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Upregulation of the Rab27a-Dependent Trafficking and Secretory
Mechanisms Improves Lysosomal Transport, Alleviates Endoplasmic
Reticulum Stress, and Reduces Lysosome Overload in Cystinosis

Jennifer L. Johnson,a Gennaro Napolitano,a Jlenia Monfregola,a Celine J. Rocca,b Stephanie Cherqui,b Sergio D. Catza

Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, California, USAa; Department of Pediatrics, University of California San
Diego, San Diego, California, USAb

Cystinosis is a lysosomal storage disorder caused by the accumulation of the amino acid cystine due to genetic defects in the
CTNS gene, which encodes cystinosin, the lysosomal cystine transporter. Although many cellular dysfunctions have been de-
scribed in cystinosis, the mechanisms leading to these defects are not well understood. Here, we show that increased lysosomal
overload induced by accumulated cystine leads to cellular abnormalities, including vesicular transport defects and increased
endoplasmic reticulum (ER) stress, and that correction of lysosomal transport improves cellular function in cystinosis. We
found that Rab27a was expressed in proximal tubular cells (PTCs) and partially colocalized with the lysosomal marker LAMP-1.
The expression of Rab27a but not other small GTPases, including Rab3 and Rab7, was downregulated in kidneys from Ctns�/�

mice and in human PTCs from cystinotic patients. Using total internal reflection fluorescence microscopy, we found that lyso-
somal transport is impaired in Ctns�/� cells. Ctns�/� cells showed significant ER expansion and a marked increase in the un-
folded protein response-induced chaperones Grp78 and Grp94. Upregulation of the Rab27a-dependent vesicular trafficking
mechanisms rescued the defective lysosomal transport phenotype and reduced ER stress in cystinotic cells. Importantly, recon-
stitution of lysosomal transport mediated by Rab27a led to decreased lysosomal overload, manifested as reduced cystine cellular
content. Our data suggest that upregulation of the Rab27a-dependent lysosomal trafficking and secretory pathways contributes
to the correction of some of the cellular defects induced by lysosomal overload in cystinosis, including ER stress.

Cystinosis is a lysosomal storage disorder (LSD) resulting from
genetic defects in the CTNS gene, which encodes cystinosin,

the lysosomal cystine transporter (1–4). As a consequence of this
defect, the amino acid cystine is anomalously accumulated in lyso-
somes. Increased levels of intralysosomal cystine lead to cell mal-
function, which is specially manifested in the kidney and eye but
also affects other organs (5). Cystinosis affects 1 in 100,000 new-
borns. The treatment of choice for cystinosis is cysteamine, which
reduces the intralysosomal level of cystine. The efficiency of cys-
teamine in retarding the rate of glomerular deterioration and im-
provement of linear growth in children with cystinosis demon-
strates the effectiveness of cystine-depleting therapies (6–8).
However, cysteamine treatment has some disadvantages, includ-
ing severe side effects and the variable response to treatment,
which reflects genetic heterogeneity (5, 8) and patient compliance.
It is therefore accepted that new or complementary molecular
therapies will help with cystinosis management before and after
kidney transplantation.

Transport of lipids and proteins is a highly regulated process,
which is required to maintain the integrity of various intracellular
organelles and the plasma membrane in eukaryotic cells. Molec-
ular trafficking is mediated by intracellular vesicular transport, a
process essential for nearly all aspects of cellular physiology, in-
cluding lysosomal function regulation. Importantly, defects in
vesicular trafficking mechanisms lead to disease in humans (9–
11). One of the hypotheses proposed to explain the cellular defects
observed in LSDs is that vesicular transport is somehow affected
by lysosomal overload (12). However, little is known about the
mechanism of lysosomal transport in cystinosis, and the potential
beneficial effects of the correction of a putatively defective lyso-
somal trafficking phenotype in cystinosis have not been explored.

Besides their role as the final degradation compartment of the
endocytic pathway, conventional lysosomes are able to engage in
the secretory pathway through regulated mechanisms in many
cells and tissues (13). These are important mechanisms that help
maintain normal cellular homeostasis by, for example, regulating
plasma membrane repair and plasma membrane resealing after
wounding (14), mediating receptor upregulation at the plasma
membrane (15), and regulating secretion of lysosomal phospho-
lipases to mediate intracellular phospholipid remodeling (16). In
addition, lysosomal exocytosis is considered a dominant mecha-
nism for cellular elimination of degradation products and is used
by eukaryotic cells to avoid accumulation of intracellular debris
(13). These processes are of fundamental importance for normal
cellular physiology, and defects in lysosomal transport in LSDs
could cause significant cellular dysfunction, in addition to the
abnormalities induced by the inability of lysosomes to degrade
intracellular metabolites.

The efficiency and specificity of vesicular transport processes,
including lysosomal transport and regulated secretion, rely on
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Rab proteins, which are Ras-like small GTPases, and on their spe-
cific effectors, a group of diverse molecules that bind to specific
Rab proteins and act as membrane organizers (17). Different Rab
proteins are distributed in specific cell compartments and, to-
gether with their effectors, synchronize and control multiple steps
of vesicular transport, including vesicle motility, tethering, and
docking to specific compartments of the cell (17, 18). Rab27a and
its specific effectors are master regulators of vesicular transport
and exocytosis (19, 20). They are expressed in multiple cells and
tissues with secretory functions, including the kidney (23–26) and
eye (21, 22). Rab27b, which has 72% homology with Rab27a at the
amino acid level, is also expressed in the kidney’s transitional ep-
ithelium and in corneal epithelial cells (23). These secretory fac-
tors are also expressed in many other organs that are affected by
late cystinosis complications, including in the thyroid glands, pan-
creas, stomach, large and small intestines, trachea, lung, liver, and
heart (23) and in skeletal muscle (27). Although Rab27a was orig-
inally associated with the secretory pathway of secretory lyso-
somes in hematopoietic cells (28, 29), recent studies have high-
lighted a role for Rab27a in conventional lysosomal trafficking
and exocytosis (30).

Several lines of evidence suggest that defects in vesicular trans-
port mechanisms lead to endoplasmic reticulum (ER) stress (31),
probably induced by accumulation of misfolded proteins in the
ER caused by inefficient protein trafficking. Cells respond to this
stress through a transcriptional induction mechanism, the un-
folded protein response (UPR), which is initially activated to re-
lieve ER stress. However, if the stress is prolonged or the adaptive
response fails, the response switches from prosurvival to prodeath
signaling (32). Support for a close regulation between vesicular
transport and ER stress was initially revealed by studies showing
that accumulation of synucleins inhibits ER-Golgi apparatus
transport and induces ER stress, while the correction of intracel-
lular vesicular transport defects was effective in restoring normal
cellular function in cells undergoing ER stress (31). Importantly,
ER stress has been directly involved in the development of cellular
abnormalities associated with LSDs (33, 34), but direct evidence of
cross talk between vesicular trafficking mechanisms and ER stress
has not been demonstrated in LSDs.

In this work, we investigate the mechanisms of vesicular trans-
port and ER stress in cystinosis and analyze the hypotheses that
upregulation of the Rab27a-dependent secretory pathway de-
creases cystine accumulation in the lysosomes and improves cell
function. Our studies characterize defects in Rab27a-dependent
mechanisms in cystinosis and utilize the restoration of the lyso-
somal transport system by upregulation of Rab27a-dependent
pathways to improve lysosomal trafficking, upregulate the secre-
tory pathway, and decrease ER stress in cystinotic cells.

MATERIALS AND METHODS
Mice, cells, and cell culture. C57BL/6 Ctns�/� mice were described be-
fore (35). Neonatal skin fibroblasts from Ctns�/� and wild-type mice
were prepared by standard procedures (36). Neonatal murine fibroblasts
and 293T cells (ATCC) were maintained in Dulbecco modified Eagle me-
dium containing 10% fetal calf serum. Human renal proximal tubular
cells (hPTCs) were previously described (37) and were kindly provided by
Corinne Antignac. All studies were conducted according to the National
Institutes of Health and institutional guidelines and with approval of the
animal review board at The Scripps Research Institute.

Constructs, transfections, and transductions. The wild-type human
Rab27a expression vector was obtained from the Missouri S&T cDNA

Resource Center (http://www.cdna.org). The constitutively active form
of Rab7 (enhanced green fluorescent protein [EGFP]-expressing
Rab7Q67L) was obtained from Addgene. The constitutively active mutant
Rab27aQ78L was generated by directed mutagenesis of Rab27a on the
expression vector pcDNA3.1� (Life Technologies) using the primer 5=-T
GGGACACAGCAGGGCTGGAGAGGTTTCGTAGCT-3= and a Quik-
Change multisite-directed mutagenesis kit (Stratagene) as described pre-
viously (38). The cDNA corresponding to Rab27aQ78L was subcloned
into the lentiviral expression vector pLV-CMV by restriction enzyme di-
gestion (BamHI/XhoI) and ligation by standard procedures. The pLV-
GFP expression vector was used as a control. 293T cells were transfected
with the pLV constructs along with packaging plasmids pVSVG (Clon-
tech) and pLV-CMV-delta 8.2 (39) using the Lipofectamine LTX reagent
(Life Technologies). Virus-containing supernatants were collected at 48
and 72 h posttransfection, filtered, and then either used directly or con-
centrated by centrifugation at 20,000 rpm for 2 h. Wild-type and Ctns�/�

murine fibroblasts were transduced with lentiviruses in the presence of 5
�g/ml Polybrene. After 24 h, the virus-containing medium was replaced
with normal growth medium. The transduction efficiency obtained using
this procedure was �90% (see Fig. S1 in the supplemental material).

Immunofluorescence and confocal microscopy analysis. Murine
fibroblasts were seeded at 70% confluence in an eight-well chambered
cover glass (pretreated with poly-L-lysine at 0.01% in phosphate-buffered
saline [PBS]), fixed with 3.7% paraformaldehyde, permeabilized with
0.01% saponin, and blocked with a solution of 1% bovine serum albumin
(BSA) in PBS. Kidneys from wild-type or Ctns�/� mice were fixed in 5%
formaldehyde, equilibrated in 20% sucrose overnight, and frozen in Tis-
sue-Tek optimal-cutting-temperature buffer at �80°C (Sakura Finetek).
Twelve- to 20-�m-thick sections were permeabilized with 0.01% saponin
and blocked with a solution of 1% BSA in PBS. Samples were labeled with
the indicated primary antibodies overnight at 4°C and then the appropri-
ate combination of Alexa Fluor (488 and/or 594)-conjugated donkey anti-
rabbit, anti-mouse, and/or anti-goat secondary antibodies (Molecular
Probes). Nuclei were stained with 4=,6-diamidino-2-phenylindole, dihy-
drochloride (DAPI). Cells were stored in Fluoromount-G medium
(Southern Biotechnology, AL) and analyzed using a Zeiss LSM 710 laser
scanning confocal microscope attached to a Zeiss Observer Z1 micro-
scope using 100� or 63� oil Plan Apo (numerical aperture, 1.4) infinity-
corrected optics. Images were analyzed using ImageJ software and pro-
cessed with Adobe Photoshop CS4 software.

Transmission electron microscopy. Murine fibroblasts were pro-
cessed for transmission electron microscopy using a modification of the
protocol described before (40). Briefly, the samples were fixed in 2.5%
glutaraldehyde in 0.1 M Na cacodylate buffer (pH 7.3), washed with buf-
fer, and fixed in 1% osmium tetroxide in 0.1 M Na cacodylate buffer. They
were subsequently treated with 0.5% tannic acid, followed by 1% sodium
sulfate. The cells were treated with propylene oxide and embedded in
Epon-Araldite. Thin sections (70 nm) of the samples were cut on a Reich-
ert Ultracut E ultramicrotome (Leica, Deerfield, IL) using a diamond
knife (Diatome; Electron Microscopy Sciences, Hatfield, PA), mounted
on Parlodion-coated copper slot grids, and stained in uranyl acetate and
lead citrate. Sections were examined on a Philips CM100 transmission
electron microscope (FEI, Hillsboro, OR). Images were documented, and
measurements were taken using a Megaview III charge-coupled-device
camera (Olympus Soft Imaging Solutions, Lakewood, CO). Subsequent
processing was performed using Adobe Photoshop CS software. Three-
dimensional quantitative analysis of organelle volume density was per-
formed by stereology (41), on the basis of the Delesse principle, which
states that the planimetric fraction of a section occupied by sections of a
given component corresponds to the fraction of the tissue volume occu-
pied by this component (41). Briefly, a grid probe consisting of squares 0.5
by 0.5 �m was generated over the electron microscopic images using
Photoshop software, where line intersections were considered sample
points. A systematic lattice of points in the test system instead of random
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lattices was used to minimize error (41). The number of sample points
that coincided with each organelle type was manually counted.

Quantitative analysis of lysosomal transport. For live-cell total inter-
nal reflection fluorescence microscopy (TIRFM) imaging, murine fibro-
blasts were seeded in eight-well plates with a bottom cover glass (1.5
borosilicate cover glass; Lab-Tek; Nunc) in phenol red-free RPMI me-
dium. Fibroblasts labeled using LysoTracker were transferred to a pre-
warmed microscope stage. TIRFM experiments were performed using
a 100� TIRF objective (numerical aperture, 1.45; Nikon) on a Nikon
TE2000U microscope custom modified with a TIRF illumination module.
Laser illumination was adjusted to impinge on the coverslip at an angle of
incidence that was slightly less than the critical angle required for com-
plete internal reflection (42). This technique generates a highly refracted
beam that penetrates the sample slightly deeper than complete TIRFM,
thus allowing complete visualization of lysosomes but still maintain-
ing the high signal-to-noise ratio of traditional TIRFM (42). Images
were acquired on a 14-bit, cooled charge-coupled-device camera
(Hamamatsu) controlled through NIS-Elements software (Nikon,
Inc.). The images were recorded at 0.5-s intervals using exposure times of
200 to 600 ms, depending on the intensity of the signal. Images were
analyzed using ImageJ (version 1.43) and Imaris (version 7.0) software
(Bitplane Scientific Software). All data analysis was performed by tracking
granule movement through all frames of the movies. All vesicles that
appeared in the TIRFM zone for at least three consecutive frames during
the length of the study were included in the analysis.

Gel electrophoresis and Western blotting. Proteins were separated
by gel electrophoresis using NuPAGE gels and MOPS (morpholinepro-
panesulfonic acid) buffer (Life Technologies). Proteins were transferred
onto nitrocellulose membranes, and the membranes were blocked with
PBS containing 5% (wt/vol) blotting-grade nonfat dry milk blocker (Bio-
Rad). The proteins were detected by probing the membranes with the
indicated primary antibodies at appropriate dilutions. The detection sys-
tem used horseradish peroxidase-conjugated secondary antibodies (Bio-
Rad) and a SuperSignal West Pico chemiluminescence substrate system
(Thermo). Transferred proteins were visualized using Hyperfilm (Amer-
sham Bioscience).

Antibodies. The polyclonal antibody against Rab27a was described
previously (38). We also used monoclonal anti-Rab27a antibody from
Transductions Laboratories. The anti-LAMP-1 and anti-Rab3a anti-
bodies were from Santa Cruz Biotechnology; the monoclonal antibody
against KDEL (clone 10C3) was from ENZO Life Sciences. The anti-
synaptotagmin 7 (anti-Syt7) was previously described (43). For immu-
nofluorescence, we used anti-Syt7 from Synaptic Systems. Antical-
nexin SPA-860 was a gift from L. Wiseman (The Scripps Research
Institute). Anti-Rab7 was from Cell Signaling.

Cystine content measurement. The cystine content in murine fibro-
blasts was analyzed as previously described (44). Briefly, fibroblasts were
resuspended in 750 �l N-ethylmaleimide (Fluka Biochemika) at 650 �g/
ml. The samples were sonicated for 9 s, and the proteins were precipitated
with 15% 5-sulfosalicylic acid dihydrate (Fluka Biochemika), resus-
pended in 0.1 N NaOH, and measured using a Bio-Rad protein assay kit.
The cystine-containing supernatants were analyzed by mass spectrometry
at the Biochemical Genetics Laboratory, University of California, San
Diego.

Statistical analysis. Data are presented as means, and error bars cor-
respond to standard errors of the means (SEMs), unless otherwise indi-
cated. Statistical significance was determined using the unpaired Student’s
t test or the Mann-Whitney test using GraphPad InStat (version 3) soft-
ware, and graphs were made using GraphPad Prism (version 4) software.
Differences with P values of �0.05 were considered statistically signifi-
cant.

RESULTS
Cystinotic cells have decreased Rab27a expression. One of the
hypotheses proposed to explain the cellular defects observed in

lysosomal storage disorders is that vesicular trafficking is affected
by lysosomal overload (12). Here, to investigate whether cystino-
sis is underlined by abnormalities in vesicular trafficking regula-
tors, we analyzed the expression of Rab GTPases that are involved
in the endocytic or exocytic pathway of lysosomes. Given the
pathophysiological importance of kidneys in cystinosis, we first
evaluated Rab GTPase expression using lysates from kidneys of
wild-type or Ctns�/� mice. Western blot analysis demonstrated a
significant decrease in the level of expression of Rab27a but not
other Rab GTPase regulators of the exocytic (Rab3a) or endocytic
(Rab7) pathway (Fig. 1A and B). Because defects in renal proximal
tubular cells (PTCs) are central to the pathophysiology of late
cystinosis, we next determined the expression of Rab27a in PTCs
from cystinotic patients, which also showed a significant reduc-
tion in Rab27a expression compared to PTCs from healthy con-
trols (Fig. 1C). To analyze the distribution of Rab27a in kidneys in
further detail, we performed immunofluorescence analysis of en-
dogenous Rab27a in murine kidneys and identified Rab27a ex-
pression in polarized, megalin-positive PTCs (Fig. 1D). Rab27a
was distributed at both basal and apical punctate structures re-
sembling vesicular organelles (Fig. 1D). Comparative immuno-
fluorescence analyses of kidneys from wild-type and Ctns�/� mice
showed that endogenous Rab27a expression is downregulated in
Ctns�/� PTCs (Fig. 1E). A more detailed analysis detected Rab27a
colocalized with the lysosomal marker LAMP-1 in kidney PTCs
from wild-type and Ctns�/� mice (Fig. 1F).

Cystinotic cells are characterized by impaired lysosomal
trafficking. To investigate whether cystinosis is characterized by
defective vesicular trafficking, we next analyzed whether Ctns�/�

cells have impaired lysosomal transport. To this end, we quanti-
tatively analyzed vesicular dynamics in live wild-type and Ctns�/�

murine fibroblasts that were incubated with the acidotropic probe
LysoTracker, which labels lysosomes as well as other acidic organ-
elles (45). Labeling of lysosomes in fibroblasts by LysoTracker is
further supported by data showing that treatment with lysosomal
permeabilization agents dramatically decreases staining (45). Im-
portantly, the lysosomal pH of the cystinotic fibroblast is similar
to that of wild-type cells (46). Here, we analyzed vesicular dynam-
ics using TIRFM, a technique that allows highly specific analysis of
fluorescent proteins and probes localization by cancelling intra-
cellular background fluorescence from deeper layers in the cytosol
(47–49). To facilitate the analysis of organelles that may not nec-
essarily be in areas adjacent to the plasma membrane, we used a
modification of this technique named pseudo-TIRFM (oblique
illumination) (42). In pseudo-TIRFM, laser illumination is ad-
justed to impinge on the coverslip at an angle of incidence that is
slightly less than the critical angle required for complete internal
reflection (42). This technique generates a highly refracted beam
that penetrates the sample slightly deeper than complete TIRFM,
thus allowing complete visualization of lysosomes but still
maintaining the high signal-to-noise ratio of traditional
TIRFM (42). Representative images of wild-type and cystinotic
cells are shown in Fig. 2A and in Movies S1 to S3 in the supple-
mental material. Kinetic analyses showed that lysosomes from
cystinotic fibroblasts are characterized by impaired dynamics
compared to wild-type cells (Fig. 2B). Vesicular dynamics de-
fects are characterized by a significant decrease in the number
of acidic organelles moving at high speed and a concomitant
increase in the number of these organelles with no or restricted
movement in cystinotic cells (Fig. 2B).
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FIG 1 Rab27a is expressed in renal proximal tubular cells and is downregulated in cystinosis. (A) Expression of endogenous Rab GTPases in kidney lysates from
wild-type or Ctns�/� mice. Western blot (WB) analysis was performed using 10 �g of protein lysates. Each lane corresponds to kidney lysates from individual
wild-type (WT; lanes 1 to 5) or cystinotic (Ctns�/�; lanes 6 to 11) mice. (B) Quantitative densitometry analysis of the immunoblots presented in panel A. Relative
expression refers to the ratio between specific Rabs and the actin signal in the same lane. Results are means � SEMs (error bars). *, P � 0.05 (Mann-Whitney test).
(C) Western blot analysis of the expression of Rab27a in human renal proximal tubular cells (PTCs) from a patient with cystinosis and a healthy control. Results
are represented as means � SDs (n � 2). (D) Immunofluorescence analysis showing endogenous Rab27a expression in PTCs from mouse kidneys. (E)
Comparative analysis of endogenous Rab27a expression was performed using an affinity-purified anti-Rab27a antibody raised in rabbit. In these experiments,
constant laser power and gain were maintained to preserve identical image acquisition conditions for wild-type and Ctns�/� samples. (F) Immunofluorescence
analysis of mouse kidney showing colocalization (insets, arrowheads) of Rab27a with the lysosomal marker LAMP-1 in PTCs. Bars � 10 �m.

August 2013 Volume 33 Number 15 mcb.asm.org 2953
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Upregulation of Rab27a rescues the vesicular transport phe-
notype in cystinotic cells. Rab27a is a master regulator of vesicu-
lar transport and secretory pathways of secretory lysosomes in
hematopoietic cells (19) and has recently been suggested to regu-
late the exocytic pathway of conventional lysosomes in other cell
types (30). Here, we tested the hypothesis that upregulation of
Rab27a-mediated mechanisms would restore normal lysosomal
transport in cystinotic cells. To this end, we expressed the consti-
tutively active form of the small GTPase Rab27a, Rab27aQ78L, in
cystinotic fibroblasts (see Fig. S2 in the supplemental material).
This mutant, by lacking GTPase activity, remains in the GTP-
bound form, which favors its binding to endogenous Rab27a ef-

fectors (38, 50). Lentiviral vectors were used to stably introduce
the constitutively active mutant of Rab27a in the cells. Active
Rab27a expression in fibroblasts was evident at as early as 2 to 3
days postinfection, and expression was maintained for several pas-
sages. Rab27aQ78L-expressing cells were used in lysosomal dy-
namic assays and analyzed by pseudo-TIRFM. Here, we show, for
the first time, that upregulation of the Rab27a-dependent pathway
improves the mechanism of lysosomal transport and rescues the
defective trafficking phenotype in cystinotic cells (Fig. 2B; see
Movies S1 to S3 in the supplemental material). Importantly, a
similar rescue of the defective trafficking phenotype was observed
in cystinotic cells transfected for the expression of EGFP-

FIG 2 Ctns�/� cells have defective lysosomal trafficking which is rescued by Rab27aQ78L expression. Murine fibroblasts were labeled using LysoTracker, and
lysosomal dynamics were analyzed as described in Materials and Methods. (A) Representative images of cells used in vesicular dynamic analyses are shown. The
dynamics of the labeled lysosomes were monitored for 2 min and can be seen in Movies S1 to S3 in the supplemental material. (B) The kinetics of lysosomal
movement was analyzed using Imaris software. The analysis shown includes the kinetics of 7,304 vesicles from 12 wild-type cells, 8,086 vesicles from 9 Ctns�/�

cells, and 11,181 vesicles from 12 Ctns�/� cells expressing Rab27aQ78L. Experiments were repeated three times with similar results. Histograms of lysosomal
speeds from wild-type cells, Ctns�/�cells, and Ctns�/� cells expressing constitutively active Rab27a are shown. The speeds of lysosomal movement were binned
in 0.01-�m/s increments and plotted as a percentage of the number of total granules for a given cell. Results are represented as means � SEMs. Ctns�/� cells
showed a marked decrease in the number of lysosomes moving at high speed and a concomitant increased number of lysosomes with limited or no motility. This
phenotype was rescued by expression of constitutively active Rab27a. *, P � 0.05 for wild-type versus Ctns�/� cells; §, P � 0.05 for Ctns�/� versus Ctns�/�

Rab27aQ78L cells. P values were determined by the nonparametric Mann-Whitney test.
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Rab27aQ78L (data not shown). Altogether, these data indicated
that Rab27a is a regulator of conventional lysosomal transport and
suggested that dysfunctional trafficking mechanisms and associ-
ated cellular defects in cystinosis may be corrected by upregula-
tion of the Rab27a-dependent lysosomal trafficking pathway.

Cystinotic cells have upregulated ER stress. Defects in vesic-
ular transport mechanisms may lead to the development of ER
stress (31, 51, 52), and ER stress is upregulated in some lysosomal
storage disorders (34). To evaluate whether Ctns�/� cells have an
upregulated unfolded protein response, we first analyzed the ex-
pression level of the established UPR target genes Grp78 (Bip) and
Grp94, which are transcriptionally upregulated and play a central
role during the response to conditions of ER stress (53, 54). In

Fig. 3, we show that the expression of endogenous UPR-induced
chaperones is upregulated in Ctns�/� mouse embryonic fibro-
blasts. Immunoblotting analysis showed significantly increased
expression levels of the KDEL-reactive protein Grp78 in Ctns�/�

cells (Fig. 3A and B). These data correlated with those from im-
munofluorescence analyses showing significantly increased stain-
ing for UPR chaperones in cystinotic cells (Fig. 3C and D). In
addition, cystinotic cells showed marked Grp78 expression up-
regulation when treated with the noncompetitive inhibitor of the
sarco/
endoplasmic reticulum Ca2� ATPase (SERCA) thapsigargin for 2
h, while wild-type cells showed upregulated expression of the
chaperone only after 24 h treatment (Fig. 3E).

FIG 3 Ctns�/� cells are characterized by marked upregulation of the UPR. (A) The level of expression of the established UPR target gene Grp78, which is induced
during conditions of ER stress, was analyzed in Ctns�/� and wild-type fibroblasts by Western blotting, using a mouse monoclonal anti-KDEL antibody. The data
are representative of at least four independent experiments with similar results. (B) Quantitative analysis was performed using the nonparametric Mann-Whitney
test (n � 4). (C) Immunofluorescence analysis of endogenous chaperone Grp78 and Grp94 expression was performed by confocal microscopy using an
anti-KDEL antibody. Nuclei were stained with DAPI. (D) Quantitative analysis of fluorescence intensity (in relative fluorescence units [RFU]) for Grp78/Grp94
(KDEL) from 65 wild-type and 65 cystinotic cells from four experiments. Results are represented as means � SEMs (error bars). *, P � 0.001 (Mann-Whitney
test). (E) Marked upregulation of Grp78 expression after treatment with thapsigargin. Wild-type and Ctns�/� were treated with thapsigargin (TG; 100 nM) for
the indicated times. Cells were harvested and lysed, and Grp78 expression was evaluated by Western blotting (WB). (F and G) Electron microscopy analysis shows
ER expansion in Ctns�/� cells. (F) Primary fibroblasts from Ctns�/� or wild-type mice were analyzed by electron microscopy. The arrows point to the ER. An
aberrantly enlarged ER (ER expansion), a characteristic of ER stress, was observed in all Ctns�/� cells analyzed. Bar � 2 �m. (G) Organelle volume density
quantitative analysis by stereology. At least 5 to 10 cells were included in the analysis. A total of 2,030 and 890 points were counted for wild-type and Ctns�/� cells,
respectively. Lyso, lysosomes; Cyto, cytosol. *, P � 0.05; **, P � 0.001. P values were determined by the Mann-Whitney test.
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Next, to confirm that cystinotic cells are under marked ER
stress, we analyzed their ultrastructure by electron microscopy.
We found that cystinotic cells are characterized by a pro-
nounced enlargement of the endoplasmic reticulum (ER ex-
pansion [55]) (Fig. 3F), which correlates with chronic rather
than acute ER stress (53). In order to determine quantitative
differences between wild-type and cystinotic cells, ER expan-
sion was quantified by stereology (56). In Fig. 3G, we show that
the volume density of the ER is significantly increased in
Ctns�/� fibroblasts. Importantly, our quantitative analyses also
showed a moderate but significant increment in lysosomal vol-
ume density in cystinotic cells that is in line with the condition
of lysosomal overload in cystinosis (Fig. 3G).

To determine whether the ER stress phenotype is recapitulated
in vivo, we next analyzed UPR chaperone expression in kidneys
from cystinotic mice. Western blot analysis showed significant
upregulation of both Grp78 and Grp94 expression in lysates from
kidneys from Ctns�/� mice and low levels of these chaperones in
lysates from kidneys from wild-type mice. (Fig. 4A to C). Next, we
analyzed the expression of calnexin, a chaperone previously asso-
ciated with stress-induced apoptosis (57, 58). Immunofluores-
cence analysis demonstrated significantly higher levels of expres-
sion of calnexin in PTCs from Ctns�/� mouse kidneys (see Fig. S3
in the supplemental material). The increment in calnexin expres-
sion was less pronounced than that of Grp78/94 chaperones,

which correlates with the observation that, in other systems, cal-
nexin is an ire-1/xbp-1-dependent gene, albeit less sensitive than
other UPR targets (59). Importantly, we also found significant
upregulation of UPR-induced chaperones in human PTCs from
cystinotic patients (Fig. 4D and E). Altogether, our data indicate
that the ER stress phenotype observed in cystinotic fibroblasts
correlates with a similar phenotype in cystinosis target organs and
Ctns-deficient human PTCs.

Upregulation of lysosomal transport decreases the UPR in
cystinosis. To analyze whether correction of intracellular vesicu-
lar transport is an effective mechanism to improve cellular func-
tion in Ctns�/� cells, we next tested the hypothesis that upregula-
tion of the Rab27a-dependent trafficking pathway protects
cystinotic cells and decreases ER stress. To this end, we analyzed
the UPR in wild-type and cystinotic cells expressing constitutively
active Rab27a. Using Western blot analysis, we showed that con-
stitutively active Rab27a expression significantly reduces the ex-
pression of both the Grp78 and Grp94 UPR chaperones (Fig. 5A to
C). Using immunofluorescence analysis and confocal micros-
copy, we also found that Ctns�/� cells in which Rab27a-depen-
dent lysosomal trafficking was upregulated have a marked reduc-
tion in the expression of UPR-induced chaperones (Fig. 5D and
E). Altogether, our data suggest that the upregulation of lysosomal
trafficking mediated by Rab27a reduces endoplasmic reticulum
stress and decreases the need for the UPR in cystinotic cells and

FIG 4 In vivo upregulation of the UPR in cystinosis. (A) Western blot analyses of the expression of Grp94 and Grp78 in kidney lysates from wild-type and
Ctns�/� mice. *, KDEL-responsive unidentified protein. (A) Each lane corresponds to an individual sample from independent mice. (B and C) Chaperone
expression (relative to the actin signal in the same lane) was quantified by densitometry. The actin signal in this figure is identical to that presented in Fig. 1A for
Rab27a, as it corresponds to the same membrane. Results are represented as means � SEMs (error bars). *, P � 0.05; **, P � 0.005. P values were determined by
the Mann-Whitney test. (D and E) Western blot and quantification analyses of the expression of Grp78 in human proximal tubular cells (PTCs). Results are
represented as means � SDs (n � 2).
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support the idea that the correction of vesicular transport mech-
anisms in LSDs has the potential to improve cellular function.

Lysosomal trafficking mediated by Rab7 contributes to the
improvement of the cellular phenotype in cystinosis. Next, we
determined whether Rab7, a Rab known to mediate lysosomal
bidirectional microtubule-associated movement through in-
teraction with its effectors, RILP and FYCO1 (60, 61), could
contribute to the rescue of the defective phenotype in cystino-

sis. To this end, we analyzed the effect of constitutively active
Rab7 expression on lysosomal kinetics and ER stress in Ctns�/�

cells. Here, we showed that the expression of constitutively
active Rab7 increases lysosomal trafficking in Ctns�/� cells
(Fig. 6A and B; see Movie S4 in the supplemental material).
This is in agreement with the findings of a previous study show-
ing the trafficking repair mechanisms induced by Rab7 in a
different storage disease (62). Furthermore, active Rab7 ex-

FIG 5 Upregulation of the Rab27a-dependent trafficking pathway decreases ER stress in Ctns�/� cells. (A) Western blot analysis of Grp78 and Grp94 expression
in Ctns�/� cells expressing the constitutively active form of Rab27a (Rab27aQ78L). (B and C) Quantitative analysis of Grp78 and Grp94 expression from three
to four independent experiments (means � SEMs). Results are expressed as percent relative to the results for mock-infected Ctns�/� control cells. (D)
Immunofluorescence analysis of Grp78 and Grp94 expression in Ctns�/� or wild-type cells expressing EGFP-Rab27a. Primary Ctns�/� or wild-type fibroblasts
were transfected with the expression vector EGFP-Rab27a or with the EGFP control expression vector. Immunofluorescence analysis of the expression of
Grp78/94 was performed as described in Materials and Methods. Nuclei were stained with DAPI. The level of expression of the UPR target genes Grp78 and
Grp94, which are upregulated in Ctns�/� cells (arrowheads), was significantly decreased in cells expressing EGFP-Rab27a (arrows). Bars � 40 �m. (E)
Fluorescence in the red channel (KDEL) was quantified using ImageJ and expressed as the ratio of the mean fluorescence intensity/cell area. Chaperone
expression in EGFP-Rab27a-expressing Ctns�/� cells is compared to the expression in control Ctns�/� cells that do not express EGFP-Rab27a (mock). Eleven to
13 cells of each type were included in the analysis. Results are represented as means � SEMs.
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FIG 6 Upregulation of lysosomal trafficking by Rab7 in Ctns�/� cells. Murine fibroblasts were labeled using LysoTracker, and lysosomal dynamics were analyzed
by TIRFM, as described in the legend to Fig. 2. (A) The dynamics of the labeled lysosomes were monitored for 2 min. The kinetics of lysosomal movement was
analyzed using Imaris software. Experiments were repeated three times. Histograms of lysosomal speeds from wild-type cells, Ctns�/� cells, and Ctns�/� cells
expressing constitutively active Rab7 are shown. The speeds of lysosomal movement were binned in 0.01-�m/s increments and plotted as a percentage of the total
number of granules for a given cell. Results are represented as means � SEMs. *, P � 0.05 for Ctns�/� versus wild-type cells; §, P � 0.05 for Ctns�/� Rab7Q67L
versus Ctns�/� cells. (B) Immunofluorescence analysis of the expression of Grp78/94 was performed as described in Materials and Methods. Nuclei were stained
with DAPI. The level of expression of the UPR target genes Grp78 and Grp94, which are upregulated in Ctns�/� cells (middle), was significantly decreased in cells
expressing EGFP-Rab7Q67L (right), although not to the basal levels shown in wild-type cells (left). (C) Quantification of the immunofluorescence shown in
panel B. *, P � 0.05; ***, P � 0.001. P values were determined by one-way analysis of variance.
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pression significantly reduced the UPR (Fig. 6C), albeit to a
lesser extent than the reduction observed in cells overexpress-
ing Rab27a. These data support the idea that upregulation of
the lysosomal transport system has the potential to reduce cell
defects induced by lysosomal overload. The data also suggest
that Rab27a, a GTPase with dual roles in trafficking and secre-
tion, may have additional positive effects over Rab7, which
regulates lysosomal trafficking but not exocytosis.

Calcium-induced exocytosis of readily releasable lysosomes
is not affected in cystinotic cells. Exocytosis has been proposed to
decrease lysosomal overload in lysosomal storage disorders (63).
To determine whether the lysosomal exocytic pathway is impaired
in cystinotic cells, we first evaluated calcium-induced exocytosis
of readily releasable lysosomes in Ctns�/� fibroblasts. Here, we
showed that exocytosis of these lysosomal pools is not impaired
in cystinotic fibroblasts stimulated with calcium ionophores

(Fig. 7A), which induce exocytosis of plasma membrane proximal
lysosomes (64). Moreover, although Rab27a was proposed to reg-
ulate both trafficking and exocytosis of secretory organelles (65),
including lysosomes (30), cells overexpressing constitutively ac-
tive Rab27a showed no significant upregulation of readily releas-
able lysosome exocytosis in response to calcium ionophores (Fig.
7A). In addition, the expression of synaptotagmin 7 (Syt7), an
exocytosis regulatory protein of the readily releasable lysosomal
pool (66), was not downregulated in cystinosis. Thus, all Syt7
isoforms (43, 67) were expressed in cystinotic kidney lysates at
levels similar to or higher than those observed in wild-type cells
(Fig. 7B). Next, we showed that the subcellular localization of Syt7
in cystinotic fibroblasts has a distribution pattern similar to that
observed in wild-type cells (Fig. 7C). Thus, Syt7 was observed in
punctate internally distributed structures as well as in close prox-
imity to or at the plasma membrane, most likely representing

FIG 7 The Syt7-dependent lysosomal exocytic pathway is not impaired in cystinotic cells. (A) Lysosomal exocytosis was evaluated in fibroblasts stimulated with
the ionophore A23187 in the presence of 1 mM Ca2�. Hexosaminidase in the supernatants and cell lysates was analyzed as described in Materials and Methods.
Results are represented as mean � SEMs (n � 3). (B) Analysis of the expression of Syt7 in kidneys from wild-type and Ctns�/� mice. Each lane corresponds to
an individual sample from independent mice. Similar to previous studies (43), several isoforms of Syt7 were identified. None of these isoforms were downregu-
lated in Ctns�/� cells. (C) The subcellular localization of Syt7 was further analyzed by immunofluorescence. Endogenous Syt7 was detected in punctate structures
in proximity to the plasma membrane of fibroblasts (insets, arrowheads), as well as internally, in both wild-type and cystinotic cells. N, nucleus. Bars � 20 �m.
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readily releasable lysosomes (Fig. 7C). Altogether, our data rule
out putative defects in Syt7 expression or localization, exclude
exocytosis of membrane proximal lysosomes as an impaired
mechanism in cystinosis, and suggest that Rab27a does not play a
major role in calcium-induced secretion of readily releasable
proximal lysosomes in cystinotic cells.

Expression of constitutively active Rab27a decreases cystine
content in Ctns�/� cells. Next, we hypothesized that upregula-
tion of vesicular transport mechanisms mediated by Rab27a has
the potential to contribute to a net decrease in lysosomal overload
by engaging lysosomes in a slow rather than a rapid secretory
pathway. In particular, we evaluated whether the expression of the
active form of Rab27a has the ability to reduce the amount of
cystine accumulated in the lysosomes of otherwise unstimulated
cystinotic cells. To this end, we determined the cystine content in
cystinotic cells that expressed the mutant Rab27aQ78L by mass
spectrometry. Our results showed for the first time that upregula-
tion of the Rab27a-dependent mechanisms induces a significant
reduction in the intracellular level of the metabolite accumulated
in lysosomes in cystinotic cells (Fig. 8), thus decreasing lysosomal
overload. Since exocytosis of the membrane proximal readily re-
leasable pool of lysosomes is not involved in this process (Fig. 7A),
our data suggest that Rab27a favors the mobilization and secretion
of lysosomes from a deeper intracellular pool.

DISCUSSION

In this work, we make two independent but individually impor-
tant observations. First, we show that cystinotic cells are charac-
terized by impaired lysosomal transport and increased ER stress.
Second, we demonstrate that reconstitution of lysosomal traffick-
ing by expression of the constitutively active form of the small
GTPase Rab27a increases the ability of these cells to eliminate
accumulated metabolites and improves cellular function, mani-
fested as a net decrease in the endoplasmic reticulum stress-asso-
ciated response. Our data suggest that impaired vesicular trans-
port induced by lysosomal overload contributes to the cellular
defects observed in cystinosis. Our findings highlight the impor-
tance of the correction of vesicular trafficking for the normaliza-
tion of cellular functions in LSDs and suggest that at least some of
the cellular defects observed in lysosomal storage disorders can

potentially be repaired by reconstitution of the normal intracellu-
lar lysosomal transport system.

In this work, we show that upregulation of Rab27a corrects
lysosomal trafficking, decreases ER stress, and reduces lysosomal
overload in the lysosomal storage disorder cystinosis. In this con-
text, the observation that Rab27a expression is significantly de-
creased in kidneys from Ctns�/� mice and in cystinotic human
PTCs is highly significant. The defect is specific for this GTPase, as
the expression of other Rab GTPases involved in either exocytic or
endocytic pathways was not affected in cystinotic cells. Despite its
relatively low expression, endogenous Rab27a was not mislocal-
ized in cystinotic cells. These data suggest that reduced expression
of Rab27a but not dysfunction of the GTPase due to mislocaliza-
tion or deficient posttranslational modification is affected in kid-
ney cystinotic cells in vivo. Overexpression of constitutively active
Rab7 also increased lysosomal transport and decreased the UPR.
However, the effects of Rab7 on vesicular trafficking and ER stress,
although significant, were less marked than those elicited by
Rab27a expression. This is most likely explained by the dual role of
Rab27a in trafficking and exocytosis.

A recent report suggested that Rab27a regulates exocytosis of
conventional lysosomes in otherwise considered nonsecretory
epidermoid carcinoma cells (30). Lysosomal exocytosis involves
many steps, including calcium-independent trafficking of lyso-
somes to the docking site at the plasma membrane and the subse-
quent fusion of vesicular membranes with the plasma membrane
in a calcium-dependent manner. In this work, we found that al-
though Rab27a decreases lysosomal overload, Rab27a expression
does not affect the rapid exocytosis of membrane proximal, calci-
um-regulated secretion of readily releasable lysosomes, suggesting
that Rab27a engages a deeper lysosomal pool in an alternative
secretory pathway in cells with lysosomal overload. Our observa-
tions that endogenous Rab27a colocalizes with LAMP-1-positive
organelles in PTCs and that overexpression of constitutively active
Rab27a increases lysosomal trafficking and decreases the cystine
content in cystinotic cells, together with the results obtained using
calcium ionophores, suggest that Rab27a regulates calcium-inde-
pendent trafficking and secretory events rather than the calcium-
dependent final step of membrane proximal lysosome-regulated
secretion.

Here, we show that Rab27a expression is downregulated in the
cystinotic kidney. In melanocytes, Rab27a expression is regulated
at the transcriptional level by the transcription factor micro-
phthalmia-associated transcription factor (MITF), and down-
regulation of MITF decreases melanosome transport due to de-
creased Rab27a expression (68). In addition, TFEB, which shares a
strong homology with MITF (68) and is expressed in renal cells
(69), is a master regulator of lysosomal biogenesis and lysosomal
degradative function (70). Upregulation of TFEB increases lyso-
somal exocytosis and induces cellular clearance in other LSDs
(63). Interestingly, three proximal conserved E boxes described in
the promoter regions of the mouse and human rab27a genes are
important for MITF binding in melanocytes and were proposed to
be possible TFEB-mediated regulatory elements in other cells
(68). On the basis of these data, it is possible that downregulation
of Rab27a expression in cystinosis is caused by TFEB dysfunction,
although further studies are necessary to confirm this hypothesis.

The mechanism for the development of ER stress in LSDs is not
well understood. It is possible that the development of ER stress is
consequential to the impaired vesicular trafficking in cystinotic

FIG 8 Reduced cystine content in Ctns�/� cells expressing constitutively active
Rab27a. Ctns�/� cells expressing constitutively active Rab27a (Rab27aQ78L) or
mock infected were analyzed for lysosomal cystine content by mass spectrometry,
as described in Materials and Methods. Results are represented as means � SEMs
(n � 4). The P value was determined by the Mann-Whitney test.
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cells. This is supported by the observation that the unfolded pro-
tein response decreases by upregulation of the lysosomal transport
and the secretory pathways. Because cystinotic cells are constantly
exposed to lysosomal overload and impaired lysosomal transport,
Ctns�/� cells are likely under chronic rather than acute ER stress.
This is consistent with our result showing maintained upregula-
tion of Grp78 and Grp94 chaperones, together with the observed
morphological abnormalities of the ER, a characteristic that is
absent in cells that have adapted to stress (53). The observation
that upregulation of the lysosomal trafficking and exocytic path-
way reduces the UPR indicates that the beneficial changes in
Ctns�/� cells induced by trafficking upregulation reduce the ne-
cessity for a compensatory response to stress, likely by increasing
the excretion of unfolded proteins through the secretory pathway.

In addition, a net decrease in the amount of metabolites accu-
mulated in lysosomes by increased exocytosis would be beneficial
for cell function and may directly contribute to the downregula-
tion of ER stress. This is in agreement with the findings of a pre-
vious study showing that lysosomal exocytosis may directly mod-
ulate cellular clearance in LSDs (63). Importantly, in our assays,
cystine content is significantly but moderately reduced by consti-
tutively active Rab27a expression. Although it may be possible to
further reduce the cystine content from cystinotic cells by upregu-
lating additional secretory proteins, including Rab27a effectors or
enhancers of the fusion process, it is also possible that enhanced
lysosomal trafficking is sufficient to reduce cellular stress. In sup-
port of this, upregulation of Rab7, which regulates lysosomal traf-
ficking but not lysosomal exocytosis, decreases ER stress. Finally,
upregulation of lysosomal transport has been associated with the
improvement of many cellular functions, including phospholipid
remodeling (16), receptor recycling (15), and plasma membrane
repair (14), which may also contribute, directly or indirectly, to
reduce cellular stress in cystinosis.

Altogether, our data suggest that improvement of lysosomal
trafficking is beneficial for the correction of the cellular defects
that characterize cells affected by lysosomal overload. These re-
sults have direct implications for cystinosis and for other lyso-
somal storage disorders. We suggest that the proteins that regulate
the lysosomal transport system are potential targets of novel ther-
apeutic approaches for the treatment of cystinosis and other LSDs.
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