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Abstract

Pseudophosphatases are catalytically inactive but share sequence and structural

similarities with classical phosphatases. STYXL1 is a pseudophosphatase that belongs

to the family of dual-specificity phosphatases and is known to regulate stress granule

formation, neurite formation and apoptosis in different cell types. However, the role

of STYXL1 in regulating cellular trafficking or the lysosome function has not been elu-

cidated. Here, we show that the knockdown of STYXL1 enhances the trafficking of

β-glucocerebrosidase (β-GC) and its lysosomal activity in HeLa cells. Importantly, the

STYXL1-depleted cells display enhanced distribution of endoplasmic reticulum (ER),

late endosome and lysosome compartments. Further, knockdown of STYXL1 causes

the nuclear translocation of unfolded protein response (UPR) and lysosomal biogene-

sis transcription factors. However, the upregulated β-GC activity in the lysosomes is

independent of TFEB/TFE3 nuclear localization in STYXL1 knockdown cells. The

treatment of STYXL1 knockdown cells with 4-PBA (ER stress attenuator) significantly

reduces the β-GC activity equivalent to control cells but not additive with thapsigar-

gin, an ER stress activator. Additionally, STYXL1-depleted cells show the enhanced

contact of lysosomes with ER, possibly via increased UPR. The depletion of STYXL1

in human primary fibroblasts derived from Gaucher patients showed moderately

enhanced lysosomal enzyme activity. Overall, these studies illustrated the unique role

of pseudophosphatase STYXL1 in modulating the lysosome function both in normal

and lysosome-storage disorder cell types. Thus, designing small molecules against

STYXL1 possibly can restore the lysosome activity by enhancing ER stress in Gaucher

disease.
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1 | INTRODUCTION

Phosphatases regulate several cell signaling pathways by dephosphor-

ylating specific targets such as lipids, carbohydrates and proteins that

participate in these pathways.1–3 Cell harbors a class of

pseudophosphatases, which share sequence and structural similarity

with classical phosphatases but lack amino acid residues important for

their catalytic activity.4–6 Pseudophosphatases have been shown to

play an indirect role in modulating cell signaling by regulating the

activity of other phosphatases. Additionally, these molecules can

sequester the substrate or activate/inhibit the action of other phos-

phatases by acting as their cofactor or even dimerizing with them orSaloni Patel and Anshul Milap Bhatt contributed equally to this study.
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act as anchors to interact with the components of different signaling

pathways.4–6 Hence these pseudophosphatases possibly play a key

role in altering signaling pathways either directly or indirectly.

Based on the sequence similarity, the maximum member of pseu-

dophosphatases belongs to the protein tyrosine phosphatase (PTP)

family.5,7 These phosphatases are further divided into classical pTyr-

specific and dual-specificity phosphatases depending on the type of

phosphorylation sequence found on their respective substrates.5,8,9

STYXL1 (serine/threonine/tyrosine-interacting like 1; also known as

map kinase phosphatase-like protein, STYX, MK-STYX or DUSP24)

F IGURE 1 Legend on next page.
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belongs to the later subclass and contains phenylalanine (F) and serine

(S) residues in place of histidine (H) and cysteine (C) respectively,

found in the active site of classical phosphatases (Figure 1A).10 Inter-

estingly, reversal of FS to HC residues renders the STYXL1 into cata-

lytically efficient pseudophosphatase.10 Functionally, STYXL1 has

been shown to inhibit stress granule formation by forming a complex

with G3BP1.10 STYXL1 has also been shown to regulate the ERK1/2

signaling required for cell migration and differentiation of PC12 cells

and its depletion causes Golgi fragmentation.11 Furthermore, the

STYXL1 knockdown in HeLa cells renders resistance to apoptosis

under cellular stress conditions.12 Subsequent studies have shown an

interaction of STYXL1 with PTPM1 phosphatase, which modulates

apoptosis13 and with FBXW7 inhibits its substrate binding.14 At the

cellular level, STYXL1 has been implicated in inducing the formation

of neurite-like outgrowth in PC12 cells in a RhoA-dependent man-

ner.15 Recently, a role for STYXL1 in enhancing the detyrosinization

of microtubules through HDAC6 has been reported.16 However, the

role of STYXL1 in regulating the function of subcellular compartments

such as lysosomes or ER has not been reported.

Lysosomes are the key homeostatic organelle in all eukaryotic

cells and regulate various cellular processes, including degradation.

The digestion of cellular materials in lysosomes is mediated through a

set of enzymes called acid hydrolases, which are synthesized in ER

and transported to lysosomes via Golgi.17 Any defects in the function

of lysosomal enzymes result in the accumulation of substrate that

causes lysosomal storage disorders (LSDs).18 One such enzyme is

β-glucocerebrosidase (β-GC, code for GBA1, EC 3.2.1.45),19 which

degrades glucosylceramide into glucose and ceramide at acidic pH

with the help of its cofactor saposin C.20 Around 300 different muta-

tions were reported in β-GC, and they are known to cause Gaucher

disease21 with clinical phenotypes splenomegaly or hepatomegaly and

sometimes associated with the central neural system.22 The most

common Gaucher disease mutations observed in β-GC are N370S,

L444P or G202R, which undergo improper folding and endoplasmic

reticulum (ER)-associated degradation.23–25 Our objective is to delin-

eate the cellular molecules which can directly or indirectly facilitate

the folding and trafficking of β-GC to lysosomes and enhance its activ-

ity. With this aim, we have performed an RNAi screen against the

genome-wide phosphatome to enhance lysosome enzyme activity,

which identified STYXL1 as a potential hit.26 Nevertheless, it is

unknown how STYXL1 depletion improves the function of lysosomes.

Here, we show for the first time that the knockdown of STYXL1 in

HeLa cells enhanced the trafficking of β-GC (wild-type [WT] and

Gaucher mutant) from ER to lysosomes and increased its activity. Fur-

ther, depletion of STYXL1 displayed moderately enhanced ER stress

and dispersion of ER and lysosomes with increased contacts between

them. In a nutshell, our studies demonstrated a role for pseudopho-

sphatase STYXL1 in altering the lysosome function both in normal and

Gaucher patient cells and forming a potential drug target for this

genetic disease.

2 | RESULTS

2.1 | STYXL1 knockdown enhances the lysosomal
β-glucocerebrosidase activity

The pseudophosphatase STYXL1 shares a common signature motif

(VILIFSTQGISR) with dual-specificity phosphatases of the PTP super-

family (Figure 1A).9 The signature motif of PTP family phosphatases

possesses histidine (H) and cysteine (C), which are required for the

dephosphorylation activity. Interestingly, STYXL1 contains phenylala-

nine (F) and serine (S) in place of H and C, respectively, which makes

the phosphatase a pseudo enzyme/phosphatase (Figure 1A).10 Consis-

tently, studies have shown that reversal of FS to HC in STYXL1 (also

called MK-STYX) restored the catalytic activity.10

Large-scale RNAi screen using pooled shRNAs against the human

phosphatome in HeLa cells identified STYXL1 as a hit, whose knock-

down displayed enhanced lysosomal β-GC activity.26 In this study, we

questioned the role of STYXL1 pseudophosphatase in modulating the

lysosome function (Figure 1A). To analyze the effect of STYXL1

knockdown in regulating the lysosome enzyme activity, we have cho-

sen two shRNAs (referred to here as shSTYXL1-1 and shSTYXL-2)

from the available five shRNAs in the phosphatome library (Sigma-

Aldrich, SH0411) and non-mammalian shRNA (Sigma-Aldrich,

SHC002, referred to here as shControl) as a control in all our

F IGURE 1 Depletion of STYXL1 enhances β-GC activity and alters the distribution of proteolytically active lysosomes, late endosomes and
ER network in HeLa cells. (A) Pictorial diagram questioning the role of pseudophosphatase STYXL1 in lysosome function. The diagram displays
the active site residues of STYXL1, which contains phenylalanine (F) and serine (S) in the place of histidine (H) and cysteine (C), present in the
signature motif (mediates the dephosphorylation) of PTP family phosphatases. (B) Plot representing the β-GC activity in control shRNA
(shControl) or two different STYXL1 (shSTYXL1-1 and shSTYXL1-2) shRNAs transfected HeLa cells. β-GC activity in relative fluorescence units
(RFUs) and fold change with respect to the control are plotted separately as mean ± s.e.m., n = 3. (C) Semi-quantitative RT-PCR and
immunoblotting analysis of control and STYXL1-depleted HeLa cells for the expression of GBA1 transcripts and glucocerebrosidase (GC) protein.
β-actin is used as a loading control. The normalized fold change in the transcript/protein levels with respect to control is indicated on the blots.

(D, J) IFM analysis of control and STYXL1 knockdown HeLa cells that were stained with indicated antibodies or LysoTracker Red or internalized
with DQ-Red BSA. The colocalization efficiency between the markers is indicated as Pearson's coefficient (r) value or plotted in (K). Scale bars,
10 μm. (E, F) Quantification of lysosome number (E) and size (F) in the cells. (H, I) Quantification of a number of LysoTracker Red (H) or DQ-Red
(I) puncta in the cells. (G, L, M) Quantification of the distribution of lysosomes (LAMP-1), late endosomes (LIMPII) and ER in the cells. In (G) and
(M), the fold change in organelles distribution between 5-15 μm or more than 15 μm with respect to 0–5 μm was plotted. The average values in
mean ± s.e.m. are indicated in all graphs. ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. ER, endoplasmic reticulum;
IFM, immunofluorescence microscopy.
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experiments. Further, we have used a biochemical assay β-GC activity

as a measure of lysosome function in HeLa cells (described in

Section 4).27 The knockdown of STYXL1 (using shSTYXL1-1 and

shSTYXL-2 separately) in HeLa cells showed an increased β-GC activ-

ity by more than 1.9 folds compared to control cells (Figure 1B). To

validate the depletion of STXYL1 in HeLa cells, we have measured the

transcript levels of STYXL1 by semi-quantitative PCR and found a

reduction of approximately 50% transcripts in the shSTYXL1 cells

compared to the shControl cells (Figure S1A). However, the validation

of STYXL1 knockdown by immunoblotting was inconclusive because

of non-specificity of the anti-STYXL1 antibody (Figure S1A). We

hypothesized that the enhanced β-GC activity might be because of

the increased β-GC transcripts and/or protein levels in the

STYXL1-depleted cells. The transcript and protein levels of β-GC

(GBA1 and GC, respectively) were unaffected significantly in the

shSTYXL1 cells compared to the shControl cells (Figure 1C). Thus,

these studies suggest that STYXL1 knockdown in HeLa cells modu-

lates the β-GC activity without affecting the transcript or protein

levels of β-GC.

2.2 | STYXL1 knockdown disperses the ER, late
endosomes and lysosomes and increases the lysosome
size, acidity and cargo degradation

To test the effect of STYXL1 knockdown on different organelles, we per-

formed immunofluorescence microscopy (IFM) of STYXL1-depleted HeLa

cells with organelle-specific markers. Imaging analysis showed an

increased number of peripheral lysosomes (positive for LAMP-1) in

STYXL1 knockdown compared to control HeLa cells (Figure 1D). Quanti-

tative analysis showed significantly enhanced lysosome size (�1.3-fold;

sh1: 3.34 ± 0.25 μm2, sh2: 3.16 ± 0.24 μm2 and C: 2.60 ± 0.15 μm2) but

not the number in shSTYXL1 compared to shControl cells (Figure 1E,F).

As expected, the fold change in lysosomes distribution was significantly

increased in the peripheral area above 15 μm distance (�1.6-fold; sh1:

0.39 ± 0.03, sh2: 0.39 ± 0.04 and C: 0.24 ± 0.02) but not between 5-

15 μm distance in comparison to 0–5 μm distance from the center of the

cell (Figure 1G). Studies have shown that peripheral lysosomes are less

acidic than perinuclear localized lysosomes.28,29 Therefore, we tested the

acidity and cargo processivity of lysosomes in STXYL1 knockdown cells.

IFM analysis of cells labeled with LysoTracker Red (LysoT Red) showed

moderately enhanced colocalization with LAMP-1-positive lysosomes in

STYXL1 knockdown cells (sh1: r = 0.72 ± 0.05 and sh2: r = 0.69 ± 0.05)

compared to control cells (r = 0.63 ± 0.02). Further, LysoTracker Red-

positive lysosomes are dispersed throughout the STXYL1-depleted cells

compared to their accumulation at the perinuclear region in control cells

(Figure 1D). Quantitative analysis revealed a significant increase in the

number of LysoTracker Red-positive organelles in shSTYXL1 compared

to shControl cells (sh1: 393 ± 22, sh2: 364 ± 27 and C: 204 ± 21;

Figure 1H). To evaluate that these acidic compartments possess proteo-

lytic activity, we incubated the cells with a DQ-Red BSA probe and

observed the processed DQ-Red fluorescence in the lysosomes.30 Inter-

estingly, the intensity and number of DQ-Red-positive organelles are

significantly enhanced in STYXL1 knockdown compared to the control

cells (sh1: 402 ± 17, sh2: 461 ± 53 and C: 212 ± 16; Figure 1D,I). More-

over, the DQ-Red-positive organelles are dispersed throughout the

shSTYXL1 cells and showed increased colocalization with LAMP-1 com-

pared to control cells (sh1: r = 0.65 ± 0.02, sh2: r = 0.64 ± 0.02 and C:

r = 0.55 ± 0.04; Figure 1D). We tested whether the dispersed lysosomes

in shSTYXL1 cells will alter the degradation of cell surface cargo such as

EGFR in the cells. Immunoblotting analysis showed no major change in

the total EGFR protein levels in shSTYXL1 and shControl cells

(Figure S1B). These studies illustrated that the depletion of STYXL1 dis-

perses the active acidic lysosomes toward the periphery, possibly enhanc-

ing the net lysosome activity.

To test whether STYXL1 depletion alters the distribution/

organization of other organelles involved in the folding and trafficking

of β-GC. IFM analysis of cells stained with organelle-specific markers

such as calnexin (ER), GM130 (Golgi), Rab5 (early endosomes), and

LIMPII (late endosomes) showed an enhanced distribution of ER retic-

ular network and late endosomes in shSTYXL1 cells compared to con-

trol cells. However, the shSTYXL1 cells did not show any defects in

the Golgi organization but had clustered Rab5-positive early endo-

somes compared to shControl cells (Figure 1J). Further, the colocaliza-

tion efficiency between LIMPII and LAMP-1 was not altered

significantly in the cells, indicating no change in the segregation of

these compartments (Figure 1K). To confirm the observed changes

with ER, the shSTYXL1 cells were transfected with BIP-Myc-KDEL or

KDEL-RFP to label the ER and stained the cells separately for CD63

to represent the late endosomes. Compared to control cells,

shSTYXL1 cells showed an expanded KDEL-positive ER network simi-

lar to endogenous staining with calnexin (Figure S1C and quantified in

Figure 1L). Additionally, shSTYXL1 cells showed enhanced peripheral

distribution (>15 μm distance) of CD63-positive compartments com-

pared to shControl cells as similar to LIMPII (Figure S1C, quantified in

Figure 1M and Figure S1D). These studies demonstrated that the

depletion of STYXL1 in HeLa cells affects the morphology of ER, dis-

tribution of late endosomes and lysosomes, and showed enhanced

lysosomal size, acidity and cargo degradation.

2.3 | Overexpression of catalytically active
STYXL1 promotes β-GC activity

We wanted to test whether the overexpression of STYXL1 can alter

the lysosome enzyme activity. For this purpose, we have obtained

FLAG-tagged STYXL1 (labeled as STYXL1WT; Figure 2A)10 and

expressed it in HeLa cells (Figure 2B,C). Interestingly, we observed a

minor reduction in β-GC activity in cells expressing STYXL1WT com-

pared to empty vector (0.84 ± 0.05 in STYXL1WT and 1.00 ± 0.00 in

control; Figure 2D). Furthermore, we tested the effect of a catalyti-

cally active (CA) mutant of STYXL1 (F245H and S246C) in modulating

the β-GC activity (labeled STYXL1CA; Figure 2A).10 Surprisingly, the

overexpression of STYXL1CA mutant in HeLa cells significantly

enhanced the β-GC activity (1.67 ± 0.12 in STYXL1CA and 1.00 ± 0.00

in control; Figure 2B–D). In contrast to STYXL1 knockdown,
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STYXL1CA mutant expression showed clustering of lysosomes at the

perinuclear area compared to STYXL1WT expressing HeLa cells

(Figure 2E). Further, the lysosomes in STYXL1CA mutant expressing

cells display increased DQ-Red BSA processivity with reduced Lyso-

Tracker Red staining (Figure 2E,F). These results suggest that CA

mutant of STYXL1 may be beneficial for improving the lysosome func-

tion; however, in in vivo this enzyme may not possess any dephos-

phorylation activity.5,6,9 Overall, this data suggests that STYXL1

depletion or overexpression of its CA mutant alters the activity of

β-GC in lysosomes.

2.4 | STYXL1 depletion promotes the trafficking of
β-GC and its Gaucher disease mutant to lysosomes

Our experiments showed the increased β-GC activity in the STYXL1

knockdown cells was not because of a change in transcriptional or

protein levels of β-GC (Figure 1C). We hypothesized that the higher

enzyme activity in these cells is probably because of the enhanced

trafficking of β-GC to the lysosomes. To test this hypothesis, we

developed a fluorescent reporter by tagging mCherry to the

C-terminus of β-GC and generated GCWT-mCherry (Figure 3A).26 It

has been shown that β-GC traffics from the ER to Golgi and then to

lysosomes via the endosomal pathway.17,31 We tested the localization

of GCWT-mCherry reporter in HeLa cells by staining the cells with

lysosomal (LAMP-1) and ER (calnexin) markers (Figure 3A and

Figure S1E). As expected, the GCWT-mCherry reporter majorly local-

ized to lysosomes (r = 0.59 ± 0.02 with LAMP-1; Figure 3A) and a

cohort to the ER (Figure S1E) in HeLa cells. Similarly, we have gener-

ated a common Gaucher mutation N370S in GC-mCherry (referred to

here as GCN370S-mCherry; Figure 3B) to mimic the disease mutation.

In contrast to GCWT-mCherry, the mutant GCN370S-mCherry reporter

localized majorly to ER (Figure S1E) and a cohort to lysosomes in HeLa

cells (r = 0.36 ± 0.04 with LAMP-1; Figure 3B).32,33 The knockdown

of STYXL1 in HeLa cells showed enhanced localization of both GCWT-

mCherry and GCN370S-mCherry to lysosomes (Figure 3A,B). Interest-

ingly, the localization of mutant GCN370S-mCherry reporter to the

lysosomes is almost equivalent to that of GCWT-mCherry

(Figure 3A,B). Quantification of GC-mCherry puncta (indicative of

lysosomal localization) showed a dramatic increase in the localization

of mutant GCN370S-mCherry reporter to the lysosomes in shSTYXL1

compared to shControl cells (Figure 3C). However, GCWT-mCherry

trafficking to the lysosomes was marginally increased (not signifi-

cantly) in shSTYXL1 compared to shControl cells (Figure 3C). In line,

the lysosomal number was also moderately changed (not significantly)

in STYXL1-depleted compared to the control (Figure 3C). We tested

the STYXL1CA overexpression alters the trafficking of GCWT-mCherry

reporter to the lysosomes. Interestingly, STYXL1CA mutant expression

F IGURE 2 Overexpression of catalytically active STYXL1 enhances β-GC activity in HeLa cells. (A) Diagram representing the double FLAG-
tagged STYTXL1 wild type (WT; STYXL1WT) and constitutive active mutant (contains F245H and S246C mutations, STYXL1CA). Empty vector
pCDNA3 is used as a negative control to these plasmids. (B, C) Semi-quantitative RT-PCR and immunoblotting analysis of HeLa cells expressing
FLAG-STYXL1-FLAG constructs to represent the transcript and protein levels. GAPDH and β-actin are used as loading control. (D) Plot
representing the β-GC activity in HeLa cells expressing FLAG-STYXL1-FLAG constructs. β-GC activity in relative fluorescence units (RFUs) and
fold change with respect to the control are plotted separately as mean ± s.e.m. n = 3. ns = not significant, **p ≤ 0.01, ***p ≤ 0.001 and
****p ≤ 0.0001. (E, F) IFM analysis of HeLa cells expressing FLAG-STYXL1-FLAG constructs. Cells were stained with indicated antibodies or
LysoTracker Red (F) or internalized with DQ-Red BSA (E). Scale bars, 10 μm. IFM, immunofluorescence microscopy.
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in HeLa cells displayed more GC-mCherry puncta compared to

STYXL1WT or empty vector (GFP; Figure S1F). These studies indicate

that STYXL1 depletion enhances the trafficking of Gaucher mutant

β-GCN370S to the lysosomes.

Next, we validated the effect of STYXL1 knockdown in restoring

the β-GC activity in primary fibroblast cells of a healthy individual and

derived from Gaucher patients.26 We have obtained Gaucher disease

patient Type-I (GD1) fibroblasts (GCN370S,84GG, GCL444P) and WT cells

(from a healthy individual) from Coriell Life Sciences. The lentivirus-

mediated STYXL1 depletion in primary fibroblasts marginally enhanced

β-GC activity in both WT and GD1 cells (1.77 ± 0.13 in WT, 1.25

± 0.09 in GCN370S,84GG and 1.27 ± 0.11 in GCL444P) compared to

shControl (Figure S2A).26 However, the fold increase in β-GC activity in

the Gaucher fibroblasts was not comparable to that of WT cells

(Figure S2A).26 IFM analysis of Gaucher fibroblasts (GD1) showed

enlarged and clustered (at the perinuclear area) LAMP-1-positive lyso-

somes compared to WT primary cells (Figure S2B).34 The lentivirus-

mediated knockdown of STYXL1 in GD1 primary fibroblasts

(GCN370S,84GG) caused the dispersal of lysosomes as equivalent to WT

cells (Figure S2B and quantified in Figure S2C). Interestingly, the fold

change in lysosomal dispersal in the primary cells was higher in

5–15 μM distance compared to HeLa cells upon the knockdown of

STYXL1 in the cells (Figure S2C compared to Figure 1G). Gaucher fibro-

blasts having GCL444P (GD1) mutation did not exhibit any enhanced

lysosomal dispersion quantitatively upon STYXL1 knockdown compared

to control cells (Figure S2C). Interestingly, these cells display a defect in

the localization of β-GC receptor LIMPII to lysosomes compared to WT

or Gaucher fibroblasts GCN370S,84GG (GD1), which was mildly

restored with STXYL1 depletion (Figure S2D). As similar to the lyso-

somes, the dispersal of LIMPII in the STYXL1-depleted primary cells

(WT and GCN370S,84GG) moderately increased compared to control

cells (Figure S2E). Overall, these studies indicate that the depletion

of STYXL1 possibly enhances the lysosome function by increasing

β-GC trafficking to the dispersed lysosomes, which requires future

investigation.

2.5 | STYXL1 knockdown does not alter lysosome
biogenesis in the HeLa cells

We examined whether the change in lysosomal activity, size and dis-

tribution (but not the number) in shSTYXL1 is possibly because of an

alteration in the transcription of lysosome biogenesis genes mediated

by its transcription factors TFEB and TFE3.35,36 Expression of TFEB-

GFP showed increased nuclear localization in shSTYXL1 (76% cells in

shSTYXL1-1, 60% cells in shSTYXL1-2) cells compared to shControl

(12%) cells (Figure 4A). In contrast, we observed a cohort of TFE3 in

the nucleus of shControl (25%) cells and was further enhanced in the

F IGURE 3 STYXL1 knockdown enhances the trafficking of wild-type (WT) or Gaucher mutant β-GC to lysosomes. (A, B) Schematic
representation of β-GCWT/N370S-mCherry reporter constructs used in this study. Scale bar, 100 a.a. Note: GCN370S-mCherry construct contains an
additional N156D mutation. N409S corresponds to Gaucher mutation N370S in the GBA1 longer isoform. IFM analysis of HeLa cells expressing
the β-GCWT-mCherry or β-GCN370S-mCherry constructs with respect to LAMP-1-postive lysosomes. The colocalization efficiency between the
proteins is indicated as Pearson's coefficient (r) value. Insets are magnified views of the white-boxed areas. Scale bars, 10 μm. (C) Plots
representing the number of β-GC-mCherry puncta/cell (top) or LAMP-1 puncta/cell (bottom). The average values in mean ± s.e.m. are indicated.
n = 3. ****p ≤ 0.0001 and ns = not significant. IFM, immunofluorescence microscopy.
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F IGURE 4 STYXL1 depletion does not alter the lysosome biogenesis but upregulates its transcription factors TFEB/TFE3 in HeLa cells. (A) IFM
analysis of cells that were transfected with TFEB-GFP or stained with anti-TFE3 antibody. Visual quantification of cells showing the nuclear
localization of TFEB-GFP or TFE3 is indicated separately. Scale bars, 20 μm. (B) Immunoblotting analysis of control and STYXL1-depleted HeLa cells
for the expression of TFEB/TFE3. β-actin is used as a loading control. *, non-specific band developed with the antibody. The normalized fold change
in the expression with respect to control is indicated on the blots. (C, D) Semi-quantitative RT-PCR analysis of control and STYXL1-depleted HeLa
cells for the expression of lysosome biogenesis and its transcription factors. GAPDH or 18S rRNA is used as a loading control. The normalized fold
change in the transcript levels with respect to control is presented as a separate graph (D) along with the values. n = 3–4. (E) Plot represents the
β-GC activity in RFU or fold change with respect to control cells. Cells were either starved for 30 min or treated with DMSO or FK506 (10 nM for
12 h). The average fold change values are indicated as mean ± s.e.m. n = 3. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and ns = not
significant. (F) IFM analysis of control and STYXL1 knockdown HeLa cells. Cells were stained with indicated antibodies. Insets are magnified view of
the white-boxed area. Scale bars, 10 μm. IFM, immunofluorescence microscopy; RFU, relative fluorescence unit.
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shSTYXL1 cells (50% cells in shSTYXL1-1, 73% cells in shSTYXL1-2;

Figure 4A). Next, we tested the protein levels of TFEB and TFE3 in

the cells. Immunoblotting analysis showed enhanced protein levels of

TFEB and TFE3 in shSTYXL1 compared to shControl cells (Figure 4B).

However, the transcript levels of TFEB or TFE3 were not altered in

shSTYXL1 cells compared to shControl cells (Figure 4C,D). We tested

the effect of TFEB/TFE3 nuclear localization on lysosome biogenesis

genes. Semi-quantitative RT-PCR showed no change in the transcript

levels of several lysosomal genes such as HEXA, GBA1, LAMP-1 and

LAMP-2 in shSTYXL1 cells compared to shControl cells (Figure 4C,D).

These data suggest that STYXL1 knockdown enhances the stability

and nuclear translocation of lysosome biogenesis transcription factors

without inducing the transcription of downstream genes.

Studies have shown that the nuclear translocation of TFEB/TFE3

is controlled by several upstream processes such as starvation,36,37

inactivation of calcineurin activity (using FK506)38 or inhibition of

mTOR activity.39–41 We tested any of these conditions may promote

the activity of β-GC in the lysosomes. Surprisingly, we observed that

serum starvation (for 30 min) but not with FK506 (10 nM for 12 h)

treatment dramatically enhanced the β-GC activity in STYXL1 knock-

down compared to respective control cells (Figure 4E). Interestingly,

we did not observe any change in the β-GC activity upon treatment of

shControl cells with FK506 (0.24 ± 0.05 RFU) compared to DMSO

(0.27 ± 0.07 RFU) or subjected to serum starvation (0.28 ± 0.03 RFU;

left graph in Figure 4E), suggesting that the effects were specific to

shSTYXL1 cells. Studies have shown the active form of mTOR, p-

mTOR, localizes to the lysosomal membrane and phosphorylates

TFEB/TFE3 depending on the nutrient status of the cells.39–42 There-

fore, we examined the localization of p-mTOR in both control and

STYXL1 knockdown HeLa cells. IFM analysis revealed that the locali-

zation of p-mTOR to the lysosomes was unaffected with STYXL1

knockdown compared to control cells (Figure 4F). Further, the periph-

eral distribution of p-mTOR-LAMP-1 positive lysosomes was

enhanced in shSTYXL1 compared to shControl cells (Figure 4F), con-

firming the dispersal of active lysosomes in STYXL1-depleted cells. In

a nutshell, we predict that the translocation of TFEB/TFE3 to the

nucleus is possibly because of upregulated unfolded protein response

(UPR; see below) but not because of mTOR activity in the STYXL1

knockdown HeLa cells.

2.6 | STYXL1 depletion activates ER stress in the
HeLa cells

We hypothesized that the change in ER morphology in shSTYXL1 cells

is because of altered ER homeostasis, which refers to a perturbation

in the fine balance between ER protein synthesis, folding, packaging

and export of cargo.43,44 This process is maintained through UPR sig-

naling in the ER, operated through the three transmembrane proteins

IRE1, ATF6 and PERK. Activation of UPR relay the stress signal by

translocating the downstream transcription factors XBP1s, ATF6p and

ATF4/CHOP (s = spliced and p = Golgi processed forms), respec-

tively, to the nucleus43 and initiating transcription of genes that

restore the ER stress. Thus, we monitored the status of ER stress by

examining the nuclear localization of UPR transcription factors. IFM

analysis showed an increased translocation of XBP-1s, ATF6p and

CHOP to the nucleus in shSTYXL1 cells compared to control cells

(Figure 5A). Quantification of relative fluorescence intensity

(measured by a parameter corrected total cell fluorescence, CTCF) of

UPR transcription factors in the nucleus versus cytosol displayed a

significant increase in the nuclear enrichment of all three factors in

shSTYXL1 compared to control cells (Figure S3A). Next, we examined

the transcript levels of different UPR-specific genes in shSTYXL1 and

control cells (Figure S3B). Semi-quantitative PCR analysis of cells dis-

played increased XBP1 transcript levels in shSTYXL1 compared to

shControl cells. Further analysis revealed that XBP1 splicing was

enhanced in STYXL1-depleted cells (Figure S3B). However, the down-

stream target genes of XBP1, such as ERP44 but not PDIA4 or

DNAJB9, were moderately increased in shSTYXL1 compared to

shControl cells. Interestingly, the transcripts of ATF6 or downstream

genes of PERK pathway, such as ATF4, CHOP, HERPUD2 including BIP

(ER chaperon), were either modestly changed or unaffected in

STYXL1 knockdown cells as compared to control cells (Figure S3B).

These results suggest that STYXL1 depletion results in mild upregula-

tion of UPR pathways without inducing ER stress genes in HeLa cells.

Further, we predict that the moderately enhanced UPR possibly

enhances the folding/trafficking of β-GC to the lysosomes of

STYXL1-depleted HeLa cells.

We tested whether UPR enhances the overall activity of β-GC

activity. The STXYL1 knockdown and control cells were treated with

UPR activator thapsigargin (Tg; 5 μM for 6–12 h),45 ER stress attenua-

tor 4-PBA (5 mM for 12–24 h)46 or DMSO (as a control). Measure-

ment of β-GC activity displayed an increase in shSTYXL1 cells

compared to shControl in DMSO-treated cells (Figure 5B). Interest-

ingly, the β-GC activity was not further enhanced with Tg treatment,

but significantly inhibited with 4-PBA treatment in shSTYXL1 cells

compared to DMSO treatment (Figure 5B). We further observed a

reduction in β-GC activity in shSTYXL1 cells treated with Tg (5 μM)

for 12 h compared to DMSO (Figure S3C). To know the reason for

reduced β-GC activity in Tg (5 μM for 12 h) treated shSTYXL1 cells,

we studied the trafficking of GC-mCherry reporter to lysosomes in

HeLa cells by IFM. Surprisingly, the reporter GC-mCherry accumu-

lated in the ER and reduced its localization to the lysosomes upon

treatment with Tg for 12 h compared to DMSO (Figure S3D, quanti-

fied in Figure S3E). Additionally, β-GC activity in shSTYXL1 cells was

moderately reduced upon treatment of cells with specific inhibitors of

UPR pathway such as Kira6 (IRE1, 1 μM for 12 h), CeapinA-7 (ATF6,

5 μM for 12 h) and GSK2606414 (PERK, 0.1 μM for 12 h) compared

to DMSO (Figure S3C). These data indicate that STXYL1 depletion

enhances ER stress, which modulates the folding/trafficking of β-GC

in the ER and then its activity in the lysosomes.

To further validate the observed effects are specific to

STYXL1 knockdown, we traced the trafficking of GC-mCherry

reporter in HeLa cells with reduced time (for 6 h) of DMSO, Tg

(5 μM) or 4-PBA (5 mM) treatments. The trafficking of GC-

mCherry reporter to the lysosomes was unaffected in shControl
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cells after the treatment with Tg or 4-PBA for 6 h in comparison

with DMSO (Figure 5C). As expected, the trafficking of GC-

mCherry reporter to the lysosomes was increased in shSTYXL1

cells and was reduced upon treatment of the cells with Tg or

4-PBA for 6 h (Figure 5C and quantified in Figure 5D). These stud-

ies suggest that the knockdown of STXYL1 promotes the traffick-

ing of β-GC to the lysosomes.

To understand the possible mechanism for the dispersal of lyso-

somes in STYXL1 cells, we examined the association of dispersed

lysosomes with expanded ER.47 The cells depleted with STYXL1

showed expanded ER (marked by KDEL-RFP) and dispersed lyso-

somes (LAMP-1) compared to control cells (Figure 5E). Interestingly,

the association of LAMP-1-positive lysosomes with ER was also

enhanced in shSTYXL1 cells compared to shControl cells (Figure 5E).

F IGURE 5 STYXL1 knockdown in HeLa cells upregulates UPR and disperses the lysosomes through its contact with ER. (A) IFM analysis of
control and STYXL1 knockdown HeLa cells that were stained with indicated UPR antibodies and DAPI. (B) Plot represents the β-GC activity in
control and STYXL1 knockdown HeLa cells that were treated with DMSO, thapsigargin or 4-PBA. β-GC activity in RFU and fold change with
respect to the control are plotted separately as mean ± s.e.m. n = 3. (C) IFM analysis of GCWT-mCherry stably expressing HeLa cells that were
knockdown for STYXL1. Cells were treated with DMSO, thapsigargin or 4-PBA and measured the localization of GC-mCherry to lysosomes
(LAMP-1). The colocalization efficiency between the GC-mCherry and LAMP-1 is indicated as Pearson's coefficient (r) value. (D) Plots represent
the number of GC-mCherry puncta/cell or lysosomes/cell in cells treated with DMSO or thapsigargin. n = 3. The average values in mean ± s.e.m.
are indicated. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ns = not significant. (E) IFM analysis of control and STYXL1-depleted cells that were
transfected with KDEL-RFP and then stained for LAMP1 to observe their contact. The insets are magnified view of the white boxed area. Scale
bars, 10 μm. (F) Model represents the loss of pseudophosphatase STYXL1 function in mammalian cells. shRNA-mediated knockdown of STYXL1
in HeLa cells enhances the ER stress by unknown (?) mechanism, which increases the folding and trafficking of β-GC, including the Gaucher
mutant (upward red arrow) to lysosomes. This process improves the function of the lysosomes in addition to their spread along with ER. Further,
upregulated ER stress activates the lysosomes biogenesis transcription factors (TFEB/TFE3) without changing the gene expression, possibly

contributing to the lysosome function (dotted arrow). ER, endoplasmic reticulum; IFM, immunofluorescence microscopy; UPR, unfolded protein
response; WT, wild-type.
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Next, we tested whether the ER stress can cause the enhanced asso-

ciation of ER-lysosome contacts in HeLa cells. Treatment of cells with

tunicamycin (10 μM) for 6 h displayed the enhanced distribution of

lysosomes as well as expanded ER along with increased ER-lysosomal

contacts compared to DMSO (Figure S3F). These results suggest that

STYXL1 knockdown in HeLa cells may result in ER stress, which possi-

bly enhances the trafficking of β-GC to the lysosomes and disperse

these organelles through expanded ER.

3 | DISCUSSION

Gaucher disease is caused because of decreased β-GC activity in the

lysosomes of mammalian cells. The mutations contributing to Gaucher

disease are majorly eliminated from ER because of defective folding and

export to Golgi.23–25 Interestingly, the majority of these mutant proteins

possess enzyme activity and are able to hydrolyze the substrate gluco-

sylceramide to glucose and ceramide, although at a slower rate than

F IGURE 5 (Continued)
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WT.27,33,48 The accumulation of glucosylceramide in the lysosomes of

Gaucher patients affects many cellular metabolic and signaling path-

ways.34,49,50 The lipid-laden macrophages in the Gaucher patients acti-

vate cytokine, and related pathways result in inflammation51 that

causes spleen and liver enlargement.52 Several treatments are available

for Gaucher disease; however, all are specific to non-neuropathic forms

of the disease. In recent times, several small molecular-based therapies

are also proposed, which are under clinical trials.18,53 In this study, we

attempted to illustrate a role for pseudophosphatase STYXL1, identified

as a hit in an RNAi screen to improve the activity of β-GC enzyme in

the lysosome.26 We studied the effect of STYXL1 knockdown on the

folding and trafficking of β-GC from ER to Golgi and its activity in the

lysosomes. These studies demonstrated that the depletion of STYXL1

enhances the trafficking of β-GC and its lysosomal activity. Further,

STXYL1 knockdown cells display expanded ER and increased lysosome

size, acidity, proteolytically activity and cellular distribution. Additionally,

STYXL1 depletion generates moderate ER stress, which possibly is

responsible for lysosomal dispersal through ER-lysosome contacts. Our

preliminary data showed that STYXL1 depletion marginally increased

the β-GC activity26 and lysosomal distribution in one set of Gaucher

patient fibroblasts. However, the observed mild changes in Gaucher

patient cells are unlikely to be relevant in a clinical/translation setting.

Phosphatases are an important class of cellular enzymes that modulate

cellular trafficking and signaling pathways by dephosphorylating different

substrates (proteins or lipids).1–3 Pseudophosphatases are catalytically dead

enzymes whose role in regulating cellular pathways recently came into the

light.5–7 Pseudophosphatases can stimulate the function of phosphatases

by acting as a cofactor or inhibit their function by dimerization. Mutations

associated with pseudophosphatases are reported to cause different dis-

eases, explaining their role in cell physiology.7 STYXL1 is reported as a

pseudophosphatase10 and its function has been described in a few cellular

processes in different cell types.10,12,13,15,16,54–56 However, its role in lyso-

some function or organelle dispersion has not been reported. We found a

unique negative function of STXYL1 in altering the trafficking of lysosomal

enzyme β-GC. Our study also identified that the loss of STYXL1 protein

results in moderately enhanced UPR and ER expansion (Figures 1 and 5).

Interestingly, we observed the activation of all three branches of UPR

reflecting a general ER stress in the STYXL1-depleted HeLa cells, which

possibly is responsible for enhanced trafficking of lysosome hydrolases

from ER to Golgi (Figure 5F). Further, starvation of STYXL1 knockdown

cells but not the treatment with an ER stress activator such as thapsigargin

enhanced the β-GC activity. In contrast, inhibition of ER stress through

4-PBA reduced the β-GC activity to basal level in STYXL1-depleted cells

(Figure 5). We predict that the enhanced ER stress in shSTYXL1 cells possi-

bly caused the nuclear translocation of TFEB and TFE3 but did not induce

the lysosome biogenesis genes (Figures 4 and 5F). Expression of CA

mutant of STYXL1 also enhanced the lysosome activity in the HeLa cells

(Figure 2). These studies indicate that pseudophosphatase STYXL1 acts as

a negative regulator of ER stress or lysosome activity in vivo (Figure 5F).

However, the loss of function or mutation causing restoration of phospha-

tase activity (similar to STYXL1CA) in STYXL1 may have a large clinical

impact in the field of lysosome storage diseases such as Gaucher disease.

Here, we only showed the loss of function through shRNA-mediate

knockdown in HeLa cells, which enhanced the distribution of lysosomes

and their activity through ER-lysosome contacts. Additionally, Gaucher

patient fibroblasts moderately restored the lysosome activity and their cel-

lular distribution, indicating an indirect role of this pseudophosphatase in

altering the trafficking of acid hydrolases (including Gaucher mutants) to

the lysosomes. In future, identifying a small-molecular inhibitor against

STYXL1 possibly acts as a therapeutic agent to alter the status of Gaucher

disease. This process has several advances: (1) although cells displayed

nuclear translocation of CHOP upon STYXL1 depletion but did not induce

apoptosis; (2) small molecules can cure the neuropathic form of Gaucher

disease; and (3) this process possibly cures other forms of LSDs. However,

these possibilities require future investigation.

The distribution of organelles plays a vital role in their function, espe-

cially lysosomes. Lysosomes appeared as clusters at the perinuclear area in

the majority of the cells, such as HeLa. The distribution of lysosomes to

the periphery alters their activity.28,29 Interestingly, STYXL1 depletion

enhanced the dispersion of ER, late endosomes and lysosomes. Moreover,

the peripherally distributed lysosomes are acidic and proteolytically active

(Figure 1), and showed more contact with ER (Figure 5) in

STYXL1-depleted cells, suggesting an indirect role of STYXL1 in regulating

the distribution of cohort of eukaryotic organelles.11 It is unknown how

the lysosome distribution is affected in Gaucher disease. Our studies

showed dispersal of lysosomes promoted their activity, which may reduce

the accumulation of storage in the cells. We predict that this method may

delay the progression of Gaucher disease, especially beneficial for neuro-

pathic forms. Moreover, we also speculate that the dispersion of the

organelles in shSTYXL1 cells may be because of an alteration in post-

translational modification of microtubules since STYXL1 overexpression

enhances detyrosinization and acetylation of microtubules.16 Inline, the

detyrosinization of microtubules is shown to reduce the lysosomes' motil-

ity.57 Therefore, STYXL1 depletion possibly affects the post-translation

modification of microtubules, which may alter the ER distribution and lyso-

some positioning. Mitochondrial dysfunction has been observed in several

Gaucher disease models.58–61 Interestingly, STYXL1 knockdown prevents

the cytochrome C release from mitochondria and blocks apoptosis under

various cellular stress conditions.12 Further, STYXL1 physically interacts

with mitochondrial phosphatase PTPMT1 and negatively regulates its func-

tion during mitochondrial-dependent cell death.13 Based on these studies,

we also predict that the change in UPR status may alter the mitochondrial

dynamics in shSTYXL1 cells, which requires further studies. Nevertheless,

identifying a small molecule to inhibit the pseudophosphatase STYXL1

function beneficial for curing Gaucher disease and other forms of LSD.

4 | MATERIALS AND METHODS

4.1 | Reagents and antibodies

All chemicals and reagents were purchased either from Sigma-

Aldrich (Merck) or Thermo Fisher Scientific (Invitrogen). 4-PBA,

4-methylumbelliferyl β-D-glucopyranoside (MUD), ceapinA-7,

FK506, GSK2606414, kira6, puromycin, resazurin, thapsigargin

and tunicamycin were purchased from Sigma-Aldrich (Merck).
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Conduritol B epoxide (CBE) was procured from Tocris Bioscience.

LysoTracker Red DND-99 (L7528) and DQ-Red BSA (D12051)

were obtained from Thermo Fisher Scientific (Invitrogen). The following

commercial polyclonal and monoclonal antisera were used (m, mouse; h,

human and r, rat proteins): anti-LIMPII (ab16522) was from Abcam;

anti-Calnexin (610523) and anti-GM130 (610822) were from BD Bio-

sciences; anti-CHOP (2895), anti-hLAMP-1 (9091), anti-Rab5 (3547)

and anti-TFEB (4240) were from Cell Signalling Technology; anti-

hCD63 (H5C6) and anti-hLAMP-1 (H4A3) were from Developmental

Studies Hybridoma Bank; anti-ATF6α (sc-22 799) and anti-XBP-1 (sc-

7160) were from Santa Cruz Biotechnology; anti-β-actin (A5441), anti-

FLAG M2 (F1804), anti-hGlucocerebrosidase (GBA/GC; G4171) and

anti-TFE3 (HPA023881) from Sigma-Aldrich (Merck). All secondary anti-

bodies were either from Invitrogen or Jackson ImmunoResearch.

4.2 | Plasmids and shRNAs

GCWT/N370S/L444P-VSVG-pCDNA3.1+ constructs were a kind gift

from Jeffery Kelly, Scripps Institute.48 FLAG-STYXLWT-FLAG and

FLAG-STYXLF245H,S246C-FLAG constructs were a kind gift from

Shanta D. Hinton, College of William and Mary.10 KDEL-RFP plasmid

was a kind gift from Nagaraj Balasubramanian, IISER Pune.62 pMD2.G

(VSV-G lentiviral envelope vector, 12259), psPAX2 (lentiviral packag-

ing vector, 12260) and BiP-Myc-KDEL (27164) were obtained from

Addgene. TFEB-GFP63 has been described previously.

GFP-STYXL1WT/CA plasmids were made by subcloning the

STYXL1WT/CA inserts from their respective FLAG-tagged vectors into

pEGCP-C1 (Clontech). GCWT/N370S/L444P-mCherry-pCDNA3.1+ con-

structs were prepared by PCR amplifying the genes from GCWT/N370S/

L444P-VSVG-pCDNA3.1+ vectors and then cloned as in-frame fusion

to mCherry in mCherry-pCDNA3.1+ vector (available in the lab).

GCWT/N370S/L444P-mCherry-pLVX-puro constructs were made by sub-

cloning the GCWT/N370S/L444P -mCherry inserts from their respective

pCDNA3.1+ vectors into pLVX-puro (Clontech). All constructs were

sequenced before use. We found an additional N156D mutation in

the GCN370S-mCherry constructs in addition to N370S (Figure 3).

Note that N370S in GCN370S-mCherry corresponds to N409S muta-

tion in the longer isoform-1 of GBA (GBA1). Similarly, the mutation

L483P in GCL444P-mCherry constructs represents L444P of GBA1.21

shRNAs against STYXL1 gene (shSTYXL1-1: 50-GCATAGTAAC-

GAGCAGACCTT-30; shSTYXL1-2: 50-GCTTTACAACATCCTGAATCA-

30) were from a focused set of phosphatases in the human TRC

shRNA library, purchased from Sigma-Aldrich (Catalog no. SH0411).

pLKO.1-puro Non-mammalian shRNA (referred to here as shControl,

SHC002) was used as a control in all the experiments.

4.3 | Cell culture, transfection and lentiviral
transduction

HeLa and HEK293T were procured from ATCC and maintained in

DMEM (Invitrogen) supplemented with 10% FBS (Biowest), 1% L-

glutamine (Invitrogen) and 1% penicillin–streptomycin (Pen-Strep,

Invitrogen) antibiotics at 37�C with 10% CO2 in a humified cell culture

chamber. Human primary fibroblasts were procured from Coriell Cell

Repositories and maintained in MEM (GIBCO) medium supplemented

with 10% FBS (Biowest) and 1% Pen-Strep antibiotics (Invitrogen) at

37�C with 10% CO2 in a humified cell culture chamber. The following

primary cells were used in this study. WT: apparently healthy individual

from non-fetal tissue, skin origin (GM00498); GCN370S,84GG: non-neuro-

pathic Gaucher disease, Type I (GD1), skin origin (GM00372) and

GCL444P: non-neuropathic GD1, unknown origin (GM10915).26

Transient transfection of the cells with plasmids was performed

post-incubation of the cells in OPTI-MEM (Invitrogen) for 30 min and

followed the manufacturer's protocol of Lipofectamine 2000

(Invitrogen). For shRNA-mediated knockdown, cells were seeded at a

confluency of 80% in a well of 24-well plate. Post 12 h of seeding,

cells were transfected with a cocktail containing 500 ng of STYXL1

shRNA or shControl and 0.75 μL Lipofectamine 2000 in OPTI-MEM.

Cells were supplemented with a complete medium after 5 h of trans-

fection. Post 48 h of transfection, the cells were used it for biochemi-

cal assay or IFM. In certain experiments, the shRNA-mediated

knockdown cells were further transfected with plasmids using Lipo-

fectamine 2000 post 24 h of shRNA transfection. The primary cells

were transduced with lentivirus encoding GC-mCherry expression

vectors or shRNAs using a protocol described previously.64 In

Figure 4E, the cells were subjected to 30 min starvation in plain

DMEM medium (without FBS). In Figures 4 and 5 and Figure S3, the

cells were treated with different drugs as follows: 4-PBA (5 mM for

6–12 h), FK506 (10 nM for 12 h), thapsigargin (Tg, 5 μM for 6–12 h),

tunicamycin (Tu, 10 μM for 6 h), kira6 (1 μM for 12 h), ceapinA-7

(5 μM for 12 h) and GSK2606414 (0.1 μM for 12 h). As a control,

DMSO was used during these treatments.

4.4 | LysoTracker Red uptake and DQ-Red BSA
trafficking assays

LysoTracker Red uptake was carried out by incubating the cells on a

coverslip with a medium containing 100 nM of LysoTracker Red for 1 h

at 37�C and then fixed with 4% paraformaldehyde. Similarly, cells were

incubated in a medium containing 10 μg/mL DQ-Red BSA for 12 h at

37�C and then chased in a plain medium for 6 h followed by fixing the

cells with 3% paraformaldehyde. Further, cells were immunostained

with anti-LAMP-1 antibody and then imaged. The number of Lyso-

Tracker Red/DQ-Red -positive puncta was quantified using ImageJ.

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 analyze parti-

cle parameters without placing any limit on size and circularity.

4.5 | IFM and image analysis

Immunostaining of cells with respective primary and secondary anti-

bodies was carried out post-fixation of cells with 3% formaldehyde on

12 PATEL ET AL.



the coverslips as described previously.65 IFM of cells was performed

on an Olympus IX81 motorized inverted fluorescence microscope

equipped with a CoolSNAP HQ2 (Photometrics) CCD camera using a

60� (oil) U Plan super apochromatic objective. Deconvolution of

images was carried out using the cellSens Dimension package with

the 5D module (Olympus) and analyzed.65 Briefly, cells were imaged

for 10–12 z-stacks with a z-step size of 0.2 μm. In Figure 1D, the z-

stacks were subjected to constrained iterative deconvolution (1 or

2 iterations) using the cellSens Dimension package. Otherwise, unde-

convolved z-stack images were converted to maximum intensity pro-

jection and used for further use. Final images were converted into

TIFF format and then assembled using Adobe Photoshop. The Pear-

son's correlation (r) value between two colors was estimated using

cellSens Dimension software. Multiple ROIs (regions of interest) in the

cytosol (excluding perinuclear area) of maximum intensity projection

of undeconvolved z-stack images were selected for the analysis and

then measured (as mean ± s.e.m.) the average r value from 20 to

30 cells. The localization of the transcription factor to the nucleus

(in reference to DAPI staining) was measured as CTCF (corrected total

cell fluorescence) ratio between the nucleus and cytoplasm, measured

separately. The averaged CTCF ratio from 10 to 20 cells was calcu-

lated using the below formula and then plotted. CTCF (in arbitrary

units, A.U.) = Integrated density of the cell or nucleus � (area of the

selected cell or nuclear � mean fluorescence intensity of the back-

ground). The mean fluorescence intensity of the images was quanti-

fied using ImageJ.

4.6 | Quantification of IFM

4.6.1 | Organelle number

The number of lysosomes or GC-mCherry puncta was quantified using

Fiji with ComDet v.0.5.5 plugin. Average number of lysosomes or GC-

mCherry puncta/cell was plotted.

4.6.2 | Lysosome size

The size of the lysosomes was calculated using Fiji software. The

images were converted into 8 bit followed by applying the auto-

threshold to all binary images. The particle (lysosomes) size was mea-

sured using Analyze particles option. The size of lysosome (μm2) in

each condition was plotted.

4.6.3 | ER dispersion

The percentage area occupied by ER sheet was calculated using Fiji

software. The total area spread by ER (sheet and tubular forms) and

ER sheet alone within the cell was calculated separately. The ER

dispersion = (Total area occupied by ER sheet/Total area of the

cell)*100.

4.6.4 | LAMP1/LIMPII/CD63 distribution

The distribution of different organelles was calculated using Fiji with

radial intensity profile plugin as described previously.66 Each cell was

divided into three areas (0–5, 5–15 and >15 μm) from the center of

the cell and determine the radial profile intensity. The data was plot-

ted after normalizing the radial profile intensities in the areas 5–15

and >15 μm with 0–5 μm in each cell. The distribution of the organ-

elles in 5–15 and >15 μm was plotted separately.

4.7 | β-glucocerebrosidase (GC) activity and cell
viability assays

Cells were plated in triplicate wells of 96-well clear flat-bottom black

plate (Corning) at 70%–80% confluency. The cell viability63 and lyso-

somal β-glucosidase activity27 assays were performed as follows. Cells

were added with 1 mg/mL of resazurin in the growth medium and

then incubated at 37�C for 3–4 h. The fluorescence intensity (excita-

tion: 530 nm and emission: 590 nm) was measured using a Tecan

multi-mode plate reader (Infinite F200 Pro). The obtained A.U. value

was used to normalize the β-GC activity, measured in the same well.

Further, the cells were washed twice with 1� PBS post resazurin

assay and then incubated at 37�C with 50 μL of 3 mM MUD

(4-methyl umbelliferyl-β-D-glucopyranoside, made in 0.2 M sodium

acetate buffer pH 4.2). The assay was stopped with 150 μL of 0.2 M

glycine buffer pH 10.8 after 150 min (2.5 h). The liberated

4-methylumbelliferone (excitation: 365 nm and emission: 445 nm)

fluorescence intensity was measured using a Tecan multi-mode plate

reader. Finally, the lysosomal enzyme activity (in A.U.) per well was

normalized with respective cell viability values (referred to as relative

fluorescence units, RFU). The fold change in GC activity in shSTYXL1

with shControl cells was calculated. The data representing the β-GC

activity in RFU and fold change with respect to control were plotted

separately. Note that the β-GC activity in the primary human fibro-

blasts was stopped post 60 min of incubation. In certain experiments,

cells in additional triplicate wells were added with 600 μM of CBE

(conduritol B epoxide) along with MUD. The obtained values with

CBE are considered as β-GC (GBA1) specific activity but not because

of non-lysosomal glucocerebrosidase activity (contributed by GBA2,

GBA3 genes and other enzymes). Interestingly, the presence or

absence of CBE did not show any difference in β-GC activity in HeLa

cells (data not shown), indicating the measured activity is specific

to β-GC.

4.8 | Transcript-level analysis of genes by semi-
quantitative or quantitative PCR

RNA isolation from the cells was performed by using GeneJET RNA puri-

fication kit (Thermo Fisher Scientific) in the presence of

β-mercaptoethanol followed by estimating the concentration using Nano-

Drop 2000C spectrophotometer (Thermo Fisher Scientific). The cDNA
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was synthesized from RNA using a cDNA synthesis kit (Fermantas). The

transcripts were amplified in a Bio-Rad S1000 Thermal Cycler using an

equal amount of cDNA from each condition and the gene-specific

primers. The primers used in this study are listed in Table S1. As a control,

18S rRNA or β-ACTIN or GAPDH was used. The gels were imaged in a

Bio-Rad Molecular Imager ChemiDoc XRS+ imaging system using Image

Lab 4.1 software. DNA band intensities were quantified and then normal-

ized with a loading control. The fold change in values with respect to con-

trol is indicated on the gels or plotted separately.

4.9 | Immunoblotting

Cells were lysed in RIPA buffer and then subjected to immunoblotting

analysis as described previously.64 Immunoblots were developed with

Clarity Western ECL substrate (Bio-Rad) and then imaged in a Bio-

Rad Molecular Imager ChemiDoc XRS+ imaging system using Image

Lab 4.1 software. Protein band intensities were quantified and then

normalized with a loading control. The fold change in values with

respect to control is indicated in the figure.

4.10 | Statistical analysis

GraphPad Prism 6.0 software was used to calculate the statistical

analysis of all samples. The statistical significance was determined by

unpaired Student's t test and variance analysis. ns = not significant,

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001.
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