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Abstract

Background: Mammalian/mechanistic target of rapamycin (mTOR) complexes are
essential for cell proliferation, growth, differentiation, and survival. mTORC1 hyperacti-
vation occurs in the tuberous sclerosis complex (TSC). mTORC1 localizes to the surface
of lysosomes, where Rheb activates it. However, mTOR was also found on the endo-
plasmic reticulum (ER) and Golgi apparatus (GA). Recent studies showed that the same
inputs regulate ER-to-GA cargo transport and mTORC1 (e.g., the level of amino acids or
energy status of the cell). Nonetheless, it remains unknown whether mTOR contributes
to the regulation of cargo passage through the secretory pathway.

Methods: The retention using selective hooks (RUSH) approach was used to image
movement of model cargo (VSVg) between the ER and GA in various cell lines in which
mTOR complexes were inhibited. We also investigated VSVg trafficking in TSC patient
fibroblasts.

Results: We found that mTOR inhibition led to the overall enhancement of VSVg trans-
port through the secretory pathway in PC12 cells and primary human fibroblasts. Also,
in TSC1-deficient cells, VSVg transport was enhanced.

Conclusions: Altogether, these data indicate the involvement of mTOR in the regula-
tion of ER-to-GA cargo transport and suggest that impairments in exocytosis may be
an additional cellular process that is disturbed in TSC.

Keywords: MTOR, Endoplasmic reticulum, Golgi apparatus, VSVg, Tuberous sclerosis
complex, Retention using selective hooks

Introduction

Mammalian/mechanistic target of rapamycin (mTOR) is a protein kinase that controls
cellular metabolism responding to trophic factors, nutrients, and cellular energy status
[1-3]. These mTOR functions are primarily executed by mTOR complex 1 (mTORC1),
which controls transcription, translation, protein stability, and subsequently cell growth
and differentiation [1, 4]. mTORC2 regulates actin dynamics and the activity of AGC
kinases (including A, G, and C kinase families) other than ribosomal S6 kinase beta-1
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(S6K1) [5, 6]. mTORC?2 regulates cell proliferation, migration, and survival. A distinctive
molecular feature of mTORCI1 is the presence in the complex of the Raptor protein. In
mTORC2, the characteristic and specific partner of mTOR is Rictor. Raptor and Rictor
define the substrate specificity of mTORC1 and mTORC2, respectively, and thus their
cellular functions. However, mMTOR complexes have been shown to have additional cel-
lular functions, some of which may overlap. Among the most intensively studied aspects
of mTORC biology are their intracellular localization and impact on mTORC activity
and organelle functions. The best understood function in this regard is the importance
of mTORCI1 localization to the lysosomal surface, which acts as a coincidence detec-
tor. Following amino acid starvation, amino acid reappearance activates Ras-regulated
GTP-binding proteins (Rags), which recruit mTORCI to the lysosomal surface where
it interacts with its upstream activator Ras homolog enriched in brain (Rheb) [7].
Active mTORCI1 can affect lysosomal function in two ways. Once amino acid starva-
tion ends, acting on UV radiation resistance-associated gene protein, mMTORCI ensures
the restoration of lysosomes from autolysosomes [8]. On the other hand, mTOR at the
transcriptional level downregulates lysosomal biogenesis, inhibiting movement of tran-
scription factor EB (TFEB) to the nucleus [9]. Disruption of mTOR signaling, particu-
larly mTORC], is observed in many disorders commonly known as mTORopathies,
e.g. tuberous sclerosis complex (TSC) [4, 10]. In TSC, loss of TSC1 or TSC2 leads to
mTORCI1 activity upregulation, substantial increases in cell soma size and several ultra-
structural changes. Yet, endoplasmic reticulum (ER) and Golgi apparatus (GA) and the
communication between these compartments are not thoroughly studied in TSC. Nev-
ertheless, cells lacking TSC1-TSC2 complex are more vulnerable to ER stress and may
display some disturbances in exocytosis [11-13].

Evidence suggests that both mTORCs are also located on the surface of other orga-
nelles apart from lysosomes. In mammalian cells, mTOR localizes to the GA and ER,
which is the preceding compartment in the secretory pathway [14—16]. Such localization
appears to be vital for the activation of S6K1, a canonical mTORCI effector [16]. Recent
studies in HEK293E cells showed that another small GTPase (i.e., Rab1A), rather than
Rags, recruits mTORC1 to the GA, where it meets Rheb [17]. It is unknown whether
mTORCI1 activity affects ER-Golgi function either locally or by regulating the biosynthe-
sis of their building components at the transcriptional or translational level. mTORC2
was also shown to be present on the ER, where it regulates Akt activity [14], which is an
important kinase for ER cargo exit [18].

The ER and GA are essential parts of the secretory pathway, which directs newly syn-
thesized proteins either toward the cell surface or other organelles. In mammalian cells,
the secretory pathway, in addition to the ER and GA, consists of the ER-Golgi inter-
mediate compartment (ERGIC), the trans-Golgi network (TGN), and secretory vesicles.
ERGIC is an intermediate structure between the ER and GA, whereas TGN and secre-
tory vesicles are post-GA organelles. The traffic of cargo between secretory pathway
compartments occurs in both directions and is tightly controlled by protein kinases and
small GTPases [19]. Akt is a kinase that acts on the coat protein complex II (COPII)
and is needed for ER cargo exit [20, 21], thus regulating the efficiency of these processes
[18]. Importantly, mTORC2 activates Akt, but its impact on the dynamics of cargo
transport from the ER remains unknown. Akt phosphorylates Sec24, an essential part
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of the formation of so-called COPII vesicles that transport cargo from the ER toward
the GA (or ERGIG; i.e., anterograde transport). Akt-phosphorylated Sec24 binds Sec23
more effectively, which should result in more efficient anterograde trafficking [18].
Another kinase that regulates the efficiency of transport within the secretory pathway
is 5’-adenosine monophosphate (AMP)-activated protein kinase (AMPK), which links
low cellular energy levels to the effectiveness of secretion [22]. The primary mechanism
of AMPK-dependent regulation involves the phosphorylation of Golgi-specific brefeldin
A-resistance guanine nucleotide exchange factor 1 (GBF1), an Arfl GAP that regulates
COP], a complex that is critical for retrograde transport from the GA to ER. However,
low energy levels and AMPK are well-known negative regulators of mTORC1 [23, 24].
Another negative regulator of mTORC1, amino acid starvation, also affects ER-to-GA
transport [25, 26]. Considering these observations, one issue is whether mTORC1 reg-
ulates this process. To address this issue, we used the retention using selective hooks
(RUSH) method to image ER-to-GA transport and investigated the effects of mTOR
inhibition and tuberous sclerosis complex 1 (TSC1) deficiency, which is known to induce
mTORC]1 hyperactivation [10], on VSVg, a prototypical cargo trafficking in the ER-to-
GA pathway.

Material and methods

DNA constructs and lentiviral particle production

The plasmids pLKO.1-TRC cloning vector (Addgene plasmid no. 10878) and pLKO.1-
TRC control vector (Addgene plasmid no. 10879) were a gift from Dr. D. Root [27].
pMD2.G and psPAX2 plasmids (Addgene plasmids # # 12259, 12260) were a gift from
Didier Trono. shRNA against human TSC1 mRNA (GenBank no. NM_000368.4) was
described previously [28] and inserted into the pLKO.1-TRC cloning vector. Str-Ii_
VSVGwt-SBP-EGFP (Addgene plasmid no. 65300) was a gift from Dr. F. Perez [29]. Len-
tiviral vectors were produced and purified as described previously [30].

Antibodies and drugs

The following primary antibodies were used: mouse anti-GM130 (catalog no. 610822;
BD Biosciences, San Jose, CA, USA), mouse anti-tubulin (catalog no. T5168; Sigma-
Aldrich, St. Louis, MO, USA), rabbit anti-hamartin/TSC1 (catalog no. 4906; Cell Sign-
aling Technology, Danvers, MA, USA), rabbit anti-phospho-S6 ribosomal protein
(Ser235/236; catalog no. 4858; Cell Signaling Technology), and rabbit anti-phospho-Akt
(Serd73; catalog no. 4060; Cell Signaling Technology). Alexa Fluor 647-conjugated sec-
ondary antibody (anti-mouse) was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Anti-mouse/anti-rabbit IRDye 680RD- and IRDye 800CW-conjugated anti-
bodies were obtained from LI-COR Biosciences (Lincoln, NE, USA). INK128 and D-bio-
tin were obtained from Selleckchem (Houston, TX, USA) or Sigma-Aldrich, respectively.

Cell line culture, transfection, and transduction

Cell lines were obtained from Sigma Aldrich (HeLa cells) and the American Type Cul-
ture Collection (ATCC; Manassas, VA, USA; MCF7 and PC12 cells), respectively. Human
fibroblasts were obtained from the shagreen skin patch of a TSC patient who carried a
mutation of TSCI (TSC1 c.1729G > T p.E577%). Control fibroblasts were obtained from a
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sex-matched healthy donor. The study was approved by the local Ethics Committee at the
Children’s Memorial Health Institute, Warsaw, Poland. Both patients and controls gave
their written informed consent before the skin biopsy was performed. The skin biopsies
were cut into 10-15 pieces, transferred to culture dishes, and cultured for 3 weeks. The
culture medium was changed weekly. Cell outgrowth was then trypsinized and passaged
to obtain a homogeneous culture of fibroblast cells. The presence of a mutation in the
cultured patients’ fibroblasts was further confirmed by sequencing. HeLa cells, MCF7
cells, and fibroblasts were grown in Dulbecco’s modified Eagle’s medium (DMEM)
that contained 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin (Sigma-
Aldrich). PC12 cells were grown in RPMI-1640 medium (Sigma-Aldrich) that contained
10% horse serum (Thermo Fisher Scientific), 5% FBS, and 1% penicillin—streptomycin
(Sigma-Aldrich) until transfection, after which the medium was replaced with DMEM
containing 10% FBS and 1% penicillin—streptomycin (Sigma-Aldrich) to avoid biotin
presence. The cells were cultured at 37 °C in a 5% CO, atmosphere on 13 or 18 mm glass
coverslips for immunofluorescence or live imaging experiments, respectively. Before
cell seeding, the coverslips were covered for 20 min with 0.2% aqueous gelatin solution
(Sigma-Aldrich; for HeLa cells, MCF7 cells, and fibroblasts) or with 0.05 mg/ml poly-
D-lysine (Sigma-Aldrich; PC12 cells). The cells were transfected using polyethylenimine
(catalog no. 23966; Polysciences, Warrington, PA, USA; HeLa cells and MCF?7 cells) or
Lipofectamine2000 (Thermo Fisher Scientific; PC12 cells) or electroporated using a
CUY21 device (Nepagene, Chiba, Japan; fibroblasts) with Str-1i_VSVGwt_SBP_EGFP
according to the manufacturer’s protocols. For the knockdown experiments, lentiviral
vectors were produced as described above, and added to the fibroblasts for 12 h (250 pl/
well in a six-well plate). Next, the culture medium was replaced with fresh medium, and
cells were returned to the cell culture incubator.

Western blot

Western blot and quantitative analysis with the Odyssey Infrared Imaging System (LI-
COR Biosciences) were performed as described previously [30]. Images of all uncropped
Western blot membranes from the whole study can be found in Additional file 14.

Immunofluorescence and imaging of fixed cells

HeLa cells, MCEF?7 cells, PC12 cells, and fibroblasts were fixed and immunofluorescently
stained as described previously [30]. Images of immunofluorescently labeled cells were
acquired using a Zeiss NLO 710 confocal microscope at 1024 x 1024 pixel resolution.
Oil objectives (63 x [1.5 x zoom] or 100 x) were used for imaging HeLa cells, MCF7
cells, and fibroblasts or PC12 cells, respectively. Z-stacks of the images were averaged
twice per line and then converted to single images with a maximum intensity projection
function. The settings were kept constant for all of the scans.

RUSH assay and image analysis

Twenty-four hours after transfection, cells that were grown on glass coverslips were
moved to a low-profile open bath chamber (RC-41LP; Warner Instruments, Hamden,
CT, USA) containing DMEM (in the case of all analyzed cell types). For the experiments
in which we inhibited mTOR activity, the cells were treated with 300 nM INK128 for
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30 min before live imaging. At time 0 min, the cells were treated with 40 mM D-biotin.
Time-lapse imaging was performed at 37 °C in a 5% CO, atmosphere using a spinning-
disc microscope (Andor Revolutions XD, Belfast, UK) and a thermostat-controlled
chamber. Oil objectives (63 x or 100 x) were used for imaging HeLa cells, MCF7 cells,
and fibroblasts or PC12 cells, respectively. Images were acquired once per minute for
1 h (HeLa cells and MCF?7 cells), every 2 min for 1 h (PC12 cells), and every 2 min for
1.5 h (fibroblasts). Z-stacks were generated at 1004 x 1002 pixel resolution for HeLa
cells, MCF7 cells, and PC12 cells and 502 x 501 pixel resolution for fibroblasts, and next
converted to 2D images with a maximum intensity projection method. For all of the
scans, the microscope settings were kept constant. Image] software (National Institutes
of Health, Bethesda, MD, USA) was used for image analysis. The image alignment was
done with the StackReg plug-in for Image]J [31]. Next, three different regions of interest
of the same size that contained the GA were selected, and the total fluorescence inten-
sity was measured for each time point using the Time Series Analyzer v3 plug-in (Balaji
J., Department of Neurobiology, University of California, Los Angeles, CA, USA) for
Image] and normalized to the maximum value [1]. The position of the GA was defined
based on cell images that were obtained at later time points.

Statistical analysis
The analyzed numbers of cells () and culture batches (N) and types of statistical analy-
ses used are described in the figure legends.

Results

Endoplasmic reticulum-GA transport of VSVg is mTOR-independent in HeLa and MCF?7 cells
Previous studies showed that mTOR is present on the surface of secretory pathway
membranes, and such localization might be needed at least partially for its activity. It
remains unknown whether mTOR influences secretory trafficking. We first tested the
effect of INK128, an adenosine triphosphate-competitive inhibitor of mTOR that influ-
ences the activity of both mTORC1 and mTORC?2, on cargo trafficking through the ER
and GA. We used the RUSH method [29, 32] to visualize the trafficking of model cargo
(vesicular stomatitis virus G protein [VSVg]) in living HeLa cells. In this method, the
addition of free biotin, which disrupts the interaction between streptavidin-tagged ER
anchor (Ii protein), and VSVg that is fused to streptavidin binding peptide and green flu-
orescent protein (GFP), triggers trafficking of the latter in the secretory pathway, which
can be visualized by spinning-disc microscopy [29, 32]. We chose to study HeLa cells
because the RUSH system was optimized with this cell line, and these cells are often
used for studies that focus on mTOR.

HelLa cells were transfected with a plasmid that encoded all elements of the RUSH
system (Str-Ii_VSVGwt_SBP_EGFP) for 24 h. Next, biotin (40 pM) was added to
the culture media and VSVg-enhanced GFP (EGFP) was imaged for 1 h with 1 min
intervals with spinning-disc microscopy (Fig. 1; Additional file 2: Movie S1). At the
0 min time point, no GFP fluorescence was detected in the GA, but~ 10 min after
the addition of biotin, VSVg-EGEFP localized to this compartment, reaching maximum
fluorescence at 20 min (Fig. 1a, b). When biotin was omitted from the culture media,
the change in GFP signal localization was not observed (Additional file 1: Fig. S1). To
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Fig. 1 Inhibition of mTOR does not influence ER-to-GA VSVg trafficking in early-passage Hela cells.

a Representative time-lapse confocal images of living Hela cells that were transfected with Str-li_
VSVGwt-SBP-EGFP and treated with INK128 (300 nM, 30 min) or untreated (control). Trafficking of VSVg-EGFP
was visualized using the RUSH assay for 60 min after the addition of biotin (time 0). Scale bar=20 ym. b
Quantitative analysis of experiments performed as in (a). The graph depicts VSVg-EGFP fluorescence intensity
in the Golgi apparatus region at each time point, normalized to the maximum value. The data are expressed
as the mean for all of the analyzed cells. Error bars indicate SEM. N=4 independent experiments. Number
of cells per variant (n): Untreated (35), INK128 (45). ¢ Representative confocal images of Hela cells that were
transfected with Str-li_VSVGwt-SBP-EGFP (green) and immunofluorescently stained for the cis-Golgi marker
GM130 (magenta). Scale bar=20 um. d Western blot analysis of phospho-AKT (P-AKT) and phospho-S6
(P-S6) levels in protein lysates from control Hela cells or cells after INK128 treatment (300 nM, 30 min). e
Quantification of Western blot analysis of P-AKT and P-S6, normalized to tubulin, in protein lysates that

were obtained from Hela cells that were treated as in (d). **p <0.01, ***p < 0.001 (one-sample t-test). N=4
independent experiments

confirm the localization of VSVg to the GA, we performed an analogous experiment
but fixed cells at 0, 20, and 60 min after the addition of biotin and stained them with
the GA marker GM130. At the 0 min time point, the VSVg-EGFP signal did not colo-
calize with GM130 immunofluorescence. At the 20 min time point, the two signals
strongly overlapped (Fig. 1c). At the 60 min time point, the overlapping signals were
weaker, suggesting that VSVg-EGFP exited the GA. As expected, when biotin was not
added, no overlapping signals were observed at any of the time points (Fig. 1c). When
INK128 (300 nM) was added to the cells 30 min before the addition of biotin, no dif-
ference with the control variant was observed (Fig. 1a, b; Additional file 2: Movie S1,
Additional file 3: Movie S2), although INK128 treatment alone decreased levels of
phosphorylated ribosomal protein S6 (serines 235 and 236, P-S6) and Akt (threonine
473, P-Akt; Fig. 1d, e; see also Additional file 14 for images of uncropped Western
blot membranes), which are widely used indicators of mTORC1 and mTORC?2 activ-
ity, respectively.
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To confirm our observations in a different cell line, we performed experiments that
were analogous to HeLa cells using the tumor cell line MCF?7. In these cells, VSVg-EGFP
fluorescence peaked in the GA slightly faster than in HeLa cells (15 vs. 20 min), but pre-
treatment with INK128 did not affect VSVg transport in the secretory pathway (Addi-
tional file 1: Fig. S2; Additional file 4: Movie S3, Additional file 5: Movie S4). Based on
these results, we concluded that mTOR activity in HeLa and MCF?7 cells is not needed
for VSVg transport through the ER and GA.

mTOR inhibition affects VSVg transport through the ER-GA in PC12 cells and human
fibroblasts

Although HeLa and MCF are cancer cells that are derived from different tissues, both
cell lines are adenocarcinomas that have an epithelial origin. Thus, mTOR could still
affect the secretory pathway in different cell types. To test this hypothesis, we used PC12
cells, which are derived from pheochromocytoma of the adrenal gland and are widely
used to study secretion. PC12 cells were transfected with Str-Ii_VSVGwt_SBP_EGFP.
After transfection, the medium was replaced with one lacking biotin, and the RUSH
assay was performed 1 day after transfection (Fig. 2a; Additional file 6: Movie S5, Addi-
tional file 7: Movie S6). In control cells that were not treated with INK128, the maximal
accumulation of VSVg-EGFP in the GA was reached after 24 min (Fig. 2a, b), which was
additionally confirmed by the immunofluorescent staining of fixed cells (Fig. 2d). In the
absence of biotin, no changes in VSVg distribution were observed throughout the dura-
tion of the experiment, similar to HeLa and MCF7 cells (Fig. 2d). However, unlike in
HeLa and MCF7 cells, pretreatment with INK128 (30 min, 300 nM), which effectively
diminished the phosphorylation of Akt and ribosomal protein S6 (Fig. 2e, f; see also
Additional file 14 for images of uncropped Western blot membranes), resulted in faster
accumulation of VSVg-EGFP fluorescence in the GA, reaching the most pronounced dif-
ference compared with control cells after 16 min (Fig. 2b, c). The point of maximum
VSVg-EGFP fluorescence was reached earlier upon INK128 treatment (20 vs. 24 min;
Fig. 2a, b; Additional file 6: Movie S5, Additional file 7: Movie S6). At the same time, the
cargo left the GA earlier in INK128 cells compared with control cells (Fig. 2¢, compari-
son of signal intensity in the GA at 34 min), suggesting a faster cargo transition through
the ER-GA.

Because mTOR appeared to influence secretory trafficking, depending on the cell line,
we tested another cell type, primary human dermal fibroblasts. In control fibroblasts,
the kinetics of VSVg transport through the ER-GA was much slower than in all other cell
types tested. Maximum fluorescence was reached 38—40 min after the addition of biotin
(Fig. 3a, b; Additional file 8: Movie S7, Additional file 9: Movie S8). We also noted that
EGFP-VSVg fluorescence before biotin addition stained relatively large structures that
could not be readily identified, some of which could, however, represent large ER pack-
aging buds described recently by McCaughey et al. [33]. However, it should be noted that
these structures did not affect the analysis of the presence of VSVg in GA because they
disappeared with the administration of biotin before the cargo reached GA. In contrast
to PC12 cells, treatment with INK128 did not substantially accelerate the accumulation
of VSVg in the GA, but significantly more cargo accumulated at the peak of VSVg-EGFP
fluorescence (38 min for INK128-treated cells; Fig. 3c). The difference between maximal
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Fig. 2 Inhibition of mTOR affects ER-to-GA VSVg trafficking in PC12 cells. a Representative time-lapse
confocal images of living PC12 cells that were transfected with Str-li_VSVGwt-SBP-EGFP and treated with
INK128 (300 nM, 30 min) or untreated (control). Trafficking of VSVg-EGFP was visualized using the RUSH assay
for 60 min after the addition of biotin (time 0). Scale bar= 20 um. b Quantitative analysis of the experiments
performed as in (@). The graph depicts VSVg-EGFP fluorescence intensity in the Golgi apparatus region

at each time point, normalized to the maximum value. The data are expressed as the mean for all of the
analyzed cells. Error bars indicate SEM. N=4 independent experiments. Number of cells per variant (n):
Untreated (38), INK128 (27). ¢ Comparison of VSVg-EGFP fluorescence intensity in the Golgi apparatus region
at 16 min (left panel) and 34 min (right panel). The data are expressed as the mean for all of the analyzed cells.
Error bars indicate SEM. *p < 0.05, ***p <0.001 (Mann-Whitney test). The number of independent experiments
and analyzed cells per variant are the same as in (b). d Representative confocal images of PC12 cells that were
transfected with Str-li_VSVGwt-SBP-EGFP (green) and immunofluorescently stained for the cis-Golgi marker
GM130 (magenta). Scale bar=>5 um. e Western blot analysis of phospho-AKT (P-AKT) and phospho-S6

(P-S6) levels in protein lysates from control PC12 cells or cells after INK128 treatment (300 nM, 30 min). f
Quantification of Western blot analysis of P-AKT and P-S6, normalized to tubulin, in protein lysates that were
obtained from PC12 cells that were treated as in (e). ***p <0.001 (one-sample t-test). N=3 independent
experiments
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(See figure on next page.)

Fig. 3 Inhibition of mTOR affects ER-to-GA VSVg trafficking in human fibroblasts. a Representative time-lapse
confocal images of living fibroblasts that were electroporated with Str-li_VSVGwt-SBP-EGFP and treated

with INK128 (300 nM, 30 min) or untreated (control). Trafficking of VSVg-EGFP was visualized using the

RUSH assay for 90 min after the addition of biotin (time 0). Scale bar= 20 um. b Quantitative analysis of the
experiments performed as in (a). The graph presents VSVg-EGFP fluorescence intensity in the Golgi apparatus
region at each time point, normalized to the maximum value. The data are expressed as the mean for all

of the analyzed cells. Error bars indicate SEM. N= 3 independent experiments. Number of cells per variant

(n): Untreated (51), INK128 (42). ¢ Comparison of VSVg-EGFP fluorescence intensity in the Golgi apparatus
region at 38 min. The data are expressed as the mean for all of the analyzed cells. Error bars indicate SEM.
*p<0.05 (Mann-Whitney test). The number of independent experiments and analyzed cells per variant are
the same as in (b). d Representative confocal images of fibroblasts that were electroporated with Str-li_
VSVGwt-SBP-EGFP (green) and immunofluorescently stained for the cis-Golgi marker GM130 (magenta). Scale
bar=20 um. e Western blot analysis of phospho-AKT (P-AKT) and phospho-S6 (P-S6) levels in protein lysates
from control fibroblasts or fibroblasts after INK128 treatment (300 nM, 30 min). f Quantification of Western
blot analysis of P-AKT and P-S6, normalized to tubulin, in protein lysates that were obtained from fibroblasts
treated as in e. *p < 0.05, ***p <0.001 (one-sample t-test). Number of independent experiments (N): P-AKT (2),
P-S6 (3)

VSVg-EGEFP fluorescence and at 90 min (i.e., the end of imaging) was also more visible
upon exposure to INK128, suggesting more efficient release, but the effect did not reach
statistical significance (p=0.062; Mann—Whitney test). We then confirmed that VSVg
passed through the GA and INK128 affected mTORCs using immunofluorescence and
Western blot, respectively (Fig. 3d—f; see also Additional file 14 for images of uncropped
Western blot membranes). Altogether, these results suggest that mTOR inhibition
results in the more rapid or efficient transition of VSVg through the ER-GA pathway in
specific cell types, likely characterized by intensive exocytosis.

Lack of TSC results in faster VSVg transport through the ER-GA

The findings above indicate that the inhibition of mTOR affects VSVg transition via the
ER-GA. We then investigated whether the lack of TSC activity, which leads to the acti-
vation of mMTORCI, has the opposite effect. We first transduced wildtype human der-
mal fibroblasts with a lentiviral vector (pLKO.1-TRC [27]) that encodes a previously
validated short-hairpin RNA (shRNA) against TSCI mRNA [28]. Transduction resulted
in the downregulation of TSC1 protein levels and upregulation of P-S6 levels compared
with cells that were transduced with the control lentiviral vector pLKO.1-TRC-control
[27] (Fig. 4a, b; see also Additional file 14 for images of uncropped Western Blot mem-
branes). At the same time, P-Akt levels decreased compared with control cells (Fig. 4a,
b; see also Additional file 14 for images of uncropped Western Blot membranes), which
was consistent with previous findings in cells that lacked TSC1-TSC2 [34, 35]. Using
these cells, we performed the RUSH assay (Fig. 4c; Additional file 10: Movie S9, Addi-
tional file 11: Movie S10). VSVg in cells that had lower TSC1 accumulated in the GA
more rapidly (see fluorescence intensity comparison for 32 min), reaching maximum
accumulation in the GA earlier (36 vs. 42 min), and left the GA significantly faster than
in pLKO-transduced cells (Fig. 4e, f).

To further corroborate our observation that lower TSC activity in cells accelerates
the transport of VSVg through the ER-GA, we performed the RUSH assay using der-
mal fibroblasts that carried a TSCI mutation (7SCI ¢.1729G > T p.E577*) that was
derived from the shagreen patch of a TSC patient (Fig. 5; Additional file 12: Movie
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S11, Additional file 13: Movie S12). Fibroblasts that were derived from a healthy
person served as a control. In cells with the TSC1 mutation, the level of TSC1 was

substantially lower, and levels of P-S6 and P-Akt changed accordingly (Fig. 5a,
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Fig. 4 ER-to-GA VSVg trafficking is affected in human fibroblasts with TSC1 knockdown. a Western blot
analysis of TSC1, phospho-56 (P-S6), and phospho-AKT (P-AKT) levels in protein lysates from control pLKO
and shTSC1 fibroblasts. b Quantification of Western blot analysis of hamartin, P-AKT, and P-S6, normalized

to tubulin, in protein lysates that were obtained as in (a). *p < 0.05 (one-sample t-test). N=3 independent
experiments. ¢ Representative time-lapse confocal images of living fibroblasts: control (pLKO) and with

TSC1 knockdown (shTSCT1). The fibroblasts were electroporated with Str-li_VSVGwt-SBP-EGFP. Trafficking

of VSVg-EGFP was visualized using the RUSH assay for 90 min after the addition of biotin (time 0). Scale
bar=20 um. d Quantitative analysis of the experiments performed as in (c). The graph presents VSVg-EGFP
fluorescence intensity in the Golgi apparatus region at each time point, normalized to the maximum value.
The data are expressed as the mean for all of the analyzed cells. Error bars indicate SEM. N=3 independent
experiments. Number of cells per variant (n): pLKO (25), shTSC1 (35). e Comparison of VSVg-EGFP fluorescence
intensity in the Golgi apparatus region at 32 min (left panel) and 54 min (right panel). The data are expressed
as the mean for all of the analyzed cells. Error bars indicate SEM. *p < 0.05 (Mann-Whitney test). The number
of independent experiments and analyzed cells per variant are the same as in (d). f Comparison of VSVg-EGFP
maximum accumulation times in the Golgi apparatus region. The data are expressed as the mean for all

of the analyzed cells. Error bars indicate SEM. *p <0.05 (Mann-Whitney test). The number of independent
experiments and analyzed cells per variant are the same as in (d)
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Fig. 5 ER-to-GA VSVg trafficking is affected in fibroblasts from a TSC patient. a Western blot analysis of TSC1,
phospho-S6 (P-S6), and phospho-AKT (P-AKT) levels in protein lysates from control fibroblasts (Ctrl) and
fibroblasts from a TSC patient. b Quantification of Western blot analysis of P-AKT, P-S6, and TSC1, normalized
to tubulin, in protein lysates that were obtained as in (a). *p < 0.05 (one-sample t-test). N=3 independent
experiments. ¢ Representative time-lapse confocal images of living fibroblasts: control (Ctrl) and from a

TSC patient. The fibroblasts were electroporated with Str-li_VSVGwt-SBP-EGFP. Trafficking of VSVg-EGFP

was visualized using the RUSH assay for 90 min after the addition of biotin (time 0). Scale bar=20 pym.

d Quantitative analysis of the experiments performed as in c. The graph shows VSVG-EGFP fluorescence
intensity in the Golgi apparatus region at each time point, normalized to the maximum value. The data are
expressed as the mean for all of the analyzed cells. Error bars indicate SEM. N=3 independent experiments.
Number of cells per variant (n): Ctrl (26), TSC patient (31). e Comparison of VSVg-EGFP fluorescence intensity
in the Golgi apparatus region at 30 min (left panel) and 90 min (right panel). The data are expressed as the
mean for all of the analyzed cells. Error bars indicate SEM. *p <0.05, ***p <0.001 (Mann-Whitney test). The
number of independent experiments and analyzed cells per variant are the same as in (d). f Comparison

of VSVg-EGFP maximum accumulation times in the Golgi apparatus region. The data are expressed as the
mean for all of the analyzed cells. Error bars indicate SEM. **p <0.01 (Mann-Whitney test). The number of

independent experiments and analyzed cells per variant are the same as in (d)

b; see also Additional file 14 for images of uncropped Western blot membranes).
In TSC mutant cells, VSVg-EGFP accumulated in the GA more rapidly (Fig. 5c—e)
and reached a maximum in the GA significantly faster than in control cells (~40
vs. 50 min; Fig. 5¢, d, f). VSVg also exited from the GA earlier and more efficiently,
which could be demonstrated by comparing the EGFP signal intensity at the experi-
ment endpoint (90 min) between TSC patient and control cells (Fig. 5c—e). These
data confirmed that the lack of TSC1 resulted in acceleration of the transition of

VSVg through initial compartments of the secretory pathway.

Page 12 0f 18
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Discussion

Secretory trafficking was recently shown to be controlled by energy levels and adeno-
sine monophosphate-activated protein kinase (AMPK) activity, which are both known
for their impact on mTORCI signaling. Thus, mTOR and the secretory pathway are con-
trolled at least partially by the same factors. However, the contribution of mTOR to the
control of cargo trafficking within this pathway has remained mostly unexplored. In the
present study, using the RUSH method, we found that mTOR inhibition increased the
effectiveness of the transport of VSVg, an archetypal secretory pathway cargo, into and
out of the GA. Under basal culture conditions, this phenomenon occurred only in spe-
cific cell lines (i.e., PC12 cells and fibroblasts). Paradoxically, we also found that lower
levels of TSC1, which resulted in the upregulation of mTORCI, also led to a similar
phenotype in human fibroblasts. Before proceeding to further discussion, it should be
clearly emphasized that our short report focuses mainly on the dynamics of VSVg trans-
port to and from the GA using the RUSH technique. However, due to the limitations of
this method, it does not allow us to conclude in which part of the GA, (i.e., cis-, medial-,
or trans-) mTOR and TSC1-TSC2 complex exert their effects on cargo transport. Deter-
mining this will require further research using higher-resolution methods.

Previous studies have not specifically focused on the effects of mTOR inhibition on the
secretory pathway. Nevertheless, evidence indicates that rapamycin, an mTORCI inhibi-
tor, decreases the secretion of interleukin-1la (IL-1a) in senescent cells [36]. The effects
of rapamycin were attributed, however, to the inhibition of IL-1a synthesis. Thus, these
studies do not contradict our results because differences in endogenous cargo expression
should not affect the outcome of the RUSH assay. However, previous studies reported
that the lack of TSC2 led to the arrest of various cargo proteins in the GA and post-GA
compartments. Polycystin-1 levels at the plasma membrane (PM) decreased in rat kid-
ney cells that lacked Tsc2 because of the accumulation of this protein in the GA [37]. The
poor delivery of VSVg and caveolin-1 to the PM in rat embryonic fibroblasts that lacked
Tsc2 was shown to result from disturbances of cytoskeleton dynamics and post-GA traf-
ficking [12, 13]. The overexpression of constitutively active Rheb mimicked these effects,
implying that mTORC1 hyperactivity adversely impacts post-GA trafficking [12]. In the
present study, we did not analyze post-GA trafficking; therefore, the findings of the pre-
sent study, Jones et al. [13], and Jiang and Yeung [12] should not be directly compared.
One open question is why we observed an acceleration of VSVg trafficking into and out
of the GA in human fibroblasts with low Tscl levels, whereas polycystin-1 was stopped
at the GA in rat kidney cells that lacked Tsc2. Differences in experimental design may
explain this discrepancy. For example, the present results suggest that cargo trafficking
into and out of the GA is differentially regulated by mTOR in different cell types. Moreo-
ver, the control of different cargo transport through the secretory pathway is not iden-
tical. Thus, VSVg and polycystin-1 may differentially respond to the lack of TSC1 and
TSC2 and further studies should focus on testing mTOR effects on a variety of available
cargos for RUSH. Finally, although Tscl and Tsc2 act as one protein complex, the effects
of Tscl and Tsc2 deficiency in the cell may differ. Phenotypes that are related to the loss
of Tsc2 have been postulated to be more severe for several reasons, including stronger
mTORCI1 pathway activation or the engagement of TSC1 in protein complexes that are
different from Tscl- Tsc2 complex.
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In the present study, mTOR inhibition by INK128 accelerates and/or enhances VSVg
accumulation in the GA and release from this organelle. Short-term treatment of
INK128 cells, in our experiments, had the definite advantage of helping to avoid second-
ary effects accompanying, for example, RNA interference or knockout experiments. At
the same time, it allowed blockage of rapamycin-independent mTORCI activity. Unfor-
tunately, it also blocked mTORC2. Thus, we could not determine whether mTORC]1,
mTORC?2, or both complexes are responsible for these phenomena. Therefore, further
experiments involving genetic inactivation of mMTORC1 or mTORC2 by deletion of Rap-
tor or Rictor, respectively, will be necessary to determine which mTOR complex affects
VSVg transport in selected cell types. As such, we only discuss potential options and
arguments for and against below.

mTORC1 is primarily known for its role in translation and transcription. Thus, one
could speculate that its inhibition affects the biogenesis of secretory pathway machin-
ery. Although we cannot exclude such a possibility, the effects of INK128 were rela-
tively rapid, suggesting that changes in biosynthesis of the ER and GA were unlikely
the cause of the observed phenotype. However, in Tscl-deficient cells, an increase in
mTORC]1 activity is a chronic state, and such a mechanism cannot be excluded. Another
link between mTORCI1 and secretory cargo trafficking between the ER and GA could
involve autophagy regulation. For example, it was shown that autophagy induction, e.g.,
as a result of amino acid starvation, results in substantial GA fragmentation that could
impact our results [38]. However, in our opinion, this phenomenon could not have been
the primary cause of the differences we observed in VSVg transport in the secretory
pathway. First, comparison images from individual films clearly showing the GA appara-
tus did not reveal significant differences between the compared experimental conditions
within individual cell lines. Second, in our study, cells were treated with INK128 for only
30 min before biotin addition. For other ATP-competent mTOR inhibitors, e.g., Torin 1,
no apparent changes in LC3-1I levels were seen even up to 2 h after administration [39].
Of course, it should be noted that the referred study involved a different inhibitor and
other cell type than our work. Finally, if Golgi structure change due to autophagy was
the primary reason for the observed effect of INK128 on VSVg transport, it would be
difficult to explain the lack of effect of INK128 in HeLa and MCF?7 cells. Another link
between ER to GA trafficking of VSVg, mTORCI1 and autophagy could involve Unc-51-
like autophagy-activating kinase (Ulk-1). Upon autophagy induction, Ulk-1 increases the
effectiveness of COPII complexes that involve Sec16A and Sec24c and export the sero-
tonin transporter SERT from the ER to the GA [26]. mTORCI1 is a well-known negative
regulator of Ulk-1, and mTORCI inhibition could lead to more efficient Ulk-1-controlled
COPII vesicle formation and release. However, the same study showed that amino acid
starvation had no effect on VSVg trafficking [26]. Other studies showed that amino
acid starvation or the Ulkl-dependent phosphorylation of Sec23A halted VSVg in the
ER [25]. These two observations argue against a mechanism whereby mTORC1 inhibi-
tion accelerates VSVg transport via the initiation of autophagy. Thus, mTORCI effectors
other than Ulkl would be responsible for the acceleration of VSVg transport from the
ER to GA in INK128-treated cells. However, analyses of the mTOR phosphoproteome
[40-43] have not revealed any apparent candidates, such as regulators of release and the
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docking of vesicles to and from the ER and GA. mTORC1 has been shown to regulate
phosphorylation of the cytoplasmic linker protein Clip-170, a microtubule-binding pro-
tein. Clip-170 is important for the loading of p1508"¢¢ of the dynein—dynactin complex
onto microtubule plus-ends and was postulated to be important for vesicle transport
from the ER to the GA [44]. Subsequent studies, however, showed that Clip-170 is not
needed for the functions of p1508“ in the stabilization of ER and GA structure and
communication [45]. mTOR also phosphorylates other microtubule-binding proteins
(e.g., microtubule-associated protein 1B [MAP1B]), the role of which in ER-to-GA trans-
port was demonstrated in the case of the calcium ion-controlled transport of specific
cargo [46]. It remains unknown whether MAB1B phosphorylation by mTORCI affects
MAP1B function in this regard.

Instead of, or in addition to, mTORCI, another possibility is that VSVg transport
within the secretory pathway is regulated by mTORC2. Such a mechanism could explain
why INK128 treatment and Tscl deficiency had similar effects on VSVg transport.
However, it must be emphasized that, as in the case of cell lines with normal TSC1 lev-
els, indicating whether the observed changes in VSVg transport depend on mTORC1
and mTORC2 (or on mTOR at all) requires further studies, preferably using appropri-
ate molecular tools. Many studies have shown that, in addition to mTORCI upregula-
tion, the activity of some mTORC2 substrates in TSC1-TSC2 deficient cells (e.g., Akt)
decreases (see also Fig. 5 and 6). As mentioned above, Akt is an essential regulator of
COPII vesicle formation [18]. Recent studies in C. elegans showed that the knockdown
of serum- and glucocorticoid-inducible kinase-1 (SGK1), another mTORC2 target, dis-
turbed ER-GA transport [47]. However, if mMTORC2 acts on ER-GA transport via these
kinases, INK128 treatment, as well as Tscl deficiency, should result in decelerated secre-
tory trafficking, which would be the opposite to the results reported herein. However,
similar to mTORC1, mTORC2-dependent regulation of the cytoskeleton needs to be
considered as one factor that influences the effectiveness of cargo transport through the
secretory pathway. mTORC?2 is a known regulator of actin dynamics [5, 6], which regu-
lates cargo transport through the secretory pathway, both at the ER and GA [48].

An additional issue that needs to be considered is the different origins of the cell lines
that were evaluated in the present study with regard to their secretory pathway sensitiv-
ity to mTOR inhibition. mTOR inhibition may not affect cells that are derived from ade-
nocarcinomas of epithelial origin. Such an hypothesis may be supported by the fact that
HeLa cells (early passage) and MCF7 cells are insensitive to INK128, whereas fibroblasts
and PC12 cells respond to INK128. However, PC12 cells and fibroblasts are also inten-
sively secreting cells, suggesting that mTOR may influence ER-to-GA VSVg transport
only in actively secreting cells.

Conclusions

Opverall, the present study using the RUSH method showed that a prototypical secretory
pathway cargo transport from ER to GA, depends on mTOR in specific cell types and
lack of Tscl, observed in TSC patients, may also impact this process, potentially contrib-
uting to TSC cellular phenotypes.



Koscielny et al. Cell Mol Biol Lett (2021) 26:18 Page 16 of 18

Abbreviations

AMPK: Adenosine monophosphate (AMP)-activated protein kinase; BSA: Bovine serum albumin; Clip-170: Cytoplasmic
linker protein of 170 kD; COPII: Coat protein complex Il; DMEM: Dulbecco’s modified Eagle’s medium; EGFP: Enhanced
GFP; ER: Endoplasmic reticulum; ERGIC: ER-Golgi intermediate compartment; FBS: Fetal bovine serum; GA: Golgi
apparatus; GBF1: Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1; GFP: Green fluorescent
protein; IL-1a: Interleukin-1a; MAP1B: Microtubule-associated protein 1B; mTOR: Mammalian/mechanistic target of
rapamycin; mTORC1: MTOR complex 1; mTORC2: MTOR complex 2; P-Akt: Phosphorylated Akt (threonine 473); PBS:
Phosphate-buffered saline; PM: Plasma membrane; P-S6: Phosphorylated ribosomal protein S6é (serines 235 and 236,);
Rags: Ras-regulated GTP-binding proteins; Rheb: Ras homolog enriched in brain; RUSH: Retention using selective hooks;
S6K1: Ribosomal S6 kinase beta-1; SGK1: Serum- and glucocorticoid-inducible kinase-1; sShRNA: Short-hairpin RNA; TFEB:
Transcription factor EB; TGN: Trans-Golgi network; TSC: Tuberous sclerosis complex; TSC1: Tuberous sclerosis complex

1 protein; TSC2: Tuberous sclerosis complex 2 protein; Ulk-1: Unc-51-like autophagy-activating kinase; VSVg: Vesicular
stomatitis virus G protein [VSVg.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/511658-021-00262-z.

Additional file 1: Figure S1. Without the addition of biotin, VSVg-EGFP resides in the endoplasmic reticulum of p8
HelLa cells. igure S2. Inhibition of mTOR does not influence secretory trafficking in early-passage MCF7 cells.

Additional file 2: Movie S1. Exemplary results of RUSH assay in control Hela cells

Additional file 3: Movie S2. Exemplary results of RUSH assay in Hela cells treated with INK128
Additional file 4: Movie S3. Exemplary results of RUSH assay in control MCF7 cells

Additional file 5: Movie S4. Exemplary results of RUSH assay in MCF7 cells treated with INK128
Additional file 6: Movie S5. Exemplary results of RUSH assay in control PC12 cells

Additional file 7: Movie S6. Exemplary results of RUSH assay in PC12 cells treated with INK128
Additional file 8: Movie S7. Exemplary results of RUSH assay in control primary fibroblasts

Additional file 9: Movie S8. Exemplary results of RUSH assay in primary fibroblasts treated with INK128

Additional file 10: Movie S9. Exemplary results of RUSH assay in control primary fibroblasts transfected with control
pLKO vector

Additional file 11: Movie S10. Exemplary results of RUSH assay in primary fibroblasts transfected with pLKO vector
encoding shTSC1

Additional file 12: Movie S11. Exemplary results of RUSH assay in control primary fibroblasts
Additional file 13: Movie S12. Movie S1. Exemplary results of RUSH assay in primary TSC patient fibroblasts

Additional file 14: Images of uncropped Western blot membranes

Acknowledgements

The authors thank Dr. Perez and Dr. Boncompain for the Str-li_VSVGwt-SBP-EGFP plasmid and help with RUSH optimiza-
tion, Drs Kwiatkowski and Tyburczy for analysis of TSCT mutation in fibrobalsts, Dr. Redowicz for sharing the PC12 cell line,
Alina Zielinska for technical assistance, members of the IIMCB Core Facilities for the support with equipment use and
Michael Arends for proofreading the manuscript.

Authors’ contributions

AKand JJ designed the experiments. AK, EL, MW and KM performed the experiments. AK and JJ analyzed and inter-
preted the data. KK contributed to the selection of patients, patient material, clinical data, and data analysis. AK, EL, KK,
and JJ wrote the manuscript. All authors read and approved the final manuscript.

Funding

Research was supported by Polish National Science Centre grant 2016/23/N/NZ3/00108 (to AK) and the Foundation for
Polish Science "“Mistrz" Professorial Subsidy (to JJ). Work of EL, KK, MW and JJ was partly financed by the Polish National
Center for Research and Development (grant EPIMARKER, no. STRATEGMED3/306306/4/2017). The work of EL and MW
was also supported by Polish Science Centre grants 2017/27/B/NZ3/01358 and 2013/09/D/NZ3/01348, respectively.

Availability of data and materials
The materials and datasets used and analyzed during the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate

The local Ethics Committee at the Children’s Memorial Health Institute, Warsaw, Poland, which acts on the Helsinki Decla-
ration, approved this study (decision no. 112/KBE/2013). Both patients and controls gave their written informed consent
before the skin biopsy was performed.


https://doi.org/10.1186/s11658-021-00262-z

Koscielny et al. Cell Mol Biol Lett (2021) 26:18

Consent for publication
Not applicable.

Competing interests
None of the authors have any financial or non-financial competing interests.

Author details
'International Institute of Molecular and Cell Biology, 4 Ks. Trojdena St., 04-421 Warsaw, Poland. “Laboratory of Neuroge-

netics, Department of Neurodegenerative Disorders, Mossakowski Medical Research Centre of the Polish Academy of Sci-

ences, 5 Pawinskiego St, 02-106 Warsaw, Poland. *Department of Neurology and Epileptology, The Children’s Memorial
Health Institute, Aleja Dzieci Polskich 20, 04-730 Warsaw, Poland.

Received: 22 February 2021 Accepted: 10 May 2021
Published online: 18 May 2021

References

1.

20.

21.
22.

23.

24.

25.

26.

Malik AR, Urbanska M, Macias M, Skalecka A, Jaworski J. Beyond control of protein translation: what we have learned
about the non-canonical regulation and function of mammalian target of rapamycin (mTOR). Biochim Biophys Acta.
2013;1834(7):1434-48.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell. 2017;168(6):960-76.
Shimobayashi M, Hall MN. Making new contacts: the mTOR network in metabolism and signalling crosstalk. Nat Rev
Mol Cell Biol. 2014;15(3):155-62.

Switon K, Kotulska K, Janusz-Kaminska A, Zmorzynska J, Jaworski J. Molecular neurobiology of mTOR. Neuroscience.
2017;26(341):112-53.

Jacinto E, Loewith R, Schmidt A, Lin S, Ruegg MA, Hall A, et al. Mammalian TOR complex 2 controls the actin
cytoskeleton and is rapamycin insensitive. Nat Cell Biol. 2004;6(11):1122-8.

Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage H, et al. Rictor, a novel binding partner of
mTOR, defines a rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton. Curr Biol.
2004;14(14):1296-302.

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L, et al. The Rag GTPases bind raptor and medi-
ate amino acid signaling to mTORC1. Science. 2008;320(5882):1496-501.

Munson MJ, Allen GF, Toth R, Campbell DG, Lucocq JM, Ganley IG. mTOR activates the VPS34-UVRAG complex to
regulate autolysosomal tubulation and cell survival. EMBO J. 2015;34(17):2272-90.

Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin S, Erdin S, et al. A lysosome-to-nucleus signalling mechanism
senses and regulates the lysosome via mTOR and TFEB. EMBO J. 2012;31(5):1095-108.

Switon K, Kotulska K, Janusz-Kaminska A, Zmorzynska J, Jaworski J. Tuberous sclerosis complex: from molecular biol-
ogy to novel therapeutic approaches. [IUBMB Life. 2016;68(12):955-62.

. DiNardo A, Kramvis |, Cho N, Sadowski A, Meikle L, Kwiatkowski DJ, et al. Tuberous sclerosis complex activity is

required to control neuronal stress responses in an mTOR-dependent manner. J Neurosci. 2009;29(18):5926-37.
Jiang X, Yeung RS. Regulation of microtubule-dependent protein transport by the TSC2/mammalian target of
rapamycin pathway. Cancer Res. 2006;66(10):5258-69.

Jones KA, Jiang X, Yamamoto Y, Yeung RS. Tuberin is a component of lipid rafts and mediates caveolin-1 localization:
role of TSC2 in post-Golgi transport. Exp Cell Res. 2004;295(2):512-24.

Boulbes D, Shaiken T, Sarbassov DD. Endoplasmic reticulum is a main localization site of mTORC2. Biochem Biophys
Res Commun. 2011;413(1):46-52.

Drenan RM, Liu X, Bertram PG, Zheng XFS. FKBP12-rapamycin-associated protein or mammalian target of rapamycin
(FRAP/mTOR) localization in the endoplasmic reticulum and the Golgi apparatus. J Biol Chem. 2004,279(1):772-8.
Liu X, Zheng XF. Endoplasmic reticulum and Golgi localization sequences for mammalian target of rapamycin. Mol
Biol Cell. 2007;18(3):1073-82.

Thomas JD, Zhang Y-J, Wei Y-H, Cho J-H, Morris LE, Wang H-Y, et al. Rab1A is an mTORC1 activator and a colorectal
oncogene. Cancer Cell. 2014;26(5):754-69.

Sharpe LJ, Luu W, Brown AJ. Akt phosphorylates Sec24: new clues into the regulation of ER-to-Golgi trafficking. Traf-
fic. 2011;12(1):19-27.

Tillmann KD, Millarte V, Farhan H. Regulation of traffic and organelle architecture of the ER-Golgi interface by signal
transduction. Histochem Cell Biol. 2013;140(3):297-306.

D'Arcangelo JG, Stahmer KR, Miller EA. Vesicle-mediated export from the ER: COPII coat function and regulation.
Biochim Biophys Acta. 2013;1833(11):2464-72.

Gomez-Navarro N, Miller E. Protein sorting at the ER-Golgi interface. J Cell Biol. 2016;215(6):769-78.

Lopes-da-Silva M, McCormack JJ, Burden JJ, Harrison-Lavoie KJ, Ferraro F, Cutler DF. A GBF1-dependent mechanism
for environmentally responsive regulation of ER-Golgi transport. Dev Cell. 2019;49(5):786-801.e6.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, et al. AMPK phosphorylation of raptor
mediates a metabolic checkpoint. Mol Cell. 2008;30(2):214-26.

Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell growth and survival. Cell.
2003;115(5):577-90.

Gan W, Zhang C, Siu KY, Satoh A, Tanner JA, Yu S. ULK1 phosphorylates Sec23A and mediates autophagy-induced
inhibition of ER-to-Golgi traffic. BMC Cell Biol. 2017;18(1):22.

Joo JH, Wang B, Frankel E, Ge L, Xu L, lyengar R, et al. Noncanonical role of ULK/ATG1 in ER-to-Golgi trafficking is
essential for cellular homeostasis. Mol Cell. 2016;62(4):491-506.

Page 17 of 18



Koscielny et al. Cell Mol Biol Lett (2021) 26:18 Page 18 of 18

27. Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer AM, Hinkle G, et al. A lentiviral RNAi library for human and mouse
genes applied to an arrayed viral high-content screen. Cell. 2006;124(6):1283-98.

28. KangVJ, Lu M-K, Guan K-L. The TSC1 and TSC2 tumor suppressors are required for proper ER stress response and
protect cells from ER stress-induced apoptosis. Cell Death Differ. 2011;18(1):133-44.

29. Boncompain G, Divoux S, Gareil N, de Forges H, Lescure A, Latreche L, et al. Synchronization of secretory protein
traffic in populations of cells. Nat Methods. 2012;9(5):493-8.

30. Koscielny A, Malik AR, Liszewska E, Zmorzynska J, Tempes A, Tarkowski B, et al. Adaptor complex 2 controls dendrite
morphology via mTOR-dependent expression of GluA2. Mol Neurobiol. 2018;55(2):1590-606.

31. Thévenaz P, Ruttimann UE, Unser M. A pyramid approach to subpixel registration based on intensity. IEEE Trans
Image Process. 1998,7(1):27-41.

32. Hareza A, Bakun M, Swiderska B, Dudkiewicz M, Koscielny A, Bajur A, et al. Phosphoproteomic insights into processes
influenced by the kinase-like protein DIA1/C30rf58. PeerJ. 2018,6:€4599.

33, McCaughey J, Stevenson NL, Cross S, Stephens DJ. ER-to-Golgi trafficking of procollagen in the absence of large
carriers. J Cell Biol. 2019;218(3):929-48.

34. Huang J, Dibble CC, Matsuzaki M, Manning BD. The TSC1-TSC2 complex is required for proper activation of mTOR
complex 2. Mol Cell Biol. 2008;28(12):4104-15.

35. Huang J, Wu S, Wu C-L, Manning BD. Signaling events downstream of mammalian target of rapamycin complex
2 are attenuated in cells and tumors deficient for the tuberous sclerosis complex tumor suppressors. Cancer Res.
2009;69(15):6107-14.

36. Laberge R-M, SunY, Orjalo AV, Patil CK, Freund A, Zhou L, et al. MTOR regulates the pro-tumorigenic senescence-
associated secretory phenotype by promoting ILTA translation. Nat Cell Biol. 2015;17(8):1049-61.

37. Kleymenova E, Ibraghimov-Beskrovnaya O, Kugoh H, Everitt J, Xu H, Kiguchi K, et al. Tuberin-dependent membrane
localization of polycystin-1: a functional link between polycystic kidney disease and the TSC2 tumor suppressor
gene. Mol Cell. 2001;7(4):823-32.

38. TakahashiY, Meyerkord CL, Hori T, Runkle K, Fox TE, Kester M, et al. Bif-1 regulates Atg9 trafficking by mediating the
fission of Golgi membranes during autophagy. Autophagy. 2011;7(1):61-73.

39. Lambelet M, Terra LF, Fukaya M, Meyerovich K, Labriola L, Cardozo AK, et al. Dysfunctional autophagy following
exposure to pro-inflammatory cytokines contributes to pancreatic 3-cell apoptosis. Cell Death Dis. 2018;9(2):96.

40. Hsu PP, Kang SA, Rameseder J, Zhang Y, Ottina KA, Lim D, et al. The mTOR-regulated phosphoproteome reveals a
mechanism of mMTORC1-mediated inhibition of growth factor signaling. Science. 2011;332(6035):1317-22.

41. Robitaille AM, Christen S, Shimobayashi M, Cornu M, Fava LL, Moes S, et al. Quantitative phosphoproteomics reveal
mTORC1 activates de novo pyrimidine synthesis. Science. 2013;339(6125):1320-3.

42. Schwarz JJ, Wiese H, Tolle RC, Zarei M, Dengjel J, Warscheid B, et al. Functional proteomics identifies acinus | as a
direct insulin- and amino acid-dependent mammalian target of rapamycin complex 1 (mTORC1) substrate. Mol Cell
Proteomics. 2015;14(8):2042-55.

43. YuY,Yoon SO, Poulogiannis G, Yang Q, Ma XM, Villen J, et al. Phosphoproteomic analysis identifies Grb10 as an
mTORC1 substrate that negatively regulates insulin signaling. Science. 2011;332(6035):1322-6.

44. Vaughan KT. Microtubule plus ends, motors, and traffic of Golgi membranes. Biochim Biophys Acta.
2005;1744(3):316-24.

45. Watson P, Stephens DJ. Microtubule plus-end loading of p150(Glued) is mediated by EB1 and CLIP-170 but is not
required for intracellular membrane traffic in mammalian cells. J Cell Sci. 2006;119(Pt 13):2758-67.

46. TakaharaT, Inoue K, AraiY, Kuwata K, Shibata H, Maki M. The calcium-binding protein ALG-2 regulates protein secre-
tion and trafficking via interactions with MISSL and MAP1B proteins. J Biol Chem. 2017;292(41):17057-72.

47. Zhu M, Wu G, Li Y-X, Stevens JK, Fan C-X, Spang A, et al. Serum- and glucocorticoid-inducible kinase-1 (SGK-1) plays
arole in membrane trafficking in caenorhabditis elegans. PLoS ONE. 2015;10(6):e0130778.

48. Gurel PS, Hatch AL, Higgs HN. Connecting the cytoskeleton to the endoplasmic reticulum and Golgi. Curr Biol.
2014,24(14):R660-72.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	mTOR controls endoplasmic reticulum–Golgi apparatus trafficking of VSVg in specific cell types
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	DNA constructs and lentiviral particle production
	Antibodies and drugs
	Cell line culture, transfection, and transduction
	Western blot
	Immunofluorescence and imaging of fixed cells
	RUSH assay and image analysis
	Statistical analysis

	Results
	Endoplasmic reticulum-GA transport of VSVg is mTOR-independent in HeLa and MCF7 cells
	mTOR inhibition affects VSVg transport through the ER-GA in PC12 cells and human fibroblasts
	Lack of TSC results in faster VSVg transport through the ER-GA

	Discussion
	Conclusions
	Acknowledgements
	References


