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Abstract

Background: Cellular vacuolization is a commonly observed phenomenon under physiological and pathological conditions. However,
the mechanisms underlying vacuole formation remain largely unresolved. Methods: LysoTracker Deep Red probes and Enhanced Green
Fluorescent Protein-tagged light chain 3B (LC3B) plasmids were employed to differentiate the types of massive vacuoles. By confocal
microscopy, lysosome-like massive vacuoles (LysoTracker Deep Red™), autophagosome-like massive vacuoles (LC3B-enhanced green
fluorescent protein (EGFP™)), and autolysosome-like massive vacuoles (LC3B-EGFP™ LysoTracker Deep Red™) in starved HEK293T
cells were observed. Results: In this study, we demonstrated that nutrient deficiency can induce the formation of massive vacuoles that
appear highly electron-lucent in HEK293T cells. Additionally, these massive vacuoles, resulting from nutrient depletion, can originate
from various organelles, including small vacuoles, autophagosomes, lysosomes, and autolysosomes. We found that massive vacuoles
could form through two primary mechanisms: the accumulation of small vacuoles into larger vacuoles or the fusion of homogeneous
or heterogeneous vacuoles. Further analysis revealed that the membranes of massive vacuoles, regardless of origin, were composed of
a bilayer membrane structure. As the volume of the massive vacuoles increased, the cytoplasm and nucleus were displaced toward the
periphery of the cells, leading to the formation of signet ring-like cells. Interestingly, we provided evidence that complete massive vac-
uoles or autophagosome-like massive vacuoles can be released and exist independently outside HEK293T cells. Conclusions: Nutrient
deprivation induces the formation of heterogeneous, massive vacuoles in human embryonic kidney cells, some of which contribute to
the development of signet ring cells, while others lead to extracellular vacuole formation.
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1. Introduction pancreatitis (AP) is a severe inflammatory disorder of the
exocrine pancreas, which can induce not only dysregulation
of digestive enzyme production but also cytoplasmic vac-
uolization [14]. Moreover, procaine and other drugs have
been reported to induce vacuolization in various cell types
[15-17]. Abamectin is widely used for its strong insectici-
dal and anthelmintic activities. It can induce large vacuoles
in Sertoli and spermatogenic cells by electron microscopy
examinations [18]. In addition, late endosomes can undergo
vacuolization when treated with a phosphatidylinositol 3-
kinase inhibitor in certain cells [19].

Cellular vacuolization is a morphological phe-
nomenon observed in mammalian cells both in vivo and
in culture [1,2]. The role of vacuoles in mammalian
cells is often underestimated. It is important to recognize
that cellular vacuolization serves as an adaptive, survival
response to environmental changes; however, it can also
contribute to cell death [3,4]. Methuosis, a specific form of
cell death, occurs when cells excessively accumulate fluid
through macropinocytosis [5]. This process can lead to
the accumulation of late endosomes in the cytoplasm, and

cytoplasmic vacuolation may persist for several days [6,7]. Autophagy can induce cellular vacuolization, which

Cellular vacuolization is frequently observed in mam-
malian cells following exposure to bacterial or viral
pathogens, as well as various inductive stimuli [8—10].
Both bacterial protein toxins and viral capsid or envelope
proteins can induce cytoplasmic vacuolization [3,11,12].
In infected epithelial cells, human papillomavirus (HPV)
can lead to the formation of multiple perinuclear vacuoles.
Monel et al. [13] demonstrated that the Zika virus can in-
duce extensive cytoplasmic vacuolization in human epithe-
lial cells, astrocytes, and primary skin fibroblasts. Acute

may reflect specific characteristics of this process [20,21].
Autophagosomes are cellular compartments formed under
nutrient-deficient conditions and other pathological states
[22]. Autophagy begins with the sequestration of cyto-
plasmic organelles within double membranes, followed by
the generation of autolysosomes through the fusion of au-
tophagosomes with lysosomes [23]. Autophagosomes are
relatively small, with a diameter of 0.5-2 pm, similar to the
size of mammalian lysosomes, which are approximately 0.5
um in diameter [24]. However, autolysosomes can expand

Copyright: © 2025 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL26796
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9987-8037
https://orcid.org/0000-0002-7554-7719
https://orcid.org/0000-0003-0693-4819

significantly, sometimes filling the cytoplasm with a diam-
eter of up to 10 um, as observed under microscopy.

Recently, we investigated the formation process of
massive autophagic vacuoles in HEK293T cells overex-
pressing the autophagosomal protein enhanced green flu-
orescent protein-microtubule associated protein light chain
3B (EGFP-LC3B) under nutrient-deficient conditions us-
ing confocal microscopy. Notably, we observed signifi-
cant heterogeneity in these massive vacuoles under starva-
tion conditions, raising the question of whether autolyso-
somes are the sole form induced to form massive vacuoles
under starvation conditions. To differentiate the types of
massive vacuoles, we employed LysoTracker Deep Red
probes and EGFP-tagged LC3B plasmids. Consequently,
by confocal microscopy, we observed lysosome-like mas-
sive vacuoles (LysoTracker Deep Red™), autophagosome-
like massive vacuoles (LC3B-EGFP™), and autolysosome-
like massive vacuoles (LC3B-EGFPT LysoTracker Deep
Red™) in starved HEK293T cells. Additionally, we exam-
ined the formation process and characteristics of these dif-
ferent types of massive vacuoles.

2. Materials and Methods
2.1 Plasmids and Reagents

The pEGFP-LC3B (human) vector was obtained
from Wuhan Miaoling Bioscience & Technology (Wuhan,
China), while the pEGFP-N3 vector was sourced from
CLONTECH Laboratories, Inc. (Mountain View, CA,
USA). LysoTracker Deep Red was procured from Thermo
Fisher Scientific (L12492, Waltham, MA, USA), and
Earle’s balanced salt solution (EBSS) was purchased from
Gibco (1854705, Waltham, MA, USA). 4’,6-diamidino-2-
phenylindole (DAPI) was acquired from Sigma (D9542, St.
Louis, MO, USA).

2.2 Cell Culture and Starvation Treatment

HEK293T cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) medium (SH30022.01, GE
Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum, 4.5 g/L glucose, 4.0 mM
L-glutamine, and sodium pyruvate. The cells were main-
tained in a humidified 5% CO- atmosphere at 37 °C. To in-
duce autophagy, the cells were subjected to starvation con-
ditions. Specifically, the day after transfection, the cells
were washed three times with phosphate-buffered saline
(PBS, SH30256.01B, Thermo Fisher Scientific, Waltham,
MA, USA) and then starved in EBSS for 2 hours at 37 °C
in a humidified CO4 incubator. HEK293T cell lines were
validated by short tandem repeat (STR) profiling and tested
negative for mycoplasma.

2.3 Transfection

HEK?293T cells were transfected with plasmid DNA
using Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA, USA), following the manufacturer’s proto-

col. Briefly, HEK293T cells were seeded in confocal dishes
(801001, NEST Biotechnology Co., Ltd., Wuxi, China).
On the day of transfection, the cells were 50 to 60% con-
fluent. For each dish of cells, dilute 2 pg of plasmid DNA
into 150 pL of OptiMEM Medium (Gibco, Waltham, MA,
USA) and mix gently. Then, dilute 4 uL of Lipofectamine
2000 into 150 pL OptiMEM Medium (Gibco, Waltham,
MA, USA), mix gently and incubate for 5 min at room tem-
perature. Add the diluted DNA to the diluted Lipofectamine
2000, mix gently and incubate for 20 minutes at room tem-
perature. Add DNA-lipid complexes to cells. Incubate the
cells at 37 °C in a CO4 incubator. After 5 hours, the DNA-
lipid complexes were removed and the fresh complete cul-
ture medium was added until ready to assay.

2.4 LysoTracker Probes Staining

Following starvation treatment, a portion of the
HEK293T cells was stained with LysoTracker Deep Red
(50 nM) for 30 minutes. LysoTracker probes label acidic or-
ganelles, primarily lysosomes. The cells were then washed
three times with PBS (SH30256.01B, Thermo Fisher Scien-
tific, Waltham, MA, USA), resuspended in PBS, and sub-
jected to confocal microscopy (Leica Microsystems Inc.,
Mannheim, Germany) analysis.

2.5 DAPI Staining

After 24 hours of transfection and subsequent treat-
ment, HEK293T cells were fixed with 4% paraformalde-
hyde (A500684-0500, Sangon Biotech Co., Ltd., Shanghai,
China) in PBS for 10 minutes at room temperature. The
cells were then washed three times with PBS, incubated for
5 minutes in 0.1% Triton X-100 (A600198-0500, Sangon
Biotech Co., Ltd., Shanghai, China) in PBS, and washed
again three times with PBS. The samples were stained with
DAPI (300 nM) for five minutes and washed three more
times with PBS. Finally, the samples were resuspended in
PBS and subjected to confocal microscopy analysis.

2.6 Confocal Microscopy

Fluorescence images were captured using a Leica
TCS SP5 confocal microscope (Leica Microsystems Inc.,
Mannheim, Germany) equipped with a 63 x oil immersion
objective. The results were obtained in sequential scan
mode, with samples selectively excited at laser wavelengths
of 405 nm, 488 nm or 633 nm. Images were acquired us-
ing LAS AF Lite software 2.6 (Leica Microsystems Inc.,
Mannheim, Germany). The scale bars in the images repre-
sent either 5 ym or 10 pm.

2.7 Statistical Analysis

Data are shown from a single experiment by confo-
cal microscopy with technical duplicates (6 fields per dish).
The data were expressed as mean + standard deviation
(SD), and each experiment was repeated at least three times.
The statistical analyses were conducted by unpaired stu-
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dent’s ¢-test using GraphPad Prism 9.0 software (Graph-
Pad Software Inc., San Diego, CA, USA). The differences
were considered statistically significant when the p-value
was less than 0.05.

3. Results and Discussion
3.1 The Existence of Massive Vacuole in HEK293T Cells

In general, vacuoles are considered organelles respon-
sible for disposing of cellular waste in eukaryotic cells. Ac-
cording to previous reports, various factors, such as carbon
tetrachloride, osmotic swelling and alterations in membrane
tension, are believed to play key roles in vacuole formation
[25-28].

In this study, HEK293T cells were transfected with
the pEGFP-LC3B vector, and LC3B-EGFP aggregation
was visualized using a confocal microscope. As shown
in Fig. 1A, treatment with EBSS significantly induced au-
tophagosome formation, as evidenced by the presence of
green LC3B-EGFP puncta in HEK293T cells (arrow 1).
Interestingly, intracellular massive vacuoles were also ob-
served in HEK293T cells, which were negative for LC3B-
EGFP (Fig. 1A, arrow 2). Unlike the results described
above, vacuoles were not observed during fatiguing stim-
ulation in muscle cells; however, vacuole formation has
been reported during the recovery period [29]. This dis-
crepancy may be due to differences in cell types, leading to
completely opposite responses to starvation. In the adenine-
induced CKD (chronic kidney disease) mice, the vacuoliza-
tion of renal tubular epithelial cells was also reported [30].

By overlaying bright-field and dark-field images, it
was clearly shown that these large intracellular vesicles
were localized between the plasma membrane and the nu-
cleus, with some filled with fluids and small vesicles or
pellets (Fig. 1B). As showing in Fig. 1C, starvation promi-
nently induced the formation of massive vacuoles compared
with the control group cultivated in complete medium (p <
0.05). We observed that small vesicles could quickly enter
larger vesicles (Fig. 1D, upper panel). As shown in Fig. 1D
(lower panel, T: 00:00), a small, dark-colored vesicle (red
arrow) and a small, light-colored vesicle (yellow arrow)
were positioned near a relatively large vesicle (blue arrow).
The two small vesicles then moved rapidly toward the large
vesicle (Fig. 1D, T: 00:22). Subsequently, the small, light-
colored vesicle made contact with the large vesicle (Fig. 1D,
T: 00:55). Eventually, the small, light-colored vesicle com-
pletely entered the large vesicle (Fig. 1D, T: 01:41). Further
confocal analysis suggested that the fusion of small intracel-
lular vesicles might also lead to the formation of large vac-
uoles. As shown in Fig. 1E, two small vesicles have just
fused, and the contour cut between the vesicles is clearly
visible (arrow 1).

3.2 Heterogeneity of Massive Vacuole in HEK293T Cells

We discover that a typical feature of massive vacuoles
is their heterogeneity. To verify the biological properties
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of massive vacuoles, HEK293T cells were transfected with
an EGFP-LC3B-encoding plasmid, treated with EBSS, and
stained with LysoTracker Deep Red, which labels lysoso-
mal compartments. Some massive vacuoles were Lyso-
Tracker Deep Red-negative, indicating that these vacuoles
had a non-acidic internal pH in their initial state (Fig. 2A).
However, Fig. 2B highlights the presence of acidic mas-
sive vacuoles (arrow 1) that are significantly larger than
primary lysosomes (arrow 2). Interestingly, some massive
vacuoles exhibited heterogeneity. As illustrated in Fig. 2C,
several secondary lysosomes, which were positive for Lyso-
Tracker Deep Red, were present within a massive vacuole;
however, the matrix of the vacuole was negative for Lyso-
Tracker Deep Red. LysoTracker Deep Red staining also
demonstrated variability in pH among different massive
vacuoles. Fig. 2D shows that the pH of these vacuoles
was heterogeneous. Moreover, significant differences in
pH values were observed among different autolysosomes
(data not shown). We also observed that lysosomes and au-
tophagosomes could coexist within some massive vacuoles
(Fig. 2E).

3.3 Formation of Acidic Massive Vacuole by Lysosome
Accumulating or Fusion

In this study, we identified two mechanisms by which
small lysosomes can form acidic massive vacuoles. The
first mechanism involves the accumulation of small lyso-
somes into a large vacuole. We found that lysosomes play
an important role in the formation of acidic massive vac-
uoles. As shown in Fig. 3A, a primary lysosome was lo-
calized around a massive vacuole in the cytoplasm. The
primary lysosome then moved toward and entered the mas-
sive vacuole within 60 seconds. Interestingly, we observed
that secondary lysosomes could also enter the massive vac-
uole directly. Fig. 3B illustrates a secondary lysosome par-
tially entering a massive vacuole. Additionally, the fusion
of small vacuoles with a massive vacuole was dynamically
observed.

The second mechanism involves the fusion of small
acidic vacuoles, resulting in the formation of an acidic mas-
sive vacuole. Fig. 3C shows two small vacuoles near a mas-
sive vacuole. After 220 seconds, the two small acidic vac-
uoles directly fused with the massive vacuole. Consistent
with this, Henics T also suggested that the fusion of small
intracellular vesicles might be the primary mechanism lead-
ing to the formation of massive vacuoles [31]. We found
that a small, light-colored vesicle could completely enter
a large vesicle in less than 2 minutes (Fig. 1D). Moreover,
the fusion of small vacuoles can occur between neighboring
cells (data not shown).

3.4 Formation of Lysosome-Like Massive Vacuoles

Under conditions of nutrient starvation, we observed
that not only small vacuoles but also lysosomes (Fig. 4),
autophagosomes (Fig. 5), and autolysosomes (Fig. 6) could
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Fig. 1. Detection of massive vacuole in HEK293T cells. (A) HEK293T cells were transfected with an pEGFP-LC3B encoding plasmid
and subsequently treated with EBSS for 2 hours to induce starvation. After treatment, the cells were stained with DAPI, and represen-
tative fluorescence images were captured. Scale bars: 10 um. Arrowl: autophagosome, arrow2: LC3B-EGFP- massive vacuoles. (B)
HEK293T cells were transfected with pEGFP-LC3B vectors. Following an additional 24-hour incubation, the cells were starved using
EBSS and analyzed with a confocal microscope at 63 X magnification. Scale bars: 10 um. Arrow: massive vacuole. (C) HEK293T
cells were transfected with the EGFP-LC3B plasmids, and then treated with EBSS or complete medium. The cells were stained with
Lysotracker-Deep Red and analyzed with a confocal microscope. The quantity of massive vacuoles was compared between the starvation
group and the control group. **p < 0.01 compared with the control group cultivated in complete medium. n = 6. Red arrow: a small
dark-colored vesicle, yellow arrow: a small light-colored vesicle, blue arrow: a relatively large vesicle. (D) HEK293T cells were trans-
fected with an EGFP-LC3B encoding plasmid and subsequently treated with EBSS or complete medium. Following this treatment, the
cells were stained with Lysotracker-Deep Red, and representative fluorescence images were captured. The left panels display magnified
views of the boxed areas from the right panels. Red or yellow arrows indicate small vesicles, while blue arrows denote large vesicles.
Scale barl: 5 um. Scale bar2: 1 pm (Enlarged image). (E) HEK293T cells were transfected with a pEGFP-LC3B encoding plasmid,
treated with EBSS, stained with DAPI, and then analyzed using a confocal microscope at 63 x magnification. Scale barl: 10 um. Scale
bar2: 2 um (Enlarged image). Arrow: two vesicles just fused. EGFP, enhanced green fluorescent protein; LC3B, light chain 3; DAPI,
4’, 6-diamidino-2-phenylindole; EBSS, Earle’s balanced salt solution.
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Fig. 2. Heterogeneity of massive vacuole in HEK293T cells. HEK293T cells were transfected with the pEGFP-LC3B plasmid. After
treatment with EBSS, the cells were stained with LysoTracker Deep Red. The cells were then analyzed using confocal microscopy at 63 x
magnification. Scale bar: 10 pm. (A) Initially, the internal pH of some massive vacuoles was non-acidic. Arrow: a non-acidic massive
vacuole. (B) Some massive vacuoles exhibited acidic properties and were significantly larger than primary lysosomes. Scale barl: 10
um. Scale bar2: 2 pm (Enlarged image). Arrow1: acidic massive vacuole, arrow2: primary lysosome. (C) Several secondary lysosomes
could appear simultaneously within a massive vacuole. Arrow: secondary lysosomes. (D) The pH of massive vacuoles was significantly
heterogeneous in HEK293T cells. Arrow: massive vacuoles with different acidity contents. (E) Both lysosomes and autophagosomes

could coexist within a single massive vacuole. Arrow1: autophagosomes, arrow2: lysosomes.
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Fig. 3. Formation of acidic massive vacuole. HEK293T cells were transfected with the pEGFP-LC3B plasmid. Twenty-four hours

after transfection, the cells were starved in EBSS, followed by staining with LysoTracker Deep Red. The cells were then analyzed using

confocal microscopy. (A) The dynamic process of a primary lysosome entering a massive vacuole. Scale bar: 5 pm. Arrowl: a primary

lysosome near a massive vacuole, arrow2: a primary lysosome just entered a massive vacuole. (B) A secondary lysosome partially

entering a massive vacuole. Scale barl: 10 pm. Scale bar2: 2 pm (Enlarged image). Arrowl: a secondary lysosome. (C) Dynamic

viewing of fusion of the acidic vesicles and a massive vacuole in HEK293T cells. Scale bar: 10 um. Arrowl, 2: small vacuoles near a

massive vacuole, arrow3: massive vacuole after fusion.

form massive vacuoles with distinct characteristics. As
shown in Fig. 4A, lysosome-like massive vacuoles were
observed in HEK293T cells. It is noteworthy that the pe-
riphery of these lysosome-like massive vacuoles was Lyso-
tracker Deep Red positive, while the central region was neg-
ative. Confocal images revealed that the diameter of the ini-
tial lysosome-like massive vacuoles reached 2.5 um. No-

tably, some subcellular organelles were observed entering
these lysosome-like vacuoles. As shown in Fig. 4B (top
row), a small vesicle (Lysotracker Deep Red negative) was
entering a lysosome-like massive vacuole, with half of the
vesicle already inside (arrow 1). After 18 minutes, the small
vesicle (Lysotracker Deep Red negative) had fully entered
the lysosome-like massive vacuole (arrow 2). Moreover, a
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Fig. 4. Formation of massive vacuole originates from lysosome-like vacuoles. HEK293T cells were transiently transfected with the
pEGFP-LC3B plasmid and cultured for 24 hours. The cells were then starved in EBSS. After staining with LysoTracker Deep Red,
fluorescent signals were examined using confocal microscopy. Representative fluorescence images are shown. (A) The presence of

lysosome-like massive vacuole in HEK293T cells transfected with the pPEGFP-LC3B plasmid. Scale bars: 10 um. Arrow: lysosome-like

massive vacuole. (B) Dynamic observation of small vesicles entering lysosome-like massive vacuole. Scale bars: 5 um. Arrowl: a

small vesicle (Lysotracker Deep Red negative) entering a lysosome-like massive vacuole, arrow2: a small vesicle (Lysotracker Deep

Red negative) just entered a lysosome-like massive vacuole, arrow3: small vacuole (Lysotracker Deep Red positive) in a lysosome-like

massive vacuole, arrow4: small vacuole (Lysotracker Deep Red positive) near a lysosome-like massive vacuole.

small vacuole (Lysotracker Deep Red positive) was already
present within the lysosome-like massive vacuole (arrow
3), while another small vacuole (Lysotracker Deep Red pos-
itive) was adjacent to it and about to enter (arrow 4).

3.5 Formation of Autophagosome-Like Massive Vacuole

In HEK293T cells transfected with the pEGFP-
LC3B vector, autophagosomes of varying sizes were read-
ily observed (Fig. 5A, arrows 1 and 2). Additionally,
autophagosome-like vacuoles were present in the cyto-
plasm (Fig. 5A, arrow 3). As shown in Fig. 5B1, a
small autophagosome was initially located on the mem-
brane of an autophagosome-like massive vacuole; shortly
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thereafter, the small autophagosome entered it (Fig. 5B2).
Interestingly, we found a small autophagosome-like vac-
uole can directly enter an autophagosome-like massive
vacuole. Fig. 5C1 showed a small autophagosome-
like vacuole was passing through the membrane of an
autophagosome-like massive vacuole, and Fig. 5C2 showed
another small autophagosome-like vacuole had entered an
autophagosome-like massive vacuole (Fig. 5C2).

3.6 Formation of Autolysosome-Like Massive Vacuoles

Fig. 6A shows that LC3B-EGFP translocated to
the surface membrane of the autophagosome. We ob-
served that multiple lysosomes could accumulate within
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Fig. 5. Accumulation and fusion of autophagosome led to the formation of autophagosome-like massive vacuole. HEK293T cells

were transfected with the pEGFP-LC3B plasmid. Twenty-four hours after transfection, the cells were starved in EBSS, followed by
staining with LysoTracker Deep Red (A—C). (A) Autophagosome-like vacuoles were present in the cytoplasm of HEK293T cells trans-
fected with the pEGFP-LC3B plasmid. Scale bars: 10 um. Arrowl, 2: autophagosome, arrow3: autophagosome-like massive vacuole.
(B1,B2) Dynamic observation of autophagosome entering autophagosome-like massive vacuole. Scale bars: 5 pm. Arrow1: autophago-
some located on the membrane of an autophagosome-like massive vacuole. arrow2: autophagosome just entered an autophagosome-like
massive vacuole. (C1,C2) Autophagosome-like vacuoles could merge into autophagosome-like massive vacuole. Scale bars: 10 um.
Arrowl: a small autophagosome-like vacuole passing through the membrane of an autophagosome-like massive vacuole, arrow2: an

autophagosome-like massive vacuole, arrow3: a small autophagosome-like vacuole, arrow4: an autophagosome-like massive vacuole.
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Fig. 6. Formation of autolysosome-like massive vacuoles. HEK293T cells were transiently transfected with the pEGFP-LC3B plas-

mid and then incubated in EBSS medium to induce starvation. Subsequently, the cells were stained with LysoTracker Deep Red, and

analyzed using confocal microscopy. (A) The presence of autolysosome-like massive vacuoles in HEK293T cells transfected with the

pEGFP-LC3B plasmid. Scale bars: 10 pum. Arrow: an autolysosome-like massive vacuole. (B) The accumulation of lysosomes leads

to the formation of autolysosome-like massive vacuoles. Scale bars: 5 um. Arrowl: a lysosome in contact with an autolysosome-like

massive vacuole, arrow2: a lysosome localized on the membrane of an autolysosome-like massive vacuole, arrow3: lysosomes inside an

autolysosome-like massive vacuole. (C) Fusion of autolysosomes results in the formation of autolysosome-like massive vacuoles. Scale

bars: 10 pm. Arrow: autolysosome-like vacuoles just fused.

the autophagosome, leading to the formation of large
autolysosome-like vacuoles. As shown in Fig. 6B (top
row), one lysosome was in contact with an autophagosome
(indicated by arrow 1), while another lysosome was local-
ized on the membrane of the autophagosome (indicated by
arrow 2). Upon entering the autophagosome, some lyso-
somes may remain close to its inner membrane for a short
period (Fig. 6B, bottom row).

Furthermore, the fusion of autolysosomes can also
contribute to the formation of autolysosome-like massive
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vacuoles. Fig. 6C illustrates that two autolysosome-like
vacuoles have just fused, and their external contours still
maintain their original shape (indicated by arrowheads),
with significant differences in their contents.

3.7 Autolysosomes have Strong Mobility

Using laser confocal microscopy, we observed that
some autolysosomes were highly mobile, with the dis-
tance between them continuously changing. At the mo-
ment of initiation, the distance between two autolysosomes
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Fig. 7. Analysis of the motility of autolysosomes. HEK293T cells were transiently transfected with the pEGFP-LC3B plasmid and

then incubated in EBSS medium to induce starvation. Subsequently, the cells were stained with LysoTracker Deep Red, and analyzed

using confocal microscopy. Scale bar: 10 pm.

was 2.43 um (Fig. 7, 0 sec). After 38 seconds, this dis-
tance decreased to 1.21 um, and after 61 seconds, it fur-
ther decreased to 0.68 um. These results suggest that high-
speed mobility may increase the likelihood of autolyso-
somes coming into contact with each other, potentially lead-
ing to the formation of autolysosome-like massive vac-
uoles.

These findings suggest that the high mobility of au-
tolysosomes may increase the likelihood of contact between
different organelles, potentially leading to the formation

10

of massive autolysosome vacuoles. Other subcellular or-
ganelles with high mobility, such as mitochondria, have
also been reported to be essential for maintaining mitochon-
drial functional homeostasis [32].

3.8 Bi-Layer Membrane Structure of Massive Vacuole

Additionally, we discovered that lysosome-like mas-
sive vacuoles or autolysosome-like massive vacuoles could
exist in a double-membrane structure (Fig. 8). Wolff et
al. [33] reported that coronaviruses can induce the for-
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Fig. 8. Several types of massive vacuoles possessed double-layer membrane structure. HEK293T cells were transiently transfected
with either the pEGFP-N3 plasmid (A) or pEGFP-LC3B plasmid (B) and cultured for 24 hours. The cells were then incubated in EBSS
medium, followed by staining with LysoTracker Deep Red and analyzed using confocal microscopy. (A) Lysosome-like massive vacuoles
with a bilayer membrane structure were observed in HEK293T cells. Scale bars: 10 pum. Arrowl: a bilayer membrane structure. (B,
top row) Lysosome-like massive vacuoles with a bilayer membrane structure were observed in HEK293T cells. Scale bars: 10 pm.
Arrow?2: a bilayer membrane structure of lysosome-like massive vacuoles. (B, middle row) Autolysosome-like massive vacuoles with a
bilayer membrane structure were present in HEK293T cells. Scale barl: 10 um. Scale bar2: 5 um (Enlarged image). Arrow3: a bilayer
membrane structure of autolysosome-like massive vacuoles. (B, bottom row) Lysosome-like massive vacuoles with a double membrane
were found in LC3B-EGFP-negative HEK293T cells. Scale bars: 10 um. Arrow4: a bilayer membrane structure.

mation of cytosolic double-membrane vesicles in infected membrane vesicles. Moreover, Pérez-Cruz et al. [35] dis-
cells, which may provide a suitable microenvironment for ~ covered that outer-inner membrane vesicles can be detected
viral RNA synthesis. Doyle ef al. [34] also suggested that ~ in Gram-negative pathogenic bacteria, which deliver cyto-
all coronavirus genera can induce the formation of double-  plasmic components into the vesicles.
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A Vector-EGFP LysoTracker-Deep Red Bright Field Overlay

;

LC3B-EGFP Bright Field

LC3B-EGFP

Fig. 9. HEK293T cell with massive vacuole could form signet ring like cells. (A) HEK293T cells were transfected with the pPEGFP-N3
plasmid, then incubated in EBSS medium, followed by incubation with LysoTracker Deep Red. Confocal microscopy was used to detect
the presence of signet ring-like cells. Scale bar: 10 um. Arrow1: massive vacuole, arrow?2: enlarged massive vacuole, arrow3: cellular
content (the cytoplasm and nucleus). (B) Signet ring-like cells were also observed in HEK293T cells transfected with the pEGFP-LC3B
plasmid, treated with EBSS. Scale bars: 10 um. (C) The nuclear morphology of signet ring-like cells derived from HEK293T cells was
assessed. HEK293T cells were transfected with the pEGFP-LC3B plasmid, treated with EBSS and stained with DAPI. Scale bars: 5 pm.
Arrow1: massive vacuole in LC3B-positive HEK293T cells, arrow2: massive vacuole in LC3B-negative HEK293T cells, arrow3: the
nucleus (DAPI™).
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A LC3B-EGFP LysoTracker-Deep Red Bright Field Overlay

LC3B-EGFP

Fig. 10. Dynamic movement of autophagosome-like structures in extracellular autophagosome-like massive vacuole. HEK293T
cells were transfected with the pEGFP-LC3B plasmid, then incubated in EBSS medium (starvation), followed by staining with Lyso-
Tracker Deep Red. (A) The presence of an LC3B-EGFP-positive massive vacuole outside HEK293T cells. Scale bars: 10 um. Arrow:
a massive vacuole filled with LC3B-EGFP fluorescent proteins. (B) The presence of an autophagosome-like massive vacuole outside
HEK293T cells. Scale bars: 10 um. Arrowl: an autophagosomelike massive vacuole outside HEK293T cells. (C) High-speed mobility
of autophagosome-like structures within the autophagosome-like massive vacuole. Scale bars: 5 um. Arrow2: autophagosome-like

structures within the autophagosome-like massive vacuole.

When HEK293T cells were transfected with the several eosinophilic materials and its membranes exhibited
pEGFP-N3 plasmid, confocal laser microscopy revealed a bilayer structure (Fig. 8A). To further assess the mem-
the presence of lysosome-like massive vacuole (indicated  brane characteristics of these vacuoles, HEK293T cells
by arrows) in the cytoplasm. The vacuole was filled with were transfected with pEGFP-LC3B. As shown in Fig. 8B
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(top row), a lysosome-like massive vacuole, which was
LC3B-negative and Lysotracker DeepRed-positive, was
present in the cytoplasm with a double membrane. More-
over, an autolysosome-like massive vacuole, which was
both LC3B-positive and Lysotracker-positive, was also ob-
served in the cytoplasm with a double membrane (Fig. 8B,
middle row). In LC3B-EGFP-negative HEK293T cells,
confocal analysis revealed that a lysosome-like massive
vacuole with a double membrane could be found in the cyto-
plasm (Fig. 8B, bottom row). In summary, large lysosome-
like or autolysosome-like massive vacuoles can exist with
a double membrane structure.

3.9 Formation of Signet Ring like Cell in HEK293T Cells

In pEGFP-transfected HEK293T cells, EGFP fluo-
rescence proteins were distributed in both the cytosol and
nucleus (Fig. 9A, top row). Under starvation conditions,
we observed a massive vacuole that was negative for both
EGFP and Lysotracker DeepRed. The massive vacuole
appeared semi-transparent under bright-field microscopy.
Moreover, the volume of the massive vacuole gradually
increased, causing the cytoplasm and nucleus to be com-
pressed to the periphery of the HEK293T cells (Fig. 9A,
bottom row).

Massive vacuoles were also observed in HEK293T
cells transfected with the pLC3B-EGFP plasmid (Fig. 9B,
arrow). These vacuoles occupied the majority of the intra-
cellular space. LC3B-EGFP puncta were rarely observed in
the large vacuole but were present in the cytoplasm. As a
result, HEK293T cells containing massive vacuoles resem-
bled signet ring-like cells. As shown in Fig. 9C, the nucleus
was pushed to the edge (indicated by arrow 3), and the cy-
toplasmic region outside the vacuole was minimal. Many
epithelial tumors contain large amounts of mucin glycopro-
teins, leading to the formation of cytoplasmic vacuoles and
the displacement of the nucleus to the cell periphery, creat-
ing a signet-ring-like structure [36,37]. In pathology, signet
ring cells are often associated with adenocarcinomas and
show significant heterogeneity [38,39]. Song IH et al. [40]
reported that mucinous adenocarcinoma with a signet ring
cell component was commonly associated with poor overall
survival and recurrence-free survival.

Interestingly, massive vacuoles, which contained
fewer vesicles and appeared transparent, were also found
in LC3B-negative HEK293T cells (indicated by arrow 2
in Fig. 9C). These results indicate that there is no sig-
nificant relationship between LC3B and the formation of
signet ring-like cells. In the microenvironment of exces-
sive growth of tumor cells, nutrient deficiency may be an
important factor in the production of signet ring cells.

3.10 Autophagosome-Like Massive Vacuole Outside
HEK293T Cells

Occasionally, a massive vacuole filled with LC3B-
EGFP fluorescent proteins was observed outside HEK293T
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cells transfected with the LC3B-EGFP plasmid (Fig. 10A,
indicated by the arrow). Moreover, an autophagosome-
like massive vacuole was detected outside HEK293T cells
expressing LC3B-EGFP (Fig. 10B, indicated by the ar-
row), with LC3B-EGFP stably localized on its membrane.
Furthermore, several autophagosome-like structures were
present within the autophagosome-like massive vacuole,
exhibiting rapid and undirected movement (Fig. 10C). The
reconstructed dynamic images of the autophagosome-like
structures were showed in the Supplementary Data. These
findings suggest that further investigation into the func-
tion of the heterogeneous vacuoles outside HEK293T cells
could be of significant interest.

4. Conclusions

In summary, our data indicate that nutrient deprivation
induces the formation of heterogeneous, massive vacuoles
in human embryonic kidney cells, some of which contribute
to the development of signet ring cells, while others lead to
extracellular vacuole formation.
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