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Abstract

Background Liver metastasis from colorectal cancer (CRC) is a major clinical challenge that severely affects patient
survival. myofibroblastic cancer-associated fibroblasts (myCAFs) are a major component of the CRC tumor microenvi-
ronment, where they contribute to tumor progression and metastasis through exosomes.

Methods Single-cell analysis highlighted a notable increase in myCAFs in colorectal cancer liver metastases (CRLM).
Exosomal sequencing identified PWAR6 as the most significantly elevated IncRNA in these metastatic tissues. In vivo
and in vitro assays confirmed PWARG's roles in CRC cell stemness, migration, and glutamine uptake. RNA pulldown, RIP,
and Co-IP assays investigated the molecular mechanisms of the PWAR6/NRF2/SLC38A2 signaling axis in CRC progres-
sion, flow cytometry was used to assess NK cell activity and cytotoxicity.

Results Clinically, higher PWAR6 expression levels are strongly associated with increased ®Ga FAPI-PET/CT SUVmax
values, particularly in CRLM patients, where expression significantly exceeds that of non-LM cases and normal colon
tissues. Regression analysis and survival data further support PWAR6 as a negative prognostic marker, with elevated
levels correlating with worse patient outcomes. Mechanistically, PWAR6 promotes immune evasion by inhibit-

ing NRF2 degradation through competitive binding with Keap1, thereby upregulating SLC38A2 expression, which
enhances glutamine uptake in CRC cells and depletes glutamine availability for NK cells.

Conclusion myCAFs derived exosomes PWARG6 represents a pivotal marker for CRC liver metastasis, and its targeted

inhibition with ASO-PWAR6, in combination with FAPI treatment, effectively curtails metastasis in preclinical models,
offering promising therapeutic potential for clinical management.
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Background of stemness features in CRC, research targeting can-

Colorectal cancer (CRC) ranks as the third most preva-
lent malignancy globally and is the second leading cause
of cancer-related mortality [1]. With advances in com-
prehensive treatment of CRC, the 5-year overall survival
(OS) rate for patients with localized CRC now exceeds
90%. In stark contrast, the 5-year OS rate for CRC
patients with distant metastases remains dismally low,
at less than 15%. Meanwhile, approximately 22% of CRC
patients are confronted with the challenge of synchro-
nous distant metastases at the time of initial diagnosis
[2, 3]. Thus, understanding key molecules and regula-
tory mechanisms in the metastatic progression of CRC is
essential. These dedicated efforts may hold tremendous
promise in early interventions, effective treatments, and
improved clinical outcomes of CRC patients.

The intrinsic stemness and metabolic reprogramming
are two pivotal characteristics of tumor cells. Cancer
stemness is a fundamental characteristic driving the ini-
tiation and progression of CRC, featuring its self-renewal
capacity and tumor-initiating potential [4, 5]. In our
previous work, we also found significant stemness fea-
tures in metastatic CRC organoids. Inhibiting the pivotal
transcription factor SOX2, known for maintaining stem
cell properties, could greatly hinder organoid growth
and metastatic potential [6]. Regarding the critical role

cer stemness may reveal potential therapeutic targets to
combat CRC metastasis.

Similarly, metabolic reprogramming is also crucial in
driving tumor progression and metastasis. Among these
alterations, aberrant glucose and glutamine consump-
tion are the most prevalent metabolic changes observed
in CRC [7]. Contrary to the quick utilization of glucose,
glutamine is essential for supporting the tricarboxylic
acid (TCA) cycle and acts as a vital precursor for lipid,
nucleotide, and hexosamine synthesis [8]. Our prelimi-
nary research also proved a significant increase in glu-
tamate and its downstream products in CRC tissues,
suggesting aberrant activation of glutamine catabolism
in CRC cells [9]. Moreover, various studies have also
revealed that environmental glutamine deprivation sig-
nificantly enhances the stemness properties of multiple
cancer cells, thereby promoting disease progression [10,
11]. These findings indicate that metabolic alterations in
cancer cells not only affect intercellular nutrient metab-
olism but also profoundly impact intrinsic stemness
characteristics.

It is widely acknowledged that CRC cells also establish
intricate connections with the peritumoral environment,
known as the tumor microenvironment (TME). This
milieu comprises cancer-associated fibroblasts (CAF),
immune cells, and other nutrient components. Among
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these, CAFs have been identified as the most abundant
stromal components in the TME which can be classi-
fied into different subtypes based on their functions
and molecular markers, such as myofibroblastic CAFs
(myCAFs), inflammatory CAFs (iCAFs), and antigen-
presenting CAFs (apCAFs). MyCAFs are characterized
by high expression of a-SMA, FAP, and Collagen I, and
are involved in extracellular matrix remodeling, promot-
ing tumor invasion, and contributing to tumor fibrosis.
These characteristics make CAFs, particularly myCAFs,
important players in cancer progression. The commu-
nication between CAFs and CRC cells is often facili-
tated by extracellular signals, particularly exosomes [12].
Exosomes are small extracellular vehicles (sEVs) with a
diameter of 30-200 nm, released by various cells in the
TME through the fusion of intracellular vesicles with
the plasma membrane. These exosomes can transport
essential molecules, including proteins, lipids, and RNAs,
significantly influencing the properties of tumor cells
[13]. For instance, Hu’s work discovered that CRC cells
could uptake exosomes containing miR-92a-3p, secreted
by CAFs, inducing epithelial-mesenchymal transition
(EMT) and facilitating the metastasis of CRC [14]. Addi-
tionally, Deng’s research also reported that CAFs could
enhance chemotherapy resistance in CRC by delivering
long noncoding RNA (IncRNA) via exosomes [15]. In our
previous study, we discovered that activated CAFs could
secrete elevated amounts of pro-inflammatory cytokines,
facilitating the metastasis of CRC [16].

Additionally, myCAFs have been reported to repro-
gram nutrient metabolism not only in tumor cells but
also within the TME, influencing the metabolic land-
scape. To accommodate the augmented glutamine
demand of tumor cells, myCAFs actively upregulate ana-
bolic pathways and secrete glutamine into TME, thereby
sustaining its supply [17]. Furthermore, myCAFs can
inhibit the oxidative phosphorylation process in tumor
cells through exosome-mediated mechanisms, which
subsequently promotes glutamine-dependent reductive
carboxylation [18, 19]. Despite these advances, the spe-
cific mechanisms through which myCAFs regulate glu-
tamine metabolism in TME and their effects on tumor
stemness in CRC remain poorly understood, underscor-
ing a significant gap in current research.

In the TME, immune cells such as macrophages, nat-
ural killer (NK) cells and T cells play multifaceted roles
in tumorigenesis, regulated by their activation status
and diverse phenotypes. As a fundamental component
of anti-tumor immunity, NK cells can directly recog-
nize cells lacking MHC-I molecules and kill tumor cells
by secreting granzyme and perforin. Simultaneously,
NK cells eliminate infected or tumor cells by releasing
perforin to create pores in the target cell membrane,
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allowing Granzyme B to enter and induce apoptosis [20].
Similar to tumor cells, NK cells and other immune cells
also require multiple nutrients in the TME to maintain
their function and support anti-tumor activity [21]. How-
ever, excessive nutrient uptake by tumor cells can deplete
the availability of essential resources for immune cells,
thereby profoundly affecting their functions [22]. As a
key metabolite, the deprivation of glutamine in the TME
impairs the proliferation and growth of activated T cells,
while also inhibiting the polarization of M2 macrophages
[23, 24]. Nevertheless, the effects of glutamine depletion
within the TME on NK cell functionality remain to be
elucidated.

To elucidate the complex interactions within the TME,
we successfully extracted myCAFs from the liver metas-
tases of CRC patients and normal fibroblasts (NFs) from
adjacent healthy liver tissues. We also performed com-
prehensive screening of IncRNAs encapsulated within
exosomes derived from both myCAFs and NFs and
metabolomes sequencing of the TME. We identified
PWARG as a CAF-specific IncRNA, which could regulate
the glutamine availability in the TME. Furthermore, we
demonstrated the mechanisms underlying the competi-
tion of glutamine uptake by CRC cells and NK cells.

Methods

Primary myCAF isolation from CRC

Fresh colorectal cancer tissues were collected after sur-
gical resection, and washed five times in phosphate-
buffered saline (PBS) with 20% antibiotic—antimycotic
(Gibco, USA), then minced into small pieces using oph-
thalmic scissors. Subsequently, the tissues were digested
with type IV collagenase (Yeasen, China) for approxi-
mately one hour at 37 °C at 200 rpm, the digested sam-
ples were sequentially filtered through 70 pm cell
strainers, the cells were then collected and centrifuged at
1500 rpm for 5 min, and the supernatant was discarded,
this step was repeated 2-3 times. (FACS) using antibod-
ies including anti—-CD45- APCCy7 (BD Biosciences, no.
BD- 557833), anti-EpCAM-P erCP/Cy5.5 (BioLegend,
catalog no. 324214), anti—-CD31- PECy7 (BioLegend,
catalog no. 303118), anti—-FAP- APC (primary antibody,
R&D Systems, no. MAB3715), or a-SMA (BioLegend cat-
alog no. 614851).

Primary CAFs, which tested negative for EpCAM,
CD31, and CD45, and positive for FAP and a-SMA were
categorized as myCAFs. These myCAFs was then fully
resuspended in DMEM/F12 medium (Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco,
USA) and 1% antibiotics. The tissue suspension was
plated into culture dishes, and after 24—48 h, fibroblasts
were obtained using a differential time adherent method,
as previously reported. After fibroblasts were adequately
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prepared, the culture medium was changed daily with
DMEM/F12+FGF (PeproTech, USA). Primary myCAFs
were positive for a-SMA, FAP and Collagen 1. All sam-
ples were obtained from the donors with informed con-
sent, and all related procedures were conducted with the
approval of the Ethics Committee of Fudan University
Shanghai Cancer Center.

Clinical tissue samples

All samples in FUSCC cohort1, cohort2 and cohort3 were
all collected at Fudan University Shanghai Cancer Center
and stored at—80 °C. These samples were approved by
the Ethics Committee of Fudan University Shanghai Can-
cer Center (approval number: 050432-4-1911D).

Exosome extraction and identification

CAFs and NFs were cultured in complete medium (CM)
with 10% exosome-free FBS(Gibco, USA). After 72 h,
at~90% density, the supernatant was collected and cen-
trifuged at 3000 rpm for 10 min at 4 °C, followed by
10,000xg for 30 min at 4 °C to remove the cellular debris.
The supernatant was filtered through a 0.22 pm filter
(Merck, USA) and ultracentrifuged at 120,000xg for
90 min (Thermo Fisher Scientific, USA). Exosome extrac-
tion was confirmed by electron microscopy (TEM) and
nanoparticle tracking analysis (NTA), and characterized
using markers TSG101, HSP70, and Annexin. Exosome-
packaged RNA and protein extraction was performed
using a Total Exosome RNA and Protein Isolation Kit
(Invitrogen, USA).

Plasmids, siRNA, and stable cell line construction
HA-ubiquitin Myc-NRF2 and Flag-Keapl plasmid was
purchased from HANBIO (Wuhan, China). Lentivi-
ral vectors for PWAR6 overexpression (LvVPWARG6) and
knockdown (shPWARG6) were purchased from Genechem
(Shanghai, China). NRF2 shRNA and SLC38A2 shRNA
was purchased from Ribobio (Guangzhou, China).
Lentiviral vectors for Keapl overexpression (LvKeapl)
and knockdown (shKeapl) were purchased from Gene-
chem (Shanghai, China). Plasmids and siRNAs were tran-
siently transfected into CRC cells using Lipofectamine
3000 (Invitrogen, USA). All transfection methods were
performed according to the manufacturer’s protocols.

Multiplex immunofluorescence

The samples were fixed in 4% paraformaldehyde for
15 min, permeabilized with 0.1% Triton X-100 for
10 min (Solar, Beijing), and blocked with 5% BSA (Sigma-
Aldrich) in PBS for 1 h to minimize nonspecific bind-
ing. Sequential incubation with primary antibodies
proceeded overnight at 4 °C starting with anti-panCK
(Proteintech), followed by HRP-conjugated secondary
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antibody (CST) incubation for 1 h at room temperature,
and subsequent Tyramide Signal Amplification (TSA) for
signal amplification, visualizing in green. HRP activity
was quenched with 3% H202. This process was repeated
for anti-CD3 (Invitrogen, red), anti-a-SMA (CST, yellow),
and anti-CD56 (Santa Cruz, pink), each undergoing over-
night incubation and TSA signal amplification. Finally,
nuclei were counterstained with DAPI (blue). Samples
were mounted with an antifade mounting medium for
visualization under a fluorescence microscope.

Migration assays

The Transwell assay was performed using a 24-well Tran-
swell plate with 8 pm pore size inserts (Corning, USA).
DLD1 and HCT116 tumor cells were cultured in their
respective growth media until they reached 70-80%
confluence. After detachment using trypsin—-EDTA
(Gibco, USA), the cells were counted and resuspended
in serum-free medium (Gibco, USA) at a concentration
of 105 cells/ml. CAFs were cultured similarly, detached,
and resuspended in complete medium (with serum) at
104 cells/ml. 600 pl of the complete medium was added
to each lower chamber, and 600 pl of the CAF suspen-
sion was seeded into the lower chambers, allowing for 1 h
of adhesion. The Transwell inserts were then placed into
the wells containing CAF cells, and 100 pl of the tumor
cell suspension was seeded into each upper chamber. The
plate was incubated at 37 °C in a humidified atmosphere
with 5% CO2 for 24—48 h. After incubation, non-migra-
tory cells on the upper surface of the membrane were
removed using a cotton swab. The migrated cells on the
lower surface were fixed with 4% paraformaldehyde for
15 min and stained with crystal violet for 10—15 min. The
migrated cells were then visualized and counted under a
light microscope (Olympus).

Organoid models and 3D invasion assay

Fresh human CRC tissues were collected and processed
by removing excess fat and necrotic tissue. The cleaned
tissue was cut into 1-2 mm? pieces and digested using a
mixture of Collagenase IV (1.5 mg/mL, Sigma-Aldrich,
USA)and Dispase (0.1 mg/mL, Sigma-Aldrich, USA) at
37 °C for 30-60 min. The resulting cell suspension was
filtered through a 70 pum strainer, centrifuged at 300 g for
5 min, and washed twice with Advanced DMEM/F-12
supplemented with 1% GlutaMAX(Gibco, USA), 10 mM
HEPES(Gibco, USA), N2 supplement (Gibco, USA), B27
supplement(Gibco, USA), and 1 mM N-Acetylcysteine
(Gibco). The cell pellet was resuspended in Matrigel
(Corning, USA)at a concentration of 1x 10* cells/uL, and
50 uL droplets were plated in a 24-well plate, followed by
incubation at 37 °C for 30 min to solidify the Matrigel.
Advanced DMEM/F-12 with 50 ng/mL EGF (PeproTech,
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USA), 100 ng/mL Noggin (PeproTech, USA), and 500 ng/
mL R-spondin 1(PeproTech, USA) was added and
refreshed every 2—-3 days. Organoids were then embed-
ded in a neutralized 3D fibrillar rat tail collagen I matrix
(3 mg/ml, Corning, USA) at a density of 1 organoid per pl
and plated in a 24 well glass bottom plate. Collagen gels
were allowed to polymerize for 1 h at 37 °C after which
organoid media was added to each well.

3D co-culture of tumor organoids and CAFs

First, seed CAFs at an appropriate density onto the bot-
tom of a 24-well plate pre-coated with a thin layer of
Matrigel (Corning, USA). The CAFs should be cultured
overnight in a medium containing DMEM/F12 (Gibco,
USA), 10% FBS (Gibco, USA), and 1% penicillin/strepto-
mycin (Gibco, USA) to allow them to adhere and form a
monolayer.

On the following day, carefully remove the CAF
medium and add a layer of co-culture matrix on top of
the CAF monolayer. This matrix should be a mix of
Matrigel and Collagen I (Corning, USA) at a 2:1 ratio,
with a final concentration of 3 mg/ml. Next, seed the
PDOs, which have been dissociated into single cells or
small aggregates (2000-3000 organoid-forming units), as
droplets on top of the co-culture matrix.

After establishing the co-culture, slowly add co-culture
medium, composed of Advanced DMEM/F12(Gibco,
USA), 200 mM GlutaMAX (Gibco, USA), 1 M HEPES
(Gibco, USA), 1xB27(Gibco, USA), 100 ng/ml FGF (Pep-
roTech, USA), 50 ng/ml EGF (PeproTech, USA), and 5%
RSPO1 (PeproTech, USA) into each well, ensuring the
PDO layer remains stable above the CAF layer.

The co-culture system should be maintained at 37 °C
with 5% CO2, during which the medium is regularly
changed, and PDO growth is monitored. At the end of
the co-culture period, the size and morphology of the
organoids can be measured using microscopy or appro-
priate software to evaluate the impact of CAFs on PDO
growth.

Sphere forming assay

Cells were inoculated on 24-well low-adherent plates
(Corning, USA) at 1000 cells/well with DMEM/
F12(Gibco, USA) medium containing mixed with 4 pg/
ml heparin (Sigma Aldrich, USA), 0.48 p g/ml cortisol
(Sigma-Aldrich, USA), 5 ng/ml EGF (Sigma-Aldrich,
USA), 5 ng/ml FGF (Sigma-Aldrich, USA) and 10 ng/
ml B12 (Sigma-Aldrich, USA). After 10 days of culture,
spheres were observed, counted and collected under
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microscope. For experiments of CRC spheres, spheres
were re-digested and seeded into culture plates and sub-
sequently subjected to different treatment.

qRT-PCR assay

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, USA) and treated with DNase I to remove
genomic DNA. RNA concentration and purity were
assessed with a NanoDrop spectrophotometer. cDNA
was synthesized from 1 pg of RNA using the HiScript
II Q RT SuperMix for qPCR (Novozan, Nanjing). qPCR
was performed in 20 pL reactions containing 2xSYBR
qPCR Master Mix (Novozan, Nanjing), 0.4 uM forward
and reverse primers, and 100 ng cDNA. Primers were
designed to target specific genes, including GAPDH as
an internal control. Reactions were run on an ABI 7500
Fast Real-Time PCR System with the following condi-
tions: 95 °C for 2 min, followed by 40 cycles of 95 °C for
15 s and 60 °C for 1 min. Melt curve analysis confirmed
specific amplification. Relative gene expression was cal-
culated using the 2/ (—AACt) method, with data analyzed
using GraphPad Prism and statistical significance deter-
mined at P<0.05.

The primer sequences are listed in Table S6.

Western blotting

Protein extracted from the cells was electrophoresed by
SDS—polyacrylamide gels and was transferred to polyvi-
nylidene difuoride (PVDF) membranes, Next, the mem-
branes were blocked for 2 h at RT with blocking buffer.
Membranes were incubated with corresponding primary
antibodies overnight at 4 °C, followed by secondary anti-
bodies (1:10,000, Proteintech). Protein—antibody com-
plexes were visualized using an ECL Kit (Yeasen, China).
Primary antibodies listed in Table S6.

Pull-down assays

Harvest cells and lyse them in lysis buffer (50 mM Tris—
HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, protease inhibitors) for 30 min
on ice. Centrifuge the lysate and collect the supernatant.
Incubate the biotinylated PWARG6 probe (Ribobio, China)
with streptavidin magnetic beads (CST,USA) at room
temperature for 30 min, then wash the beads to remove
unbound probes. Incubate the cell lysate with the bead-
probe complex overnight at 4 °C. Wash the beads to
remove non-specifically bound proteins. Elute the bound
proteins by heating the beads in elution buffer (100 mM
Tris—HCI pH 8.0, 1% SDS) at 95 °C for 5 min. Analyze
the eluted proteins using SDS-PAGE followed by mass
spectrometry.
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RNA immunoprecipitation

Perform RNA immunoprecipitation (RIP) by lys-
ing cells in RIP lysis buffer (50 mM Tris—-HCI pH 7.4,
150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate,
1 mM EDTA, protease and RNase inhibitors). Incu-
bate the lysate with NRF2 antibody (Proteintech, USA)
-conjugated magnetic beads overnight at 4 °C with gen-
tle rotation. Wash the beads to remove non-specifically
bound materials. Extract RNA from the immunopre-
cipitated complex using TRIzol reagent (Thermo Fisher
Scientific, USA), and synthesize cDNA using the HiS-
cript II Q RT SuperMix for qPCR (Novozan, Nanjing).
Amplify PWARG6 levels by qPCR with specific primers
and qPCR Master Mix (Novozan, Nanjing).

CUT&Tag assay

CUT&Tag assay was performed using HyperactiveTM
In-Situ ChIP Library Prep Kit for Illumina (TD901-
TD902, Vazyme Biotech, China) according to manu-
facturer’s instruction. Briefly, prepared concanavalin
A-coated magnetic beads (ConA beads) were added
to resuspended cells and incubated at room tempera-
ture to bound cells. Non-ionic detergent Digitonin was
used to permeate cell membrane. Then, primary NRF2
antibody (Proteintech, 16396-1-AP), Histone antibody
(Proteintech, 17168-1-AP) and Normal IgG antibody
(Proteintech, 30000-0-AP), secondary antibody and the
Hyperactive pA-Tn5 Transposase were incubated with
the cells that were bounded by ConA beads in order.
Therefore, the Hyperactive pA-Tn5 Transposase can
exactly cut off the DNA fragments that were bound
with target protein. In addition, the cut DNA fragments
can be ligated with P5 and P7 adaptors by Tn5 trans-
posase and the libraries were amplified by PCR with
the P5 and P7 primers. The purified PCR products were
evaluated using the Agilent 2100. Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Finally, these
libraries were sequenced on the Illumina NovaSeq6000
platform and 150 bp paired-end reads were generated
for the following analysis.

CFSE-based proliferation assay

NK-92MI cells were cultured and prepared for the
CFSE-based proliferation assay. The cells were adjusted
to a concentration of 1*106 cells/mL in pre-warmed
PBS. A stock solution of CellTrace” CFSE (Invitro-
gen, C34554) was diluted 1:2000 to obtain a final con-
centration of 2.5 uM in the cell suspension. The cells
were incubated with CFSE for 20 min at 37 °C in a
water bath, protected from light. Following incuba-
tion, the cells were washed twice with PBS to remove
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excess CFSE. Subsequently, the cells were cultured
in complete medium. After 2 days of culture, CFSE-
labeled cells were analyzed by flow cytometry to assess
proliferation.

Annexin V/7-AAD apoptosis assay

Apoptosis in NK-92MI cells was assessed using the PE
Annexin V Apoptosis Detection Kit (Thermo Fisher
Scientific, 88-8102-72) following the manufacturer’s
instructions. In brief, after 24 h of stimulation, NK-92MI
cells were harvested and resuspended in Binding Buffer
at a density of 1*10° cells/mL. The cells were then stained
with PE-Annexin V and 7-AAD, incubating for 15 min at
room temperature in the dark. Subsequently, the stained
cells were subjected to flow cytometric analysis.

Preparation of cell suspension from mouse samples

For the isolation of cells from mouse samples, the tis-
sues were finely minced and digested in HBSS contain-
ing collagenase IV (MCE, HY-E70005D), DNase I (MCE,
HY-108882), and hyaluronidase (Sigma, H6254). The
digestion was conducted with shaking at 37 °C for 1 h.
Following digestion, the cell suspension was filtered
through a 70 um strainer to remove debris. The result-
ing cell pellets were treated with RBC lysis buffer (Bey-
otime, C3702) and then resuspended in PBS for further
experimentation.

Flow cytometry and functional analysis of immune cells
For flow cytometric analysis of immune cell populations,
cells isolated from mouse samples were first blocked with
a blocking buffer (Biolegend, 101320) for 15 min followed
by viability staining (Biolegend, 423105). Subsequently,
surface marker staining was performed to identify spe-
cific immune cell subsets. The gating strategy used
included the following populations: NK cells (CD45+,
NK1.14+, CD3-), CD8+ T cells (CD45+, CD8+, CD3+),
CD4+ T cells (CD45+, CD4+, CD3+), macrophages
(CD45+, CD11b+, Ly6g-, F4/80hi) and B cells (CD45+,
CD19+).

For functional analysis, immune cells were stimulated
using the Cell Activation Cocktail (BioLegend, 423303)
for 4 h. After stimulation, the cells were blocked using a
blocking solution (BioLegend, 101320) to prevent non-
specific binding. Subsequently, viability staining was
performed using the Zombie NIR™ Fixable Viability Kit
(BioLegend, 423105). The cells were then stained for sur-
face markers with the appropriate antibodies. Then the
cells were fixed with Fixation Buffer (BioLegend, 420801).
Finally, intracellular staining was conducted using the
corresponding antibodies for the desired intracellular
markers. Flow cytometry was then performed to assess
the activation and functionality of the immune cells.
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LDH cytotoxicity assay

This assay was performed using an LDH cytotoxicity
kit (C0016, Beyotime). HCT116 and DLD1 (target cells,
5*104 cells/ml) were cocultured for 2 h with NK-92MI at
E:T ratios of 1:1, 2:1, 5:1, and 10:1 in 96-well plates. After
incubation, supernatants from each well were collected
and analyzed according to the manufacturer’s instruc-
tions to assess cytotoxicity.

Animal models

5-weekold female C57BL/6 mice were purchased from
Shanghai Experimental Animal Center and main-
tained under standard conditions according to proto-
cols approved by the Institutional Animal Care and Use
Committee of Fudan university Shanghai Cancer Center
(approval number: FUSCC-IACUC-520210022).

The subcutaneous xenograft mice model was estab-
lished to evaluate tumor formation in vivo. The in vivo
metastatic ability was investigated using splenic injection
experiments. For the subcutaneous tumor model, 1 X 10°
mixture of CAFs and MC38 cells were suspended in 100
uL of PBS and injected into the right flank of each mouse.
Tumor growth was monitored regularly, with measure-
ments taken at specific intervals to assess progression.
For the liver metastasis model, 1% 10° mixture of CAFs
and MC38 cells in 100 pL of PBS were injected directly
into the spleen. Following injection, the spleen was left
in situ for 5 min to allow the cells to disseminate to the
liver. The spleen was then removed to prevent primary
tumor formation at the injection site.

7 days after the inoculation, tumor-bearing mice
were administered shRNA intraperitoneally at a dose of
1.5 mg/kg/week using the Invivofectamine 3.0 liposomal
delivery system (Thermo Fisher Scientific, IVF3001). The
shRNA was mixed thoroughly with the Invivofectamine
reagent prior to intraperitoneal administration. Besides,
tail vein injections of a scrambled ASO or the inhibitor
ASO-PWAR6 (10 nmol per injection, RiboBio) were per-
formed in the mice every 3 days. FAPI (20ug per injec-
tion, MCE) was administered orally twice daily. All of the
mice were euthanized 6 weeks post-injection, thereafter,
the tumors were weighed. All harvested tissues were used
for pathological analysis.

Development of myCAF score

Based on the 596 genes that were closely related to
myCAF in colorectal cancer patients reported by Her-
rera’s team [25], we used these genes and the Lasso Cox
algorithm to construct a myCAF score consisting of
40 genes. The median value of myCAF score was used
to divide patients in high-myCAF and low- myCAF
groups. After that, we utilized clinicopathological data
and conducted gene ontology (GO) analyses as well as
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Kaplan—Meier (K-M) survival curves to validate our
myCAF score in both TCGA and meta-GEO cohorts. In
statistical analysis, we performed the Log-Rank test for
survival analysis, and the Wilcoxon test was used to dem-
onstrate the differences in gene expression between two
groups. Additionally, the chi-squared test was applied
when comparing proportion-related data.

Non-coding RNA analysis in GSE39582

Published noncoding RNA-seq data, particularly for
PWARS, is only available in the GSE39582 dataset and
not in the TCGA database. Therefore, we exclusively used
the GSE39582 dataset to assess the correlation between
PWARG6 expression and the myCAFscore, as shown in
Fig. 31. Student’s t-test or one-way analysis of variance
(ANOVA) was used to evaluate the significance of differ-
ences between groups.

Statistical analysis

All described results are representative of at least
three independent experiments. Data are presented as
means * Standard Error of the Mean (s.e.m.). Statistical
analyses were performed using SPSS 22.0 software (SPSS)
or GraphPad Prism 99 software (GraphPad). Student’s
t-test or one-way analysis of variance (ANOVA) was
used to evaluate the significance of differences between
groups. A chi-squared test was used to evaluate the cor-
relation between PWAR6 expression and clinicopatho-
logical characteristics, univariate and multivariate Cox
proportional hazard regression models were used to eval-
uate the effects of PWAR6 expression or other clinico-
pathological parameters on survival and the hazard ratio
(HR), correlations were detected by Spearman’s correla-
tion coefficient, overall survival (OS) was assessed by the
Kaplan— Meier method and log-rank test. All P values are
*P<0.05, *P<0.01, ***P<0.001.

Results

myCAFs enhanced CRC cell stemness and promote
migration

To investigate the role of CAFs in CRC, we utilize single-
cell sequencing data obtained from GSE166555 (com-
prising scRNA-seq profiles of tumor and adjacent normal
tissue from 12 CRC patients without liver metastasis) and
GSE178318 (encompassing scRNA-seq profiles of pri-
mary CRC, matched liver metastases, and blood samples
from 6 CRC patients with liver metastases),clustering
analysis found that the proportion of CAFs is higher in
CRC patients with liver metastasis (CRLM) than those
without LM. Specifically, myCAFs are significantly
elevated in CRLM, while changes in iCAFs, apCAFs,
and other CAFs are not as pronounced. (Fig. 1A, B). In
the meta-GEO and TCGA cohort, a myCAF score was
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established to evaluate the levels of myCAFs in the bulk
RNA-seq data. Patients with higher myCAF scores are
predominantly diagnosed with CRC at stage III and IV,
whereas those with lower myCAF scores are primar-
ily in stages I and II. Kaplan—Meier analysis reveals that
elevated myCAF scores are associated with significantly
poorer prognoses in CRC patients (Fig. 1C, D, Supple-
mentary Figure 1A).

To investigate the influence of myCAFs on CRC pro-
gression in detail, we isolated myCAFs and normal
fibroblasts (NFs) from CRC tissues and corresponding
adjacent normal tissue. Additionally, organoid models
were derived from the corresponding CRC tissues, fol-
lowing established methods (Fig. 1E). To confirm the
identity of our NFs and myCAFs, we performed west-
ern blotting analysis to verify the expression of specific
myCAFs biomarkers, including a-SMA, FAP, and Colla-
gen I [26] (Fig. 1F). The data indicated that the myCAFs
we extracted exhibited higher levels of these markers
compared to NFs. We also assessed the cellular morphol-
ogy of the two fibroblast types using light microscopy
and immunofluorescence (IF) techniques. Under normal
microscopy, both myCAFs and NFs displayed a similar
spindle-shaped morphology (Fig. 1G, left). However, IF
assays revealed that myCAFs showed higher fluorescence
intensity for these markers (Fig. 1G, right). Furthermore,
we utilized multicolor fluorescence staining of tissue
samples from CRC patients with and without LM, to
assess the proportion of myCAFs in the TME. The results
also confirmed a substantial enrichment of myCAFs in
CRLM patients, characterized by the red fluorescence of
a-SMA (Fig. 1H).

Subsequently, we employed both cell lines and orga-
noid models to investigate the influence of myCAFs
on CRC cells within the tumor microenvironment. In

(See figure on next page.)
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the cell line experiments, we utilized well-established
protocols to establish a non-contact co-culture system
involving two CRC cell lines and the isolated myCAFs
[27] (Fig. 1E). Notably, CRC cells co-cultured with
myCAFs demonstrated a significant enhancement in
migratory capacity, increased sphere formation, and
elevated expression of stemness markers, suggesting
that myCAFs enhance CRC cell stemness and promote
metastasis in vitro (Fig. 1I-L, Supplementary Figure 1B-
K). Additionally, we incorporated myCAFs into the
patient-derived organoid (PDO) 3D invasion matrix
using previously validated methodologies. The PDOs
co-cultured with myCAFs exhibited markedly more
pronounced protrusive migration into the matrix com-
pared to those without myCAFs co-culture (Fig. 1M,
N). These observations provide compelling evidence
that myCAFs substantially augment the metastatic
potential of CRC cells in vitro.

Finally, we employed subcutaneous tumor models and
LM models in nude mice to validate the effects of CAFs
in vivo. After co-injecting myCAFs with CRC cells, the
mice were randomly divided into two groups: the Fibro-
blast Activation Protein Inhibitor (FAPI) group and the
saline group. FAP is highly expressed in stroma com-
ponent of TME, especially in the myCAFs. FAPI has
demonstrated potential in both inhibiting fibroblast acti-
vation and diagnosing metastases in various cancer types
[28]. The mice in the FAPI group were administered FAPI
inhibitor orally, while the mice in the saline group were
administered saline. Our results showed that the size of
subcutaneous tumors and liver metastases in the FAPI
group was smaller than those in the physiological saline
group (Fig. 10-R).

These findings strongly emphasize the critical role of
myCAFs in the metastasis of CRC, elucidating potential

Fig. 1 myCAFs enhanced CRC cell stemness and promote migration. A Uniform manifold approximation and projection (UMAP)plot showing
the eight major cell types. Dots represent individual cells and colors represent different cell populations. (n= 18 patients). B Single cell data
clustering analysis, data from GSE16655 and GSE178318. (n= 18 patients). C Proportion of patients with different Stages in high myCAF and low
myCAF score groups, data obtained from the metaGEO database. (n=913 patients). D Kaplan—Meier survival curve of patients with high myCAF
score and low myCAF score, data obtained from the metaGEO database. (n=913 patients). E Workflows of the procedure for extracting myCAF
and PDOs from CRC Patients and assessing invasion capability after co-culture with CRC Cells. F Western blot analysis of a-SMA, FAP and Collagen
| protein expressions in NFs and myCAFs isolated from CRC patients. (myCAF and NF were isolated from four patients). G Immunofluorescence
analysis of a-SMA, FAP and Collagen | protein expressions in NFs and myCAFs isolated from CRC patients. Scale bars=100um (left), Scale
bars=20um (right). (n=3, one of three biological replicates). H Representative a-SMA staining in CRC tissues from FUSCC cohort 2. Scale
bars=50um. (n=3, one of three biological replicates). I, J Transwell assay to evaluate the invasion after co-cultured DLD1 with myCAFs. Scale
bars=100um. (Representative images are shown, data are from five biologically replicates). K, L Sphere forming assay to evaluate the stemness
after co-cultured DLD1 with myCAFs. Scale bars=100um. (Representative images are shown, data are from five biologically replicates). M, N PDOs
3D invasion assay to evaluate the invasion of PDOs after co-cultured PDOs with myCAFs. Scale bars=50um. (Representative images are shown,
data are from three replicates). O, P Representative images of subcutaneous tumors treated with FAPI gavage. (n=>5 mice per group). Q, R Liver
metastasis assays were performed in vivo by splenic injection to evaluate the effect of FAPI on tumor metastasis. (n=>5 mice per group). Data

are shown as mean +s.e.m. For B-C, data were analyzed by chi-square test. For D, data were analyzed by log-rank test. For I-R, data were analyzed

by two-tailed Student’s t-test. P values. *P < 0.05, **P <0.01, ***P<0.001
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avenues for therapeutic interventions targeting the
dynamic interplay of myCAFs and CRC cells on tumor
progression.

myCAF-derived exosome PWAR6 enhanced cell stemness
and promote CRC cell migration

As previously introduced, exosomes are the primary
vehicles for communication between myCAFs and other
components of the TME. Using our previously estab-
lished myCAFscore, we performed differential gene
expression and pathway enrichment analyses on samples
from the meta-GEO cohort with high and low myCAF-
score. Pathways related to exosome biogenesis and
secretion are highly upregulated in samples with higher
myCAFscore (Supplementary Figure 2A).

To elucidate whether exosomes also contribute to our
pervious finding, we co-cultured myCAFs with CRC cells
in the presence of the exosome inhibitor GW4869 (Sup-
plementary Figure 2B-C). Strikingly, subsequent Tran-
swell and sphere formation assays showed that adding
GW4869 to the co-culture system reversed the migration
rate and stemness properties of CRC cells (Fig. 2A-C,
Supplementary Figure 2D-H). Next, we isolate exosomes
from myCAFs and co-culture them with DLD1/HCT116
cells. Similarly, we found that exosomes can promote
the metastasis and stemness of these cells (Supplemen-
tary Figure 2I-M). In our 3D invasion experiments with
PDOs, the addition of GW4869 to the co-culture sys-
tem also significantly reversed the protrusive migration
(Fig. 2D), suggesting that myCAFs facilitate metastasis
and enhance stemness in CRC cells via exosome.

To elucidate the mechanisms of myCAF-derived
exosomes (CAF-Exo) on CRC cells, we collected five
pairs of CRLM tissues and adjacent normal liver tissues,

(See figure on next page.)
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successfully extracting NFs and myCAFs from these sam-
ples. After that, exosomes from the conditioned medium
of myCAFs and NFs were isolated through ultracentrifu-
gation [29] (Fig. 2E). To ensure that exosomes were suc-
cessfully extracted, we performed Western blotting to
assess the presence of several key markers in the isolated
exosomes, including TSG101, HSP70, and Annexin [30]
(Fig. 2F). Transmission electron microscopy (TEM) was
also used to directly observe the membrane structure of
exosomes secreted by myCAFs and NFs, which appeared
as closed, round vesicles (Fig. 2G).

We then performed non-coding RNA sequencing on
exosomes derived from myCAFs and normal fibroblasts
(NF-Exo0). Among all the detected IncRNAs, PWAR6
exhibited the most significant upregulation in myCAF-
Exo compared to NF-Exo (Fig. 2H). To confirm these
findings, we assessed PWARG6 expression levels across
various samples, including myCAFs, NFs, CAF-Exo, NF-
Exo, CRC cell lines, a healthy intestinal epithelial cell
line, CRC tumor tissues, and adjacent normal tissues.
Consistently, PWAR6 expression was significantly higher
in CAFs, myCAF-Exo, and CRC tumor tissues, with no
notable difference observed between CRC cell lines and
the healthy intestinal epithelial cell line (Fig. 2I). In the
GSE41568 dataset, PWARG6 expression was also signifi-
cantly upregulated in CRC metastases compared to pri-
mary tumors (Supplementary Figure 3A). These findings
underscore the substantial upregulation of PWAR6 in
myCAFs and myCAF-Exo, suggesting its potential role
in CRC tumor progression. Additionally, the FISH assay
on PDO and CRC cells revealed that PWARG6 is primarily
localized in the nucleus (Fig. 2J).

To investigate the biological function of exosomal-
PWARG6 in CRC, we utilized short hairpin RNA (shRNA)

Fig. 2 myCAF-derived exosome PWAR6 enhanced glutamine uptake and promote CRC cell migration. A-C Evaluation of invasion and stemness
of DLD1 Cells after GW4869 treatment using Transwell and spheroid formation assays. Scale bars=100um(upper), Scale bars=50um(lower).
(Representative images are shown, data are from five biologically replicates). D PDO 3D invasion assay to evaluated the invasion of PDOs

after GW4869 treatment. Scale bars=50um. (Representative images are shown, data are from three biologically replicates). E Workflows

of the extraction of fibroblasts from LM tissues (myCAFs) and adjacent normal tissues (NFs) in CRLM patients, followed by the extraction

of exosomes for INCRNA sequencing and metabolomics analysis. F Expression of the exosome markers TSG101, HSP70 and Alix confirmed

by western blot. (n=3, one of three biological replicates). G Transmission electron microscopy (TEM) images of exosomes secreted from myCAFs
and NFs. Scale bars=100nm. (n=3, one of three biological replicates). H Top 100 upregulated and downregulated IncRNAs in exosomes secreted
by myCAFs from CRLM tissues and paired NFs. | The expression levels of PWAR6 among normal colonic epithelial cell line (NCM460), CRC cell lines,
CRC tissues (T), normal intestinal epithelial tissues (N), NFs, NF-derived exosomes, myCAFs, and myCAF-derived exosomes. (n=3 technical replicates,
one of three biological replicates). J ISH experiments in CRC cells and PDO indicate that PWARG is localized in both the nucleus and the cytoplasm.
Scale bars=100um. (n=3, one of three biological replicates). K Knockdown of PWAR6G in myCAFs. (n=5, one of three biological replicates). L
Knockdown of PWARG in myCAFs reduces its level in exosomes secreted by myCAFs. (n=5, one of three biological replicates). M Incubation

with exosomes from PWAR6-knockdown myCAFs significantly reduces PWARG levels in DLD1 cells. (n=5, one of three biological replicates). N, O
PDO 3D invasion assay to evaluated the invasion of PDOs after knocking down PWAR6. Scale bars=50um. (Representative images are shown, data
are from three biologically replicates). P, Q PWAR6 knockdown significantly reduces the size of subcutaneous tumors. (n=>5 mice per group). R, S
PWARG6 knockdown significantly reduces the size of liver metastases. (n=3 mice per group). Data are shown as mean +s.e.m. For A-D, | and K-O,
data were analyzed by one-way ANOVA. For P-S, data were analyzed by two-tailed Student’s t-test. P values. *P < 0.05, **P < 0.01, ***P<0.001
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Fig. 2 (See legend on previous page.)

to knock down the expression of PWAR6 in CAFs both CRC cell lines and PDOs (Fig. 2M and Supple-
(Fig. 2K) and observed a corresponding decrease in the = mentary Figure 3B-C). After co-culturing with PWARG6-
levels of PWARG in the secreted exosomes from myCAFs  knockdown myCAFs, the protrusive migration of PDOs
(Fig. 2L). Moreover, we co-cultured the myCAFs after into 3D matrix was significantly reduced, compared
PWAR6 knockdown and unmodified myCAFs with to the control group (Fig. 2N, O). Likewise, CRC cells
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co-cultured with PWAR6-knockdown myCAFs exhib-
ited reduced migration and sphere formation abilities
(Supplementary Figure 3D-I), along with significantly
decreased expression of stemness and epithelial-mesen-
chymal transition markers (Supplementary Figure 3J-L).
These in vitro experiments demonstrated that myCAF-
derived exosome PWAR6 could enhance stemness and
metastatic potential in colorectal cancer.

Subsequently, MC38 cells were co-cultured with either
PWAR6-knockdown or unmodified myCAFs, then
injected subcutaneously and into the spleens of C57BL/6
mice. We observed a significant decrease in the number
and weight of liver metastases and subcutaneous tumors
in the MC38/myCAFs-shPWARG6 group compared to the
control group (Fig. 2P-S). Immunohistochemical stain-
ing (IHC) was also performed on the liver metastases of
mice. The analysis revealed a remarkable decrease in the
expression of Vimentin and N-cadherin, while E-cadherin
expression was notably increased in the MC38/myCAFs-
shPWARG6 group (Supplementary Figure 3M-N).

In summary, our findings reveal that myCAF-derived
exosome PWAR6 promotes CRC stemness and metasta-
sis in both in vitro and in vivo experiments.

Expression of exo-PWAR6 and its clinical significance

in CRC patients

As previously introduced, FAPI shows potential as a
novel radiotracer for tracking myCAFs and tumor lesions
[31]. Recently, ®®Ga-FAPI Positron Emission Tomogra-
phy (®®Ga-FAPI-PET) has been developed and clinically
applied for imaging metastases and diagnosing tumors
[32]. In our study, we conducted a comprehensive anal-
ysis of PWARG6 levels in histopathological samples from
15 patients with different ®*Ga-FAPI-PET SUVmax val-
ues from the Fudan University Shanghai Cancer Center
(FUSCC Cohortl). We found that the expression lev-
els of PWARG6 were significantly higher in patients with
elevated SUVmax values and lower in those with reduced
SUVmax values (Fig. 3A, B). Besides, we also compared
the organoid derived from these patient tissues. A higher
number of organoids were observed from patients with

(See figure on next page.)
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elevated ®®Ga-FAPI-PET SUVmax values (Fig. 3C left).
Moreover, these organoids exhibited a higher positiv-
ity rate of PWARG6 (Fig. 3C right). Besides, we also dem-
onstrated that samples with higher myCAF scores in
GSE39582 exhibited correspondingly elevated expression
levels of PWARG6 (Fig. 3I).

Next, we collected tissue samples from 5 paired normal
tissues, 10 patients with non-LM CRC, and 10 CRLM
patients (FUSCC cohort2). After extracting exosomes
from the tissues, we used qPCR to measure PWAR6
expression in these samples. Meanwhile, we employed
the chromogenic in situ hybridization (CISH) method to
compare PWARG6 expression in their intestinal tissues.
The results of qPCR and CISH both indicated patients
with CRLM has the highest PWARG6 expression, followed
by those with non-metastatic CRC and lowest in patients
with enteritis (Fig. 3D, E). Representative abdominal
magnetic resonance imaging (MRI) or computed tomog-
raphy (CT) images of these patients are shown in Fig. 3F.

Subsequently, we investigated the pathological impli-
cations and prognostic value of PWARG6 in a separate
FUSCC cohort comprising 150 paraffin-embedded CRC
tissues of stages I-IV that were carefully preserved in a
—80 °C refrigerator (FUSCC cohort3). Kaplan—Meier
survival analysis based on FUSCC cohort3 demonstrated
a clear distinction in the clinical outcomes between
patients with low and high expression levels of PWAR6.
Patients with low PWAR6 expression exhibited a sig-
nificantly better overall survival (OS) compared to those
with high expression (Fig. 3]). To further investigate the
associations between PWARG6 expression and key clinico-
pathological factors, we conducted a Chi-square test. Our
analysis revealed that distant metastasis (M stage), sur-
vival, neural invasion, vascular invasion, age and tumor
size were significantly associated with PWAR6 expression
(Fig. 3G). We next performed univariate and multivariate
Cox regression analyses of OS in the FUSCC cohort 3. In
univariate Cox regression analysis, M stage and PWAR6
expression levels were significantly associated with prog-
nosis (P<0.05). Multivariate Cox regression analysis

Fig. 3 Expression of exo-PWAR6 and its clinical significance in patients with CRC. A, B Representative image and PWAR6 expression of patients
with varied %8Ga-FAPI-PET SUV max values (n=15 patients). C Representative image of PDOs and PWAR6 ISH using tissues from patients

with varied %8Ga-FAPI-PET SUV max values. Scale bars=50um. (n=15 patients). D, E Representative ISH image and PWAR6 expression in healthy
donors (enteritis) and CRC patients with and without LM. Scale bars=50um (n=25 patients). F Representative CT or MRl Images of CRC Patients
with and without LM (n= 25 patients). G Heatmap of Chi-Square test based on the association between PWAR6 and different clinicopathological
factors. (n=150 patients). H Univariate and multivariate Cox regression analyses of OS in the FUSCC cohort 3. (n= 150 patients). | PWAR6 expression
level of patients with high myCAF score and low myCAF score, data obtained from the GSE39582. (n= 133 patients). K Kaplan—Meier survival curve
of patients with PWAR6-high and PWAR6-low, data obtained from the FUSCC cohort3. (n=150 patients). Data are shown as mean +s.e.m. For A-D
and I, data were analyzed by one-way ANOVA. For G, data were analyzed by Chi-square test. For H, data were analyzed by Cox regression analysis.
For J, data were analyzed by log-rank test. P values. *P < 0.05, **P <0.01, ***P<0.001
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further identified high PWAR6 expression as an inde-
pendent predictor of poor OS (Fig. 3H).

Our study highlights that elevated PWARG6 expression,
as assessed by 68Ga-FAPI-PET and IHC analysis, corre-
lates with worse DFS and OS in CRC patients. Elevated
PWARG levels are significantly correlated with a higher
proportion of CAFs and adverse clinicopathological fea-
tures among CRC patients.

CAF-derived exo-PWAR6 enhances the glutamine uptake
of CRC cells via upregulation of amino acid transporters
SLC38A2

Metabolomic sequencing data on previous myCAF-Exo
and myNF-Exo elucidated notable differences in the glu-
tamine metabolism pathways between myCAFs in liver
metastases and NFs in normal liver tissues (Fig. 4A, B).

Glutamine metabolism, involving a series of inter-
connected reactions, holds crucial implications. Nota-
bly, exogenous glutamine primarily enters cancer cells
through the family of glutamine transporters. Once inter-
nalized, glutamine undergoes conversion to glutamate,
which is subsequently catabolized to o-ketoglutarate
(a-KG) and enters the tricarboxylic acid (TCA) cycle.

Encouragingly, our findings revealed a significant
increase in glutamine uptake, as well as elevated levels of
glutamate and a-ketoglutarate in CRC cells co-cultured
with myCAFs, but the enhancement could be reversed by
knocking down PWARG6 in CAFs (Fig. 4C, D).

This suggests an active modulation of glutamine
metabolism in the presence of myCAF-derived PWARS,
likely contributing to the altered metabolic phenotype
and tumor progression observed in CRC.

Subsequently, we postulated that PWAR6 might influ-
ence glutamine influx through the regulation of amino
acid transporters. Glutamine transporters belonging
to the solute carrier (SLC) family play a crucial role in
mediating glutamine transport. To investigate this, we

(See figure on next page.)
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performed qRT-PCR to analyze the transcriptional pro-
filing of known glutamine transporters in DLD1/HCT116
cells. We found that only SLC38A2 exhibited downregu-
lated/upregulated expression at mRNA when DLD1/
HCT116 cells were treated with shPWAR6/LvPWAR6
exosomes derived from myCAFs (Fig. 4E).

Western blot revealed that silencing PWARG6 attenuated
SLC38A2, whereas overexpressing PWAR6 enhanced
their expressions in DLD1/HCT116 cells treated with
myCAF exosomes (Fig. 4F, G). In the GSE41568 dataset,
SLC38A2 expression was also significantly upregulated in
CRC metastases compared to primary tumors (Fig. 4H).
Additionally, immunofluorescence assay showed that
NREF?2 co-localizes with SLC38A2 in the nucleus of DLD1
cells (Fig. 4I). More importantly, increase in glutamine
uptake, cell migration and cell stemness by PWAR6
overexpression could be partially reversed by SLC38A2
knockdown (Fig. 4]-L and Supplementary Fig. 4A-G).

Next, we further explore the clinically significant of
SLC38A2 using our previous FUSCC cohorts. In FUSCC
cohort 1, our analysis revealed that patients with elevated
%8Ga-FAPI-PET SUVmax values exhibited a correspond-
ing increase in SLC38A2 expression (Fig. 4Q). Similarly,
in FUSCC cohort 2, tissues from CRLM patient demon-
strated significantly higher levels of SLC38A2 expression
compared to those without LM (Fig. 4M, N). Further-
more, in FUSCC cohort 3, we observed that CRC tissues
with elevated PWAR6 expression were associated with a
concomitant upregulation of SLC38A2 (Fig. 40, P). The
TCGA database shows that there is a positive correlation
between SLC38A2 and PWARG6 (Supplementary Fig. 3H).

Additionally, we also found that knocking down
SLC38A2 significantly reduced the size of subcutaneous
tumors and liver metastases in C57BL/6 mice model con-
structed as previous described (Fig. 4R-U).

Collectively, these findings indicate that myCAF-
derived exosome PWAR6 promotes increased glutamine

Fig. 4 myCAF-derived exo-PWARG enhances the glutamine uptake of CRC cells via upregulation of amino acid transporters SLC38A2. A, B
Metabolomics Sequencing of exosomes secreted by myCAFs from CRLM tissues and paired NFs (n=5 patients). C, D Evaluation of glutamine
uptake, glutamate and a-Ketoglutarate in CRC cells co-cultured with myCAFs after knocking down PWAR6. (n=5, one of three biological
replicates). E gRT-PCR to analyze the transcriptional profiling of known glutamine transporters treated with shPWAR6/LVPWAR6 exosomes derived
from myCAFs. (n=3, one of three biological replicates). F, G Western blot to evaluate the protein level of SLC38A2 in DLD1/HCT116 cells treated
with myCAF exosomes. (n=3, one of three biological replicates). H SLC38A2 expression is elevated in metastatic compared to primary tumors,
data from GSE41568 (n=133 patients). I Immunofluorescence of NRF2 and SLC38A2. (n=3, one of three biological replicates). J, L Evaluation

of invasion and stemness of DLD1 Cells after shSLC38A2 treatment using Transwell and spheroid formation assays. Scale bars=100um(upper), Scale
bars=50um(lower). (Representative images are shown, data are from three biologically replicates). M, N Expression of SLC38A2 in FUSCC Cohort 2
and representative IHC staining images. Scale bars=50um. (Representative images are shown, n=25 patients). O, P Expression of SLC38A2 in FUSCC
Cohort 3 and representative IHC staining images. Scale bars=50um. (Representative images are shown, n=150 patients). Q IHC Staining of SLC38A2
in PDOs from patients with varied ®Ga-FAPI-PET SUVmax. Scale bars=50pm. (Representative images are shown, n=15 patients). R, S SLC38A2
knockdown significantly reduces the size of subcutaneous tumors. (n=>5 mice per group). T, U SLC38A2 knockdown significantly reduces the size
of liver metastases. (n=3 mice per group). Data are shown as mean +s.e.m. For C-E, J-L, data were analyzed by one-way ANOVA. For H, M-U, data
were analyzed by two-tailed Student’s t-test. P values. *P < 0.05, **P<0.01, ***P < 0.001
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uptake in CRC cells by upregulating the amino acid
transporter SLC38A2. Moreover, in vivo and in vitro
experiments also demonstrate that myCAF-derived exo-
some PWAR6-induced upregulation of SLC38A2 can
promote the metastasis of CRC cells.

PWARG6 blocks NRF2 ubiquitination and degradation

To elucidate the mechanisms by which myCAF derived
PWAR6 modulates glutamine metabolism and enhances
CRC metastasis, we firstly cocultured the DLD1 cells
with myCAFs (Fig. 5A). Next, biotinylated sense and
antisense RNAs corresponding to PWAR6 were synthe-
sized, and subsequent RNA pulldown assays were car-
ried out to elucidate the protein interactome associated
with PWARG6 in CRC cells (Fig. 5B). The captured protein
complexes were resolved by sodium dodecyl sulfate—pol-
yacrylamide gel electrophoresis (SDS-PAGE) followed by
mass spectrometry analysis. After excluding other genes,
NRF2 emerged as a plausible candidate protein form-
ing a complex with PWARG6(Fig. 5C). Nuclear fraction
assay revealed that NRF2 mainly located in the nuclear
(Fig. 5D), FISH assays further substantiated the co-local-
ization of PWAR6 and NRF2 within the cellular context
(Fig. 5E). To verify the PWAR6-NRF2 interaction, we
performed a pull-down followed by Western blot analy-
sis using an anti-NRF2 antibody, revealing NRF2-PWAR6
complex enrichment in the sense group (Fig. 5F upper
part). Additionally, RNA immunoprecipitation (RIP) with
an anti-NRF2 antibody and subsequent PCR verified the
presence of PWARG (Fig. 5F, lower part). Next, we exam-
ined the secondary structure of PWAR6 using Vienna
RNA (http://rna.tbi.univie.ac.at/) (Fig. 5G). To pinpoint
the specific regions of PWARG6 binding to NRF2, we gen-
erated a series of truncated PWARG6 variants informed by
the secondary structure and employed RNA pulldown

(See figure on next page.)
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combined with Western blot analysis. The results dem-
onstrated that nucleotides 4000-4617 bp of PWAR6
interact with NRF2 (Fig. 5H).

Given the observed interaction between PWAR6 and
NREF2 in CRC cells, we sought to explore the regulatory
role of PWARG6 on the expression of NRF2. Intriguingly,
PWARG6 exhibited no impact on the mRNA abundance
of NRF2(supplementary Fig. 5A-B) However, the pro-
tein level of NRF2 displayed a significant decrease upon
PWARG6 knockdown and a notable increase upon PWAR6
overexpression (Fig. 5I). Next, we treat CRC cells with the
protein synthesis inhibitor cycloheximide (CHX, 50ug/
mlL) for different periods to exam the protein stability of
NREF2. Interesting, PWAR6 knockdown decreased the
stability of NRF2 and accelerated its degradation (Fig. 5],
K), while PWAR6 overexpression prolonged the half-life
of NRF2 degradation (Fig. 5L, M). MG132, a protease
inhibitor, can accurately inhibit the ubiquitin-mediated
proteasome pathway. Notably, inhibition of the protea-
some through MG132 treatment resulted in the accumu-
lation of endogenous NRF2 in CRC cells upon PWAR6
silencing, suggesting that PWAR6 regulated the NRF2
expression at the post-translational level in a ubiquitina-
tion-proteasome dependent manner (Fig. 5N).

We next used Western blotting to assess ubiquitination
levels, finding that PWARG6 overexpression significantly
reduced NRF2 ubiquitination (Fig. 50). Conversely,
PWARG6 knockdown led to a marked increase in NRF2
ubiquitination, with no change in the Input group
(Fig. 5P). These results suggest that PWAR6 may inhibit
proteasome-dependent degradation of NRF2 in CRC
cells. We then analyzed cell migration, stemness, and
glutamine uptake in infected cells. NRF2 silencing or
overexpression was combined with PWAR6 modulation
to explore NRF2’s rescue effect on PWAR6-driven func-
tions. Western blotting confirmed NRF2 upregulation

Fig. 5 PWARG6 blocks NRF2 ubiquitination and degradation. A Co-culture of CRC cells and myCAFs before pull-down assay. B, C Silver stained
SDS-PAGE gel of proteins immunoprecipitated by the sense and antisense of PWAR6. The differentially exhibited lanes were used for the mass
spectrum. D Nucleus-cytoplasm separation experiment showed that NRF2 is mainly located in the nucleus. (n=3, one of three biological
replicates). E Representative images of immunofluorescent staining of NRF2 and PWAR6 in DLD1/RKO cells. Scale bars=50um. (n=3, one of three
biological replicates). F Western blotting assays (upper part) and RIP assay (lower part) of the specific interaction of PWAR6 with NRF2. (=3, one
of three biological replicates). G The secondary structure of PWARG6 is shown as predicated by the centroid method (http://rna.tbi.univie.ac.at/).

H Truncated PWAR6 fragments interacting with NRF2 in DLD1 cell lysates. (n=3, one of three biological replicates). | Western blot to evaluate

the protein level of NRF2 in DLD1/HCT116 cells treated with myCAF exosomes. (n=3, one of three biological replicates). J-M Protein stability
assay by using cycloheximide (CHX, 50 pg/mL) to treat cells at the different time was performed to evaluate the effect of PWARG overexpression
(J, K) or knockdown (L, M). (n=3, one of three biological replicates). N Western blot analysis of NRF2 in DLD1/HCT116 cells treated with myCAF
overexpression or knockdown exosomes with the proteasome inhibitor MG132 (10 pM). (n=3, one of three biological replicates). O, P Co-IP

was used to assess NRF2 ubiquitination with and without PWAR6 overexpression (O) or knockdown (P), following MG132 and HA-Ub treatment.
(n=3, one of three biological replicates). Q-T Transwell assay to evaluate the DLD cell invasion (upper part and R), Scale bars=100um, spheroid
formation assays to evaluate the DLD cell stemness (middle part and S), PDOs 3D invasion assay to evaluate the invasion of PDOs after knockdown
of NRF2 (lower part and T). Scale bars=50um. (Representative images are shown, data are from biologically replicates). Data are shown

as mean+s.em.For F, K, M and Q-T, data were analyzed by one-way ANOVA. P values. *P < 0.05, **P<0.01, ***P<0.001
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in the Lv-PWARG6 group, reversible by PWAR6 deple-
tion (supplementary Fig. 5C-D). Transwell assays showed
that PWAR6 enhanced CRC cell migration, which was
blocked by NRF2 depletion (Fig. 5Q upper part, Fig. 5R
and supplementary Fig. 5E,F). Sphere-forming assays
revealed increased stemness in the Lv-PWAR6 group,
reversed by NRF2 silencing (Fig. 5Q middle part, Fig. 5S
and supplementary Fig. 5E lower part, supplementary
Fig. 5G). Stemness markers such as CD133 and LGR5 fol-
lowed a similar pattern (supplementary Fig. 5J-K). PDO
3D invasion assays showed that PDOs co-cultured with
Lv-PWAR6 CAFs had smooth, protrusive fronts, with
robust migration into the 3D matrix, an effect negated by
NRF2 depletion (Fig. 5Q lower part and Fig. 5T). Addi-
tionally, glutamine uptake was reduced in the sh-PWAR6
group, but NRF2 overexpression rescued this inhibition
(supplementary Fig. 5H-I). Overall, these findings dem-
onstrate that PWAR6 promotes cell migration, stemness,
and glutamine uptake in CRC cells by upregulating
NREF2.

To explore the mechanisms behind PWAR6-driven
CRC progression, we examined its interaction with
NRF2, a key protein. Using immunoprecipitation (IP)
with anti-NRF2 and IgG antibodies, followed by Mass
Spectrometry, we identified Keapl1 as a significant NRF2-
interacting protein (supplementary Fig. 6A), suggesting
its role in the ubiquitin—proteasome pathway. Keapl is
known to regulate NRF2 stability by promoting its ubiq-
uitination and degradation via Cul3-based ubiquitin
ligase under non-stressed conditions, thus keeping NRF2
levels low and preventing overactivation of downstream
genes.

Immunofluorescence further confirmed the co-locali-
zation of NRF2 and Keap1 within the cell (supplementary
Fig. 6B). We then transfected DLD1 cells with Flag-
tagged Keapl and Myc-tagged NRF2. Co-immunopre-
cipitation (co-IP) analysis validated the binding between

(See figure on next page.)
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exogenous Keapl and NRF2, underscoring their strong
association (supplementary Fig. 6C-D).

Previous results indicated that PWARG6 inhibits NRF2
ubiquitination, while Keapl promotes it, suggesting a
potential interaction between them. Silencing PWAR6
significantly upregulated Keapl, whereas overexpres-
sion of PWARG6 caused a clear downregulation of Keapl
(Fig. 6G, H). These observations suggest a reciprocal reg-
ulatory relationship between PWARG6 and Keapl. To fur-
ther explore Keapl’s role in NRF2 downregulation via the
ubiquitin—proteasome pathway, we manipulated Keapl
expression and assessed NRF2 ubiquitination levels.
Overexpressing Keapl notably increased NRF2 ubiquit-
ination, while Keap1 knockdown greatly reduced it (sup-
plementary Fig. 6E-F).

To investigate their relationship further, we intro-
duced Flag-tagged Keapl or Keapl siRNA into DLD1
cells expressing Lv-PWAR6. Our findings revealed that
PWAR6 could partially protect NRF2 from Keapl-
mediated ubiquitination and degradation. Quantitative
co-immunoprecipitation (co-IP) confirmed that PWAR6
modulates Keapl’s impact on NRF2 post-translational
ubiquitin modification. Notably, in CRC cells treated
with MG132, PWAR6 overexpression reduced the inter-
action between Keapl and NRF2, reinforcing PWAR6’s
regulatory role in this process (supplementary Fig. 61-]).
Besides, knockdown of Keapl could enhance glutamine
uptake of CRC cells (supplementary Fig. 6K-L).

Collectively, we confirmed that Keapl is a key molecule
promoting NRF2 ubiquitination and degradation, while
PWARG6 protects NRF2 from Keapl-induced ubiquitina-
tion and degradation.

NRF2 promotes glutamine uptake in CRC cells

via transcriptionally regulating SLC38A2

Given the co-localization of NRF2 and SLC38A2, we
hypothesized that NRF2 might act as a transcription

Fig. 6 PWARG6 accelerates migration, stemness and glutamine uptake by elevating the expression of NRF2. A The average intensity curves

for NRF2 signals at TSSs in a region comprising+2 Kb in DLD1 and HCT116 cell lines. B The IGV shows the CUT&Tag signals of NRF2 at the SLC38A2
promoter. C Heatmap of CUT&Tag-seq peaks associated with the NRF2 in DLD1 and HCT116 cell lines, signals are displayed from —2.0 kb to+2.0
kb surrounding the TSS. Histone H3 as positive control and IgG as negative control. D The binding sequence of NRF2 within the promoter region
of the SLC38A2 gene. E Luciferase assays confirmed that NRF2 regulates SLC38A2 transcription, and PWAR6 overexpression significantly boosts
NRF2 activity. (n=3, one of three biological replicates). F Luciferase reporter assays of the transduced DLD1 cells transfected with reporter plasmids
containing the SLC38A2 promoter, respectively. Wild type: —2000-0 construct; mutant: —2000-0 constructed with a point mutation at the NRF2
binding site. (=3, one of three biological replicates). G Westen blot of SLC38A2 after NRF2 knockdown. (n=3, one of three biological replicates).
H, I Expression of NRF2 in FUSCC Cohort 2 and representative IHC staining images. Scale bars=50um. (Representative images are shown, n=25
patients). J, K Expression of NRF2 in FUSCC Cohort 3 and representative IHC staining images. Scale bars=50um. (Representative images are shown,
n=150 patients). L IHC Staining of NRF2 in PDOs from patients with varied 68Ga-FAPI-PET SUVmax. Scale bars=50um. (Representative images are
shown, n=15 patients). M, N NRF2 knockdown significantly reduces the size of subcutaneous tumors. (n=5 mice per group). O, P NRF2 knockdown
significantly reduces the size of liver metastases. (n=3 mice per group). Data are shown as mean +s.e.m. For E, data were analyzed by one-way
ANOVA. For F, H-P, data were analyzed by two-tailed Student’s t-test. P values. *P < 0.05, **P < 0.01, ***P < 0.001
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factor by binding to the promoter region of downstream
target gene SLC38A2. To test this, we performed a
CUT&Tag assay using an anti-NRF2 antibody in DLD1
and HCT116 cells.

Sequences around the CUT&Tag-seq peaks being
highly conserved and frequently located in promoter
regions. The IGV map clearly indicated that the NRF2
protein occupied the proximal promoter region of
SLC38A2 (Fig. 6A, B).The heat map revealed that the
peaks were predominantly enriched in TSS regions
(Fig. 6C).

According to the CUT&Tag, there is one main bind-
ing site in the promoter region of GLUD1 (-1000 to
100 bp), specifically from —630 bp to —640 bp (Fig. 6D).
Luciferase reporter assays showed that NRF2 enhances
SLC38A2 expression by regulating its transcriptional
activity (Fig. 6F). Interestingly, overexpression of PWAR6
further strengthened the transcriptional activity of
SLC38A2 (Fig. 6E).

Western blot showed that the knockdown of NREF2
was shown to significantly reduce the levels of SLC38A2
(Fig. 6G).

We then explored the clinical significance of NRF2.
In FUSCC cohort 1, we found a positive correlation
between high ®Ga-FAPI-PET CT SUVmax values and
elevated NRF2 expression, while lower SUVmax values
were linked to reduced NRF2 levels (Fig. 6L). In FUSCC
cohort 2, CRC patients with LM exhibited significantly
higher NRF2 expression compared to those without LM
(Fig. 6H, I). In FUSCC cohort 3, we observed a direct
association between increased PWAR6 expression and
elevated NRF2 levels in CRC tissues, whereas lower
PWAR6 expression corresponded with reduced NRF2
levels (Fig. 6], K).

Subsequently, we co-cultured myCAFs with MC38
cells (Control and shNRF2) and developed subcutane-
ous and liver metastasis models in C57BL/6 mice using
previously described techniques (Fig. 6M—P). Our results

(See figure on next page.)
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demonstrated that NRF2 knockdown in MC38 cells sig-
nificantly suppressed both subcutaneous tumor growth
and liver metastasis.

PWAR6 mediated glutamine deficiency in NK cell promotes
tumor immune evasion

In addition to above myCAFs-tumor cells crosstalk,
we next asked whether the PWAR6 can metaboli-
cally remodel the tumor immune microenvironment
(TIME). We further performed cluster analysis focus-
ing on immune cells in the single-cell sequencing data-
base (GSE16655 and GSE178318), it was discerned that
the presence of CRLM was associated with a diminished
enrichment level of NK cells, CD4+ T cells, CD8+ T
cells, B cells and macrophages compared to those CRC
patients without LM (Fig. 7A, B).

We next construct subcutaneous tumor and liver
metastasis model in C57BL/6 mice as previous described
using the PWARG6 overexpression plasmid, followed by
flow cytometry assays to examine the impact of PWAR6
overexpression on the TIME. Our findings revealed a sig-
nificant reduction in NK cell levels, while the changes in
CD4+ T cells, CD8+ T cells, and macrophages were less
evident (Fig. 7C, D). Immunofluorescence results indi-
cate that PWARG6 overexpression significantly suppresses
NK cells in subcutaneous and liver metastatic tumors
(Fig. 7E, F). As a result, our subsequent studies will focus
on further elucidating the role of NK cells.

To further corroborate our findings, we performed
in vitro cellular experiments. Co-culturing NK92MI
cells with PWARG6 overexpressing myCAFs did not dem-
onstrate a substantial impact on NK92MI cell activity
(Fig. 7G-J). Moreover, the same conclusions were also
obtained following co-culture of human NK92MI cells
with myCAFs (supplementary Fig. 7A-C). However, when
CAFs, CRC cells, and NK92MI cells were co-cultured,
the overexpression of PWARG6 significantly attenuated
NK cell activity and induced apoptosis (Fig. 7K-N), we

Fig. 7 SLC38A2 mediated glutamine deficiency in NK cell promotes tumor migration. A, B Single cell data clustering analysis, data from GSE16655
and GSE178318. (n=18 patients). C, D The percentage of immune cells in liver tumors from LvPWAR6 mice. (n =3 technical replicates, one

of three biological replicates). E The representative image of NK1.1 staining in subcutaneous tumors. Scale bars=20um. (n=3, one of three
biological replicates). F The representative image of NK1.1 staining in liver tumors. Scale bars=20um. (n=3, one of three biological replicates). G
Co-culture of NKOTMI cells and myCAFs. (NK92MI in the upper chamber, myCAFs in the lower chamber). H, | Representative flow cytometry image
and statistical graphs of NK92MI apoptosis in the NK92MI/myCAFs co-culture system. (Representative images are shown, data are from three
biologically replicates). J Representative flow cytometry image of NK92MI proliferation in the NK92MI/myCAFs co-culture system. (n=3, one of three
biological replicates). K Co-culture of NK91MI cells, CRC cells and myCAFs. (NK92MI in the upper chamber, CRC cells and myCAFs in the lower
chamber). L, M Representative flow cytometry image and statistical graphs of NK92M!I apoptosis in the NK92MI/CRC cell/myCAFs co-culture
system. (Representative images are shown, data are from three biologically replicates). N Representative flow cytometry image of NK proliferation

in the NK92MI/CRC cells/myCAFs co-culture system. (n=3, one of three biological replicates). O, P Representative images and statistical graphs

for CD107a, Granzyme B, and Perforin detection in NK92MI cells. (Representative images are shown, data are from three biologically replicates). Data
are shown as mean +s.e.m. For C-D, H-J, L-P, data were analyzed by two-tailed Student’s t-test. P values. *P < 0.05, **P < 0.01, ***P<0.001
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can also observe similar phenomena when using human
NK cells (supplementary Fig. 7D-F). These observations
indicate that myCAF-derived exosomes PWARG6 exerts a
suppressive effect on NK cell function via its interaction
with CRC cells.

Previous studies have highlighted the crucial role of
glutamine as a key nutrient for supporting NK cell func-
tionality. Building upon our previous results, we postu-
late that the upregulation of PWARG6 in CRC cells may
engender an excessive uptake of glutamine which lead
to a diminished pool of available glutamine for utiliza-
tion by NK cells within the tumor microenvironment,
resulting in impaired NK cell activity. Next, we supple-
mented the co-culture system with exogenous glutamine
and re-evaluated NK cell activity. Remarkably, the addi-
tion of exogenous glutamine prevented the decline in cell
activity, even in the presence of PWAR6 overexpression
in myCAFs (supplementary Fig. 7G-H). These results
suggest that PWARG6 primarily affects NK cell activity by
enhancing the competitive uptake of glutamine between
tumor cells and NK cells.

Since PWAR6 predominantly affects the glutamine
uptake in CRC cells via SLC38A2, we speculated that
CRC cells compete with NK cells for glutamine by
overexpressing SLC38A2. We subsequently gener-
ated SLC38A2-knockdown CRC cell for co-culture
with myCAFs and NK cells. Remarkably, depletion of
SLC38A2 restored NK92MI cell activity even when
we overexpressed PWAR6 in myCAFs (supplementary
Fig. 7I-]). Western blot assay revealed that the level of
SLC38A2 in NK92 cells remained essentially unchanged
after overexpressing PWAR6(supplementary Fig. 7K).
These findings indicate that PWAR6 predominantly
influences NK cell activity through SLC38A2-mediated
competitive uptake of glutamine by tumor cells and NK
cells.

To determine whether the anti-tumor activity of
NK92MI cells was also altered in co-cultured with
PWARG6 overexpressed myCAFs, we observed minimal
impact on the expression of receptors of NK cells as
well as NK ligand of CRC cells upon overexpression of
PWARG6 (supplementary Fig. 7L-M). Next, we separated
NK92MI /human NK cells from co-cultured system and
quantified the levels of CD107a, perforin and Granzyme
B cells by flow cytometry, these indicators were all sig-
nificantly downregulated in NK cells co-cultured with
PWAR6 overexpressed myCAFs (Fig. 70, P and sup-
plementary Fig. 7N-O), ELISA experiments revealed
a noticeable suppression of the levels of Granzyme B
and perforin secreted by NK cells after overexpressing
PWARG6(supplementary Fig. 7P-Q), similar conclusion
can be drawn by flow cytometry on NK cells extracted
from the previous mouse subcutaneous tumor model
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(supplementary Fig. 7R). We then investigated whether
the cytotoxicity of NK cells. NK92MI cells were co-cul-
tured with CRC cells at different ratios, the cytotoxicity
of NK92MI cells on CRC cells was significantly inhibited
when co-cultured with PWAR6 overexpressed myCAFs,
the cytotoxicity of NK92MI cells could be partially
restored upon the exogenous addition of glutamine sup-
plementation (supplementary Fig. 7S).

Collectively, our findings demonstrates that PWAR6
induces CRC cells to competitively uptake glutamine
from the TME, resulting in glutamine deprivation in NK
cells. This glutamine deprivation significantly impairs NK
cell activity and cytotoxicity, thereby facilitating tumor
progression.

PWAREG is a potential therapeutic target for CRC

Based on previous critical role of PWAR6 in CRC tumo-
rigenesis, we assessed PWARG6 as a therapeutic target.
We targeted PWAR6 with an antisense oligonucleotide
(ASO)-based inhibitor, optimized for in vivo application
and effective against RNAs. Next, subcutaneous tumor
and liver metastasis model in C57BL/6 mice as previous
described was firstly constructed using MC38 cells after
co-cultured with CAFs, the tumor-bearing mice were
randomly divided into three groups: the Control group,
the ASO-PWARG6 group, and the ASO-PWAR6 com-
bined with FAPI gavage group (Fig. 8A).

The ASO-PWARG inhibitor via tail vein injection sig-
nificantly diminished subcutaneous tumors and liver
metastases tumor burden. Besides, combination of ASO-
PWARG tail vein injection and FAPI oral gavage demon-
strates enhanced the efficacy in alleviating the burden of
subcutaneous tumors and liver metastases (Fig. 8B—E).

Histological analyses revealed a progressive increase
in NKI1.1 expression across the Control group, ASO-
PWARG6 group, and ASO-PWAR6 combined with FAPI
group in both subcutaneous tumors and liver metastases.
Conversely, a-SMA expression demonstrated a corre-
sponding gradual decline across these groups (Fig. 8F, G).

Subsequently, we assessed the levels of CAFs and NK
cells in FUSCC Cohort 2. In tissues from CRC patients
with high LM/PWAR6 expression, a-SMA expression
was markedly elevated, while CD3-/CD56+ expression
was relatively diminished. In contrast, CRC patients with
low LM/PWARG6 expression exhibited reduced a-SMA
levels and more pronounced CD3-/CD56+ expression
(Fig. 8H, I).

Discussion

Distant metastasis significantly affects the prognosis of
CRC patients. Understanding the mechanisms underly-
ing the metastasis of CRC is crucial for identifying novel
drug targets and therapeutic strategies. The stemness of



Fang et al. Journal of Hematology & Oncology =~ (2024) 17:126 Page 23 of 27

w
(@]

A

1500

@—V ‘:»A ASO-Control D
ASO-Control 15, 1000

ASO-PWARS @

g ASO-PWARE 3
ASO-PWAR6 * 5

FAPI

o,
m

Metastasis foci/Liver

U U
s o Mol ' °  Mua

FAPI oral gavage ASO-Control ASO-PWAR6 ASO-PWAR6
+
FAPI
F G .
Subcutaneous tumor Liver tumor

ASO-Control ASO-PWARG ASO-PWARG+FAPI

g, B

ASO-PWARG

NK1.1
NK1.1

a-SMA
a-SMA

Fig. 8 PWARG6 is a potential therapeutic target for CRC. A Graphical diagram of vein tail injection of in vivo optimized PWARG6 inhibitor and FAPI
gavage in C57BL/c mice. B-E Representative images of xenograft tumors (B, C) and liver metastasis (D, E) from each mouse group are shown. Mice
with xenograft tumors were treated with either an antisense oligonucleotide control (ASO-Ctrl), an in vivo optimized PWAR6 inhibitor (ASO-PWAR6),
or a combination of ASO-PWAR6 and FAPI administered via gavage. (n=>5 mice per group). F, G Representative images of NK1.1 and a-SMA IHC
staining of xenograft tumors and liver metastasis in each group. Scale bars=100um. (n= 3, one of three biological replicates). H, | Representative
images of pan-CK, a-SMA, CD3 and CD56 staining in tumor tissues from CRC cancer in FUSCC Cohort2. Scale bars=50um. (n =3, one of three
biological replicates). Data are shown as mean +s.e.m. For B-E, data were analyzed by one-way ANOVA. P values. *P <0.05, **P<0.01, ***P <0.001

tumor cells are key factors in the initiation and progres-  metastatic potential in CRC. Beyond the characteristics
sion of CRC [33]. Our previous work has demonstrated  of the tumor cells themselves, there are intricate inter-
that reducing stemness in PDO models can decrease actions between tumor cells and various components of
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the tumor microenvironment (TME). However, previous
research has predominantly focused on intrinsic changes
within tumor cells, often neglecting the complex interac-
tions between tumor cells and TME.

myCAFs, among the most prevalent stromal elements
in the TME, play a pivotal role in modulating the prop-
erties of both tumor cells and TME components. Our
findings firstly demonstrated that co-culturing colorectal
cancer cells with myCAFs enhances both their metastatic
potential and sphere-forming abilities, alongside upregu-
lating stemness-associated markers.

As crucial mediators of substance exchange within
the TME, exosomes have been reported to facilitate the
transfer of cytokines, miRNAs, and IncRNAs between
various cell types. Recent studies have demonstrated
that IncRNAs secreted by CAFs play a definitive role
in promoting tumor metastasis and enhancing cellu-
lar stemness in various cancer type [34, 35]. Here, we
successfully isolated myCAFs from CRLM, and found
that these myCAFs could transfer the IncRNA through
exosomes that promote the migration and metasta-
sis of CRC cells. Among them, PWAR6 was remarkably
upregulated in exosomes secreted by myCAFs. In our
clinical ®Ga-FAPI-PET/CT imaging and tissue micro-
array cohorts, we further investigated the relationship
between PWAR6 expression and myCAFs, as well as
the link between PWARG6 levels and distant metastasis
in CRC patients. Interestingly, while our study primarily
investigates the role of exosome PWAR6 derived from
myCAFs, it raises questions about PWAR6’s intracellu-
lar distribution and function within myCAFs themselves,
particularly regarding its potential influence on exosome
packaging and secretion. FISH analysis of CAFs revealed
PWARG6 to be predominantly cytoplasmic, suggesting
that this localization may facilitate its incorporation into
exosomes for release into the tumor microenvironment.
However, the exact mechanisms underlying this process
warrant further investigation to clarify its regulatory
pathways and potential impacts on cancer progression.

Our data compellingly demonstrate that PWARG6 plays
a crucial role in facilitating CRC metastasis, confirmed
through in vitro and in vivo analyses. Mechanistically,
we found that PWAR6 might interact with NRF2 in CRC
cells. As a pivotal transcription factor, the abnormal
abundance and hyperactivation of NRF2 can promote
tumor cell growth and metabolic reprogramming [36,
37]. Based on current research, the protein level of NRF2
is precisely regulated by Keapl and its associated com-
plex, which mediate the ubiquitination and subsequent
degradation of NRF2 [38]. Therefore, our team further
investigated the relationship between PWAR6 and the
NRF2/Keapl pathway. The results showed that PWAR6
prevents NRF2 from binding to Keapl and thereby
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inhibits its subsequent ubiquitin-mediated degrada-
tion. Moreover, our pull-down assays followed by mass
spectrometry revealed no direct interaction between
PWARG6 and the Keapl protein. Therefore, we propose
that PWARG6 does not directly regulate Keapl expression.
Instead, PWAR6 may promote nuclear translocation and
activation of NRF2 by competing with Keap1 for binding,
thereby indirectly reducing Keapl levels. Several studies
have also demonstrated that the overactivation of NRF2
could significantly lead to the hypermethylation of the
KEAP1 promoter region, further supporting our hypoth-
esis [38].

It has been reported that the aberrant uptake and
metabolism of several nutrients are widely observed in
cancer cells to meet the demand of rapid proliferation.
This metabolic reprogramming is regulated by vari-
ous molecular mechanisms, including the Keapl/NRF2
pathway [39]. Similarly, different cells within the TME
also will compete for essential nutrients like glucose and
glutamine, highlighting the dynamic and competitive
nature of the TME. However, researches on the processes
of substance exchange and nutrient competition among
cells within the TME remains insufficient.

Thus, we performed metabolomic sequencing on our
paired myCAFs and NFs. The results demonstrated sig-
nificantly elevated glutamate metabolism in CRLM
samples. This phenomenon is highly correlated with
the expression levels of PWAR6 and NRF2. To further
explore, we found that modulation of PWARG6 transcrip-
tion markedly affected SLC38A2 expression. SLC38A2
is an important glutamine transporter, and its expres-
sion is reported to be elevated in breast and pancreatic
cancer [40, 41]. The overexpression of this transporter
markedly enhances the uptake and dependency on glu-
tamine and alanine in cancer cells. Meanwhile, increased
glutamine utilization in tumor cells may also enhance
their stemness [42, 43]. Our study also discovered that by
protecting NRF2 from ubiquitin-mediated degradation
through PWAR6, NRF2 binds to the promoter region
of SLC38A2, thereby activating its transcription, which
enhances the tumor cells’ ability to scavenge glutamine
from the TME and increases their stemness.

As a crucial nutrient within the TME, glutamine is not
only essential for the rapid proliferation of tumor cells
but also serves as a vital resource for immune cells such
as CD8* T cells, macrophages and NK cells to perform
their essential functions [44—46]. In our work, we dem-
onstrated that PWAR6 derived from myCAFs boosts
tumor cells’ glutamine uptake from the TME, conse-
quently reducing the availability of glutamine for immune
cells. Through in vivo and in vitro experiments, we also
identified NK cells as the immune cells most affected by
PWAR6-mediated glutamine depletion. According to
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existing studies, the metabolic imbalance of amino acids
such as serine significantly impacts NK cell cytotoxicity
[47]. However, the effects of glutamine deprivation on
NK cells have not yet been fully elucidated. To further
analyze, we employed co-culture systems, flow cytom-
etry, and various analytical techniques to discover that
glutamine deprivation in the TME leads to reduced NK
cell cytotoxicity, thereby promoting CRC metastasis. This
finding not only confirms the crucial role of glutamine
in the cytotoxic function of NK cells but also highlights
the competitive and dynamic interactions for glutamine
among various cells within the TME.

Furthermore, we hypothesize that PWAR6 expression
levels are significantly elevated in myCAFs compared to
normal fibroblasts, potentially contributing to the pro-
metastatic properties of the microenvironment. This dif-
ferential expression also supports the potential clinical
application of ASO-PWARGS, offering a strategy to selec-
tively target and eliminate myCAFs without impairing
the function of normal fibroblasts. This specificity could
enhance therapeutic efficacy while minimizing off-target
effects in normal tissue. This aspect will be further eluci-
dated in our subsequent studies.

In the array of therapeutic strategies targeting RNA in
both solid and hematologic tumors, ASOs have shown
the most promising clinical potential [48-50]. In our
study, we designed ASO sequences targeting PWARG.
Preliminary efficacy assessments were conducted in
mouse models, the results indicated that ASOs targeting
PWARG6 demonstrated efficacy in inhibiting CRC metas-
tasis and proliferation. However, further experimental
validation is required to identify an efficient and precise
delivery method and to ensure that the ASO sequence
does not affect the expression of normal RNAs.

Conclusion

In summary, we identified a myCAF-specific IncRNA,
PWARS6, which enhances stemness, migration and glu-
tamine consumption in CRC cells. Mechanistically,
PWARS6 binds to NRF2, preventing its interaction with
Keapl and thereby inhibiting NRF2 ubiquitination and
degradation. NRF2, stabilized by PWAR6, functions
as a transcription factor to enhance the expression of
SLC38A2, thereby facilitating glutamine uptake by CRC
cells from the TME. This results in glutamine depletion
within the TME and subsequent apoptosis of NK cells.
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