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KEY WORDS Abstract Lysosomes represent a promising target for cancer therapy and reducing drug resistance.
However, the short treatment time and low efficiency of lysosomal targeting have limited the application

Lysosomal; . . . . .

Anticancer- in lysosome-targeting anticancer drugs. In this study, we proposed an adhesive-bandage approach and

synthesized a new lysosomal targeting drug, namely long-term lysosome-targeting anticancer drug

Sub-cellular;
(LLAD). It contains a SLC38A9-targeting covalently bound moiety and an alkaline component both to

Small-molecule;

LLAD; prolong the inhibition of SLC38A9 in lysosomes and alkalinize lysosomes. Upon short term and low-
SLC38A9; dose treatment of HeLa cells, at passage 0, with LLAD, it rapidly alkalinized lysosomes and also can
Fluorescence imaging be detected in lysosomes even at passage 15. LLAD induced apoptosis in HeLa cells through long-

term lysosomal damage, and showed better long-term anticancer effect than cisplatin in vivo. Overall,
our study paves the way for developing long-term lysosomal targeting drugs to treat cancer and overcome
the drug resistance of cancer cells, and also provides a candidate drug, LLAD, for treating cancer.
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1. Introduction

Lysosomes are among the most important organelles in eukaryotic
cells], housing an acidic environment and responsible for the
degradation of various biological molecules”®. Many lysosomal
proteins are required to maintain cellular metabolism, including a
lysosomal membrane-resident amino acid (especially arginine)
transporter, namely solute carrier family 38 member 9
(SLC38A9)>7. Aside from their traditional role as “housekeeping”
organelles, lysosomes play crucial roles in the intracellular de-
livery of anticancer drugs*®. However, lysosomes may contribute
to the development of drug resistance by blocking and degrading
chemotherapeutic drugs within these compartments, thereby
reducing drug efficacy”!'. Cancer cells typically exhibit an
increased number and capacity in lysosomes'>!3, but it comes
with a trade-off: a less stable lysosomal membrane, which makes
these cells more vulnerable to lysosome-dependent cell death'*">.
The findings of these studies collectively highlight that lysosomes
represent a promising therapeutic target for anticancer strategies'®,
offering potential pathways to overcome drug resistance and
improve treatment outcomes.

Numerous strategies have been proposed and used in the
design of lysosome-targeting drugs for cancer therapy'’>*. While
several lysosome-targeting agents have shown efficacy in pre-
clinical and clinical trials, significant challenges remain in
designing long-term effective small-molecule drugs for this pur-
pose®*?%. The complexity of lysosomal functions, the harsh acidic
environment and proteolytic enzymes within lysosomes render
many molecules unstable and affect lysosomal escape efficiency,
increasing dosing frequency and diminishing treatment effi-
cacy®”?®. Thus, the current arsenal of lysosome-specific targeted
drugs is small. Moreover, the complementary effects, rapid lyso-
somal stress response (LSR) and NADH-driven lysosomal respi-
ration may weaken the therapy effect®. Many listed lysosome-
targeting drugs, such as chloroquine (CQ) and hydroxy-
chloroquine (HCQ), have low anticancer activity, which limits
their application®®. As a result, the current repertoire of effective
long-term lysosome-targeting drugs remains limited, underscoring
the need for innovative solutions to overcome these challenges.

In this study, we proposed an adhesive-bandage approach for
designing a long-acting lysosome-targeting anticancer drug. We
used this approach, which combines an SLC38A9-targeting
covalently bound moiety and an alkaline component to prolong
the inhibition of SLC38A9 and alkalinize lysosomes, to design
and synthesize the novel potential anticancer drug long-term
lysosome-targeting anticancer drug (LLAD). Remarkably, LLAD
also exhibits intrinsic fluorescence properties, which enable pre-
cise monitoring of the localization and activity of the compound
within cancer cells while providing insights into the lysosomal
status. LLAD was first confirmed to specifically interact with
SLC38A09 in lysosomes. Due to its characteristics, LLAD showed
excellent long-term lysosomal retention in HeLa cells even after
15 passages, and effectively alkalinize lysosomes. Additionally,
we also investigated the anticancer mechanisms of action of
LLAD, and found that it induced apoptosis in HeLa cells through

long-term lysosomal damage. In vivo, LLAD also showed an
excellent long-term anticancer effect in BALB/c mice (Fig. 1). In
summary, LLAD overcomes the limitations of conventional
lysosome-targeting drugs, thus providing a novel lysosome-
targeting drug and a new perspective to design lysosome-
targeting drugs.

2. Results and discussion
2.1.  Design and characterization of LLAD

In this study, to develop long-term lysosome-targeting drugs, we
proposed an adhesive-bandage approach, which involves two key
components: i) an SLC38A9-targeting covalently bound moiety to
prolong the interaction with the target and bind with
SLC38A9*'%: i) an alkaline component to alkalinize lysosomes
(Fig. 1). To implement this approach, we first determined that the
Cys363 amino acid residue of SLC38A9 is located in its arginine
binding site, which can thus be used to design irreversible in-
hibitors. Molecular docking showed that 3-(1H-benzol-2-yl)-1H-
indazole binds to SLC38A9 and occupies the arginine binding
pocket. Indazole formed two hydrogen bonds with Thr121 and the
amide formed one hydrogen bond with Thr117. On one side, the
benzene ring of indazole extends to Cys363 and acrylamide group
was introduced to the benzene ring. The distance from the
acrylamide to Cys363 is 4.63 A, and this is prone to form a co-
valent bond with Cys363 (Supporting Information Fig. S1). On the
other side, the benzene ring of benzimidazole extends outward
from the binding pocket, and the introduction of the alkaline
compound here is also beneficial for enhancing the binding to
SLC38A9. Furthermore, we incorporated N-methyl piperazine
into the molecule, which can be used to alkalinize lysosomes™>.
Based on this approach, we obtained compound LLAD (Fig. 2A).
The best conformation of the SLC38A9—LLAD complex obtained
by covalent docking analysis was then used as the initial confor-
mation for molecular dynamics simulation. The simulation results
revealed that the acrylamide group in the molecule forms covalent
bonds with Cys363, as well as stable hydrogen bonds with Asn362
(Fig. 2B). In addition, the entire system approaches equilibrium
after 50 ns, the backbone root-mean square maintains stability at
around 4.6 A for the receptor and at around 1 A for the ligand
during the entire simulation (Fig. 2C), indicating the high stability
of the SLC38A9—LLAD complex.

After its synthesis (Supporting Information Fig. S2), LLAD
was characterized by proton nuclear magnetic resonance (‘H
NMR) spectroscopy, carbon-13 NMR ('*C NMR) and high-
resolution  mass  spectrometry  (HRMS)  (Supporting
Informations Figs. S3—S9). We tested its anti-proliferation ac-
tivity against cancer cells, the ICsy, was approximately 0.2168
pmol/L in HeLa cells, 26.66 pmol/L in A549 cells and 2.478
pmol/L in HL-60 cells (Supporting Information Fig. S10) after
treated by LLAD for 48 h. And the ICsy of LLAD treated on
HeLa cells for 24 h was 1.049 pmol/L. The results indicated
that HeLa cervical cancer cells are significantly more sensitive
to LLAD than the other tested cell lines, and the cytotoxicity
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Figure 1

Schematic diagram of the approach to design an anticancer drug for long-acting lysosomal damage. To develop an anticancer drug for

long-term activity and lysosomal damage, we proposed a novel strategy “adhesive-bandage approach”, including an SLC38A9-targeting cova-
lently bound moiety and an alkaline component to prolong the retention and to alkalinize lysosomes. Using this approach, we designed an
anticancer drug, and termed long-term lysosome-targeting anticancer drug (LLAD). We confirmed that LLAD prolonged the retention in lyso-
somes and alkalization of lysosomes. It also induced mitochondrial apoptosis in HeLa cells through long-term lysosomal damage.

was dose-dependent (Supporting Information Figs. S10 and
S11). To confirm the binding of LLAD to SLC38A9, the sur-
face plasmon resonance (SPR) qualification analysis revealed
that LLAD binding with SLC38A9 and the Kp value reached
1.29 umol/L (Fig. 2D). We also performed a cellular thermal
shift assay (CETSA), and the result of the CETSA revealed that
the thermotolerance of LLAD-treated SLC38A9 protein was
significantly increased®*** (Fig. 2E). Given that SLC38A9
regulates the activity of rapamycin complex 1 (mTORC1)>%,
we tested the effect of LLAD to the mTOR signaling pathway.
The result indicated that the phosphorylation of mTOR and the
substrates S6 kinase (S6K) were inhibited by LLAD (Fig.
2F—H). Thus, we confirmed that LLAD can directly inhibit
the activity of SLC38A9. Furthermore, LLAD also exhibited
fluorescence properties, with optimal excitation wavelength and
emission wavelength of 405 and 470 nm, respectively (Sup-
porting Information Fig. S12). Confocal fluorescence micro-
scopy images of LLAD showed that it predominantly localized
in HeLa cells in a short time (Supporting Information Fig. S13).
To verify that LLAD directly interacts with lysosomes, the
commercial lysosomal probe Lyso-tracker Red (LTR) was used
in localization experiments. As expected, the Pearson’s coloc-
alization coefficient (PCC) of LLAD and LTR was significantly
higher than that of other organelles, indicating that LLAD
specifically interacted with lysosomes (Fig. 2I—K, Supporting
Information Fig. S14), and the fluorescence signal of LLAD was
not affected by acidic conditions (Supporting Information Fig.
S15). These findings validate our hypothesis that LLAD spe-
cifically localizes to lysosomes. Collectively, LLAD was a novel
lysosome-targeting drug through binding with SLC38A9 and its
alkaline (Fig. 2L).

2.2.  Long-acting in the lysosomes and alkalinisation of the
lysosomes by LLAD in the lysosomes

Long-acting in vivo is particularly important for cancer treat-
ment®’. We evaluated the duration of the retention of LLAD
within lysosomes, by first evaluating its colocalization with LTR
after treatment for different time periods. At the same cell pas-
sage, the PCC values remained constant even after 72 h of treat-
ment, indicating sustained lysosomal localization of LLAD
(Supporting Information Fig. S16). We then investigated the
behavior of LLAD across multiple cell passages using
Lyso-Tracker Deep Red (LTDR) as a control. The LTDR, a
commercial lysosomal pH-dependent fluorescent probe that can be
protonated and sequestered in lysosomes for a long time, was used
in this experiment as a control. The confocal fluorescence mi-
croscopy images of HeLa cells, taken from passages 0 to 15 after
treatment with LLAD (1 pmol/L, 24 h) and LTDR (100 nmol/L,
24 h) are shown in Fig. 3A and B, and Supporting Information Fig.
S17. Notably, with increasing cell passage, the fluorescence
intensity of LTDR decreased dramatically, ultimately vanishing at
passage 5 (Fig. 3B). In contrast, the fluorescence intensity of
LLAD persisted through passage 15, indicating that LLAD
exhibits a longer duration in lysosomes compared to LTDR
(Fig. 3B and C).

In addition to prolonged retention, alkalinize lysosomes is
another key goal we aimed to achieve. The proper function of
lysosomes is highly contingent upon their acidic internal pH>®. In
this context, the methyl piperazine structure plays a critical role in
the alkalization of lysosomes and the alkaline environment is more
beneficial to the intake of acidic amino acids. Additionally, the
accumulation of acidic amino acids can inhibit the activity of
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Figure2  Design and characterization of LLAD. (A) Chemical structure of LLAD compound. (B) Representative binding modes of LLAD with
SLC38A9 from the equilibrium period of the molecular dynamics run; The binding mode of LLAD with SLC38A9 was visualized by PyMOL,
hydrogen bonds are shown with red dotted lines and the red dotted circle represents the covalent bond. (C) Average root mean square deviation
(RMSD) of backbone atoms of the SLC38A9 protein and compound LLAD during the MD simulation. (D) LLAD exhibited a potent binding
ability with SLC38A9 determined by an SPR assay. (E) LLAD promoted the resistance of SLC38A09 to different temperature gradients by CETSA
in HeLa cells. (F) Western blot analysis to detect mTOR, p-mTOR, p70S6K and p-p70S6K protein expression in HeLa cells. Three independent
biological replicates were performed, and the results were similar. (G) Quantitative analysis of p-mTOR/mTOR protein changes in HeLa cells
incubated with LLAD by different concentrations (n = 3). (H) Quantitative analysis of p-p70S6K/p70S6K protein changes in HeLa cells
incubated with LLAD by different concentrations (n = 3). (I) Confocal fluorescence microscopy images of LLAD (10 umol/L, 2 h) and LTR
(100 nmol/L, 30 min) in HeLa cells. (J) Zoomed-in images correspond to the white rectangles #1 in Fig. 2I. (K) Data analysis of the colocalization
of LLAD and LTR; data are presented as the mean + SD (n = 15 areas). (L) Schematic diagram of LLAD interacting with lysosomes, suggesting
that LLAD targets lysosomes through interaction with SLC38A9 and the acid environment in lysosomes. LLAD channel: A, = 405 nm,
Em,,,x = 470 nm (411—500 nm); LTR channel: 4., = 561 nm, Em,,,, = 577 nm (570—694 nm); the analysis of the different groups was
performed using two-tailed unpaired Student’s #-test, and the data are presented as the mean & SD. A value of P < 0.05 was considered sta-
tistically significant.

V-ATPase, a proton pump that uses adenosine triphosphate (ATP) 2.3.
to pump protons into lysosomes’~°, and thus a critical regulator of

LLAD induced lysosomal damage by long-term retention

lysosomal pH. As shown in Fig. 3D and E, we observed a strong
reduction in fluorescence intensity of the probe in lysosomes
treated with low-dose LLAD compared to the control group CQ,
indicating a shift toward a more alkaline lysosomal environment
(Fig. 3G). This disruption in lysosomal acidity impairs enzymatic
activity®”, as confirmed by the decreased activity of Cathespin D
(CTSD) in LLAD-treated HeLa cells (Fig. 3F). In LLAD-treated
HeLa cells, significant lysosomal clustering was evident,
underscoring the ability of the drug to induce the LSR*'** (Fig.
3H and I).

We further confirmed the effects of the LLAD-induced LSR. As
shown in Fig. 4A and B, the treatment with LLAD led to a sig-
nificant increase in lysosomal diameter, indicating morphological
alterations associated with LSR in 12 h. We assessed lysosomal
membrane integrity using acridine orange (AO), a fluorescent dye
commonly used to assess lysosomal membrane integrity®'. AO
was excited using identical powerful laser and lysosomal mem-
brane disruption and leakage of AO into cytoplasm were moni-
tored by acquiring time-lapse images for a total period of 300 s.
The ratio of red to green fluorescence serves as a reliable indicator
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Figure 3  Long-acting in the lysosomes and alkalinisation of the lysosomes by LLAD in the lysosomes. (A) Schematic diagram and repre-
sentative confocal fluorescence microscopy images of LLAD and LTDR retention in lysosomes at the different passages of HeLa cells. (B) Data
analysis of the fluorescence intensity of LLAD and LTDR; data are presented as the mean + SD (n = 3). (C) Schematic diagram of LLAD
prolonged retention in lysosomes compared to LTDR through covalently binding with SLC38A9. (D) Representative confocal fluorescence
microscopy images of Lysosensor Green DND-189 (a pH sensor) in HeLa cells, treated with LLAD (0, 0.5 and 1 pmol/L), the CQ group served as
a positive group. (E) Quantitative analysis of the fluorescence intensity of Lysosensor Green DND-189 in LLAD-treated or CQ-treated HeLa cells;
data are presented as the mean £ SD (n = 15 cells). (F) Quantitative analysis of the activity of CTSD in HeLa cells treated with LLAD for 24 h;
three independent biological replicates were performed, and the results were similar. (G) Schematic diagram of LLAD-alkalinized lysosomes by
inhibiting V-ATPase function and alkalinize lysosomes, while CQ treatment alkalinized lysosomes through protonation. (H) Representative
structure illumination microscopy (SIM) images of lysosomes labeled with LTR in LLAD-treated (1 pmol/L, 12 h) HeLa cells. (I) Zoomed-in
images correspond to the white rectangles #1, #2 and #3 in Fig. 3H. LLAD channel: A, = 405 nm, Em,,,, = 470 nm (411—500 nm); LTR
channel: 1., = 647 nm, Em,,,,x, = 668 nm (651—694 nm); different groups analysis was performed using two-tailed unpaired Student’s r-test, and
the data are presented as the mean £ SD. A value of P < 0.05 was considered statistically significant.

of lysosomal membrane integrity. Our results revealed an increase
in green fluorescence and a decrease in red fluorescence, con-
firming that LLAD induces lysosomal membrane permeabilization
(Fig. 4C—F). Remarkably, the expression of lysosomal specific
membrane proteins, such as lysosomal associated membrane
protein 1 (LAMP1), Cathespin B (CTSB), Cathespin D (CTSD)
and Cathespin L (CTSL), were not significantly changed in
LLAD-treated HeLa cells (Supporting Information Figs. S18 and

S19). Thus, our findings confirm that LSR is indeed triggered by
treatment with LLAD in HelLa cells, which is consistent with our
initial hypothesis.

Noteworthy, LSR can lead to varied outcomes, such as lyso-
somal repair or damage, depending on the intensity of the
inducing stimulus?®**. To investigate whether LLAD can induce
lysosomal damage in HeLa cells after induced LSR, we used
transmission electron microscope (TEM) to examine the
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Figure4 LLAD induced lysosomal damage by long-term retention. (A) Representative SIM images of lysosomes labeled with LTR in LLAD-
treated HeLa cells, enlarged image of white rectangle in the right lower part. (B) Quantitative analysis of the diameter of lysosomes in HeLa cells
treated with LLAD after 12 h; data are presented as the mean £ SD (n = 200 particles). (C) Time-dependent confocal fluorescence microscopy
images of acridine orange (AO, 2.0 pg/mL) after continuous exposure to laser light in HeLa cells with or without LLAD (1 pmol/L, 12 h)
treatment. (D) Schematic diagram of LLAD treatment leading to swollen lysosomes and increased permeability of lysosomes. (E) Quantitative
analysis the green fluorescence of AO. (F) Quantitative analysis the red fluorescence of AO. (G) TEM images of lysosomes in LLAD-treated
(1 wmol/L, 24 h) and control HeLa cells. The yellow arrows indicate lysosomes. (H) HeLa cells were treated with LLAD (1 pmol/L) for
24 h, and stained with rabbit anti-galectin 3 (green), 4’,6-diamidino-2-phenylindole (DAPI; blue) and LTR (red) observed by confocal fluores-
cence microscopy. Enlarged images of white rectangle in the right part. (I) Quantitative analysis of the colocalization of galectin 3 and LTR; data
are presented as the mean £+ SD (n = 5 cells). LTR channel: 4., = 561 nm, Em,,,x, = 577 nm (570—694 nm); AO*® channel, Aex = 488 nm,
EMp, = 530 nm (500—550 nm); AO°®' channel, J, = 561 nm, Empy, = 640 nm (580—694 nm). Galectin 3 channel: A, = 488 nm,
Emy,x = 520 nm (500—550 nm). Analysis of different groups was performed using two-tailed unpaired Student’s 7-test, and the data are pre-
sented as the mean + SD. A value of P < 0.05 was considered statistically significant.

morphology of lysosomes. The TEM analysis revealed significant the colocalization of lysosomes and galectin-3 (a marker for
lysosomal alterations, including membrane disruption, loss of lysosomal damage) was significantly increased in HeLa cells
integrity, and the formation of vacuolar structures within the ly- treated with LLAD**, reaching a ratio of 20% (Fig. 4H and I).
sosomes of LLAD-treated cells (Fig. 4G). These findings indi- When lysosomal damage occurs, lysosome-targeting drugs may
cated that LLAD indeed caused lysosomal damage. Furthermore, escape from the lysosomes and undergo subsequent repair
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processes, reducing their effectiveness. To explore this issue further,
we investigated the behavior of these drugs under conditions of
lysosomal damage induced by L-leucyl-L-leucine methyl ester
hydrobromide (LLOMe). Our findings confirmed that LLAD
remained in the lysosomes despite the lysosomal damage. In
contrast, LTDR showed a significant reduction within the lysosomal
compartments (Supporting Information Figs. S20 and S21). Taken
together, our results demonstrate that the prolonged retention of
LLAD in lysosomes induces LSR and leads to lysosomal damage in
HelL a cells, highlighting its potent effects on targeted lysosomes.

2.4. LLAD demonstrated strong anticancer activity against
Hela cells by sustained lysosomal damage

To determine the mechanism underlying LLAD-induced cell death
through long-term lysosomal damage**®*% HeLa cells were
pretreated with inhibitors of many known cell death mechanisms,
and cisplatin was used as a positive control*’. The results revealed
that LLAD primarily induces apoptosis (Supporting Information
Figs. S22 and S23). As shown in Fig. SA and B, the decrease in
mitochondrial membrane potential that occurred in HeLa cells
treated with 0.5 pmol/L. LLAD indicated mitochondrial damage,
including swelling® (Supporting Information Figs. $24 and S25).
Lysosomes as a component of antioxidation defense system in
cells’™>, and the failure to stop the excessive reactive oxygen
species (ROS) production timely also increase the extent of
lysosomal damage. Mitochondria damage also enhances ROS
production®. The levels of ROS were significantly increased by
treatment with LLAD (Supporting Information Fig. S26) and
exacerbated lysosomal damage®®. Analysis of apoptotic markers
showed upregulation of Bax, Cleaved Caspase-3, and Cleaved
PARP1°>%7 (Fig. 5C—E, Supporting Information Fig. $27), con-
firming that LLAD induced mitochondrial-dependent apoptosis.
Flow cytometry analysis further supported this conclusion®® (Fig.
SF and G). Moreover, LLAD significantly increased the concen-
tration of intracellular Ca®", a key regulator of lysosomal function
and apoptosis (Supporting Information Fig. S28).

To determine the link between lysosomal damage and
mitochondria-dependent  apoptosis, we investigated the
lysosomal—mitochondrial axis®. Colocalization of galectin 3
with LTR confirmed lysosomal damage at low LLAD doses
(0.1 pmol/L) (Supporting Information Fig. S29). However,
mitochondrial changes occurred at 0.5 pmol/L (Supporting
Information Figs. S30 and S31). These results support that
LLAD-induced mitochondrial dysfunction and apoptosis are
mediated through lysosomal damage. Lysosomal dysfunction and
apoptosis also influence cancer cell invasion and migration.
Wound healing assays showed that LLAD significantly
inhibited HeLa cell migration (Supporting Information Fig. S32).
Additionally, Transwell assays further demonstrated that
LLAD inhibited cell invasion in a dose-dependent manner®
(Fig. 5H and I). In summary, LLAD induces apoptosis via the
lysosomal—mitochondrial axis and effectively inhibits HeLa cell
migration and invasion, underscoring its potential as a targeted
anticancer agent.

2.5.  LLAD exhibited excellent long-term anticancer effect in
vivo

Given the promising anticancer activity of LLAD in vitro, we
evaluated its potential in vivo using a HeLa xenograft mouse model.
LLAD was administered orally once daily for 21 days after tumors

reached approximately 100 mm? in volume. Tumor volume and
body weight were measured every three days (Supporting Infor-
mation Fig. S33). Noteworthy, there were no significant changes in
body weight across treatment groups (Supporting Information Fig.
S34A). However, tumor volume decreased significantly by Day 13
in LLAD-treated mice (Supporting Information Fig. S35A), and
tumor weight in LLAD-treated mice was reduced in a dose-
dependent manner compared to controls (Supporting Information
Fig. S35B and S35C). Initial analysis demonstrated significant
tumor accumulation of LLAD (Fig. 6B). Histological analysis
revealed extensive apoptosis in LLAD-treated tumors (Supporting
Information Fig. S36), and immunohistochemistry analysis
confirmed increased levels of Bax, Cleaved Caspase-3 and Cleaved
PARP1 although this effect was dose-dependent (Supporting In-
formation Fig. S37). The histological analysis of tissues from ani-
mals treated with different condition had no significant changes in
each group, which revealed that LLAD was safe in vivo in work
concentration (Supporting Information Fig. S38).

To verify the long-time antitumor activity of LLAD in vivo,
liquid chromatography-mass spectrometry (LC—MS) was used to
measure the level of LLAD in tumor tissue. The results showed
that LLAD persisted longer in tumors compared to the positive
control (Supporting Information Fig. S39). In addition, the same
concentration of LLAD and cisplatin, whose efficiency was
confirmed not to change significantly by oral administration once
a day, was orally administered once every three days until Day 30
(Fig. 6A). The body weight of the mice was not significantly
changed (Fig. S34B). As shown in Fig. 6C—E, the tumor in the
positive group was not significantly different from the normal
group, and LLAD-treated tumors were still smaller than those in
other groups, which indicated its long-term antitumor effect. As
shown in Fig. 6F—I, LLAD treatment effectively induced
apoptosis in tumor tissue, while cisplatin showed minimal inhib-
itory effects on tumor growth. The result of TEM also exhibited
that lysosomal damage in LLAD-treated tumor tissue (Fig. 6J).
These findings underscore the potent and sustained antitumor ef-
fects of LLAD, supporting its potential as a promising anticancer
therapeutic agent.

3. Conclusions

In this study, we proposed an ‘“adhesive-bandage approach” and
successfully synthesized a fluorescent small-molecule lysosome-
targeteding drug, namely LLAD. It specifically accumulates in
lysosomes through lysosomal uptake, where it covalently binds to
SLC38A9 and alkalinity. Antiproliferation assays demonstrated
that HeLa cells were more sensitive to LLAD compared to other
cell lines. The results of molecular docking analysis, molecular
dynamics simulation, SPR, CETSA and Western blot analysis
confirmed that LLAD targets SLC38A9, while confocal fluores-
cence microscopy imaging revealed its long-term retention in
lysosomes. Further investigations showed that LLAD induced
sustained lysosomal damage and apoptosis in HeLa cells, and also
inhibited their invasion and migration abilities. In vivo, LLAD
exhibited significant antitumor activity in a dose-dependent
manner. Even at equivalent doses, LLAD outperformed positive
controls such as cisplatin, demonstrating superior efficacy and
more prolonged activity. These findings confirm LLAD as a high-
performance lysosome-targeting drug delivery with both in vitro
and in vivo anticancer effects.

Importantly, we also established LLAD as a small-molecule
anticancer drug with a long retention in lysosomes. Compared
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Figure 5 LLAD demonstrated strong anticancer activity against HeLa cells by sustained lysosomal damage. (A) Representative confocal
fluorescence microscopy images of tetramethylrhodamine, ethyl ester (TMRE) in the HeLa cells at different concentrations of LLAD for 24 h.
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 10 pmol/L, 1 h) group was used as a positive group. (B) Quantitative analysis of the
fluorescence intensity of TMRE in HeLa cells treated with LLAD. Data are presented as the mean + SD (n = 15 cells). (C) Western blot
analysis to detect the expression of protein associated with apoptosis in HeLa cells treated with LLAD (0, 0.1, 0.5, 1 and 2 pumol/L) or cisplatin
(13.7 pmol/L) for 24 h. Three independent biological replicates were performed, and the results were similar. (D) Quantitative analysis of
expression of cleaved PARP1/PARP1 in HeLa cells treated by LLAD. Data are mean + SD (n = 3). (E) Quantitative analysis of expression of
cleaved caspase-3 in HeLa cells treated by LLAD. Data are mean + SD (n = 3). (F) Cell apoptosis in HeLa cells affected by different
concentrations of LLAD through flow cytometry using an Annexin V-FITC Apoptosis Detection Kit, cisplatin group as positive group. (G)
Quantitative analysis of percentage of Q2 and Q4 in flow cytometry HeLa cells treated by LLAD. Data are mean + SD (n = 3).
(H, I) Representative images and quantitative analysis the number of invasion cells showing that invaded HeLa cells under the control, LLAD
(0.5 pmol/L, 1 pmol/L) and cisplatin (13.7 pmol/L) for 24 h (n = 3). LLAD channel: 4., = 405 nm, Em,,,x = 470 nm (411—500 nm); TMRE
channel: Ao, = 561 nm, Em,,,, = 575 nm (571—694 nm); Different groups analysis was performed using two-tailed unpaired Student’s 7-test, and
the data were presented as mean £+ SD. P < 0.05 was considered statistically significant.

with other drugs, LLAD showed unprecedented retention, per- anticancer effects, but also suggested its potential to overcome
sisting for 15 cell passages in HeLa cells after a single treatment. drug resistance. We used this compound to examine its anticancer
Furthermore, LLAD was characterized as a lysosomal target drug ability in vitro and in vivo. The results all showed that it has

that induced long-term lysosomal damage and apoptosis in HelLa excellent efficacy as an anticancer agent in HeLa cells. In vitro,
cells. This extended action in lysosomes not only enhanced its LLAD induced long-term lysosomal damage and apoptosis in
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Figure 6 LLAD exhibited excellent long-term anticancer effect in vivo. (A) Schematic illustration of the treatment process for HeLa tumor-
bearing BALB/c mice. (B) Ex vivo fluorescence imaging of the major organs at 24 h of NS or LLAD in mice. Normal Saline (NS) was used as a
control group. (C) Representative images of tumors treated by different concentrations of LLAD (0 and 2.5 mg/kg) or cisplatin (2.5 mg/kg) every
three days. (D) The weight of tumors treated with different concentrations of LLAD (0 and 2.5 mg/kg) or cisplatin (2.5 mg/kg) was administered
every three days. (E) Changes in the tumor volume of mice treated with different concentrations of LLAD (0 and 2.5 mg/kg) or cisplatin
(2.5 mg/kg) administrated every three days. (F) Representative hematoxylin and eosin staining, immunohistochemical staining with antibodies
against Bax, Cleaved Caspase-3 and Cleaved PARP1 of tumors after different treatments. (G-I) Quantitative analysis the expression of Bax,
Cleaved Caspased-3 and Cleaved PARP1 in tumor by immunohistochemistry. (J) TEM images of lysosomes in 2.5 mg/kg LLAD-treated and
0 mg/kg LLAD-treated tumor tissue administrated every three days. The yellow arrows indicate lysosomes. Analysis of different groups was
performed using two-tailed unpaired Student’s t-test, and the data are presented as the mean £ SD. A value of P < 0.05 was considered
statistically significant.

HeLa cells, and inhibited their migration and invasion abilities. /n
vivo, LLAD not only exhibited its excellent performance as an
anticancer drug in a dose-dependent manner, but also its signifi-
cantly prolonged antitumor effect.

More broadly, our approach to design novel lysosomes tar-
geting drugs may offer new perspectives within the area. This
innovative approach not only prolongs the duration in tumor

tissue, but also increases the drug efficiency and resistance.
Furthermore, the capability of LLAD could be widely used in
cancer treatment, promising to accelerate the discovery and
application in organelle-targeting drugs.

In conclusion, we proposed an adhesive-bandage approach to
design long-term lysosome-targeting anticancer small-molecule
drugs, containing an SLC38A9-targeting covalently bound
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moiety and an alkaline component. Using this approach, we
synthesized LLAD, a fluorescent lysosome-targeting drug that
induces sustained lysosomal damage and apoptosis in HelLa
cells. LLAD demonstrated dose-dependent tumor growth inhi-
bition and prolonged activity in vivo, marking it as a promising
candidate for anticancer therapy. Our study paves the way for
developing lysosomal targeting drugs against cancer and to
overcome the drug resistance. It also accelerates the process of
identifying organelle-targeting drugs and application in anti-
cancer therapy.

4. Experimental

4.1.  Synthesis and characterization of LLAD

4.1.1.  4-Nitro-1H-indazole-3-carbaldehyde (1)

Under the nitrogen stream, 2 mol/L HCl (42 mL) was added
dropwise to the solution of NaNO,(6.6 g, 0.0957 mol) in water (20
mL), and the reaction was stirred at 0 °C for 10 min. Then the
solution of 4-nitroindole (2 g, 0.0123 mol) in DMF was added,
and the mixture was stirred at 80 °C for 2 h. The mixture was
quenched with water and extracted with ethyl acetate. The organic
phase was combined and dried over anhydrous MgSQ,, filtered,
and then concentrated. The residue was purified by flash chro-
matography to obtain compound 1 (0.847 g), yield 35.9%, HR-MS
(ESI, m/z) Calcd. for CgHgN;Os, [M+H]" 192.0409. Found:
192.0399.

4.1.2.  4-(4-Methylpiperazin-1-yl) benzene-1,2-diamine (2)
Pd/C (0.266 g, 20%) was added to a solution of 1-(3,4-
dinitrophenyl)-4-methylpiperazine (1.33 g, 5.00 mmol) in
MeOH (100 mL) and the mixture stirred under H, for 3 h. The
reaction mixture was filtered, and concentrated. The residue was
purified by flash chromatography (20/1 to 10/1 petroleum CH,Cl,/
MeOH) to give 2 (0.67 g), yield: 65.0%, HR-MS (ESI, m/z) Calcd.
for Cy1H 9Ny, [M+H]" 207.1610. Found: 207.1598.

4.1.3.  3-(6-(4-Methylpiperazin-1-yl) -1H-benzo[d]imidazole-2-
yl) -4-nitro-1H-indazole (3)

Molecular sieve 4A was added to a solution of 1 (2.0 g, 0.0105
mol) and 2 (3.278 g, 0.0159 mol) in anhydrous DMF and the
mixture was stirred at 25 °C for 4 h. The reaction mixture was
quenched with water, and the mixture was extracted with ethyl
acetate. The organic layer was washed with brine, dried over
anhydrous Na,SQO,, filtered, and concentrated. The residue was
purified by flash chromatography (20/1 to 10/1 petroleum CH,Cl,/
MeOH) to give 3 (1.26 g), yield: 32.0%, HR-MS (ESI, m/z) Calcd.
for C19H»N70,, [M+H]" 378.1678. Found: 378.1692.

4.14.  3-3-(6-(4-Methylpiperazin-1-yl)-1H-benzo[d Jimidazole-
2-yl)-1H-indazol-4-amine (4)

Pd/C (0.124 g, 10%) was added to a solution of 3 (1.26 g, 3.341
mmol) in MeOH (100 mL) and the mixture was stirred under
nitrogen for 3 h. The reaction mixture was filtered, and concen-
trated. The residue was purified by flash chromatography (20/1 to
10/1 petroleum CH,Cl,/MeOH) to afford 4 (0.48 g), yield: 42.1%,
m.p. 287.0—289.0 °C, 'H NMR (500 MHz, DMSO-dg) 6 13.19 (d,
J = 19.5 Hz, 1H, —NH—), 12.66 (s, IH, —NH—), 7.50 (d, J = 8.8
Hz, 2H, ArH), 7.09—7.03 (m, 1H. ArH), 6.97—6.90 (m, 1H, ArH),
6.61 (dd, J = 8.1, 2.9 Hz, 1H, ArH), 6.23 (t, J = 7.8 Hz, 1H,
ArH), 3.23—3.04 (m, 8H, —CH,— x 4), 2.24 (s, 3H, —CH3); HR-

MS (ESI, m/z) Caled. for CjoH, N7, [M+H]" 348.1937. Found:
348.1961.

4.1.5. N-(3-(6-(4-Methylpiperazin-1-yl) -1H-benzo[d]
imidazole-2-yl)-1H-indazol-4-yl) acrylamide (LLAD)

Acryloyl chloride (58.66 mg, 0.648 mmol) was added to a solution
of 4 (150 mg, 0.432 mmol) in anhydrous THF and the mixture was
stirred at 25 °C for 1 h. The reaction mixture was concentrated and
the residue was purified by flash chromatography (20/1 to 10/1
petroleum CH,Cl,/MeOH) to give LLAD (33.45 mg), as a white
solid. Yield 19.3%, m.p. > 320 °C, '"H NMR (500 MHz, DMSO-
dg) 6 14.28 (d, J = 20.7 Hz, 1H, —NH—), 14.06—13.94 (m, 1H,
—NH-), 13.15 (d, J/ = 26.8 Hz, 1H, —NH—), 841 (d, J = 7.6
Hz, 1H, ArH), 7.65 (d, J = 8.8 Hz, 1H, ArH), 7.50—7.38 (m, 1H,
ArH), 7.34 (dd, J = 8.3, 4.6 Hz, 1H, ArH), 7.09 (ddd, J = 20.6,
8.9,2.2 Hz, 1H, ArH), 6.99 (d, J = 2.3 Hz, 1H, ArH), 6.80 (ddd, J
= 16.9, 10.2, 3.1 Hz, 1H, =CH), 6.44 (dt, J = 17.1, 2.5 Hz, 1H,
=CH), 6.11-5.96 (m, 1H, =CH-), 3.31-3.23 (m, 4H, —CH,—
x 2), 2.77 (s, 4H, —CH,— x 2), 2.42 (s, 3H, —CH;); '*C NMR
(126 MHz, DMSO-dg) 6 164.14, 146.99, 143.26, 136.19, 135.51,
135.12, 133.11, 132.59, 128.55, 127.77, 118.62, 116.13, 114.68,
112.52, 110.42, 106.07, 98.16, 54.46, 49.20, 21.59; HR-MS (ESI,
mlz) Calcd. for C»,H,3N;0, [M+H]" 402.2037. Found: 402.2030.

4.2.  Molecular docking

The SLC38A9 model was prepared using the Protein Preparation
Wizard workflow in the Schrodinger 2005 platform (Schrodinger,
LLC., NY, USA). The ligand was then docked into the arginine
binding site using the Glide-based covalent docking module with
default parameters. The docked pose with top-ranked Glide score
was selected for further simulation.

4.3.  Molecular dynamics

An MD simulation was performed for the complex of LLAD with
SLC38A9 in the Schrodinger Desmond module according to the
published method®'. A truncated octahedral box of the TIP3P
water model was constructed with Na or Cl as counter ions.
Protein and ligand were charged with the OPLS 2005 force field.
Prior to MD, energy minimisation was performed with a conver-
gence threshold of 0.01 kcal/mol/A. Heating simulation was per-
formed from O to 300 K using the Berendsen thermostat with a
time step of 1 fs, and a total of 1200 ps of heating simulation was
performed in the NVT ensemble. Equilibrium MD simulation was
performed for 100 ns with a time step of 2 fs, using the NPT
ensemble with a fixed temperature of 300 K and pressure of 1.01
bar. We chose a 10-ps recording interval, resulting in an MD
trajectory of 2000 unique conformations of T24. Default settings
were used for all other parameters. The analysis module in Des-
mond was used on the generated trajectory.

4.4. Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS and penicillin—
streptomycin (100 units/mL) in a 37 °C humidified incubator with
5% CO,. A549 cells were cultured in Ham’s F-12K supplement
with 10% FBS and penicillin—streptomycin (100 units/mL) in a
37 °C humidified incubator with 5% CO,.
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4.5.  Cytotoxicity assay

Cell cytotoxicity assay was measured using the Cell Counting Kit-
8 (CCK-8) assay. HeLa cells were cultured in 96-well cell plate in
an incubator for 24 h. Then, cells were treated with different
concentrations of compounds for a suitable time. After treatment,
10 pL. of CCK-8 solution was added to each well in the incubator
for 2 h. Finally, we measured the absorbance of each well at 450
nm using a microplate reader.

4.6.  Western blotting assay

Cells were cultured in a 6-well cell culture plate in a 37 °C hu-
midified incubator for 24 h. Then, cells were treated with
different kinds of compounds for an appropriate time. After
treatment, cells were washed 3 times with cold PBS and har-
vested with cell scrapers, and lysed in cold lysis buffer containing
an anti-protease mix. Protein concentration was measured by
BCA protein assay (P0009, Beyotime, China). Cytoplasmic
proteins were extracted from HeLa cells using the cytoplasmic
and nuclear protein extraction kit (#P0028, Beyotime, China).
Briefly, HeLa cells were lysed with buffer A. After 20 min of
incubation, cytosolic extracts were collected after centrifugation
at 12,000xg for 5 min. 30 pg protein was loaded onto SDS-
polyacrylamide gels and then transferred to PVDF membranes.
The membranes were blocked in 5% milk for 1 h at room tem-
perature on a shaker and then incubated with antibodies at 4 °C
overnight. After treatment, the membranes were washed 3 times
and incubated with secondary antibodies in room temperature.
The membranes were incubated with ECL substrate and imaged.
Finally, the expression of the target bands was qualified using
Image J software.

4.7.  Cell staining and imaging

Cells were cultured in a glass-bottom microwell dish with 2 mL
medium supplemented with 10% FBS and
penicillin—streptomycin (100 units/mL) in an incubator for 24 h.
Cells were then treated with different commercial probes and
compounds for an appropriate time. After treatment, the cells were
washed with PBS and phenol-free medium and then the cells were
incubated in 1 mL phenol-free medium supplemented with 10%
FBS. Confocal images were acquired using a confocal laser
scanning microscope (Carl Zeiss, LSM 980, Germany). For SIM
images, a super-resolution microscope (Carl Zeiss, Elyra 7 with
Lattice SIM, Germany) with a 63 x oil objective was used.

4.8.  Immunofluorescence

An appropriate number of cells were cultured in a glass-bottom
microtitrer dish with 2 mL of complete medium in an incubator
for 24 h. The cells were then treated with different concentrations
of compounds for an appropriate period of time. After treatment,
we removed the medium and fixed the cells with 4% para-
formaldehyde for 20 min, then permeabilized with 0.1% Triton-
PBS for 15 min. The cells were incubated with primary antibodies
overnight on a shaker at 4 °C. The cells were then washed 3 times
with Triton-PBS and incubated with secondary antibodies for 1 h
on a shaker at room temperature. Finally, the cells were stained
with DAPI and photographed using a confocal laser scanning
microscope.

4.9.  Transmission electron microscope (TEM)

Cells were treated with LLAD for 24 h and harvested with cell
scrapers, fixed with 2.5% glutaraldehyde and placed at 4 °C for 24
h. Then washed with PBS 3 times for 15 min each time and fixed
with 1% OsO, solution for 2 h. Then dehydrated at room tem-
perature, resin embedded, polymerised and ultrathin sectioned.
Sections were stained with uranium and observed by TEM in
HT7800.

4.10.  Surface plasmon resonance (SPR)

SPR was performed using a Biacore 1k + instrument. Preparation
of A CM7 sensor chip, activate the surface of the chip
through 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)
and N-hydroxysuccinimide (NHC). The chip was subsequently
immobilized with the amino coupling at a concentration of 50
pg/mL in sodium acetate. Various concentration of recombinant
SLC38A9 was injected into the flow cell at a rate of 10 puL/min
PBS-P+ (pH 7.4), and 5% dimethylsulfoxide (DMSO) running
buffer. Use data analysis software to process the SPR response
curves and calculate binding constants (Kp).

4.11. CETSA assay

Cellular target identification of LLAD was performed using
CETSA as previously described®. Briefly, HeLa cells were
incubated with LLAD at an appropriate concentration for 2 h, then
treated and untreated cells were individually heated at different
temperatures (49—74 °C) for 3 min, followed by cooling to room
temperature. Cell lysates were obtained by freeze-thawing in
liquid nitrogen for five cycles. Soluble proteins were centrifuged
at 12,000 x g for 30 min at 4 °C, and supernatants were detected by
Western blot.

4.12.  Transwell assay

The Transwell assay was used to measure the cell invasion ability
of tumor cells in vitro. For cell invasion, Matrigel matrix was first
mixed with medium to an appropriate concentration and added to
the cell culture champers (8 mm pore size) for 1 h in a 37 °C
incubator. Then 2 x 10° HeLa cells with serum-free medium were
added to the upper chamber, also with different concentrations of
LLAD (0, 0.5, and 1 pmol/L). Medium containing 10% FBS as
chemoattractant was added to the lower chamber. After 24 h, the
chambers were washed with PBS and fixed with 4% formaldehyde
for 20 min. The cells were then washed with PBS and stained with
crystal violet for 15 min. Finally, five fields of view were selected
and photographed under an inverted microscope.

4.13.  Detection of apoptosis by flow cytometry

Cells were cultured in 6-well cell plates with complete medium
and penicillin—streptomycin (100 units/mL) in a 37 °C humidified
incubator with 5% CO, for 24 h. Then cells were treated and
untreated with different concentrations of LLAD for 24 h. After
drug treatment, cells were trypsinized and centrifuged at 1000x g
for 5 min. Cells were measured and centrifuged at 1200xg for
5 min in cold PBS. Annexin V-FITC and PI were added, the
solutions were mixed well and the samples were incubated for 15
min in the dark at room temperature. Finally, cell fluorescence was
detected by flow cytometry.
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4.14.  In vivo anti-cancer activity

All animal experiment procedures were conducted in conformity
with institutional guidelines of the animal Ethics Committee of ani-
mal Experiment Center of Henan University of Chinese Medicine
(Zhengzhou, China), approval number: DWLL202003251, and fol-
lowed the national research council’s guide for the care and use of
laboratory animals.

Female BALB/c nude mice (4 weeks old) were housed under
standard conditions. Typically, HeLa cells were diluted to 1 x 107/
mL with serum-free medium and 200 pL of cell suspension was
injected subcutaneously into the right arm of the mice on Day 0.
Mice were randomly divided into 6 groups (n = 6) and orally
administered LLAD (0, 2.5, 5.0 and 10.0 mg/kg/day) when
the tumor volume reached approximately 100 mm®. Mice in
the solvent control group were treated with 1% DMSO. Cisplatin
(2.5 mg/kg/day) was administered orally to the mice as a positive
control group. Body weight and tumor volume were measured
every three days. Solid tumor volume (V) was determined by
measuring the longest diameter (A) and the shortest diameter (B)
of the tumor using digital calipers and calculated as Eq. (1):

V= (A X BH2 (1)

Mice were sacrificed on Day 23 and tumors and normal tissues
were harvested for molecular analysis. We also treated tumor
bearing mice with LLAD 2.5 mg/kg every three days and the same
dose of cisplatin, and after sacrificing the mice on Day 32, tumor
and normal tissues were harvested.

4.15.  Data analysis

Each experiment was repeated three times independently with
similar results. Statistical analysis was performed using Image J,
GraphPad Prism 9.4.1 and Origin 2021. Normality and lognor-
mality tests were performed to check for normal distribution. Data
are presented as mean + standard deviation (SD). Statistical
comparison of results was performed using Student’s t-test
(Mann—Whitney) or ANOVA, P < 0.05 was considered statisti-
cally significant.
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