
Figure 8. The C-terminal HVD of Rab1A is important for its localization to APs.
(A) GFP-Rab1A and the GFP-Rab1B-HVD-1A chimera, but not GFP-Rab1B or GFP-Rab1B-197G, colocalize with the APmarker LC3. Rab1AKO cells transiently transfected with
(top to bottom): GFP-Rab1A, GFP-Rab1B-Chi, GFP-Rab1B, and GFP-Rab1B-197G, were treated with EBSS+BafA1 (as in Fig 2A), fixed withmethanol and visualized using Z stack.
Shown are 3D Z-stacks (left to right): GFP, LC3, merge, inset (enlarged view of inset in from merge). Arrows point to colocalization (white) of GFP (green) with the
autophagosome marker LC3 (magenta). Scale bar, 20 µm. Also see Video 1 and Video 2. (A, B) Bar graph showing quantification of GFP-Rab1/LC3 colocalization (in cells
from panel (A) and Fig 7D). Green bars show percent of transfected cells with GFP-LC3 colocalization. Significantly more colocalization is seen in cells transfected with GFP-
Rab1A or Rab1B-Chi than in cells with GFP-Rab1B or Rab1B-197G. (B) The data shown in panel (B) correspond to mean ± SD of four independent experiments (***P < 0.001,
ns – not statistically significant). (C) The model summarizing the results shown here: like the yeast Ypt1, both Rab1A and Rab1B control the ER-to-Golgi step of the
secretory pathway (top), whereas only Rab1A, and not Rab1B, regulates AP formation in stress-induced autophagy (bottom).
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level of the AP membrane available in Rab1AKO and Atg9KO cells to
which LC3II can attach would lead to a reduction in LC3II level
(either due to inhibition of LC3 lipidation or instability of LC3II when
not in membranes).

Mechanism of Rab1A specificity in autophagy

We used the fact that Rab1B does not function in autophagy to
create a chimera in which the HVD of Rab1A (the 25 C-terminal
amino acids) replaces the HVD of Rab1B. This chimera behaves like
Rab1A in complementing the autophagy defect of Rab1AKO cells, AP
formation, and the localization to APs. Thus, the HVD of Rab1A is
sufficient to render a Rab1B that can function in autophagy and
localize to APs.

Importance of these findings

The importance of these results is twofold: in providing a mech-
anism for dual activity of a single Rab GTPase in two different
pathways and for human health. First, to our knowledge, this is the
first demonstration of a role for the HVD domain in granting a single
Rab a dual role in two completely different trafficking pathways:
secretion and autophagy. Although the importance of HVD for the
localization of different Rab subfamilies to specific organelles is
known (Chavrier et al, 1991; Li et al, 2014), we show a differentiating
role for the HVD in the cellular function of two nearly identical Rabs
from the same subfamily. Rab1A and Rab1B play similar functions in
one pathway, that is, secretion, and HVD enables Rab1A to function
in a different pathway, that is, autophagy. Many of the ~70 human
Rabs have multiple paralogs (Homma et al, 2021), and HVD-
specificity could play a role in other processes too. Second,
Rab1A and Rab1B were implicated in multiple human diseases that
range from cancer to neurodegeneration (Winslow et al, 2010;
Coune et al, 2011; Thomas et al, 2014; Xu et al, 2015; Halberg et al,
2016). The two processes they regulate were also shown to be
important for cancer (Yun & Lee, 2018; Del Giudice et al, 2022) and
neurological disorders (Nah et al, 2015; Kuo et al, 2021). Data pre-
sented here enable teasing apart the association of Rab1A or Rab1B
with these diseases (see below).

Future questions

Findings presented here raise new mechanistic questions about
the role of Rab1A/B in other types of autophagy, the exact
mechanism by which Rab1A-HVD functions in autophagy versus
secretion, the possibility that HVD plays a similar role in other Rabs,
and the idea that Rabs can coordinate different pathways. First,
although we show here that only Rab1A, and not Rab1B, plays a role
in stress-induced autophagy, the question of which Rab1 plays a
role in selective autophagy processes is still open. For example,
mitophagy and granulophagy, which clear damaged mitochondria
and protein aggregates, respectively, are important for cancer and
neurodegenerative diseases (Frankel et al, 2017; Killackey et al,
2020). It is still an open question whether Rab1A and/or Rab1B
play roles in such processes. Second, it is important to determine
what in Rab1A-HVD is key for its role in stress-induced autophagy,
for example, which of the eight amino acids that differ between

Rab1A and Rab1B are crucial for differentiating Rab1A and Rab1B,
and if post-translation modifications and/or interactions with
other proteins, for example, guanine-nucleotide exchange factor,
GDI or effectors, are involved in its dual functionality. Third, Rab1A is
the first example of Rab that can coordinate secretion and early
autophagy. Rab5 is another example of a Rab that can coordinate
endocytosis and late autophagy (Chen et al, 2014; Zhou et al, 2017). It
is interesting to explore whether HVD domains of other human Rab
subfamilies can confer specific functions, for example, Rab3 A-D,
Rab5 A-C, and Rab6 A-C (Homma et al, 2021). Finally, we have
proposed that Rab GTPases play roles not only in regulation and
coordination of individual transport steps in a pathway, but also
in coordination of different pathways (Lipatova et al, 2015). While
coordination between pathways is logical for the optimal func-
tioning of cells, there is currently no evidence that it exists. The
finding that Rab1A is required for two different pathways provides
means for testing this idea.

Future questions about Rab1A/B in human health would center
around their association with acquired diseases associated with
aging, that is, cancer and neurological disorders. Because acti-
vation of both Rab1A and Rab1B were implicated in multiple
cancer types (Yang et al, 2016), both should be considered when
studying cancer. In contrast, only Rab1A, and not Rab1B, has been
associated with neurological disorders, for example, Parkinson’s
disease (Winslow et al, 2010; Coune et al, 2011; Ejlerskov et al, 2013;
Mazzulli et al, 2016; Hatstat et al, 2022), Alzheimer’s disease
(Mohamed et al, 2017), amyotrophic lateral sclerosis (Webster
et al, 2018), and intellectual disability (Tabata et al, 2022). In
light of the results presented here, we propose that it is the
function of Rab1A in autophagy that is important for its role in
neurological disorders. The finding that Rab1A can be inactivated
whereas Rab1B provides the essential function in secretion and
cell viability would allow studying the importance of secretion
versus autophagy in these diseases. Moreover, the ability to target
Rab1A without affecting cell growth and viability is crucial for
targeted therapeutic design.

Materials and Methods

Cell lines and plasmids

HEK293T cells, WT, and Rab1BKO were a kind gift from Dr. Stacy
Horner (Duke University) (Beachboard et al, 2019). HAP1 cells, WT,
and Rab1AKO were a kind gift from Dr. Thijn Brummelkamp (The
Netherlands Cancer Institute) (Blomen et al, 2015). Rab1AKO in
HEK293T cells, Rab1BKO in HAP1 cells, and Atg12KO in HEK293T and
HAP1 cells were generated in our laboratory. The plasmids used in
this study are RAB1A cDNA ORF Clone, Human, N-Myc tag (HG16400-
NM; SinoBiological), RAB1B cDNA ORF Clone, Human, N-HA tag
(HG15447-NY; SinoBiological), pEGFP-C1-mouse Rab1A, constructed
by Mitsunori Fukuda (2004.1.14), pEGFP-C1-mouse Rab1B, constructed
by Mitsunori Fukuda (2004.1.31) (Ishida et al, 2012), pNL1.3CMV(SecNIuc)
plasmid-encoding NanoLuciferase was a kind gift from Prof. Paul
Melancon. The oligonucleotides were bought from Integrated DNA
Technologies.
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We generated the Rab1A gene KO in HEK293T cells using CRISPR/
Cas9, according to jetCRISPR RNP transfection reagent protocol for
reverse transfection. In brief, an RNP complex was formed by in-
cubation of gRNA with Cas9. The complex was transfected into
HEK293T WT cells using lipid nanoparticles which resulted in gene
editing at the genomic target site. DNA from single-cell clones with
the desired edit was isolated and sequenced to confirm the KO
(Elkhadragy et al, 2021).

The Rab1BA chimera plasmid was constructed by homologous
re-combinational cloning (Jacobus & Gross, 2015). Specifically, one
pair of primers were designed to amplify the AA 1–AA 177 of the N
terminus of Rab1B from pEGFP-C1-Rab1B plasmid and about 4.5-kb
part of the pEGFP-C1 vector before the Rab1B gene. pEGFP-C1-Fwd:
59-GCTCATGAGACAATAACCCTGATAAATGCTTC-39 and Rab1B-Rev: 59-
TGCTCCTGGCCCCATCCG-39. Another pair of primers to amplify the AA
181–AA 205 of C terminus Rab1A and about 800 bp of the rest of
the vector sequence after the Rab1A stop codon sequence from
pEGFP-C1-Rab1A plasmid.Rab1A-Fwd: 59-GCTGCAGAGATCAAAAAGCG-
GATGGGGCCAGGAGCAACAGCTGGTGGTGCCGAG–39. pEGFP-C1-Rev:
59-GAAGCATTTATCAGGGTTATTGTCTCATGAGC-39. Rab1A-Fwd and
pEGFP-C1-Rev have their N terminus homologous with Rab1B-Rev or
pEGFP-C1-Fwd. The two PCR products were then co-transformed into
NEB 5-α F’Iq Competent Escherichia coli (C2992I; New England
BioLabs) and recombinant plasmids resulting from in vivo homol-
ogous recombination were then isolated, purified, and confirmed by
sequencing. The obtained plasmids were then used to transfect
HEK293T cells.

Reagents

The following antibodies were used in this study: rabbit Anti-LC3B
(2775S; Cell Signaling Technology), for immunofluorescence and
Western blotting, Anti-SQSTM1/p62 (2C11) (ab56416; Abcam) for
immunofluorescence and Western blotting, rabbit Anti-LAMP1
(D2D11) XP, (9091; Cell Signaling Technology) for immunofluores-
cence, mouse Anti-LAMP1 (D4O1S) (15665; Cell Signaling Technol-
ogy), Anti-Atg12 (Human Specific) (2010S; Cell Signaling Technology),
mouse monoclonal Anti-Rab1B (SAB1400720; Sigma-Aldrich), rabbit
polyclonal Anti-Rab1A (11671-1-AP; Proteintech), rabbit monoclonal
Anti-GM130 (D6B1) (12480; Cell Signaling Technology), mouse
monoclonal anti–β-actin (A5441; Sigma-Aldrich), mouse monoclo-
nal Anti-Myc/c-Myc Antibody (9E10; Santa Cruz), mouse Anti-GFP
(11814460001; Roche). The HRP-conjugated secondary antibodies
were purchased from Cytiva, ECL Mouse IgG, HRP-linked whole Ab
from sheep (NA931V) and ECL rabbit IgG, HRP-linked whole Ab from
a donkey (NA934V). All Alexa-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories, Fluores-
cein (FITC) AffiniPure Goat Anti-Rabbit IgG 111-095-144, Alexa Fluor
594 AffiniPure Donkey Anti-Mouse IgG 715-585-150, and Alexa Fluor
647 AffiniPure Goat Anti-Rabbit IgG 111-605-144. All the media were
purchased from Sigma-Aldrich.

Cell culture

HEK293T cells were cultured in DMEM supplemented with 10% vol/
vol FBS, 100 U/ml penicillin–streptomycin. HAP1 cells were cultured
in IMDM media supplemented with 10% vol/vol fetal bovine serum;

100 U/ml penicillin-streptomycin as recommended by Horizon
Discovery. Cells were maintained in an incubator with 37°C, 5% CO2,
and humidified atmosphere, and passaged approximately every
3 d using Trypsin-EDTA solution (Sigma-Aldrich).

Transfection

For transient transfections, HEK293T cells were either seeded on
glass coverslips on 24-well plates or directly on six-well plates.
When cells were 60–70% confluent, transfections were performed
with Lipofectamine 2000 (Invitrogen), according to the manufac-
turer’s instructions. Briefly, a mixture of optiMEM with 1 µg of DNA
was incubated at room temperature for 5 min. Another mixture
containing optiMEM and Lipofectamine 2000 was prepared and
incubated for 5 min. Both solutions were then mixed and incubated
for ~20 min. The mixture was then added to the cells. For stable
expression, HEK293T and HAP1 cells were transfected with Lipo-
fectamine 2000 (Invitrogen), according to the manufacturer’s in-
structions, following the same protocol as mentioned previously
and subsequently, cells were selected with 0.7 mg/ml hygromycin.

Immunofluorescence microscopy

For immunofluorescence, cells were grown on poly-L-lysin–coated
coverslips overnight to 60–80% confluence. After incubation under
different experimental conditions, cells were fixed with ice-cold
methanol: acetone (2:1) for 5–10 min at −20°C or with 4% PFA fol-
lowed by permeabilization with 0.25% Triton X-100. Cells were
washed with PBS and blocked with 2% BSA and 5% goat serum for
1 h at room temperature to reduce the non-specific binding of the
primary and secondary antibodies. Cells were then incubated with
primary antibodies at appropriate dilution for 1 h at room tem-
perature or overnight at 4°C. Coverslips were then washed three
times with PBS and incubated with secondary antibodies for 1 h at
room temperature. The primary and secondary antibodies were
prepared in the blocking buffer. The dilution of the secondary
antibodies used here was 1:800. After three washes with PBS, the
coverslips were mounted on glass slides with ProLong Diamond
Antifade Mountant (Invitrogen). The coverslips were then imaged
using Zeiss LSM 700 laser scanning confocal microscope or
Yokogawa Spinning Disk confocal Leica DM8i inverted microscope.

Luciferase secretion assay

HEK293T cells were transfected with pNL1.3CMV(SecNIuc) plasmid-
encoding NanoLuciferase. For secretion measurements, cells were
washed with serum-free medium placed in a fresh medium with or
without BFA (10 µg/ml for 2 h). The luciferase assay was done as
previously described (Kumar et al, 2016). At the indicated time
points 0, 20, 40, 60, 80, 100, and 120 min, the medium was collected
and total luciferase in cell lysates and it was assessed using the
luciferase substrate coelenterazine prepared at 1.4 μm in a lucif-
erase assay buffer (25 mm glycylglycine, pH 7.8, 15 mm K2PO4, pH 7.8,
15 mm MgSO4, and 4 mm EGTA). Total cell luciferase was measured
after lysing the cells in 200-μl luciferase lysis buffer (0.1% [vol/vol]
Triton X-100, 25 mM glycylglycine, pH 7.8, 15 mM MgSO4, 4 mM EGTA,
and 1 mM dithiothreitol). The signal was quantitated with a
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fluorescence microplate reader. A fraction of the secreted luciferase
was calculated as (total signal from growth medium)/(total signal
from growth medium + total signal from lysed cells).

Autophagy analysis by fluorescence microscopy

Autophagy in HEK293T and HAP1 cells was induced by serum and
amino acid deprivation or by rapamycin treatment (200 nM). Cells
were cultured in complete media for 24 h, then washed and in-
cubated either in EBSS or with rapamycin for 3 h in the presence or
absence of 100 nM bafilomycin A1 (BafA1) during the last 1.5 h.
Autophagy was determined by counting the LC3 puncta per cell, the
LC3/p62 colocalized dots (likely corresponding to APs), and the LC3/
LAMP colocalizing puncta. For quantification, 5–10 randomly se-
lected fields per slide representing about 80 cells per data point
were taken at 63× objective. The number of puncta was automat-
ically counted using semi-automated counting in Adobe Photoshop
using raw images. Threshold was adjusted to highlight all the
structures to be counted. After determining the threshold, the
background noise was removed. The same parameters were ap-
plied to all the images to be quantified. For each single fluorescent
image, the total number of puncta present was determined, and the
average amount in each images was calculated. The number of cells
and/or colocalizing foci was manually recorded using the counting
tool in Photoshop. Number of cells was determined by counting
DAPI-stained nuclei (this number was corrected for partial cells in
the image edges). Colocalization was determined by counting
puncta that do or do not overlap on a single plane. To avoid
variations, all quantifications were carried out by the same person.
For statistical analyses, we used t test with mean ± SD (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, ns – not statistically sig-
nificant) in GraphPadPrism software. Panels in the figures represent
cropped fields of microscopy images and were processed using
Adobe Photoshop. Specifically, for setting the brightness, contrast,
sharpness, and background removal, the untreated WT cells were
used as a standard and these settings were applied to all the panels
in the experiment.

Western blot analysis

HEK293T and HAP1 cells were seeded on a six-well plate and,
following treatment cells, were washed twice in ice-cold PBS
containing protease and phosphatase inhibitors (0.5 mM PMSF,
EDTA-free protease inhibitor cocktail tablet). Cells were then har-
vested and lysed with an NP-40–based lysis buffer (150 mMNaCl,
50mM Tris–HCl, pH 7.4, 1 mM EDTA, and 1%NP-40) (Sharifi et al, 2015).
The samples were denatured in Laemmli’s buffer and the proteins
were resolved on 12% SDS–PAGE gel and transferred to a PVDF
membrane overnight at 4°C. The protein bands were detected
after incubation with the appropriate primary antibodies for 1–2 h
at room temperature, except incubation with anti-Rab1A and
anti-Rab1B which was done overnight at 4°C. After 3× washing with
Tris-buffered saline with Tween-20 (50 mm NaCl, 0.5% [vol/vol]
Tween-20, 20 mm Tris-HCl, pH 7.5), the HRP-conjugated sec-
ondary antibodies were applied. The protein bands were visualized
by ECL (GE Healthcare) and exposed to X-ray films. Quantification
was done using ImageJ or Image Studio Lite software (LI-COR

Biotechnology). For Image Studio Lite, a tiff image from the Western
blot was scanned from an x-ray film. The bands to be analyzed were
manually selected and a rectangle was drawn to encompass the
band in the first lane, large enough to enclose each of the
remaining bands. An identically sized box was automatically added
to the subsequent lanes for the background noise to be removed
from all of the samples. Overexposed bands with a value of infinity
were excluded from the quantification. The raw signal values were
exported to an Excel spreadsheet and the relative density of the
samples were calculated and normalized to the first lane, used as a
standard. For statistical analyses, we used t test with mean ± SD
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns – not statistically
significant) in GraphPadPrism software.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202201810.
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