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PUBLIC SUMMARY

m Tumor cells exocytose amino acids via extracellular vesicles, which act as stressors to tumor cells.
= Novel non-starvation approach using amino acids for treating pancreatic cancer.
®m Amino acid treatment is selective and effective against PDAC cells with no side effects.

® The new treatment can be used as an adjuvant with chemotherapy to enhance efficacy.
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Pancreatic adenocarcinoma (PDAC) is one of the most deadly cancers, char-
acterized by extremely limited therapeutic options and a poor prognosis, as
it is often diagnosed during late disease stages. Innovative and selective
treatments are urgently needed, since current therapies have limited effi-
cacy and significant side effects. Through proteomics analysis of extracel-
lular vesicles, we discovered an imbalanced distribution of amino acids
secreted by PDAC tumor cells. Our findings revealed that PDAC cells prefer-
entially excrete proteins with certain preferential amino acids, including
isoleucine and histidine, via extracellular vesicles. These amino acids are
associated with disease progression and can be targeted to elicit selective
toxicity to PDAC tumor cells. Both in vitro and in vivo experiments demon-
strated that supplementation with these specific amino acids effectively
eradicated PDAC cells. Mechanistically, we also identified XRN1 as a poten-
tial target for these amino acids. The high selectivity of this treatment
method allows for specific targeting of tumor metabolism with very low
toxicity to normal tissues. Furthermore, we found this treatment approach
is easy-to-administer and with sustained tumor-killing effects. Together,
our findings reveal that exocytosed amino acids may serve as therapeutic
targets for designing treatments of intractable PDAC and potentially offer
alternative treatments for other types of cancers.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of can-
cer death in the United States and the eighth leading cause worldwide, with an
increasing incidence.! ° Treatment options for pancreatic cancer are limited to
surgery, chemotherapy, radiation therapy, and palliative care.* Although surgical
resection can potentially ameliorate early-stage disease, more than 80% of pa-
tients who present with locally advanced or metastatic disease at the time of
diagnosis are ineligible for resection.* Chemoradiation and systemic chemo-
therapy are the mainstays of treatment to slow disease progression for PDAC
disease at advanced stages.® However, these therapies attack all rapidly dividing
cells, including healthy cells, and thus cause significant side effects and toxicity.
The lack of selective protection for healthy cells has limited the effectiveness of
current therapies. These challenges underscore the need for innovative and more
effective treatments to achieve breakthroughs in pancreatic cancer treatment.

Recent research has identified the crucial role of extracellular vesicles (EVs) in
cell-cell signaling and selective transfer of cellular information for tumor develop-
ment.””'" These membrane vesicles of endocytic origin, with sizes ranging from
30 to 150 nm, contain biomolecules, such as DNA, RNA, and proteins,” which
migrate between cells. EVs have been found to play a critical role in promoting
the cascade of cell signaling events that lead to tumor growth, invasion, and
metastasis. Studies have shown that the cargoes carried by EVs, especially pro-
teins, and DNA (e.g., secondary protein structures, excessive mtDNA), have an
uneven distribution in tumor-derived EVs, highlighting their potential as novel bio-

markers for noninvasive cancer detection.'? '® Collectively, these findings sug-
gest that EVs could be a promising information source for developing markedly
improved therapies for PDAC. By utilizing EV-based approaches, we may over-
come the current limitations associated with finding potential therapies for
PDAC, which have been linked to the high aggressiveness of the disease and
related cascade of cell signaling events that promote tumor growth, invasion,
and metastasis.'®

In this study, we conducted proteomics analysis of EVs to quantify the individ-
ual amino acid abundance. We linked the proteins with their primary sequences'”
for statistical analysis of the relative abundance of the individual amino acids that
make the protein. We compared the individual amino acid abundance between
proteins of PDAC tumors and nontumor cells at both EV and cellular levels. Using
this novel approach, we found a significant imbalance in the amino acid distribu-
tion between PDAC tumor cells and EVs, but not in nonmalignant counterparts.
This suggests that the tumor cells selectively exocytose certain amino acids
through EVs. Inspired by this EV information, we developed a new treatment
that stresses PDAC tumors with amino acids of high exocytosis selectivity. We
demonstrate for the first time that combined treatment of amino acids identified
from selective exocytosis of PDAC cells via EVs, mediates necrosis of PDAC cells
in vitro and in vivo. Moreover, we identified the potential therapeutic target of the
combined amino acid treatment to be the XRNT. XRN1 is a 3'-5" exoribonuclease
that is involved in the cytoplasmic mRNA decay and stability in cellular processes
critical to some disease development, such as osteosarcoma and Wilms' tu-
mor.'® Previously, it was reported that XRN1 silencing in melanoma cells sup-
pressed RNA decay and stimulated antitumor immunity.'® Our studies suggest
that targeting the XRN1 gene with amino acids may be crucial for the selective
treatment of PDAC tumors by affecting the RNA degradation pathway.

In summary, our study presents an amino acid-based treatment of PDAC tu-
mors, which was developed using innovative proteomics analysis that accurately
quantifies individual amino acids in PDAC cell-derived EVs compared with those
from normal cells. The combined amino acid treatment used in this study dem-
onstrates that a non-starvation treatment approach is selective for killing PDAC
tumors with little or no side effects on nontumor cells. These novel findings may
establish a paradigm for using EV information in drug discovery, contribute to an
improved understanding of the molecular mechanism underlying PDAC develop-
ment, provide the basis for developing selective and effective therapeutic
interventions against PDAC, and offer translational advantages for clinical
applications.

RESULTS
Selective exocytosis of amino acids in PDAC cell-derived EVs is
discovered via quantitative proteomics profiling

Modern mass spectrometry-based protein profiling provides not only individ-
ual identification but also quantitative information on each protein in a given sam-
ple. This has facilitated comparative proteomics to identify and quantify proteins
in cells from tumor and nontumor tissues at both the cellular and EV levels. We
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performed comparative proteomics studies of both cells and EVs of PDAC and
immortalized nontumor human ductal epithelial cells, respectively. We evalu-
ated the proteins by determining the relative abundances of each identified pro-
tein within tumor and nontumor cells and EVs. We observed that the percentage
of the proteins shared by tumor and nontumor tissue cells was significantly
higher at the cellular level than at the EV level (Figure TA), indicating possible se-
lective exocytosis in EV shedding. Previous studies have shown that protein
transport complexes are involved in sorting proteins and other biomolecules in
EVs before shedding occurs.?! However, the subsequent sorted protein distribu-
tions specific to PDAC cells have not been evaluated comprehensively.”""?
Therefore, we investigated the differential protein distribution down to the single
amino acid level'” for the first time in PDAC cells.

To further evaluate our proteomics results, we developed a method to study
the statistical distribution of the amino acids. We utilized the accession IDs of
identified proteins to retrieve their primary amino acid sequences from the Uni-
prot database (https://www.uniprot.org/). By doing so, we were able to perform
a detailed analysis of the amino acid content of each protein identified in our
study. We defined the resulting percentage of i amino acid in the sample as:
pi = 37 a;-qi, where a is the amino acid percentage calculated by the primary
sequence in the protein; g is the relative abundance of the protein in the sample; n
is the number of the proteins identified. Evaluating the amino acid distribution at
the cellular and EV level, we found that, at the cellular level, the distributions in the
tumor and nontumor tissue cells are analogous except for cysteine (Figure 1A).
However, the distribution varied from tumor to nontumor cells at the EV level,
which implied selective exocytosis of amino acids through tumor EVs. To eluci-
date the selectivity, the " amino acid percentage difference between EV and
cellular level is defined as A = pf/ — p!, where p& and p¢! are the amino
acid percentage at EV and cellular levels, respectively. We summarized the selec-
tivity (A) of amino acids in tumor and nontumor cells (Figure 1B). The nontumor
cells featured homogeneous selectivity over all amino acids in a round profile in
Figure 1B, but tumor cells present imbalanced selectivity, which implicates selec-
tive exocytosis of specific amino acids in tumor cells through EVs. We ranked the
amino acids by their A value in the tumor cells revealing that amino acids with
positive A values (PSA) may undergo selective exocytosis processes (Figure 1C),
indicating the metabolic disparity of the amino acids in tumor cells. Figure 1C
demonstrates that isoleucine, histidine, and arginine, are the top 3 amino acids
in terms of exocytosis, while cysteine, valine, and leucine are the top in terms
of endocytosis, as ranked by our analysis.

Metabolic reprogramming is a hallmark of cancer, and PDAC tumors display
distinct metabolic alterations due to the activation of KRAS mutation to meet
the growth demands in relatively hypoxic and nutrient-poor niches.”*%°> Approx-
imately 90% of PDAC tumors exhibit KRAS mutations, and KRAS-induced meta-
bolic alterations rely on amino acids to provide the carbon and nitrogen sources
to meet the energy requirements for PDAC growth and survival.?® For instance,

ANEV-Cell) (%

Figure 1. PDAC cells selectively exocytose certain
amino acids through EVs (A) Proteomic analysis of
cellular and EV level amino acid distribution. (B) Per-
centage difference (A) of amino acids between cells
and EVs. (C) Exocytosis selectivity ranking of amino
acids (A) in tumor cells. Single letter representation of
the amino acids. EVs, extracellular vesicles; HPNE,
hTert-HPNE (nonmalignant pancreas epithelial); MIA,
MIA PaCa-2 (malignant pancreas epithelial).
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lular proteins through micropinocytosis and lyso-
somal degradation to provide the necessary
amino acids as an alternative nutrient source.'®
These dynamic changes in the regulation of spe-
cific proteins for the facilitation of essential
amino acids that contribute to PDAC survival substantiate our results for the un-
even distribution of amino acid contents in tumor and nontumor cells. Conse-
quently, we raised whether the amino acids undergoing selective exocytosis
could be stressors to tumor cells when reintroduced. Based on our results, we
utilized these selective exocytosis amino acids (positive A values, PSA) as
stressors in tumor cells in a non-starvation manner, as illustrated schematically
in the graphics abstract.

Selective exocytosed amino acids are stressors to PDAC cells

To address the question raised earlier, we initially identified the individual
amino acids exocytosed through tumor EVs (as shown in Figure 1C) and evalu-
ated their cytotoxic effects (Figure S1). The area under the curve (AUC) of each
amino acid for cytotoxicity was measured, and the therapeutic index was calcu-
lated as the cytotoxicity (AUC) difference between nontumor and tumor cells
(Figure 2A). The amino acids were then ranked by therapeutic index, and among
the top-ranked amino acids, cysteine and arginine introduce significant pH
change (Figure 2B), and cysteine exhibited selective endocytosis (Figure 1C),
making them unsuitable for non-starvation treatment. Based on the results, his-
tidine and isoleucine were chosen as the finalists for amino acid treatment. The
tumor cells demonstrated a monotonic dose response to both amino acids. The
effect of histidine and isoleucine treatment on nontumor cells showed no signif-
icant difference in cell viability, whereas treated tumor cells exhibited selective
cytotoxic efficacy (Figures 2C and 2D). This highlights the potential of amino
acid treatment with selective efficacy in tumor cells, which may result in fewer
adverse drug reactions (ADRs) or side effects in nontumor cells.

In addition, our proteomics results revealed an imbalance in the L form amino
acids (Figures 1B and 1C), which prompted us to examine the functional efficacy
of these amino acids by testing their different isomeric forms. It should be noted
that amino acids can occur in Land D forms, but only the L forms are absorbable
by cells. Our results demonstrated that only the L form of the amino acids had
significant effects on tumor cells, indicating their potential therapeutic value
(Figures 2E and 2F).

Modern medicine has always taken advantage of the combined use of several
active agents to treat diseases, and it has become a standard in cancer treat-
ment. Thus, we studied the synergetic efficacy of combining histidine and isoleu-
cine for cancer treatment and found a remarkable efficacy burst when combining
these two amino acids, than each amino acid individually to treat tumor cells (Fig-
ure 2G). We thus validated the optimized combination of the two amino acids
(histidine and isoleucine), in a mass ratio of 2:1, for treatment to achieve maximal
efficacy in vitro, and confirmed their highly selective cytotoxicity to the tumor cells
(Figure 2H).

Histidine and isoleucine are essential amino acids that cannot be synthesized
by mammalian cells but can be supplied through dietary intake and
extracellular protein scavenging.'®?’ Genomic alterations by oncogenic
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Figure 2. Histidine and isoleucine combination treatment is cytotoxic to PDAC cells with low side effects (A) Area under the curve (AUC) and therapeutic index (T1) from amino acid
cytotoxicity tests. (B) pH change caused by amino acid addition with histidine (H) and isoleucine (I) exhibiting trivial impact to the medium. (C and D) Viability dose response of
individual H and | in the same cell lineage. (E and F) Comparison of cell viability dose response between L and D form amino acids. (G) Synergetic efficacy of combining H and |
treatment on tumor cells. (H) Cytotoxicity of H and | combined treatment. R, arginine; C, cysteine; Med, medium only; HPNE, hTert-HPNE (nonmalignant pancreas epithelial); MIA, MIA

PaCa-2; and PANC, PANC-1 (malignant pancreas epithelial).

transcription factors—c-MYC, HIF2¢, and NOTCH—mediate high expression of
LAT1 (SLC7Ab) protein, which is involved in the intracellular influx and efflux
movement of histidine and isoleucine that facilitate cancer development.'?’
This suggests that the combined use of histidine and isoleucine (hereafter
referred to as "AA") may impact the expression of protein transporters and alter
the metabolic milieu of tumor cells.

Combined AA treatment induces therapeutic effects and mediates cell
death in PDAC

We introduced the non-starvation treatment using the combined amino
acids (AA treatment) with selective exocytosis, delivering these amino acids
as stressors to the tumor cells. The next question is, how effective is the AA
treatment compared with the standard chemotherapy drug—gemcitabine
(GEM)?22° To compare cytotoxicity efficacy and explore possible mechanisms,
we conducted cellular-based assays. Figure 3A shows the time-dependent cyto-
toxicity of AA treatment compared with GEM. While GEM showed faster efficacy
and is more tumoricidally effective, it exhibited a similar time-dependent cytotox-
icity feature in nontumor cells, affirming the disadvantage of the standard
chemotherapy regimen. On the other hand, the AA treatment demonstrated se-
lective time-dependent cytotoxicity to tumor cells without harm to normal cells,
suggesting that it could be used safely for long-term treatment. These findings
suggest the potential of AA treatment as an effective and safer therapeutic op-
tion for PDAC treatment.

Next, we evaluated the synergistic effect of AA and GEM treatment in Fig-
ure 3B. No significant synergistic efficacy was observed in nontumor cells,
whereas, in tumor cells, low-dose GEM in combination with AA treatment showed
enhanced efficacy, suggesting the potential of amino acid supplementation as
an adjuvant regimen. This also suggests that amino acid treatment may have
a different tumoricidal mechanism from GEM. Histidine plays a crucial role in
nucleotide synthesis, which is essential for tumor development. Alterations in
the metabolic flux of histidine availability affect the cellular pool of tetrahydrofo-
late, which influences methotrexate sensitivity to tumor cells.*® Similarly, isoleu-
cine plays a vital role in the modulation of the immune system against cancers by
inducing B-defensin.®"? However, GEM elicits its anticancer effect as a nucleo-
tide analog interfering with DNA synthesis and ribonucleotide reductase.* The
observed enhanced efficacy of the combined AA + GEM treatment may be attrib-
uted to its impact on nucleotide (DNA or RNA) metabolic regulation and immune

system modulation. These factors prompted us to further determine whether the
treatment exerts its effects on tumor cells through apoptosis or necrosis.

To this end, we performed Apopoxin/7-AAD staining and flow cytometry
analysis. The results showed that the AA treatment had the greatest therapeu-
tic effect on tumor cells through necrosis, as demonstrated by the cell count
and fluorescent intensity (Figures 3C and 3D). Necrosis is characterized by
morphological changes leading to plasma membrane rupture in an inflamma-
tory-dependent manner.>* Therefore, we examined the effect of the combined
AA treatment on tumor cell morphology compared with nontumor cells. We
found significant changes in tumor cell morphology, including increased cell
diameter with inflammation, which further supports the occurrence of necrosis
(Figure 3E).

Drug-induced necrosis has been associated with mitochondrial dysfunction in
many cancers.>® Amino acids play a crucial role as nutrient sources and have a
metabolic effect on PDAC. The abnormal increase in mitochondrial activity via
the Warburg effect is one of the characteristics responsible for PDAC tumor
development and progression.®® Thus, we evaluated the effect of AA treatment
on mitochondrial activity in PDAC tumor cells compared with nontumor cells us-
ing fluorescent staining (Figure 3F). The results showed a significant decrease in
mitochondrial activity in tumor cells due to the treatment, indicating an impact on
metabolic activity that is critical to tumor cells. These findings suggest that the
AA treatment mediates PDAC cell death through necrosis and implies its effect
on metabolic activities crucial to PDAC development. Identifying the metabolic
pathway and therapeutic target of the combined AA treatment will provide further
insight into its therapeutic effect.

XRNT1 is a potential therapeutic target of the AA treatment

To explore the mechanism of action (MOA) of the AA treatment, we conducted
a comparative proteomics analysis before and after treatment application, fol-
lowed by pathway analysis using the Reactome Knowledgebase tool.*” We uti-
lized four replicates each of treated and untreated cells, and calculated the abun-
dance ratio of untreated and treated cells proteins. The intensity ratio and p value
filters was set at fold change >2 for upregulation and <0.2 for downregulation,
and significant p < 0.05 respectively, for significantly differentially expressed pro-
teins. Enrichment scores were compared before and after AA treatment in PDAC
cells (Figure S2). The pathways were ranked based on the enrichment difference
before and after treatment, and the top-ranked amino acids are shown in

uoljbAoOuU| BY |

@ CelPress Partner Journal

The Innovation 5(3): 100626, May 6, 2024 3




www.the-innovation.org

REPORT
A

B
120 _ HPNE %0
80 - Cell:HPNE
60 --m-- GEM Only
< 40 —_ o - AA+GEM
L3 ® 0] g B
Z o - L Y
= 120 E 0
€ o 5% Cell:MIA
s 1 = . --u-- GEM Only
= ) I e o AA+GEM
g 40 3 LI
O 30 - e
: 11l ot
NT ]AA GEM[ NT |AA|GEM| NT ]AA|GEM = = T ;
Treatment 10 10 10 10'
Days Concentration (mg/mL)
E F
G 25 = 1.51HPNE
2 CIsEm
H _ T s
- = — Mean
E 20 - 3
8 = B
2 K
>
1.5.X10" y e
® 5
7.50x10" { ) €
< @ -
O 000
2 NT [ A [ ONT AA
HPNE [ MIA

2504 N1 wol
800 - 2004
[7}
c Q 150
L 5 600 ) o 04
£2 504
=< | ns
o N T e 16° 10’ 10 100 10* 10 10° 10" 10 10° 10t 10®
O o' 4004 1504
a & 00 1 AA
(4
2w
g 6 0] 1504
o~ c
I uf 200 5 o]
5o
£~ O 100
7
0 - . -
E NT H AA 10° 10’ 107 107 10 10® 10° 10" 107 100 10 10°
PE-CF594 (YG)-A :: PE-CF594 (YG)-A PE-CF594 (YG)-A :: PE-CF594 (YG)-A
D 600

2009 4

@
S
3

1504

1504

IS
3
3

W
-
=)

200

150

150

(FITC_Apopoxin)
N
8

2
3

o

Median Fluorescent Intensity

Comp-FITC-A: FITC-A Comp-FITC-A: FITC-A

Figure 3. Synergistic combination of amino acids and gemcitabine enhances cytotoxicity to PDAC cells (A) Treatment efficacy comparison of AA and GEM. AA, histidine and
isoleucine; GEM, gemcitabine. (B) Adjuvant efficacy of combined AA + GEM treatment on tumor cells. (C and D) Flow cytometric analyses with 7AAD/Apopxin/CytoCalcein-FITC assay
for apoptosis and necrosis on tumor cells in different treatment conditions. (E) Cell morphology changes upon AA treatment. (F) Mitochondrial activity shifts due to AA treatment.
HPNE, hTert-HPNE (nonmalignant pancreas epithelial); MIA, MIA PaCa-2 (malignant pancreas epithelial); NT, no treatment control; AA, histidine and isoleucine; GEM, gemcitabine.

Error bars represent mean + SEM; n.s., not significant; *p < 0.05, **p < 0.01, **p < 0.001.

Figure 4A. We found that the exoribonuclease complex and RNA modification
were the least enriched in the treatment group. In addition, a visual comparison
(Figure 4B) using Reactome revealed that the RNA metabolic pathway was the
most affected, and the XRNT gene was ranked the highest of all. These results
suggest that the treatment may affect the RNA metabolic pathway and perturb
downstream post-transcriptional activity that is critical to protein expression in
PDAC tumor cells. The XRN1 gene encodes the XRN1 exonuclease protein,
which degrades mRNA. Notably, our results may indicate that genetic alterations
of the tumor cells and the exocytosis of histidine and isoleucine influence the
degradation of mRNA transcripts, modulating the inflammatory response and
providing a nutrient-rich milieu in the tumor cells. Therefore, reintroducing histi-
dine and isoleucine through the AA treatment may repress the availability of
the XRN1 protein, leading to the accumulation of MRNA transcripts that are toxic
to the tumor cells.

Furthermore, the repression of the XRN1 gene by the AA treatment would lead
to a reduction in the availability of the XRN1 protein. This was confirmed by west-
ern blot analysis, which showed reduced expression of the XRNT1 protein in the
AA-treated group compared with other groups (Figures 4C and 4D). These results
nominate XRN1 as a possible MOA for AA treatment. To confirm AA treatment
targeting XRN1 for tumoricidal effect, we constructed XRN1 knockdown tumor
cells (Figure S3) and compared the cytotoxicity of AA with the wild-type cells.
We observed that there were no significant changes in cell viability of the knock-
down tumor cells compared with the wild-type cells, which experienced a signif-
icant decrease in cell viability (Figure 4E). This evidence supports the idea that
XRNT1 is the potential therapeutic target of the AA treatment and affects meta-
bolic post-transcriptional activity in the tumor cells.

AA treatment effectively inhibits PDAC tumor growth and extends mice
survival

To evaluate the therapeutic effect of AA treatment preclinically, we conducted
an in vivo study using subcutaneous heterotopic mouse PDAC cancer modeling
(Figure 5A) and determined treatment efficacy using statistical assessment
throughout the treatment. The treatment was administered orally. As shown in
Figure 5B, all treatment groups (GEM, AA, and AA + GEM) showed antitumor ef-
ficacy, consistent with the in vitro study (Figure 3A). Although AA + GEM dis-
played the highest tumor volume change from about 20 days through the course
of 40 days of treatment, the antitumor efficacy of the three treatment groups

(Figures 5B and 5C) are comparable. Upon comparing the tumor growth rates
affected by the treatment, AA + GEM demonstrated the highest antitumor growth
effect compared with AA and GEM individually, which is in line with the in vitro
study (Figure 3B) and suggests a synergistic efficacy of the AA and GEM treat-
ment. We also assessed the survival rate of the mice and, interestingly, the AA
treatment group showed a 100% survival rate (Figure 5D). While the GEM and
AA + GEM treatment groups displayed varying survival rates at the beginning
of the treatment, they eventually converged at 30 days. This finding further sup-
ports the selective toxicity of AA treatment on PDAC tumor cells in vivo. The high
survival rate observed in the AA treatment group suggests that it may be a prom-
ising first-line therapy, while the synergistic antitumor effect of AA + GEM treat-
ment highlights the potential of AA treatment as adjuvant therapy.

To further investigate the pathological efficacy of the treatment, we performed
H&E staining of tissue sections from the different treatment groups at the end of
the in vivo study. The resulting tumor tissue images were analyzed using the Qu-
Path software.*® Tissue sections from the untreated group exhibited a cellular
solid nested pattern with hypercellularity and nuclear pleomorphism (Figure 5E).
In contrast, the treated groups displayed varying degrees of necrosis as sug-
gested by cytoplasmic vacuolation, reduced staining intensity, and infiltration
of inflammatory cells with lower cellular density. Among the treatment groups,
the AA + GEM-treated group showed the most extensive ablation areas charac-
terized by a reduction in tumor cellularity. Thus, the AA + GEM treatment group
exhibited the highest level of necrosis (Figures 5E and 5F). These results are
consistent with the in vitro study (Figures 3C—3F). Collectively, our studies pro-
vide strong evidence of the therapeutic efficacy of the AA treatment for killing
PDAC tumor cells, which may serve as alternative or combination therapy for
combating pancreatic cancers.

DISCUSSION

Our study uncovered distinct differences in the proteome composition of
PDAC tumor-derived EVs compared with nontumor cells.'® Although mass spec-
trometry is a standard method for evaluating cellular proteins, most analyses end
at only protein identification and quantification of unique peptides. In our study,
we went one step further to characterize the individual amino acid distribution
involved in the proteome of EVs and cells derived from PDAC. Our findings re-
vealed that tumor cells have selective exocytosis of certain amino acids
compared with nontumor cells. Despite striking, this is not unexpected, as amino
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acids play essential roles in providing nutrients, redox balance, energetic regula-
tion, biosynthetic support, and homeostatic maintenance in various cells.*
Moreover, amino acids have demonstrated metabolic reprogramming features
to meet the nutritional demands of tumor cells to facilitate its progression dy-
namics.'® Thus, tumor cells may exocytose specific amino acids to meet their
metabolic requirements for growth. This observation inspired us to formulate
an idea using amino acid-based treatment, and our results proved that the exo-
cytosed amino acids are stressors for PDAC tumor cells, which can inhibit their
growth and progression. This novel approach may open a new avenue for the
development of precision medicine based on tracking information from tumor-
derived EVs.

Histidine and isoleucine are essential amino acids involved in nucleotide
(DNA and RNA) metabolism and immune system modulation, respectively.®=’
Some studies have utilized a starvation approach in amino acid treatment,
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Figure 4. XRN1 is a target of the histidine and isoleu-
cine metabolic pathway (A) Difference in enrichment
analysis before and after AA treatment. (B) Reactome
analysis before and after AA treatment. (C and D)
Western blot expression analysis of XRN1 protein in
tumor and nontumor cells with combined AA treat-
ment. (E) Cytotoxicity effects of AA treatment on
XRN1 knockdown cells and wild-type. AA: histidine
and isoleucine; HPNE, hTert-HPNE (nonmalignant
pancreas epithelial); XRN1, XRN1 gene knockdown in
PANC-1 tumor cells; PANC-1, malignant pancreas
epithelial and wild-type for the XRN1. Error bars
represent mean + SEM; n.s., not significant; *p < 0.05,
*p < 0.01, %*p < 0.001.
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cer.** Other studies have attempted the use of
histidine supplementation in different cancers,®*“® and isoleucine supplementa-
tion in inhibiting tumor growth and angiogenesis in various cancers.®2%4
However, our study, to the best of our knowledge, is the first non-starvation
amino acid treatment approach for pancreatic cancer, combining the use of
histidine and isoleucine. This approach has several translational advantages,
including selective toxicity against tumor cells, and eliminating severe side ef-
fects exhibited by standard chemotherapeutic drugs, such as GEM. In addition,
amino acids are among the most accessible nutrients, with no side effects,
making them best-suited for counteracting malnutrition and cachexia in
advanced-stage cancer patients, thus predisposing them to more effective
treatment. Furthermore, amino acids can be applied as adjuvant therapy for
various diseases. Our study demonstrated that the amino acid treatment can
be used as an adjuvant therapy in combination with GEM, providing better ef-
ficacy in treating PDAC.
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XRNT protein, implicated as the potential therapeutic target, is a highly
conserved 5'-3' exoribonuclease that regulates gene expression in eukaryotes
by coupling nuclear DNA transcription to cytosolic mMRNA decay.”® XRN1 is
involved in transcription, MRNA translation, and mRNA decay, and its modifica-
tion plays a crucial role in post-transcriptional and translational activities that pro-
mote tumor development and chemoresistance.'®#%49 Therefore, changes in the
availability of the XRN1 protein and alterations in mRNA metabolism can lead to
anomalous MRNA accumulation in PDAC tumor cells, which may trigger inflam-
matory responses and/or necrosis.'®“® Thus, we consider XRNT protein as the
potential therapeutic target of AA treatment, complementary to the targets for
GEM. This discovery highlights a novel approach for non-ADR treatment target-
ing MRNA translation and decay.

Although our study has yielded promising results, it is important to acknowl-
edge certain limitations. In proteomics analysis, some genes may produce
various forms of proteins (proteoforms) that may affect the overall amino acid
estimation. We preliminarily looked on the necrosis-based tumoricidal effect
for the treatment in vitro, but further studies are necessary to confirm the detailed
MOA and evaluate the pharmacodynamics/pharmacokinetics of the AA treat-
ment in vivo. In addition, even though we observed promising results of the treat-
ment effect on tumor cell invasion and migration in vitro (Figure S4), we noted
that the use of heterotopic subcutaneous mouse models for preclinical validation
may not fully recapitulate the complexity of human tumorigenesis, particularly
the interactions between tumor cells and the surrounding microenvironment.
Therefore, we will need to conduct engineered orthotopic mouse models that bet-
ter mimic human pancreatic tumorigenesis for a more comprehensive evalua-
tion of the treatment, including its impact on metastasis. Moreover, we opted
for oral administration in our study due to the likelihood that intratumoral admin-
istration to the subcutaneous mouse model would behave similarly to our in vitro
study, and the potential risk of unexpected death associated with intravenous
and intraperitoneal injections. Oral intake also highlights the potential for diet
modification as a preventive intervention, but further studies are required to
explore its potential as a therapeutic method. Despite being preliminary, our
study serves as the first indication of the potential of AA treatment and the
use of EVs as a source of information for guiding personalized precision
medicine.

In summary, this study demonstrates that PDAC tumor cells exocytose a
unique group of amino acids via EVs, which act as stressors to the tumor cells.
Our non-starvation isoleucine and histidine diet feeding represents a promising
strategy for direct therapy and/or combination therapies with GEM for the deadly
pancreatic duct carcinoma. Mechanistically, XRNT1 is characterized as the target
of this amino acid-mediated RNA regulation pathways. Through different func-
tional biochemistry, this AA treatment may have the potential for clinical applica-
tion as direct or alternative therapy.

MATERIALS AND METHODS
See supplemental information for details.

DATA AND CODE AVAILABILITY
All data are available in the main text or supplemental information. Proteomics
data are available via ProteomeXchange with ID PXD047958.
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MATERIALS AND METHODS

Cell lines and cell culture

Malignant pancreatic cell lines (PANC-1 and Mia PaCa-2) and nonmalignant human pancreas cell line
(HPNE) were obtained from the American Type Culture Collection (Manassas, Virginia). The cells were
cultured in DMEM medium (Hyclone, GE Healthcare Life Sciences) with HPNE cells having 0.1 ng/ml
EGF (Novus Biologicals, USA) included. All cultures were supplemented with 10% fetal bovine serum
(FBS; Life technology, Thermo Fisher Scientific Inc.), penicillin (1 U), and streptomycin (1 pg/ml). All
cells were maintained in a humidified incubator with 5% CO, at 37°C. All cell lines were cultured in
triplicate under the same conditions and then harvested to collect independent exosome samples.

Cell viability assay

Cells were seeded in 96-well plates at a density of 10* cells/well. After 24 hr, culture medium with
increasing concentrations of treatment was added to the treatment group for 48 hr. Cell viability was
accessed by Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) following the
manufacturer’s instructions. Briefly, a mixture of 10 pul of CCK-8 and 190 pl media was added into each
well and the cells were incubated for another 1 hr. The absorbance of each well was measured at 450 nm
using a microplate reader. Each experiment was performed in 6 repeats.

Flow cytometry for mitochondrial mass quantification

Cells were stained by Mitoview Green (Biotium, Inc.). Briefly, the cells in the culture dish were treated
with 2 ml of Trypsin-EDTA solution for 3 min at 37 °C, and 2 ml growth medium was added after. The cell
suspensions were centrifuged to obtain the cell pellet and washed three times with PBS before being
incubated for 20 min at 37 °C in 200 nM dye in the medium. Cells were then subjected to flow cytometric
analysis using a BD Accuri™ C6 (BD Bioscience). At least 10,000 cells were acquired from each sample.
FITC channel was used to capture the signal from the green dye. Flowing Software (Turku Centre for
Biotechnology) was used for the analysis of the cytometric data. The intensity was normalized to the mean
of the control.

Proteomics analysis

The quantitative proteomics study of the treated and untreated cells were analyzed at Tulane Proteomics
Core. Briefly, four replicates each for cell lysates were diluted to 1 pg/ul with 100 mM NH4HCO;
supplemented with 10 mM dithiothreitol, incubated at 37 °C for 1 hr, then mixed with 30 mM
iodoacetamide, incubated in the dark for 30 min at room temperature before overnight digestion with 1 ug
trypsin at 37 °C. Digestions were terminated by the addition of 0.1% trifluoroacetic acid and diluted to 0.25
ug/ul protein with HoO/acetonitrile (95:5), centrifuged at 21,000 g for 20 min. The digested peptides were
cleaned up using StageTips. The dried peptides were reconstituted with H,O/acetonitrile (95:5) before LC-
MS/MS analyses that employed about 500 ng peptide/injection. Samples were analyzed using Q Exactive
HF-X Quadrupole-Orbitrap MS System (Thermo Fisher Scientific). The peptides were eluted with a linear
gradient from 2.5 to 35% buffer B (80% ACN in 0.1% FA) over 45 min. Following the linear separation,
the system was ramped up to 75% in the next 10 min followed by 100% in 2 min. Then it was re-equilibrated
to 2.5% in 7 min. The MS1 scans were collected from 300-1650 m/z with an AGC target of (3E6), a
resolution of 60, 000 at 200 m/z, and followed by a top-15 MS2 loop. MS/MS scans were collected with a
resolution of 15, 000 at 200 m/z, with an AGC target of 100 000 (1ES5), and a maximum injection time of
118 ms. The dynamic exclusion time was set for 30 seconds. All LC-MS/MS data were analyzed by label-
free quantitation mode and searched using the Sequest HT algorithm within Proteome Discoverer 2.4
(Thermo Fisher Scientific) against Homo sapiens proteome database (UP000005640) to obtain peptide and



protein identifications using a precursor mass tolerance of 10 ppm and fragment mass tolerance of 0.02 Da.
For all searches, trypsin was specified as the enzyme for protein cleavage, allowing up to two missed
cleavages. Oxidation (M) and carbamidomethylation (C) were set as dynamic and fixed modifications,
respectively. The peptide spectrum match and protein false discovery rate (FDR) was set to 0.01 and
determined using a percolator node. Relative protein quantification of the proteins was performed using the
Minora feature detector node with default settings using peptide spectrum matches (PSM). The intensity
ratio and adjusted p-values were calculated and provided in the supplementary file 2. Also, the proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE! partner repository with the
dataset identifier PXD047958. The proteomics data used for uncovering the unbalanced distribution of the
amino acids was adopted from our previous research.’?

Determination of the therapeutic index of each amino acid

Tumor
2r(1-vy ) _ (1 _ UNontumor)
n L ?
Nontumor Tumor

where v; and v; are the maximum cell viability when treating the nontumor tissue cells
(HPNE) and tumor cells, respectively; n is the number of PDAC cell lines tested.*

The therapeutic index (TI) of each amino acid (i) is defined as TI; =

Cell viability/apoptosis/necrosis assay

20-30% confluent cells were treated with branch chain amino acids, histidine, and isoleucine and incubated
at recommended humidity (5%) and temperature (37 °C) for 48 hr. We had four separate groups of
treatments (1) No treatment, (2) Histidine only, (3) Isoleucine only (4) Histidine + Isoleucine. After 48 hr,
we collected adherent and non-adherent cells and counted them using a hemocytometer to have 5x10° cells
per tube. We used Abcam Apoptosis/Necrosis Assay kit (Catalog: ab176749, Abcam). Cells were
centrifuged at 500xg for 5 min at 4 °C . The supernatant was discarded, and the cell pellet was resuspended
in 200 pl assay buffer. For detecting viable cells, we added 1 pl Cytocalcein Violet 450 in each tube. For
apoptosis and necrosis, 2 pl of Apopoxin Green and 1 pl of 7-AAD were added, respectively. Next, cells
were incubated for 60 min at room temperature. An additional 300 pl assay buffer was added to each tube,
and samples were analyzed in a BDFACS Melody flow cytometer. Results were analyzed in FlowJo
analysis software (Version: 5.2), and changes are expressed as median fluorescent intensity.

Immunoblotting

Cells with 20-30% confluency were treated with branch chain amino acid for 48 hr at 5% humidity and 37
°C. After treatment, the media was discarded, and PBS was used to wash the cells twice before adding 100
ul of 2x cell lysis buffer (Catalog: 9803S, Bio-rad). Cells were scrapped, collected, and mixed in a 360°
rotator for 30 min at 4 °C. Cell lysates were centrifuged at 15000 rpm for 15 min at 4 °C . The supernatant
was collected, and the protein concentration was determined using the bicinchoninic acid (BCA) Protein
Assay Kit (Catalog: 23225, Thermo Fisher Scientific). 30 ug of total protein from each cell lysate was
mixed with an equal volume of 2x SDS Lammeli sample buffer (Catalog: 1610737, Bio-rad) containing 3
Mercaptoethanol and boiled at 100 °C for 5 min. Then the sample was loaded into 4-20% precast
polyacrylamide gel (Catalog: 4561093; Bio-Rad) for electrophoresis. After separating, the protein samples
were transferred to the PVDF membrane (Catalog: 88520; Thermo Fisher Scientific) using the Trans-Blot
Turbo transfer system. Then, the membrane was blocked using 5% non-fat milk (Catalog: SC-2325; Santa
Cruz Biotechnology) in TBST for 2 hr. The membrane was washed 3 times in TBST solution and incubated
with primary antibody, XRNT1 (Dilution: 1:2500, Cat: ab70259, Abcam) overnight at 4 °C . The next day,
the membrane was washed and treated with an HRP-tagged secondary antibody for 2 hr at room
temperature. After washing, the protein was visualized using ECL-2 (Catalog: PI80196) in the western
blotting detection system. ImageJ was used to quantify the expression level of proteins. To dilute both



primary and secondary antibodies, 5% BSA (Catalog: BP1600; Fisher Scientific) in TBST was used. The
dilution ratio was optimized before performing the experiments.

shRNA transfection

PANC-1, XRN1 knockdown cells were generated using sShRNA plasmid (catalog: TF300419C, OriGene).
40-50% confluent cells in 6-well plates were transfected using TurboFectin 8.0 (Catalog: TF81001,
OriGene). A complex solution of Turbofectin and shRNA plasmid was prepared before transfection. For
each well in 6-well plates, 250 pl of DMEM, 2 pg of shRNA plasmid DNA, and 3 pl of Turbofectin 8.0
was mixed and incubated at room temperature for 15 min. After that complex solution was added to the
well and incubated for 24 hr at 37 °C. 24 hr post transcription, cells were moved into the serum-containing
medium with 1 pg/ml puromycin for selection. Once all the non-transfected cells were dead, cells were
moved into a cell culture dish and grown in 1 pg/ml puromycin-containing medium. The individual colony
was picked up using cloning cylinders. Immunoblotting was performed to confirm the percent knockdown
of XRN1 expression in clones. GAPDH expression is used as the loading control. Control shRNA provided
in the kit was used to transfect control cells.

pH measurement

Amino acids were dissolved in the cell culture medium with a concentration of Smg/ml and were measured
by calibrated pH meter.

Imaging for mitochondrial density quantification

Cells were incubated for 20 min at 37 °C in 50 nM MitoTracker Green FM (MTK, Life Technologies).
High-power overlay imagery (DIC, Green, and Blue channels) with maximum Z-stacks projections were
imaged under Zeiss Axio Observer Z1 LSM 700 using the same staining procedure.

Wound-healing and invasion assays

Confluent cells were scratch-wounded using a 20 pl pipette tip, and cell debris was removed by washing
with PBS. Phase-contrast time-lapse images were taken every 30 min for 24 hr after scratching at specific
wound sites using a microscope with a 10 x objective. The wound healing closure percentage was calculated
by an ImageJ macro (Wound Healing Tool)’ comparing the area at the start and end time points. Values
were averaged from three separate readings at each time. A migration assay was performed in 12-well plates
using a Quantitative Cell Migration™ Assay Kit (Chemicon International, USA) with an 8.0 um pore size
collagen-coated chamber membrane. The cells were seeded (1 x 10° cells in 0.3 ml of serum-free medium)
in the upper chamber and cultured for 24 hr for attachment. The medium was then replaced by a fresh
serum-free medium for another 24 hr in the lower chamber. The cells were incubated for 12 hr, and the
number of cells that passed through the membrane was counted according to the manufacturer’s
instructions. An invasion assay was performed in 24-well plates using a BD Biocoat™ Matrigel™ Invasion
Chamber (BD Biosciences, USA) with an 8.0 um pore size polyethylene terephthalate (PET) membrane
coated with Matrigel. The inserts were rehydrated by adding 0.5 ml of culture medium at 37 °C for 2 hr.
The cells were seeded (5 x 10° cells in 0.5 ml of serum-free medium) in the upper chamber and cultured as
described in the method for the migration assay. The number of seeded cells, culture conditions, and other
items were also like those for the migration assay. The cells were incubated for 24 hr and the number of
cells that passed through the membrane was counted according to the manufacturer’s instructions. All
experiments were performed in triplicate and independently. Cell images were analyzed using CellProfiler
(http://www.cellprofiler.org) as in Figure S4. Briefly, cell images were converted to grayscale and subjected
to noise reduction techniques to enhance edges and set appropriate thresholds for reducing noise before
measuring the mean intensity per cell.




Animal experiments

The xenograft model was established with six to eight-week-old male nude mice (J:NU-Foxnlnu)
purchased from The Jackson Laboratories (Bar Harbor, ME). Five mice were housed per cage in static
disposable cages from Innovive (San Diego, CA). The mice’s food and water were checked daily, and
housing was changed weekly. The pancreatic cancer tumor was injected subcutaneously into the left flank
with 4x10° PANC-1 cells suspended in 100 pl of serum-free media with 50% Matrigel to establish a
subcutaneous pancreatic tumor. Mice were observed three times daily for the first seven days and tumor
xenograft was confirmed by the presence of the tumor. After confirmation, mice were divided into four
groups randomly: three treatment groups [AA, AA+GEM, GEM] and one control group [PBS]. Tumor
volume and mice weight were measured every fifth day. Tumor volume was established by measuring
length and width; the volume formula used was the modified ellipsoid volume formula (%2 length x width?).
For AA and control groups, treatment was given by oral gavage. AA treatment was made from a
combination of histidine (44 mg/ml) and isoleucine (22 mg/ml) dissolved in PBS. For the two groups with
AA, oral gavage treatment was administered daily with 200 pl AA treatment using a 20 ga polypropylene
feeding tube attached to a syringe. For the control group, oral gavage treatment was administered using the
same method except with 200 ul PBS. For the GEM and AA+GEM groups, GEM was given by
intraperitoneal injection. GEM groups were injected twice a week with 200 pl of GEM (15 mg/ml)
dissolved in PBS. All treatments were administered for sixty days. Two days after the last treatment dose,
the mice were sacrificed using an isoflurane overdose and cervical dislocation. Tumors were carefully
excised using scissors and a scalpel and placed on a blank sheet to be photographed.

Enrichment analysis and pathway identification

The Reactome Knowledgebase (https://reactome.org/) entails molecular and pathological details of
processes in various diseases. Reactome was used to evaluate the enrichment analysis and determine the
pathway affected by the treatment following the documentation procedure on the reference website. ¢

Histological analysis

Tumor sections were stained with hematoxylin and eosin (H&E) for image analysis. The stained tumor
tissue sections on the slides were analyzed using QuPath version 0.4.3, open-source software for digital
pathology.” Briefly, the tumor image analysis was carried out by creating a workflow to detect necrotic
cells based on H&E staining reflected on the tissue slide. The slide image was optimized for staining.
Annotation and objects that distinguish necrotic tumor cells were created as a consequence of the staining
and annotated accordingly. A training classifier was then used to model the workflow before applying the
detection to the whole tissue section.

Statistics

Data analysis comparisons between the two groups were performed using an unpaired two-sample t-test.
All data analysis was performed using Origin Pro software. Data are presented either as representative
examples or means £ SEM of 3+ experiments. All comparison groups had equivalent variances. p <0.05
was viewed to be statistically significant. *p < 0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001.
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Figure S1. Cell viability is dose dependent of amino acids treatment. n=5. Isoleucine (I) and histidine
(H) exhibited the highest selective toxicity toward cancer cells while being non-toxic to non-tumor cells.
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