Human primary fibroblast cells were maintained in MEM (GIBCO) medium supplemented
with 10% FBS (Biowest) and 1% Penicillin-Streptomycin antibiotics (Invitrogen,
100units/ml) at 10% CO2 at 37°C in a humified cell culture chamber. The following primary

cells were procured from Coriell Cell Repositories, NJ, USA and used in this study. GC"':
apparently health individual from non-fetal tissue, skin origin (GM00498); GCN¥70584G6G
(Type 1): non-neuropathic Gaucher’s disease, Type I, skin origin (GM00372); GCN3705:V3%4L
(Type 1): non-neuropathic Gaucher’s disease, Type I, unknown origin (GM01607); GC"*44"
(Type 1): non-neuropathic Gaucher’s disease, Type I, unknown origin (GM10915); GC"*44
(Type 1-2): non-neuropathic Gaucher’s disease, Type I, skin fetal tissue origin (GM07968);
and GC“***" (Type Il): acute neuropathic Gaucher’s disease, Type Il, unknown origin
(GM08760).
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DQ-Red BSA trafficking assay and LysoTracker Red uptake assay:

Cells were incubated in a medium containing DQ-Red BSA (10 pg/ml) for 12 hours at 37 °C
and then chased in a plain medium for 6 h followed by fixing the cells with 4%
paraformaldehyde. Cells were further stained and imaged. For staining LysoTracker Red,
cells on the coverslip were incubated in a medium containing LysoTracker Red (100 nM) for
1 h at 37 °C and then fixed with 4% paraformaldehyde. The number of LysoTracker Red-
positive puncta/organelles was quantified using Image J. Briefly, the images were converted
into binary format followed by applying a common threshold to all images. Further,
overlapping objects in the binary images were separated using the Watershed parameter and
then quantified the number of puncta by choosing to analyse particle parameters without
placing any limit on size and circularity.

Immunofluorescence microscopy and image analysis:

Cells on the coverslip were fixed with 3% formaldehyde and then stained with primary
antibodies followed by the respective secondary antibodies described previously (Jani et al.,
2015). Immunofluorescence microscopy (IFM) of cells was carried out using a 60X (oil) U
Plan super apochromatic objective on an Olympus IX81 motorized inverted fluorescence
microscope equipped with a CoolSNAP HQ2 (Photometrics) CCD camera. Images were
deconvolved and analyzed with the cellSens Dimension package with the 5D module
(Olympus). Analyzed images were assembled using Adobe Photoshop. The colocalization
efficiency between two colors was measured by selecting multiple ROIs (region of interests)
in the cytosol (excluding perinuclear area) of maximum intensity projection of
undeconvolved Z-stack images, followed by estimating the Pearson’s correlation (r) value
using cellSens Dimension software. The average r-value from 20 to 30 cells was calculated
and then plotted or represented as mean = SEM. Nucleus/cytoplasmic ratio of lysosomal
transcription factors TFEB and TFE3 was measured by quantifying the corrected total cell
fluorescence (CTCF) of their localization to nucleus and cytosol separately. The CTCF was
calculated using the below formula and plotted as an averaged ratio between CTCF of the
nucleus and CTCF of cytosol from 10 to 20 cells. The mean fluorescence intensity of
TFEB/TFE3 localization to the nucleus and cytosol was quantified using Image J. CTCF (in
arbitrary units, A.U.) = Integrated density of the cell or nucleus - (area of selected cell or
nuclear X mean fluorescence intensity of the background). The distribution of LAMP-1-
positive organelles in the cytosol (perinuclear index) was quantified as follows: The
fluorescence intensity of LAMP-1 was measured for the entire cell (ltotal), perinuclear
region (the area within 5 pm of the nucleus, lperinuciear), @nd a peripheral region (the area >5
pum from the nucleus, lperipherar). Further, the peripheral and perinuclear LAMP-1 intensities
were calculated and then normalized using the formula Iss = lperipheral/ ltota — 100 and l<s =
Iperinuctear/ ot — 100, respectively. Finally, the perinuclear index was quantified using the
formula Is = Iss x 100. The number of B-GC-mCherry puncta and their percentage
colocalization with LAMP-1 were calculated using ImageJ software with ComDet plugin.

Transcript levels of lysosomal genes by quantitative real-time PCR:

Control and phosphatase knockdown cells were subjected to RNA isolation in the presence of
B-mercaptoethanol using GeneJET RNA purification kit (ThermoFisher Scientific). The
cDNA was synthesized from RNA using a cDNA synthesis kit (Fermantas). The transcripts
of lysosome biogenesis genes and their transcription factors were amplified from the cDNA
in QuantStudio 6 Flex real-time PCR system (Applied Biosystems). As a control 18S rRNA
or S-Actin were amplified along with the lysosomal genes. The C; value and transcript level
of each gene relative to the control in phosphatase knockdown cells was quantified and then
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plotted as fold change to shControl. The primers used in this study are listed in
Supplementary Table 2.

Immunoblotting:

Cell lysates were prepared in RIPA buffer and then subjected to immunoblotting analysis as
described previously (Shakya et al., 2018). Immunoblots were developed with Clarity
Western ECL substrate (Bio-Rad) and captured the images in a Bio-Rad Molecular Imager
ChemiDoc XRS+ imaging system using Image Lab 4.1 software. Protein band intensities
were measured, normalized with loading control, quantified the fold change with respect to
control and then indicated in the figure.

Intact cell B-glucocerebrosidase (GC) activity assay:

HelLa cells were seeded in triplicates at 70-80% confluence in 96 well clear flat-bottom black
plate (Corning). Cells were subjected to resazurin assay (described below) followed by intact
cell lysosomal B-glucosidase activity assay as described previously (Sawkar et al., 2002).
Briefly, the cells were washed twice with 1 x PBS post resazurin assay and then incubated
with 50 pl of 3 mM MUD (4-methyl umbelliferyl-B-D-glucopyranoside, made in 0.2 M
sodium acetate buffer pH 4.2) at 37 °C. The assay was stopped after 150 min (2.5 h) by
adding 150 pl of 0.2 M glycine buffer pH 10.8 and measured the fluorescence intensity of
liberated 4-methylumbelliferone (excitation at 365 nm and emission at 445 nm) using Tecan
multi-mode plate reader. Lastly, the lysosomal enzyme activity (in A.U.) per well was
normalized with respective cell viability value. The fold change in GC activity in
shPhosphatase with shControl cells was calculated and then plotted. For measuring the
activity specific to B-GC, cells in additional triplicate wells were added with 600 uM of CBE
(conduritol B epoxide) along with MUD and labeled the obtained activity as +CBE. During
the RNAI screen, only one well was added with CBE. Note that the enzymatic reaction was
stopped after 60 min during the measurement of 3-GC activity in primary human fibroblast
cells.

Cell viability by resazurin assay:

HelLa or primary human cells were seeded in triplicates at 70-80% confluence in a 96 well
clear flat-bottom black plate (Corning). Resazurin (stock of 10 mg/ml in PBS) was added to
the cells to a final concentration of 1 mg/ml in the growth medium and then incubated at 37
OC for 3-4 h. The fluorescence intensity was measured at 530 nm excitation and 590 nm
emission using a Tecan multi-mode plate reader (Infinite F200 Pro). The obtained A.U. value
was used to normalize the B-GC activity, measured in the same well.

B-GC-mCherry reporter trafficking assay:

HeLa cells stably expressing GC""-mCherry, G -mCherry or G -mCherry were
plated directly (in Fig. 4) or post phosphatase knockdown (along with shControl) in either 96
well plate (for B-GC activity) or on coverslips (for immunofluorescence microscopy). In Fig.
4, cells on coverslips were subjected to MG132 (10 uM for 4 h) before fixation. Note that the
B-GC activity in phosphatase knockdown cells was completed within 48 h of shRNA
transfection.

N370S L444P
C C

Statistical analysis:

All statistical analyses were carried out using GraphPad Prism 6.0 software. The statistical
significance was determined by unpaired Student’s t-test and variance analysis. Ns=not
significant, *p <0.05, **p<0.01 and ***p<0.001.
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Figurelegends:

Figure 1. RNAI screen of phosphatome against the intact cell B-GC activity in HeLa
cells. (A) Schematic representation of B-GC activity assay. The reaction was carried out in
the presence of B-GC inhibitor conduritol B epoxide (CBE). Chemical structures are drawn
using ChemDraw JS tool. (B) The plot represents the GC activity (relative fluorescence units)
in HeLa cells at different time intervals. The B-GC activity = values of -CBE (total GC, Tgc)
- values of +CBE (nL-GC). The time point 150 min (red color) was chosen for the primary
screen. n=3. (C) Immunoblotting analysis of GBA knockdown in HelLa cells. The fold
change in protein levels is indicated separately. The plot represents the fold change in B-GC
activity in GBA-knockdown and control HelLa cells and the value (mean + s.e.m.) is
calculated from D. n=3. (D) The plot represents the total GC, nL-GC and B-GC activities in
GBA-knockdown and control cells. n =3. **p<0.01 and ***p<0.001. (E) Schematic outline
of RNAI screen of phosphatome against the -GC activity in HeLa cells. The table represents
the total number of phosphatases screened in the assay. The criteria used during primary,
secondary and tertiary screening is indicated separately. Flowchart (shown as arrows) also
indicate the number of hits obtained at the end of each screening process.

Figure 2. Phosphatome shRNA screen identified novel phosphatases of B-GC activity.
(A, B) Plots represent the GC activity of the primary screen hits, labeled as GC activators
(GC,) and GC inhibitors (GC;) separately. Note the GC activity (mean + s.e.m.) 1.5 fold or
above to shControl are scored as GC, phosphatases (A) and 0.5 fold or below to shControl as
GCi phosphatases (B). n=1 performed in triplicates. (C, D) HeLa cells were knockdown with
a mix of shRNAs (sh1+sh2) and shControl and then subjected to B-GC activity (C) and
transcript level analysis (D). Fold change in B-GC activity in each phosphatase knockdown
compared to shControl was measured and then plotted (mean + s.e.m.). n=3 (each in
triplicates). The knockdown efficiency of each gene knockdown in their respective cells in
reference to 18S rRNA was measured and then plotted (mean + s.e.m.). n=3. *p <0.05,
**p<0.01, ***p<0.001 and ns=not significant.

Figure 3. Depletion of GC, phosphatases in Hel a cells alters the lysosome distribution
but not biogenesis. (A-E) IFM images of GC, phosphatase knockdown and control HelLa
cells. In B-C, cells were incubated with LysoTracker Red (B) or DQ-Red BSA (C). Insets are
magnified views of the white boxed areas. Scale bars, 10 um. Quantification of cells showing
the nuclear localization of TFEB or TFE3 is indicated separately (D, E). (A’-E’) Different
plots are representing the data shown in A-E. (A’) perinuclear index of LAMP-1-positive
organelles in the cells of panel A; (B’) quantification of LysoTracker Red positive
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compartments in the cells of panel B; (B*’, C”) Pearson’s correlation coefficient (r) between
LAMP-1 and LysoTracker Red or DQ-Red BSA in the cells of panels B and C respectively;
and (D’, E’) quantification of TFEB and TFE3 localization to the nucleus in the cells of
panels D and E respectively. *p <0.05, **p<0.01, ***p<0.001 and ns=not significant.

Figure 4. HelLa cells expressing GD mutations encoding GC-mCherry constructs
displayed reduced B-GC activity and are targeted to lysosomes upon treatment with
M G132. (A) Schematic representation of B-GCW"N3"05'M444P_mCherry constructs used in this
study. Scale, 100 a.a. Note the presence of additional mutation N156D in B-GCN*"®*-mCherry
construct. N409S and L483P are corresponds to N370S and L444P respectively in the
isoform-1 of GBA gene having a leader sequence of 39 aa at the N-terminus. (B) IFM
analysis of stable cells expressing the B-GCWN370S'M44%"_mCherry constructs. Insets are
magnified views of the white boxed areas. Scale bars, 10 um. (C) Plot representing the 3-GC
activity in HeLa cells stably expressing B-GC-mCherry reporters. An empty vector
expressing mCherry is used as a control. Fold change in B-GC activity with respective to the
control is indicated (mean * s.e.m.). n =3. **p<0.01, ***p=<0.001 and ns=not significant.

Figure 5. Depletion of GC, phosphatasesin Hel a stable cells expressing B-GCN¥70S-4447.
mCherry reporters enhanced their trafficking to lysosomes. (A-C) IFM analyses of HelLa
cells expressing B-GCWN3705'4444°_mCherry reporters. Cells were knockdown for respective
phosphatases along with control and then fixed, stained and imaged. Insets are magnified
views of the white boxed areas. Scale bars, 10 um. (D, E) Plots representing the number of 3-
GC-mCherry puncta/cell (D) or the percentage colocalization of 3-GC-mCherry with LAMP-
1 (E) in GC, phosphatase-knockdown and control HelLa cells. The average number of puncta
or % colocalization of B-GC-mCherry with LAMP-1 (meants.e.m.) in each phosphatase
knockdown and control cells is indicated. n =3-4. *p <0.05, **p<0.01, ***p<0.001 and
ns=not significant.

Figure 6. GC, phosphatases knockdown in GD patient fibroblasts improved the B-GC
activity. (A) IFM analysis of different types (I and 1) of GD and wild-type fibroblasts. Cells
were incubated with LysoTracker Red or DQ-BSA Red and then fixed, stained and imaged.
The colocalization efficiency (r) between LAMP-1 and LysoTracker Red or DQ-Red BSA
are indicated in the figures (mean + s.e.m.). Scale, 10 um. (B) Plot representing the B-GC
activity (relative fluorescence units, mean * s.e.m.) in GD patient fibroblasts. n =3. (C)
Different plots representing the B-GC activity in wild-type and Type | and Il GD patient
fibroblasts post GC, phosphatase knockdown or shControl transduced cells. Fold change in
B-GC activity in each GC, phosphatase knockdown cells with respective to the control is
indicated (mean * s.e.m.). n =3. *p <0.05, **p<0.01, ***p<0.001 and ns=not significant. (D)
Heatmap representing the fold change in B-GC activity as shown in C. Index for the color
codes is shown separately.

Supplementary I nformation:

Supplementary Figures:

Supplementary Figure 1. Primary, secondary and tertiary screening of phosphatome to
identify the modulators of GC activity in HeL a célls. (A, B) Plots represent GC activity
(left side) and cell viability (right side) in HelLa cells after phosphatase knockdown. Fold
change in GC activity in each phosphatase knockdown cells with respective to the control is
plotted. The average resazurin values (relative fluorescence units) are plotted to represent the
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cell viability. n=1 (in triplicates). (C) The table represents the GC activity in the phosphatase
knockdown HeLa cells of secondary and tertiary screens. Individual ShRNAs per gene was
used during the secondary screening, and a pool of two best sShRNAs and CBE were used
during the tertiary screening. Index for the color codes is shown separately. Each GC activity
value is an average of triplicate samples.

Supplementary Figure 2. Transcript analysis of lysosome biogenesis genes and the
transcription factors TFEB and TFE3. (A, B) gRT-PCR analysis of various lysosome
biogenesis transcription factors (A) and genes (B) in GC, phosphatase knockdown and
control cell lysates. Fold change (mean % s.e.m.) in net gene expression with respective to the
internal gene control was measured and then plotted. n=2. (C) Plot representing the B-GC
activity in GC, phosphatase-knockdown HeLa cells stably expressing B-GCN370S/L444P.
mCherry reporters. Fold change in B-GC activity (meants.e.m.) in each phosphatase
knockdown cells with respective to the control is indicated. n =3. *p <0.05, **p<0.01,
***p<0.001 and ns=not significant.

Supplementary Table 1. The table includes the list of selected shRNAs (shl and sh2 from
the pool) used for each gene knockdown.

Supplementary Table 2. The table includes the list of primers used to validate gene

knockdown or for transcript-level expression. Both forward and reverse primers, along with
the expected band sizes, are indicated in the table.
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