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ABSTRACT

Rab11 family interacting protein 4 (Rab11-FIP4) regulates endocytic trafficking. A possible role for
Rab11-FIP4 in the regulation of lysosomal function has been proposed, but its precise function in the
regulation of cellular homeostasis is unknown. By mRNA array and protein analysis, we found that
Rab11-FIP4 is downregulated in the lysosomal storage disease cystinosis, which is caused by genetic
defects in the lysosomal cystine transporter, cystinosin. Rescue of Rab11-FIP4 expression in Ctns™~
fibroblasts re-established normal autophagosome levels and decreased LC3B-Il expression in cystinotic
cells. Furthermore, Rab11-FIP4 reconstitution increased the localization of the chaperone-mediated
autophagy receptor LAMP2A at the lysosomal membrane. Treatment with genistein, a phytoestrogen
that upregulates macroautophagy, or the CMA activator QX77 (CA77) restored Rab11-FIP4 expression
levels in cystinotic cells supporting a cross-regulation between two independent autophagic mecha-
nisms, lysosomal function and Rab11-FIP4. Improved cellular homeostasis in cystinotic cells rescued by
Rab11-FIP4 expression correlated with decreased endoplasmic reticulum stress, an effect that was
potentiated by Rab11 and partially blocked by expression of a dominant negative Rab11. Restoring
Rab11-FIP4 expression in cystinotic proximal tubule cells increased the localization of the endocytic
receptor megalin at the plasma membrane, suggesting that Rab11-FIP4 reconstitution has the potential
to improve cellular homeostasis and function in cystinosis.

Abbreviations: (RAB11-FIP4): Rab11 family-interacting protein 4; (LRP2): Megalin; (PTCs): Proximal
tubule cells; (CMA): Chaperone-mediated autophagy; (LAMP2A): Lysosomal-associated membrane pro-
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Introduction

Vesicular trafficking defects constitute central cellular anoma-
lies of cystinosis, 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 lyso-
somal cystine transporter."? Increased levels of intralysosomal
cystine are associated with impaired intracellular trafficking
and cell malfunction, which is especially manifested in the
epithelial proximal tubule cells (PTCs) of the kidneys.
Vesicular trafficking defects in cystinosis are both associated
with and independent of the lysosomal overload.* The
observation that patients with full compliance with cyste-
amine treatment eventually progress to renal injury,® sup-
ports that cystine accumulation is not the only cause of all
the defects observed in cystinosis.” The origin of vesicular
trafficking defects in cystinosis are poorly understood.®®
Among the previously described defects of vesicular

transport in this lysosomal-storage disorder (LSD), cystinotic
proximal tubule cells present defective expression of the
secretory GTPase Rab27a. Furthermore, upregulation of
Rab27a-mediated vesicular trafficking mechanisms in cysti-
notic cells rescued the defective lysosomal transport pheno-
type and reduced lysosomal overload and ER stress.’
Defective trafficking mechanisms regulated by the Rab
GTPase Rab7 have also been shown to affect cellular homeo-
stasis in cystinosis. In particular, the subcellular localization of
LAMP2A, a lysosomal receptor that regulates the rate of the
transport of cytosolic protein cargoes for lysosomal degrad-
ation by a specialized form of autophagy named chaperone-
mediated autophagy (CMA), is regulated by Rab7 and this
regulation is defective in cystinosis.® A similar role has been
attributed to Rab11, although Rab7 and Rab11 are known to
regulate LAMP2A trafficking from different subcellular com-
partments to lysosomes in cystinosis, and therefore their
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functions appear to be complementary. While Rab GTPases
are known to associate with specific subcellular compart-
ments and regulate specific transport systems, their interac-
tions with several molecular effectors define the specificity of
these trafficking mechanisms; however, whether vesicular
trafficking defects are associated with the malfunction of spe-
cific Rab effectors in cystinosis is currently unknown.

To further identify molecular effectors of vesicular traffick-
ing that are defective in cystinosis, we performed comparative
quantitative mRNA analysis of kidneys from wild-type and cys-
tinotic mice and identified Rab11-FIP4 (Rab11 family interact-
ing protein 4) to be downregulated in cystinosis. Although
there are only a handful of publications about Rab11-FIP4,
evidence suggests that Rab11-FIP4 is a Rab11 effector'® asso-
ciated with the regulation of endosomal recycling,"’ prote-
asome localization,'? progenitor differentiation,'® and cancer
progression,’® although Rab11-independent functions have
also been described for Rab11-FIP4."”

Here, we show that Rab11-FIP4 is downregulated in cysti-
nosis and that reconstitution of the expression of this Rab11
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effector improves cellular homeostasis and increases the dis-
tribution of megalin at the plasma membrane in cystinotic
PTCs. Our data support that vesicular transport defects are
associated with both homeostatic and cellular-specific defects
in this disease and the inclusion of Rab11-FIP4 on the list of
possible therapeutic targets for this lysosomal disease.

Results
Rab11-FIP4 is downregulated in cystinotic cells

Rab GTPase downregulation is associated with vesicular traf-
ficking defects in cystinosis.” In particular, decreased Rab7
and Rab11 expression is linked to the defective trafficking of
LAMP2A, impaired CMA, and defective megalin localization
but the molecular pathways regulated by these GTPases and
the Rab effectors associated with these defects in cystinosis
are yet to be elucidated. Using mRNA analysis of cystinotic
kidneys, we identified the Rab11 effector Rab11-fip4 to be
downregulated in kidneys from Ctns™~ mice (Figure 1A
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Figure 1. RAB11-FIP4 is downregulated in cystinotic cells. (A and B) Volcano plot and box representations of differential gene expression analysis in kidneys from

WT and Ctns™~ mice. The differentially expressed genes (DEGs) identified in six wild-type and six Ctns

~/~ kidney samples are presented in ref '°. (C) Expression of

Rab11-FIP4 in WT and Ctns™'~ fibroblasts analyzed by Western blot. (D) Quantification of Rab11-FIP4 expression (normalized to actin, ACTB) from three independent
experiments. Mean + SEM *P < 0.05, unpaired Student's t test. (E) Immunofluorescence analysis of endogenous Rab11-FIP4 expression in wild-type and Ctns™~
MEFs. Scale bar, 10 um. (F) Quantification of Rab11-FIP4 fluorescence intensity (RFU). Each symbol represents the average fluorescence intensity of the cells per field.

A total of 25 fields and >70 cells were quantified for WT and Ctns™/~

Student’s t test.

samples, respectively, in three independent experiments. Mean + SEM, ****P < 0.0001, unpaired



and B).'"® The downregulation of endogenous Rab11-FIP4
protein in cystinotic fibroblast was confirmed by immuno-
blotting (Figure 1C). Thus, quantitative analysis showed that
Rab11-FIP4 expression is significantly decreased in cystinotic
cells compared to wild-type cells (Figure 1D). As control, cys-
tinotic cells were routinely checked for lysosomal overload
using mass spectrometry analysis of accumulated cystine as
described.® The decreased expression of Rab11-FIP4 was con-
firmed by immunofluorescence analysis of the endogenous
protein (Figure 1E and F).

RAB11-FIP4 rescues LAMP2A localization at lysosomes in
cystinosis

Previous studies from our group showed that CMA defects
are central to cystinosis disease. In particular, downregulation
and mislocalization of LAMP2A, the only known specific lyso-
somal receptor that targets proteins for degradation in CMA,
is mislocated at Rab11+ carrier vesicles in cystinosis.> In add-
ition, our previous studies showed that the recycling endo-
some-associated Rab GTPase Rab11 is downregulated in
cystinosis and that Rab11 overexpression rescues some of
the vesicular trafficking defective phenotypes in cystinotic
cells,® including that of LAMP2A, although how Rab11 medi-
ates this process is currently unknown. Here, we raised the
question of whether Rab11-FIP4 reconstitution is sufficient to
increase the lysosomal location of LAMP2A. To this end, we
first studied the lysosomal localization of endogenous
LAMP2A related to the endolysosomal marker LAMP1. As
expected, LAMP2A localization at LAMP1+ endolysosomes
was decreased in Ctns™~ cells (Figure 2A and B). However,
Ctns™~ cells with reconstituted Rab11-FIP4 expression,
showed Rab11-FIP4 partial localization at the endolysosomal
compartment (magenta arrowheads in Figure 2A, magnified)
and re-localization of the CMA receptor LAMP2A to the lyso-
somal compartment, which was confirmed by quantitative
analysis of the colocalization of LAMP2A with the lysosomal
marker LAMP1 (Figure 2B). Because LAMP2A trafficking is
regulated by the small GTPases Rab11, which is also downre-
gulated in cystinosis, we next analyzed whether Rab11
expression rescues the decreased expression of Rab11-FIP4 in
cystinotic cells. In these experiments, we used human kidney
cells in which CTNS expression was downregulated using
siRNA (CTNS-KD, Supplementary Figure S1). We show that
endogenous Rab11-FIP4 is downregulated in CTNS-KD cells
(Figure 2C and D). We also show that exogenous Rab11
expression does not rescue the decreased expression of
endogenous Rab11-FIP4 (Figure 2C and D). Furthermore, the
expression of Rab7 and Rab11, previously shown to regulate
LAMP2A trafficking in cystinosis,®> were not increased in
CTNS-KD  cells  rescued with Rab11-FIP4  CTNS-KD
(Supplementary Figure S2), suggesting that the rescue of the
LAMP2A mislocalization phenotype caused by Rab11-FIP4 is
not mediated by the upregulation of these GTPases.
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Rab11-FIP4 decreases autophagosome accumulation in
cystinosis

Impaired vesicular trafficking has a negative impact on cell
homeostasis mechanisms, including autophagic pathways,
and cystinosis cells are characterized by autophagy altera-
tions, including autophagosome accumulation.® Here, to
determine whether reconstitution of Rab11-FIP4 expression
rescues the vesicular transport-associated autophagic path-
ways defects observed in cystinotic cells, we next analyzed
LC3 turnover comparatively in wild-type, Ctns™~ and Rab11-
FIP4 reconstituted Ctns™~ cells. Cystinotic cells are character-
ized by increased basal autophagosome accumulation but
normal SQSTM1 clearance.*'” We found that Rab11-FIP4
reconstituted Ctns™~ cells present reduced autophagosome
accumulation as compared to parent Ctns™~ cells (Figure 3A
and B). Rab11-FIP4 reconstitution also decreased autophago-
some accumulation under starvation conditions in cystinosis
(Figure 3A and B).

Because upregulation of both macroautophagy and CMA
have a positive impact on lysosomal storage disorders and,
in particular, on cystinosis, we next analyzed the effect of
pharmacological manipulation of autophagic processes on
Rab11-FIP4 expression. We found that genistein (5,7-dihy-
droxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one), a phyto-
estrogen that upregulates macroautophagy through
activation of the master regulator of lysosomal biosynthesis,
TFEB,'® restores Rab11-FIP4 expression levels in cystinotic
cells (Figure 4A and B). Furthermore, a significant increase in
Rab11-FIP4 expression was also observed in Ctns™~ cells after
treatment with the CMA activator QX77 (CA77) (Figure 4A
and B), which increases survival in cystinosis cells exposed to
oxidative stress,® and whose analogue, CA77.1, was recently
shown to ameliorate proteotoxicity and neurodegeneration.'®
The results presented here suggest a crosstalk regulation
between two independent autophagic homeostasis mecha-
nisms and the trafficking molecule Rab11-FIP4. Our data also
indicate that Rab11-FIP4, like other lysosomal and autophagy
regulatory factors, is likely a transcriptional target of TFEB.

RAB11-FIP4 decreases ER stress in cystinosis

Impaired vesicular trafficking in cystinosis is associated with
increased endoplasmic reticulum (ER) stress and susceptibility
to oxidative stress.>® To evaluate whether the rescue of
Rab11-FIP4 expression has a positive impact on cellular
homeostasis in cystinosis, we analyzed the effect of Rab11-
FIP4 reconstitution on the expression levels of the UPR target
protein GRP78, an ER stress marker upregulated in Ctns™~
cells.” Quantitative immunofluorescence analysis showed that
Rab11-FIP4 reconstitution induces a significant decrease in
the fluorescence intensity of endogenous GRP78 in Ctns™~
fibroblasts compared to both mock-transfected control cysti-
notic cells (Figure 5A and B) and adjacent nonexpressing
GFP-Rab11-FIP4 cystinotic cells, which served as internal con-
trol (Figure 5A, bottom panel, magenta arrow). The ER stress
rescued phenotype exerted by Rab11-FIP4 in Ctns™~ cells
was further confirmed by the analysis of the expression of
KDEL-reactive GRP78 expression by immunoblotting (Figure
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Figure 2. (A) Immunofluorescence analysis of endogenous LAMP1 (pseudo-colored green) and LAMP2A (red) localization in WT, Ctns™~ cells and GFP-Rab11-FIP4
(pseudo-colored cyan) expressing Ctns™~ cells. Scale bar, 10 um. Magenta arrowheads in magnified image point to areas of colocalization between Rab11-FIP4,
LAMP1, and LAMP2A. (B) Quantification of the colocalization of LAMP2A and LAMP1 shown in A. A total of 20 fields and 57, 53 and 54 cells were quantified for WT,
Ctns™~ and Rab11-FIP4 reconstituted Ctns™~ cells, respectively, in 4 independent experiments. Mean + SEM, ****P< 0.0001; ns, not significant. One way ANOVA,
Tukey’s multiple comparison test. (C and D) Immunofluorescence analysis of the effect of Rab11 expression on the endogenous levels of Rab11-FIP4 in CTNS down-
regulated cells (siRNA-CTNS, CTNS-KD) or control cells (siRNA-CTRL). (C) Where indicated, the cells were transfected for the expression of DsRed-Rab11a (Upper
panel, red). In the bottom panels, outlines and arrows indicate the cells expressing DsRed-Rab11a in the top panel, showing that exogenous Rab11a expression
(arrows) do not rescue the decreased expression of Rab11-FIP4 in CTNS-KD cells compared to untransfected CTNS-KD cells in the same panel. (D) Quantification of
Rab11-FIP4 fluorescence intensity. Mean + SEM, ¥P<0.05; ****P<0.001.

5C and D), thus supporting that upregulation of the Rab11-
FIP4-associated vesicular trafficking mechanisms decreases ER
stress in cystinosis. Next, to test whether Rab11-FIP4 operates
through Rab11 in rescuing the increased ER stress pheno-
type, we analyzed the effect of Rab11-FIP4 reconstitution in
cells that express either wild-type or dominant-negative (DN)
Rab11. Here, we show that expression of DN-Rabl1la

attenuates the rescue mediated by Rab11-FIP4 while co-
expression with WT Rab11 potentiates it (Figure 5E and F).
However, DN-Rab11 did not completely abolish the rescue
mediated by Rab11-FIP4, suggesting that Rab11-independent
mechanism may operate in this process.

Defective cellular homeostasis, impaired ER stress and
increased oxidative stress are all characteristics of cystinotic
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Figure 3. Reconstitution of Rab11-FIP4 decreases autophagosome accumulation in cystinosis. (A) WT, Ctns~'~ and GFP-Rab-11-FIP4 fibroblasts under resting condi-
tions were either fed or underwent serum starvation for 5h (starv), in the presence or absence of 100 nM bafilomycin 1A (Baf1A). Endogenous LC3B-Il expression
was analyzed by Western blot. (B) Quantification of LC3B-Il expression (normalized to actin, ACTB) from three independent experiments. *P < 0.05; **P < 0.01; ns,
not significant. One-way ANOVA, Tukey’s multiple comparison test for each condition.

cells.'® Because oxidative stress and persistent ATF4 activation
are associated with impaired CMA and decreased survival, we
next study the role of Rab11-FIP4 on ATF4 localization and ROS
production in cystinosis. First, using enhanced-resolution micros-
copy (Airyscan), we analyzed ATF4 nuclear localization as a
readout for activation of the PERK arm of the UPR. Nuclear
localization of endogenous ATF4, scarcely detected in wild-type
cells, was markedly and significantly increased in siRNA-CTNS-
KD cells. Furthermore, ATF4 nuclear localization in siRNA-CTNS-
KD cells was significantly decreased by the rescue of Rab11-
FIP4 expression (Figure 6A and B), validating the results for
Grp78 and supporting that upregulation of vesicular trafficking
decreases ER stress. Rab11-FIP4 has been described to operate
as an effector for the GTPase ARF6.%° Next, we studied whether
Rab11-FIP4 mediated rescue of ER stress in cystinosis requires
ARF6. To this end, we treated WT and CTNS-KD cells expressing
GFP-Rab11-FIP4, with the selective ARF6 inhibitor NAV2729.%'
Here, we show that the rescue of the increased-ATF4-nuclear-
localization phenotype by Rab11-FIP4 in cystinotic cells is pre-
vented by treatment with the ARF6 inhibitor (Figure 6A and B).
Our data indicate that Rab11-FIP4 requires ARF6 to rescue the
increased nuclear localization of ATF4 in cystinosis.

We previously showed that Ctns™~ cells present increased
endogenous levels of reactive oxygen species. Next, we ana-
lyzed whether the reconstitution of Rab11-FIP4 expression
decreases the dysregulated oxidative stress in cystinosis.
To this end, we analyzed reactive oxygen species using the
ROS-sensitive fluorescent probe CellROX". We show that
reconstitution of Rab11-FIP4 expression  significantly
decreases oxidative stress in these Ctns™~ cells (Figure 6C
and D), Altogether, our data suggest that the upregulation of

Rab11-FIP4 expression has a beneficial impact on cellular
homeostasis in cystinosis.

Rab11-FIP4 contributes to the rescue of the distribution
of megalin at the plasma membrane in cystinotic
proximal tubular cells

Proximal tubular cell (PTC) dedifferentiation including the
loss of the apical receptor megalin (LRP2) contributes to the
development of Fanconi syndrome in cystinosis.”> We
showed that CTNS-KO human PTCs are characterized by
increased ER stress, and impaired megalin trafficking.®'”
Here, we show that similar to Ctns™~ fibroblasts, Rab11-FIP4
expression is downregulated in CTNS-KO PTCs (Figure 7A and
B). To study whether Rab11-FIP4 reconstitution directly
impacts megalin localization in PTC function, we next ana-
lyzed the localization of the receptor megalin in wild-type,
CTNS-KO cells and in CTNS-KO PTCs with the reconstituted
expression of Rab11-FIP4. Importantly, Rab11-FIP4 signifi-
cantly increased the plasma membrane localization of mega-
lin in cystinotic PTCs (Figure 7C and D), suggesting that the
upregulation of the endocytic trafficking regulator has the
potential to improve tubular cell function in cystinosis.

Discussion

Several lines of evidence point to vesicular trafficking as a
central defective mechanism in the lysosomal disease cystino-
sis. Cystinosin, a transmembrane cystine transporter with
lysosomal localization, has been proposed to mediate
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Figure 4. Increased Rab11-FIP4 expression by macroautophagy and CMA acti-
vation. (A) WT and Ctns™/~ fibroblasts were treated with DMSO (Vehicle),
Genistein or QX77 (CA77) for 48 h, and Rab11-FIP4 expression levels were ana-
lyzed by Western blot. (B) Quantitative analysis of Rab11-FIP4 expression levels.
The expression level of Rab11-FIP4 was normalized to actin in each sample.
n = 5. ¥*P < 0.05, paired Student's t test.

trafficking pathways.®> However, independent observations of
downregulated or dysfunctional trafficking molecules
described a picture in which several transport systems appear
independently affected by the impairment of trafficking path-
ways in cystinotic cells. Rab GTPases and their effector mole-
cules define the identity, function, and fate of specific
membrane compartments. Three of these GTPases, Rab27a,’
Rab11,®> and Rab72 in chronological order of their reported
involvement in cystinosis, have been associated with specific
defective pathways in this LSD. However, none of the
molecular effectors previously associated with these GTPases
have been identified as defective in cystinosis so far. Because
Rab GTPases show promiscuity related to their binding to
specific effectors and because the expression of these effec-
tors is generally more restricted than that of their counter-
part GTPases, the discovery made in this work that the Rab11
atypical effector Rab11-FIP4 is downregulated in cystinotic
cells poses important biological significance.

Rab11 has been largely associated with its role in the recy-
cling of endosomes to redirect internalized proteins and car-
goes toward the plasma membrane but also regulates other
cellular functions including cytokinesis, ciliogenesis, receptor
recycling, and autophagy. Rab11 function is regulated by a

family of Rab effectors with low homology which includes
Rip11, Rab11-FIP1, Rab11-FIP2, Rab11-FIP3, RCP, Rab11-FIP4,
and Rab11-FIP5.2>"*® The interaction of Rab11 with Munc13-
4, a Rab effector not included in this family, has also been
demonstrated by our group.”® Based on the lack of phospho-
lipid-binding C2 domains and the presence of EF-hand
domains, FIP3 and FIP4 are classified as class Il FIPs. Similar
to other FIP family members, Rab11-FIP4 contains a coiled-
coil dimerization domain at the C-terminus of the protein
which was proposed to mediate binding to two Rab11 mole-
cules.?* Although this domain was demonstrated to be suffi-
cient to localize Rab11-FIP4 to endosomal compartments and
its expression causes the dispersal of endosomes towards the
cell periphery, it did not inhibit transferrin recycling'® sug-
gesting that Rab11-FIP4 may not operate as a recycling endo-
some regulator. In this work, we observed that Rab11-FIP4
rescues the subcellular localization of LAMP2A increasing its
distribution at the lysosomal membrane. This observation,
together with our previous data showing that Rab11 regu-
lates the direct delivery of LAMP2A to the lysosome but not
to the plasma membrane? supports the view that Rab11-
FIP4 contributes to the delivery of LAMP2A to lysosomes
independently of endosome recycling or the so-called indir-
ect pathway. How Rab11-FIP4 may regulate this process is
currently unknown, but one possibility is that similar to other
FIPs,>> RAB11-FIP4 may bind to and regulate motor proteins.
We recently showed that, like Rab11-FIP4, DYNC1LI2 is down-
regulated in cystinosis, and its reconstitution not only rescues
LAMP2A localization, but also increases CMA activity.'® The
DYNCILI2 paralog DYNCILI1 was recently shown to form a
tripartite complex with Rab11 and Rab11-FIP3 in A431 cells,*
thus raising the question of whether Rab11-FIP4 also bridges
Rab11+ vesicles to the retrograde transport by associating
with a cytoplasmic dynein. Supporting this, using mass spec-
trometry analysis of proteins that were pulldown with Rab11-
FIP4 we identified DYNCILI2 as a Rab11-FIP4 interactor
(Supplementary data, Table 1), suggesting that Rab11-FIP4
and DYNCILI2 regulate a common mechanism of LAMP2A
trafficking. Furthermore, ARF6, a small GTPase previously
shown to interact with Rab11-FIP4, also appears to be impor-
tant for the homeostatic rescue mediated by Rab11-FIP4 as
the process is inhibited by the specific allosteric ARF6 inhibi-
tor NAV2729. Finally, we found that Rab11-FIP4 interacts with
Rab34, a Rab GTPase recently found to regulate lysosomal
positioning and autophagy together with dynein and RILP, in
an Arl8b-dependent manner.®' Our data thus highlight pos-
sible divergent mechanisms mediated by Rab11-FIP4 interac-
tors in the regulation of CMA and macroautophagy.

Besides the association between Rab11-FIP4 and LAMP2A
trafficking, we found that Rab11-FIP4 regulates trafficking mech-
anisms in cystinosis that are independent of the CMA pathway.
In particular, Rab11-FIP4 reconstitution significantly rescued the
defective macroautophagy phenotype in cystinotic cells by
reducing the accumulated autophagosomes. Prior research asso-
ciates Rab11 with the initiation or the maturation of autophago-
somes and the regulation of macroautophagy. For instance,
overexpression of dominant-negative Rab11 has been shown to
decrease LC3 lipidation although overexpression of wild-type or
constitutively active Rab11 has no or a very slight effect on
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macroautophagy, respectively.>*> Although Rab11 was not
detected in LC3+ tubular structures, it regulates the perinuclear
localization of Atg16L1-positive recycling endosomes to facilitate
LC3 recruitment.*® Similarly, although Rab11-FIP3 did not affect
LC3-II formation, it induced tubulation of endosomal structures
possibly associated with Atg13 recruitment.>* Other studies
have shown that in K562 cells, Rab11 colocalizes with LC3-posi-
tive structures and suggested that it regulates autophagosome
maturation,** and/or amphisome formation.*® Our findings that
Rab11-FIP4 reconstitution decreases the accumulation of lipi-
dated LC3 under fed and starvation conditions in cystinosis
highlight a possible role for this class Il FIP Rab effector in mac-
roautophagy regulation under conditions of lysosomal overload.

While vesicular dynamics and directional movement control
the fate of an organelle and its interacting organelles, for
example, through membrane contact sites,® defects in vesicular
transport are associated with altered homeostatic mechanisms
that lead to cellular dysfunction including stress of the ER. We
previously showed that reconstitution of the dynein subunit
DYNCITLI2 decreases ER stress in cystinosis in a LAMP2A-
dependent manner. Here, we show that the upregulation of
Rab11-FIP4 has a similar effect. Reconstitution of the Rab
effector not only decreased the level of accumulated HSPA5
(Grp78) in cystinotic cells but also decreased the nuclear accu-
mulation of ATF4, a transcription factor associated with the
upregulation of CHOP and the initiation of apoptotic pathways.
The identification of DYNC1LI2 as a Rab11-FIP4 interactor may
indicate that these two trafficking modulators share a common
pathway in the regulation of ER stress.

In this work, Rab11-FIP4 upregulation is shown to improve
cellular homeostasis in cystinosis at many levels. For instance,
the correction of LAMP2A lysosomal localization and
decreased autophagosome accumulation was accompanied
by a significant decrease in the levels of endoplasmic reticu-
lum stress, a hallmark of cystinotic cells, supporting the idea
that the reconstitution of Rab11-FIP4-dependent vesicular
mechanisms has a direct and positive impact on cellular func-
tion and homeostasis in cystinosis thus highlighting the con-
cept that the upregulation of vesicular trafficking leads to an
improvement in organelle function and cellular homeostasis.
In human PTCs with cystinosin deficiency, Rab11-FIP4 upre-
gulation increased the plasma membrane localization of
megalin, an important endocytic receptor whose downregu-
lation is a hallmark of the disease as it is directly linked to
impaired tubule function and Fanconi syndrome.?” Our data
suggest that Rab11-FIP4 reconstitution upregulates several
independent vesicular trafficking pathways that ultimately
lead to the improvement of cellular function thus highlight-
ing Rab11-FIP4 as the first Rab effector whose expression has
direct implications on disease development and thus its
potential as a new therapeutic target for cystinosis.

Experimental procedures
Animal models and cell lines

All animal studies were performed in compliance with the
United States Department of Health and Human Services
Guide for the Care and Use of Laboratory Animals. All studies

were conducted according to National Institutes of Health
and institutional guidelines and with the approval of the ani-
mal review boards at The Scripps Research Institute and
University of California, San Diego. All animal protocols and
procedures were approved by the ethic committee,
Institutional Animal Care and Use Committee, under protocol
number: 08-0078-6. The C57BL/6 Ctns™'~ mice were described
before.*® Neonatal mouse embryonic fibroblasts from Ctns™~
and wild-type mice were prepared by standard procedures.’
The cystinosin knockout human proximal tubule cell line was
generated using CRISPR/Cas9 and described previously.'”
Neonatal murine fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS
(Corning Cellgro) and penicillin/streptomycin/glutamine (Life
Technologies). The human kidney epithelial-like cell line
293FT was acquired from ATCC. For cystinosin downregula-
tion, the cells were transfected using siRNA (Dharmacon,
pool) and DharmaFECT Transfection Reagent. The cells were
recovered for 24h and subsequently transfected with the
indicated constructs for the expression of GFP-Rab11-FIP4
and/or DsRED-Rab11 expression.

Gene expression

Animals were housed and studied according to NIH
Guidelines for the Care and Use of Laboratory Animals.
Sixteen months old C57BL/6 wild-type (n=6) and Ctns™~
(n=6) mice were euthanized and the kidneys immediately
removed and stored at —-80°C in RNA Later (Life
Technologies). Tissues were subsequently ground using
Precellys 24 (Bertin Technologies) and RNA was isolated using
the Qiagen AllPrep DNA/RNA Mini kit (Qiagen). The RNA was
run on a Bioanalyzer (Agilent) for quantification and quality
assessment. The Ambion WT Expression Kit was used to gen-
erate double-stranded biotinylated ¢cDNA and the Affymetrix
HT WT Terminal Labeling Kit was used to prepare the cDNA
for hybridization to Affymetrix GeneChip Mouse Gene 1.1ST
arrays (Affymetrix). The double-stranded biotinylated cDNA
from each tissue for each mouse was run on individual
Affymetrix GeneChip. The data was collected as CEL files and
quality control analysis performed with Affymetrix Expression
Console. Normalized signal intensities were generated with
Robust Multichip Average (RMA) which employs a back-
ground adjustment and quantile normalization strategy.*®
Genes without an average log, transformed signal >6 in
either the wild-type or Ctns™~ group were removed from fur-
ther analysis. Class comparisons of variance by two-way t
tests for two sample comparisons (P < 0.001) were performed
using BRB-ArrayTools (http://linus.nci.nih.gov/BRB-ArrayTools.
html) to identify the set of significantly differentially
expressed genes between wild-type and Ctns™~ mice in each
tissue. Pathway analyses were performed, and images gener-
ated using ROSALIND™, OnRamp Biolnformatics.

Constructs, transfections, and transductions

The expression vector pEZ-M98 expressing EGFP-Rab11-FIP4
was obtained from GeneCopoeia and was analyzed by
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resolution (Airyscan) microscopy images. (B) Quantitative analysis of ATF4 nuclear localization. Each symbol represents an independent cell. Mean + SEM. **P < 0.01
and ****P <0.0001. One-way ANOVA, Tukey's multiple comparison test. (C and D) Rab11-FIP4 reconstitution decreases oxidative stress in cystinosis. Intracellular
reactive oxygen species (ROS) accumulation in WT, Ctns™~ and Rab11-FIP4-reconstituted Ctns™ living cells was studied by fluorescence microscopy analysis using
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sequencing for confirmation (Retrogene). The wild-type and
Ctns™~ cells of murine fibroblasts and PTC cells were trans-
fected using Lipofectamine 3000 (Thermo Fisher Scientific,
2103388) following the manufacturer’s instructions and pro-
tein expression was confirmed by immunofluorescence ana-
lysis and Western blot. The transfection efficiency obtained
using this procedure was >90% after 24 h. Expression vectors
for the expression of DsRed-Rab11DN (12680; deposited by
Dr Richard Pagano) and DsRED-Rab11a (12 679; deposited by
Dr Richard Pagano) were purchased from Addgene.

Gel electrophoresis and immunoblotting

Cells were lysed in lysis buffer (20 mM Tris (pH 7.4), 150 mM
NaCl, and 1% Triton X-100) in the presence of protease
inhibitor (Roche Applied Science) and phosphatase inhibitors
(Calbiochem). Protein concentration in diluted samples
(0.01% Triton X-100) was measured using the colorimetric
Bradford assay (Bio-Rad, 5000006). Gel electrophoresis was
carried out using 4-12% gradient or 12% Bolt Bis-Tris Plus

gels (Life Technologies). Proteins were transferred onto 0.45-
um nitrocellulose membrane, blocked in 5% blotto, and then
the membranes were incubated overnight at 4°C in the indi-
cated primary antibodies, followed by incubation with HRP-
conjugated secondary antibodies. The blots were developed
using SuperSignal West Pico or Femto chemiluminescence
substrate systems (Thermo Fisher Scientific). Proteins were
visualized using Azure Biosystems C600 technology. All gels
included 15pug of total protein per lane. The C600 utilizes
CCD detectors that register signals in a range of 2'® = 65,536
shades in grayscale, which indicates the instruments detect
4.82 orders of magnitude, a very wide dynamic range that
allows for very strong and weak bands to be detected with a
background contribution that tends to be negligible. Total
loading was detected using Revert 700 Total Protein Stain
(LiCor 926-11011), in addition to housekeeping genes, where
indicated, to control for equal loading. Images are presented
as acquired without any brightness or contrast adjustments.
The following antibodies were used for immunoblotting in
this study: rabbit anti-Rab11-FIP4 (LSC353582, Lifespan bio-
sciences), anti-RAB7 (Cell Signaling Technology, 9367S), anti-



RAB11a (Cell Signaling Technology, 5589S), anti-actin
(Santa Cruz Technologies, SC-7210 or SC-47778); anti-KDEL
(Enzo Life Sciences, ADI-SPA-827), anti-LAMP1 (Santa Cruz
Biotechnology, sc-19992);  anti-LAMP2A  (ThermoFisher
Scientific, 51-2200), and rabbit anti-LC3B (2775, Cell Signaling
Technology). All uncropped blots are included as supporting
data (Supplementary data, Figure S3).

Immunofluorescence, immunohistochemistry, and
confocal analysis

Murine fibroblast, CTNS-KD or wild-type 293FT and PTCs were
seeded at 70% confluence in a four-chamber 35-mm glass-
bottom dish (Cellvis, D35C4-20-1.5-N), then fixed with 4% par-
aformaldehyde for 8 min and blocked with 1% BSA in PBS, in
the presence of 0.01% saponin, for 1 h. Samples were labeled
with the indicated primary antibodies overnight at 4°C in the
presence of 0.01% saponin (Calbiochem, 558255) and 1% BSA.
Samples were washed three times and subsequently incu-
bated with the appropriate combinations of Alexa Fluor (488
or 594)-conjugated anti-rabbit, anti-rat, or anti-mouse second-
ary antibodies (Thermo Fisher Scientific, A-21206; A-21207; A-
21208; A-21209; A-21202; A-21203, respectively). Nuclei were
stained with 4,6-diamidino-2 phenylindole (DAPI) and samples
were preserved in Fluoromount-G reagent (SouthernBiotech)
and kept at 4 °C until analyzed. Samples were analyzed with a
Zeiss LSM 880 laser-scanning confocal microscope attached to
a Zeiss Observer Z1 microscope at 21°C, using a 63x oil Plan
Apo, 1.4-numerical aperture objective. Images were collected
using ZEN-LSM software and processed using ImageJ software.
The exposure time and gain were maintained throughout the
experiment to comparatively analyze wild-type and Ctns™~
cells. Analysis and quantification of protein colocalization were
performed using ZEN-LSM software. Where indicated, images
were acquired using enhanced resolution microscopy
(Airyscan). To this end, 3D images were acquired using a Zeiss
laser scanning confocal microscope (LSCM) 880 with Airyscan,
using a 63x (1.4na) objective and the 32-channel GaAsP-PMT
area detector. All Image stacks were acquired with Nyquist
resolution parameters using a 0.159 um step size, an optimal
frame size of 2124 x 2124, and the same settings (laser power
and detector gain) for all experiments. All Airyscan acquired
images were processed using the ideal 3D default settings of
the Airyscan processing module, which briefly, involves linear
deconvolution and pixel reassignment for re-centering of the
raw data. Images were further processed as maximum inten-
sity projections (MIPs) in ZenDesk 3.0 (Zeiss) and analyzed
using the Zen colocalization module. Briefly, ROIs were drawn
around each individual cell, previously defined minimum
thresholds were input (using secondary-only controls), two
fluorescent channel signals for the indicated targets were
selected and the calculation of pixel intensity spatial overlap
correlation coefficients between two signals were automatic-
ally calculated using ZenDesk 3.0 (Zeiss). The following anti-
bodies were used for immunofluorescence in this study: rabbit
anti-RAB11FIP4 (LSC353582, LSBio, Lifespan biosciences); anti-
LAMP1 (Santa Cruz Biotechnology, sc-19992); anti-LAMP2A
(Abcam, ab18528 or Thermo Fisher Scientific, 51-2200); rabbit
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anti-GFP (Novus Biologicals, NB600-308SS) anti-KDEL (Enzo
Life Sciences, ADI-SPA-827); and anti-LRP2 (Megalin) (Santa
Cruz, sc-16476); anti-ATF4 (Cell Signaling Technology, 11815S);
anti-CTNS, ABclonal A6893.

Starvation and treatment

Wild-type and Ctns™~ MEFs were washed with serum-free
DMEM (containing 1x amino acids). For macroautophagy
studies, the media was aspirated, and fresh, serum-free
DMEM, was added. The cells were then cultured at 37°C
incubator for 5h, in the presence or absence of the lyso-
somal inhibitor bafilomycin A1 (100nM) (LC laboratories,
B-1080). Were indicated, MEFs were seeded onto 10 cm-diam-
eter plates and cultured for 24 h until they reached a conflu-
ence of 70%. The media was replenished with fresh culture
medium containing either 20 uM QX77 or 20 uM Genistein or
vehicle (DMSO) and incubated for an additional 48 h before
being harvested and processed for lysate preparation using
RIPA buffer in the presence of protease inhibitors (Halt,
Thermo Scientific). For Arf6 inhibition, where indicated, cells
were treated with the selective Arf6 inhibitor NAV2729,%" at
10uM for 24h and subsequently transfected for the expres-
sion of Rab11-FIP4-GFP or mock-transfected, fixed, and ana-
lyzed by immunofluorescence.

Analysis of oxidative stress

The cell-permeable CellROX Deep Red probe (ThermoFisher,
C10448) detects reactive oxygen species (ROS) in living cells.
CellROX Deep Red dye is nonfluorescent in its reduced state
but exhibits bright fluorescence when oxidized (excitation/
emission maxima at 640/665nm). CellROX Deep Red was
added to WT, ctns™~ and Rab11-FIP4-reconstituted ctns™~
cells at a final concentration of 5uM and the cells were then
incubated for 30 min at 37 °C. Subsequently, the medium was
removed, and the cells were washed three times with PBS.
The resulting fluorescence was analyzed using a Zeiss LSM
880 laser-scanning confocal microscope attached to a Zeiss
Observer Z1 microscope at 21°C, using a 63x oil Plan Apo,
1.4-numerical aperture objective.

LC-MS/MS analysis of Rab11-FIP4 interactors

Proteomics analysis was performed at the Scripps Research
Institute proteomics core facility. Briefly, 293FT cells express-
ing GFP-Rab11-FIP4 or GFP were lysed and samples were
processed for immunoprecipitation using the GFP-nAb
Magnetic agarose beads IP kit (Allele) following the manufac-
turer’s instructions. Proteins were solubilized in 0.2% Rapigest
(Waters Corporation) and reduced in 5mM D, L-dithiothreitol
(Sigma) for 30 min followed by alkylation with 15 mM iodoa-
cetamide (Sigma) for 30min in the dark. Proteins were
digested with trypsin at 37°C using a 1:30 (w/w) enzyme-to-
substrate ratio. Peptides were analyzed by reverse-phase
chromatography before mass spectrometry analysis exactly as
we described before.*
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Statistical analysis

Data are presented as mean, and error bars correspond to
standard errors of the means (SEMs) unless otherwise indi-
cated. Statistical significance was determined using the
unpaired Student’s t test or ANOVA using GraphPad InStat
(version 3) or Excel software, and graphs were made using
GraphPad Prism (version 6) software. Further details of the
analysis are described on the corresponding figure legend.
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