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KEY WORDS Abstract Tumor-associated macrophages (TAMs) are pivotal drivers of hepatocellular carcinoma
(HCC) progression, and blocking TAM M2 polarization has the potential to dampen tumor microenviron-
ment remodeling. In this study, we screened a series of phenylethanoid and phenylpropanoid glycosides
and identified syringin as a natural compound capable of inhibiting M2 polarization while promoting M1
polarization in macrophages. Single-cell RNA sequencing confirmed that syringin reduced TAM M2 po-
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(HCC);

Tumor-associated
macrophages (TAMs);

Macrophage polarization; larization and significantly impaired tumor microenvironment remodeling. In detail, syringin indirectly
Dihydrolipoamide S- reduced the stability of MYC proto-oncogene protein (MYC), which is required for driving a broad
acetyltransferase set of targets, including Argl, 1110, YmlI, Mrcl, and Cd274. Using affinity-based protein profiling
(DLAT); (ABPP), we revealed dihydrolipoamide S-acetyltransferase (DLAT) as a direct target of syringin. DLAT
MYC degradation; possesses protein acetyltransferase activity that acetylates MYC at K148. Syringin bound DLAT at res-
Syringin; idues R430 and N576 and disrupted the DLAT/MYC axis, thereby blocking MYC acetylation and pro-
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moting the ubiquitination and degradation of MYC protein. Additionally, syringin enhanced the
efficacy of programmed cell death protein 1 blockade in mouse and patient-derived xenograft models,
offering a potential adjunctive agent for HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) accounts for approximately
75%—85% of primary liver cancers, ranking as the sixth most
common cancer worldwide and the fourth leading cause of cancer-
related mortality'. Characterized by a subtle onset and aggressive
progression, HCC presents profound therapeutic challenges.
Despite advancements in treatments, including tyrosine kinase
inhibitors and vascular endothelial growth factor receptor 2-
targeting agents such as ramucirumab, the prognosis for most
HCC patients remains grim, with a 5-year survival rate ranging
from 15% to 40%”.

One key reason for the suboptimal efficacy of cancer therapies is
the tumor microenvironment (TME), which provides a supportive
milieu for tumor progression. HCC is associated with a highly
immunosuppressive TME, and several immune checkpoint blockers
(ICBs) have been incorporated into therapeutic regimens for
advanced HCC®. For instance, the combination of the programmed
death-ligand 1 (PD-L1) antibody atezolizumab with the anti-
angiogenic agent bevacizumab has been established as a first-line
therapy for advanced or unresectable HCC*. However, while atezo-
lizumab and other programmed cell death protein 1 (PD-1)/PD-L1-
targeting agents have been approved, their survival benefits remain
limited, underscoring the need for novel treatment strategies.

Tumor-associated macrophages (TAMs) constitute a major
immunosuppressive compartment within the TME>®. TAMs
exhibit heterogeneity, with lipopolysaccharide (LPS) or interferon
gamma (IFN-v) promoting an MI-like phenotype (pro-inflam-
matory, antitumor), whereas interleukin 4 (IL-4) or interleukin 13
(IL-13) promotes an M2-like phenotype (anti-inflammatory, pro-
tumor)’. In the TME, TAMs predominantly adopt an M2-like
phenotype, secreting cytokines such as interleukin 10 (IL-10)
and transforming growth factor beta (TGF-$) and expressing
immune checkpoints like PD-L1. TAMs contribute to various
aspects of HCC progression, including cancer stemness,
epithelial-to-mesenchymal transition, angiogenesis, and the sup-
pression of CD8™" T cell activity®. Strategies targeting TAMs, such
as colony-stimulating factor 1/colony-stimulating factor 1 receptor
(CSF1/CSF1R) and chemokine (C—C motif) ligand 2/chemokine
(C—C motif) receptor 2 (CCL2/CCR2) blockade, show thera-
peutic potential but face limitations owing to the inadvertent
depletion of tissue-resident macrophages, thereby limiting their
application in advanced tumors®'!.

Modulating TAM polarization represents a promising strategy
to inhibit tumor progression'?. In our previous study, we demon-
strated that phenylethanoid and phenylpropanoid glycosides have
the potential to modulate macrophage polarization'®. Among the
49 isolated glycosides, most were found to impair the expression
of inducible nitric oxide synthase (iNOS) or directly reduce nitric
oxide (NO) levels upregulated by LPS and IFN-y. However, a few
compounds, such as syringin, were shown to enhance NO levels'>.
Building upon these findings, the current study further investigates
the modulation of macrophage M2 polarization by these phenyl-
ethanoid and phenylpropanoid glycosides, aiming to identify po-
tential candidates for treating HCC.

2. Materials and methods
2.1.  Reagents

Syringin (purity >98%) was purchased from Macklin (Shanghai,
China). LPS (Escherichia coli O55:B5) was obtained from Sigma
(St. Louis, MO, USA). Murine 1L-4, IL-13, IFN-vy, and macro-
phage colony-stimulating factor (M-CSF) were purchased from
Novoprotein (Shanghai, China). Murine isotype controls, anti-
CSFI1R (clone: AFS98), and anti-PD-1 antibodies (clones:
RMP1-14 and J116) were purchased from Bio X cell (West
Lebanon, USA). Information on other antibodies is listed in
Supporting Information Table S1. Cycloheximide (CHX) and
MG132 were purchased from Selleckchem. D-Luciferin potas-
sium salt was purchased from Beyotime. All chemicals were
purchased from Sigma, unless otherwise stated.

2.2.  Cell culture

The HCC cell lines Hepal-6 and Hep3B, as well as the THP-1 cell
line, were obtained from the American Type Culture Collection
(ATCC). iBMDMs were from OriCell (Guangzhou, China). All cell
lines except THP-1 were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin at 37 °C in 5% CO,, and were
routinely tested and confirmed to be mycoplasma-negative. Lucif-
erase was expressed in Hepal-6 cells via lentiviral transduction, and
stable positive clones were selected by antibiotic selection.

Primary bone marrow-derived monocytes were isolated from
femurs and tibias of C57BL/6 mice. After centrifugation at
500x g, the cells were cultured in DMEM supplemented with 10%
FBS, 1% penicillin/streptomycin, and 100 ng/mL murine M-CSF
for 6 days to generate bone marrow-derived macrophages
(BMDMs). The medium was refreshed every 3 days to remove
non-adherent cells. To induce M1 polarization, BMDMs were
treated with 10 ng/mL LPS and 20 ng/mL IFN-vy for 24 h, while
20 ng/mL IL-4 was used for M2 polarization. For co-culture ex-
periments, 1 x 10° BMDMs were seeded in six-well plates and
co-cultured with 2 x 10° Hepal-6 cells, which had been pre-
cultured in inserts for 12 h. After 48 h of co-culture, the cells
and culture supernatants were collected for subsequent analysis.

THP-1 cells were cultured in Roswell Park Memorial Institute
1640 medium (RPMI 1640) supplemented with 10% FBS, 1% peni-
cillin/streptomycin, and 2 mmol/L L-glutamine. To differentiate THP-
1 monocytes into macrophages, cells were treated with 150 nmol/L
phorbol 12-myristate 13-acetate (PMA) for 72 h, followed by 24 h
incubation in fresh culture medium to allow the cells to return to a
resting state. For M2 polarization, differentiated THP-1 macrophages
were stimulated with 20 ng/mL IL-4 and 20 ng/mL IL-13 for 48 h.

2.3. Overexpression, knockdown, and CRISPR/Cas9-mediated
knockout

The mouse Myc gene (Myc proto-oncogene, bHLH transcription
factor) was PCR-amplified and cloned into the pCDH-CMV-



3682

Lingyun Xiao et al.

MCS-EF1-BSD or the pLVX-3 x Flag-MCS-IRES-Puro vector.
The GST sequence was amplified from the pGEX-6P-3 vector, and
the GST-Myc fusion construct was generated using overlap
extension PCR, followed by insertion into the pPCDH-CMV-MCS-
EF1-BSD vector. Similarly, the mouse Dlat gene (dihy-
drolipoamide S-acetyltransferase) was PCR-amplified and cloned
into the pLVX-3 x Flag-MCS-IRES-Puro vector. Site-directed
mutagenesis was performed using a Q5 mutagenesis kit (New
England Biolabs, Ipswich, USA) to generate the following mu-
tations: MYC p.K148R, DLAT p.R430A, and DLAT p.N576K, as
well as shRNA-resistant MYC and DLAT. For knockdown ex-
periments, sShRNA target sequences were designed and cloned into
the pLKO.1 vector (Supporting Information Table S2). shRNA-
resistant MYC and DLAT were generated by introducing silent
nucleotide mutations within the shRNA-targeting sequences. De-
tails are shown in Table S2.

For CRISPR/Cas9-mediated knockout, a lentiviral CRISPR/
Cas9 system was employed to generate DLAT-knockout
iBMDMs, as reported previously'*. The gRNA for DLAT
knockout was designed using CRISPOR (https://crispor.tefor.net/)
(Table S2). The gRNA was cloned into the LentiCRISPRv2 vector,
and lentivirus was produced for transduction. Transduced
iBMDMs were selected, and single-cell clones were isolated by
limiting dilution. Control cells were generated by transducing
iBMDMs with an empty LentiCRISPRv2 vector. Knockout effi-
ciency was confirmed by Western blot analysis. Subsequently,
DLAT wild-type (WT) and the double mutant DLAT
R430A 4 N576K were separately expressed in DLAT knockout
iBMDMs via lentiviral transduction.

2.4.  Murine HCC model

All animal experiments were conducted in accordance with pro-
tocols approved by the Animal Ethics Committee of Guangzhou
University (approval No. 2024-25). Myeloid-specific Myc
knockout mice (Lyz2"Myc™) were generated by crossing Myc"”"
mice with Lyz2-Cre mice, and Myc”" mice were used as controls.
All mice were housed under a 12 h light/12 h dark cycle with ad
libitum access to food and water.

For the orthotopic HCC model, 3 x 10° Hepal-6 cells were
injected into the subcapsular region of the left liver lobe of 6-
week-old male mice. Treatments, including syringin (40 mg/kg),
anti-PD-1 antibody (aPD-1; 250 pg per mouse), anti-CSFIR
antibody («CSFIR; 200 pg per mouse), or isotype control, were
administered via intraperitoneal injection. For bioluminescence
imaging, mice were anesthetized with isoflurane and intraperito-
neally injected with 150 mg/kg p-luciferin 10 min prior to
imaging.

For the subcutaneous HCC model, 5 x 10° Hepal-6 cells
suspended in 100 pL. PBS were injected into the right flanks of 6-
week-old male mice. Tumor volume was measured every 3 days
using vernier calipers, with length (L) and width (W) used to
calculate volume (V) as Eq. (1):

V=052 x (L x W) o))

The plasmids for Sleeping Beauty (SB) transposon-driven
hepatocarcinogenesis, including pT3-EFla-MET, pT3-EFla-
CTNNB1-545Y, and pCMV-SB13, were kindly provided by Pro-
fessor Lijian Hui. The oncogene-expressing constructs were
delivered into 6-week-old male mice via hydrodynamic tail-vein

injection, as described previously'®. Liver tumors induced by the
SB transposon system typically develop within 6—8 weeks.

All clinical samples were collected from Shanghai Tenth
People’s Hospital with the approval No. 23KN167 of the ethics
committees and the written consent of each participant. For
patient-derived xenograft (PDX) transplantation, fresh tumor
fragments were collected from HCC patients and prepared to a
uniform size of 3 mm x 3 mm X 3 mm. Peripheral blood
mononuclear cells (PBMCs) from the same patients were isolated
and expanded in vitro for subsequent use. 6-week-old NSG mice
were pretreated to induce myeloablation. Briefly, mice received
intraperitoneal injections of cyclophosphamide at 150 mg/kg.
Concurrently, disulfiram was administered intragastrically at
125 mg/kg in 0.8% tween-80 saline solution daily for two
consecutive days. Disulfiram treatment was initiated 2 h after
cyclophosphamide administration to ensure optimal pre-
conditioning. Then, tumor fragments were subcutaneously
implanted into the mice. After wound healing, 200 pL of 5 x 10°
PBMCs were administered subcutaneously in the right flank of the
mice. After tumor establishment on Day 6, mice were treated with
syringin (40 mg/kg) every 2 days, either alone or in combination
with anti-human PD-1 antibody (250 pg per mouse) every 3 days.
Tumor volume was assessed every 3 days as described above.

2.5.  Single-cell RNA sequencing

Fresh tumors from three mice per group were harvested and pooled,
then dissociated using 1 mg/mL collagenase and 0.1 mg/mL DNase I
with a gentleMACS Dissociator (Miltenyi Biotec, Bergisch Glad-
bach, Germany) to generate a single-cell suspension. Cells were
resuspended at a concentration of 1 x 10 cells/mL, and samples with
viability exceeding 95% were used for library preparation. Library
preparation followed the standard protocol provided by the 10x Ge-
nomics platform. Library quantification and quality assessment were
performed using a DNA 1000 chip (Agilent Technologies, Santa
Clara, USA), and samples were subsequently diluted and loaded onto
the HiSeq 4000 (Illumina, San Diego, USA) for sequencing. Raw
sequencing data were processed using Cell Ranger (v2.0) for
demultiplexing, barcode processing, sequence alignment, filtering,
and UMI counting. The resulting count data were analyzed in R
(v4.2.1) using the Seurat package (v4.2.0) for downstream analysis
and annotation. Batch effects were corrected using Harmony (v0.1.0),
followed by data normalization in Seurat. Principal component
analysis was performed on the top 2000 variable genes to identify cell
clusters. Clustering results were visualized using uniform manifold
approximation and projection (UMAP), and cell types were anno-
tated with the SingleR package. Cell—cell interactions were analyzed
using the CellChat package (v1.6.0). All visualizations were gener-
ated in R using the ggplot2 package. Macrophages in the single-cell
RNA sequencing (scRNA-seq) dataset were subclustered and
analyzed using Seurat AddModuleScore'®!” with M1 and M2 gene
signatures listed in Supporting Information Table S3.

2.6. qPCR, ChlP-qPCR, immunofluorescence, immunoblotting,
and ELISA

Total RNA isolation, cDNA synthesis, and qPCR analysis were
performed as previously described'®. ChIP-qPCR was also per-
formed with IgG or anti-MYC antibody as described'®. Primer
pairs used for qPCR and ChIP-qPCR***! are listed in Supporting
Information Table S4. Antibodies used for immunoprecipitation
and Western blotting are listed in Table S1. Notably, antibodies
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were used at 1:1000 for Western blot, 5 pg per sample for
immunoprecipitation, and 1:100-1:200 for immunofluorescence.
For immunofluorescence staining of surface proteins such as
CD206 and PD-L1, cells were fixed with 4% paraformaldehyde
and subjected to a non-permeabilized surface-staining procedure
using primary antibodies, followed by Alexa Fluor-conjugated
secondary antibodies and 4',6-diamidino-2-phenylindole (DAPI)
counterstaining. Enrichment of ubiquitinated proteins was per-
formed wusing pan-selective TUBE2 agarose (#UM402,
LifeSensor, Malvern, USA) as described®>??. Secreted IL-10 in
cell supernatants was quantified by ELISA (E-HSEL-MO0004,
Elabscience, Wuhan, China) following the manufacturer’s
instructions.

2.7. Flow cytometry

Isolated tumor tissues were minced into small pieces and digested
with 1 mg/mL collagenase and 0.1 mg/mL DNase I using a
gentleMACS Dissociator. Fc receptors were blocked with anti-
mouse CD16/32 antibodies, and cells were stained with
fluorochrome-conjugated antibodies against surface markers. For
intracellular staining, cells were fixed and permeabilized using a
Foxp3/Transcription Factor Fixation/Permeabilization kit (eBio-
science, San Diego, CA), then incubated with antibodies targeting
intracellular markers. Flow cytometry was performed on a
FACSAria III platform (BD Biosciences, San Jose, USA), and data
were analyzed using FlowJo software.

2.8.  Multiplex immunofluorescence

The multiplexed immunofluorescence assay was performed using
the Opal 7-Color Manual IHC Kit (Akoya Biosciences, Marl-
borough, USA) as described previously®*. Briefly, the formalin-
fixed, paraffin-embedded tumor sections (4—5 pum) were depar-
affinized, rehydrated, and subjected to antigen retrieval using an
ARG or AR9 buffer for 15 min in a microwave. Staining followed
the Opal workflow in sequential cycles consisting of primary
antibody incubation, HRP-polymer secondary antibody detection,
and tyramide signal amplification with Opal-520/570/650
(1:100—1:150), followed by a brief heat-induced epitope
retrieval step to strip antibodies while retaining the deposited
fluorophores before the next cycle. Nuclei were counterstained
with DAPI, and slides were mounted. Images were acquired under
identical exposure and gain settings for each group (n = 5 mice).

2.9.  Molecular docking

The murine DLAT structure was predicted using AlphaFold3. The
receptor protein was prepared by adding hydrogen atoms and
assigning Gasteiger charges using AutoDockTools, and both the
receptor protein and ligand molecule were converted to the
PDBQT format. Molecular docking was performed with
AutoDock Vina 1.1.2, and the results were analyzed with
Protein—Ligand Interaction Profiler. Visualization of the docking
results was performed in PyMOL. The docking output is provided
as a supplementary file.

2.10.  Biolayer interferometry
Biolayer interferometry (BLI) experiments were performed at

30 °C using a Gator bio-layer interferometry system (Gator Bio,
Palo Alto, USA). Reagents and samples were equilibrated to room

temperature before testing. Kinetics buffer (PBS with 0.05%
tween-20 and 0.1% bovine serum albumin) was used to minimize
nonspecific binding. Proteins were immobilized on SMAP bio-
sensors, following the manufacturer’s instructions. Biosensors
were hydrated in the kinetics buffer for 10 min, and proteins were
loaded at 15 pg/mL for 800 s. The association phase was moni-
tored by exposing the sensors to analytes at serial concentrations
for 120 s, followed by a 120-s dissociation phase in kinetics buffer.
Each concentration was tested in duplicate. Binding kinetics data
were analyzed using Octet Data Analysis software to calculate
association rate constant (K,,), dissociation rate constant (Kyg),
and equilibrium dissociation constant (K,). Negative controls with
reference sensors were included to account for nonspecific bind-
ing, and only data with R* > 0.95 were retained for further
analysis.

2.11.  Cellular thermal shift assay

Cells were treated with 100 pmol/L syringin or PBS and incubated
at 37 °C for 3 h. After treatment, cells were harvested, washed
with PBS, and resuspended in PBS supplemented with protease
inhibitors. The cell suspension was subjected to three freeze—thaw
cycles, alternating immersion in liquid nitrogen and thawing at
room temperature, to ensure complete cell lysis. The lysate was
aliquoted and heated across a temperature gradient for 3 min, then
cooled on ice for 3 min. Samples were then centrifuged at
20,000x g for 20 min at 4 °C to separate soluble proteins from
aggregates. The supernatant, containing soluble proteins, was
analyzed by SDS-PAGE and Western blotting to detect the target
protein.

2.12.  LC—MS/MS-based targets identification

The syringin probe (syringin-p; compound 5’) was synthesized as
follows: 1) A solution of compound 1’ (10.3 g, 45.9 mmol) and p-
toluenesulfonic acid (0.79 g, 4.6 mmol) in ethanol (100 mL) was
heated at 75 °C for 20 h. After cooling to room temperature, the
solvent was removed under reduced pressure. The residue was
dissolved in ethyl acetate (200 mL) and washed successively with
5% aqueous Na,CO; and brine. The organic phase was concen-
trated under vacuum, and the crude product was recrystallized
from an ethyl acetate/n-hexane mixture (v/v = 1:10) to afford
compound 2’ as a white solid. 2) Compound 2’ (500 mg,
1.98 mmol) was dissolved in CHCl; (10 mL), followed by the
addition of 20% aqueous K,COj3 (6 mL) and tetrabutylammonium
bromide (TBAB) (639 mg, 1.98 mmol). The mixture was stirred
vigorously at room temperature for 10 min. Acetobromo-a-D-
glucose (978 mg, 2.38 mmol) was then added, and the reaction
mixture was heated to 65 °C and stirred for an additional 2 h.
After cooling to room temperature, the mixture was diluted with
CHCl3 (20 mL). The organic layer was washed with brine, dried
over anhydrous Na,SOy, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography
(ethyl acetate/petroleum ether = 1:2) to afford compound 3. 3)
Compound 3’ (600 mg, 1 mmol) was dissolved in ethanol
(10 mL), and 1 mol/L aqueous NaOH (10 mL) was added. The
resulting suspension was stirred at room temperature for 4 h. After
the reaction was complete, ethanol (40 mL) was added, and the
mixture was cooled to 0 °C in an ice bath and neutralized to pH
4.0—4.5 by adding Amberlite IR-120. The product was eluted
from the resin with ethanol, and the eluate was concentrated under
reduced pressure to afford compound 4'. (4) Compound 4
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Syringin, a natural phenylpropanoid glycoside, regulates macrophage polarization and suppresses hepatocellular carcinoma (HCC).

(A) Bone marrow-derived macrophages (BMDMs) from C57BL/6 mice were used to screen phenylethanoid/phenylpropanoid glycosides for their
ability to inhibit M2 polarization. BMDMs were differentiated with 100 ng/mL macrophage colony-stimulating factor (M-CSF) for 6 days and
then co-treated with IL-4 (20 ng/mL) and a glycoside (100 pumol/L) for 24 h. (B) Effects of each compound on Arg/ mRNA expression and IL-10
secretion in IL-4-polarized BMDMs. Syringin (Compound 49) emerged as the top hit. (C) Chemical structure of syringin. (D) Syringin suppressed
IL-10 secretion in supernatants from IL-4-polarized BMDMs. (E) Syringin reduced Arg/ and Ym/ mRNA in IL-4-treated BMDMs. (F) Syringin
decreased ARGI protein in IL-4-treated BMDMs. (G, H) Immunofluorescence (G) and flow cytometry (H) showed reduced CD206 in IL-4-
polarized BMDMs. Scale bar: 10 pum. Statistical comparisons were performed against the IL-4 group. (I) In THP-1 cells polarized with IL-
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(500 mg, 1.29 mmol) was dissolved in N,N-dimethylformamide
(DMF) (10 mL) and stirred at room temperature for 10 min. O-(7-
Azabenzotriazol-1-y1)-N,N,N',N'-tetramethyluronium hexa-
fluorophosphate (HATU) (738 mg, 1.94 mmol) was added, fol-
lowed by N,N-diisopropylethylamine (DIPEA) (508 mg,
3.88 mmol). After 20 min, a solution of Azido-PEG2-amine
(225 mg, 1.29 mmol) in DMF (3 mL) was added dropwise, and
the reaction mixture was stirred at room temperature for 12 h. The
progress of the reaction was monitored by thin-layer chromatog-
raphy. The mixture was then diluted with ethyl acetate, washed
with brine, dried over anhydrous Na,SO,, and concentrated under
reduced pressure. The crude product was purified by semi-
preparative reverse-phase high-performance liquid chromatog-
raphy on a Cjg column (Cosmosil 5CI18-MS-II,
10 mm X 250 mm, 5 pm) using 20% acetonitrile in water as the
mobile phase to afford compound 5" (syringin-p). M2 polarized
BMDMs were treated with or without 100 pmol/L syringin for
1 h, and then incubated with 20 pmol/L syringin-p for 3 h. After
cell lysis, 60 pmol/L DBCO-PEG3-biotin was added to the lysate,
enabling covalent coupling of syringin-p via a click reaction.
Target proteins were isolated using streptavidin beads, followed
by silver staining and LC—MS/MS analysis. The mass spec-
trometry results identifying targets are shown in Supporting In-
formation Table S5.

2.13.  Recombinant proteins

Plasmids encoding GST-MYC, GST-MYC K148R, Flag-DLAT
WT, Flag-DLAT-t1 (1-529), Flag-DLAT-t2 (1-499), Flag-DLAT-t3
(1-411), Flag-DLAT R430A, Flag-DLAT N576K, or Flag-DLAT
R430A + N576K were transfected into HEK293T cells for 72 h.
Recombinant proteins were purified from cell lysates using
immunoprecipitation with anti-GST or anti-FLAG agarose beads.

2.14.  In vitro acetylation assay

The in vitro acetylation assay was performed as described previ-
ously?. Purified GST-MYC WT or GST-MYC K148R was incu-
bated with or without Flag-DLAT WT, Flag-DLAT R430A, Flag-
DLAT N576K, or Flag-DLAT R430A + N576K in 30 pL of re-
action buffer (20 mmol/L Tris-HCl, pH 8.0, 20% glycerol,
100 mmol/L KCI, 1 mmol/L dithiothreitol, 0.2 mmol/L ethyl-
enediaminetetraacetic acid, 10 mmol/L trichostatin A, 10 mmol/L
nicotinamide, and 100 mmol/L acetyl-CoA) at 30 °C for 1 h. The
reaction was stopped by adding SDS-PAGE loading buffer and
heating at 95 °C for 10 min. The samples were then subjected to
Western blot analysis.

2.15.  Statistical analysis

All data were analyzed using GraphPad Prism 9 and are presented
as mean =+ standard deviation (SD), as indicated in the figure
legends. Comparisons between two independent groups were
performed using a two-tailed Student’s r-test. Multiple-group
comparisons were performed using one-way or two-way

ANOVA with Tukey’s HSD post hoc test. For survival analyses,
Kaplan—Meier survival curves were generated, and statistical
differences were evaluated using the log-rank (Mantel-Cox) test.
Statistical significance is indicated as follows: *P < 0.05,
**P < 0.01, #**P < 0.001.

3. Results

3.1.  The phenylpropanoid glycoside syringin inhibits
macrophage M2 polarization and impairs HCC progression

The capacity of 49 phenylethanoid and phenylpropanoid glyco-
sides to modulate M2 polarization was assessed in IL-4-stimulated
BMDMs, with Argl expression and IL-10 release as screening
markers (Fig. 1A). Initial screening revealed that syringin (com-
pound 49) exhibited the most potent inhibition of both Argl/
mRNA expression and IL-10 release among the tested compounds
(Fig. 1B). The chemical structure of syringin is shown in Fig. 1C.
Further validation experiments demonstrated that syringin dose-
dependently suppressed the expression of Arg/ and Yml genes,
as well as ARGI protein expression and IL-10 release
(Fig. 1D—F). Consistent with these findings, syringin significantly
reduced CD206 expression in BMDMs, a key marker of the M2
phenotype (Fig. 1G and H). Syringin also exhibited similar
inhibitory effects on M2 polarization induced by Hepal-6 co-
culture, as indicated by the downregulation of Argl, Mrcl
(encoding CD206), and 7//0 mRNA expression (Supporting In-
formation Fig. S1A). Furthermore, syringin significantly sup-
pressed ARG, MRCI, and IL10 mRNA levels in IL-4 and IL-13-
induced THP-1 M2 polarization (Fig. 1I).

Regarding M1 polarization, syringin dose-dependently
increased iNOS expression and the phosphorylation of nuclear
factor kB (NF-«kB) p65, accompanied by elevated expression of
M1-associated genes (I//b and 1/6) in LPS and IFN-y-stimulated
BMDMs (Fig. S1B and S1C). It also enhanced CD86 expression
in BMDMs, further supporting its role in M1 macrophage acti-
vation (Fig. S1D). These findings are consistent with a previous
report demonstrating syringin’s ability to enhance NO release'>.

In vitro experiments showed that syringin had minimal effects
on Hepal-6 cell proliferation, migration, or colony formation at
low concentrations, with only slight growth inhibition observed at
200 pmol/L after 48 h of treatment (Fig. SIE—S1G). Similar re-
sults were obtained in HCC cell lines, Hep-53.4 and Hep3B,
where modest inhibition of proliferation and colony formation was
evident only at high concentrations (Fig. SIH—S1M). The anti-
tumor activity of syringin was assessed in an orthotopic HCC
model (Fig. 1J). In vivo imaging performed on Day 10, 4 days
after syringin treatment, revealed significantly reduced tumor
growth, with an even more pronounced effect observed on Day 18
(Fig. 1K). Consistent with these findings, smaller tumors were
observed in the livers of syringin-treated mice at the time of
sacrifice (Fig. 1L and M). In a subcutaneous Hepal-6 tumor model
in BALB/c nude mice, syringin also markedly suppressed tumor
growth (Fig. SIN—S1P), suggesting that syringin-mediated inhi-
bition of tumor growth did not depend on T cells. Collectively,

4 4 IL-13 (20 ng/mL each), syringin reduced Argl, Mrcl, and 1110 mRNA levels. Comparisons were made against the IL-4 4 IL-13 group. (J)
Schematic of the orthotopic HCC model and dosing schedule. Syringin (40 mg/kg) was administered intraperitoneally as indicated (n = 5 mice
per group). (K) In vivo imaging demonstrated that syringin suppressed tumor growth over time. (L) Representative images of mouse livers
collected at necropsy. Scale bar: 1 cm. (M) H&E staining of tumor sections. Scale bars: top, 0.5 cm; bottom, 200 um. Data are presented as

mean £+ SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2

Syringin inhibits HCC by modulating TAM polarization. (A, B) Single-cell RNA sequencing (scRNA-seq) analysis of orthotopic

HCC tumors. (A) The uniform manifold approximation and projection (UMAP) plot showing clustering of distinct cell populations. (B)
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these results suggest that syringin’s antitumor effects are likely
associated with macrophage polarization rather than directly tar-
geting tumor cells or relying on T-cell cytotoxicity. In addition,
H&E staining of major organs revealed no structural abnormal-
ities, indicating that syringin treatment did not cause significant
toxicity (Fig. S1Q).

3.2.  Syringin reshapes TME remodeling to suppress HCC
progression by blocking TAM polarization

The therapeutic potential of syringin in reshaping the immuno-
suppressive TME was further investigated. SCRNA-seq was per-
formed to analyze the impact of syringin on the TME in the
Hepal-6 orthotopic HCC model. As expected, syringin reduced
the tumor cell proportion and enhanced immune cell infiltration,
with significant shifts in macrophage distribution observed in the
UMAP plot (Fig. 2A and B, Supporting Information Fig. S2A).
Macrophages were subclustered using AddModuleScore with M1/
M2 gene signatures (Table S3) to define three subsets: M1-like,
M2-like, and naive (Fig. S2B and S2C). Compared with the PBS
group, syringin significantly decreased M2-like and increased M1-
like macrophage proportions. Concordantly, the fraction of cells
expressing M2-associated genes (Mrcl, 1110, Yml) was reduced
(Fig. 2C). In agreement with scRNA-seq, which indicated a higher
macrophage abundance (Fig. 2B), flow cytometry confirmed
increased overall macrophage infiltration, with the rise in F4/
80TCD86™ (M1) cells surpassing the decline in F4/807CD206™
(M2) cells (Fig. 2D, Fig. S2D and S2E). Consistently, multiplex
immunostaining (F4/80, CD86, CD206) of tumor sections showed
an increased fraction of F4/80™ cells in syringin-treated tumors,
with a dramatic rise in F4/807CD86" and a moderate reduction in
F4/80"CD206" subsets (Fig. 2E). Cell—cell communication
analysis also predicted macrophages as the primary source of
altered ligands among all subpopulations (Fig. 2F). These findings
provide compelling evidence that syringin suppresses the M2
polarization of TAMs in HCC.

Depletion of TAMs via CSF1R blockade significantly impaired
tumor growth®®. To further investigate the role of TAMs in
syringin’s antitumor activity, we combined syringin treatment with
aCSF1R-mediated TAM depletion in the orthotopic HCC model
(Fig. 2G). Notably, «CSF1R alone significantly reduced tumor
growth, whereas syringin reduced growth under isotype control
but showed no additional effect in the presence of aCSFIR
(Fig. 2H and I). Similar results were observed in a model of SB
transposon-driven hepatocarcinogenesis (Fig. S2F and S2G).
These findings indicate that syringin’s antitumor effect is largely
dependent on macrophage modulation.

Based on scRNA-seq data, Gene Set Enrichment Analysis
(GSEA) was conducted to assess the impact of syringin on
signaling pathways in the macrophage subset. The analysis
revealed several downregulated pathways, with MYC targets, E2F

targets, and oxidative phosphorylation (OXPHOS) exhibiting the
most pronounced alterations (Fig. 2J and S2H). Several genes in
the OXPHOS pathway, downregulated following syringin treat-
ment, were part of the MYC target gene set, further supporting
that syringin blocked MYC to reshape the TME.

3.3. Syringin regulates macrophage M2 polarization via MYC

MYC functions as a central regulator of intracellular metabolism,
coordinating pathways such as OXPHOS to balance cellular en-
ergy demands and biosynthetic processes®”®. To further explore
syringin’s mechanism of action, we examined its effect on MYC
expression. In IL-4-stimulated BMDMs, MYC levels were
significantly upregulated (Fig. 3A), consistent with its established
role as a functional indicator of M2 polarization®. Syringin
treatment led to a dose-dependent decrease in MYC expression
(Fig. 3A). Additionally, downstream targets of MYC, including
Dusp2, Pa2g4, Cox8a, and Idh3b, were downregulated following
syringin treatment (Fig. 3B). Syringin also suppressed the
expression of these MYC target genes in IL-4 + IL-13-stimulated
THP-1 macrophages (Supporting Information Fig. S3A), demon-
strating its consistent inhibitory effect on MYC-regulated path-
ways in M2 polarization.

MYC-driven metabolic reprogramming underpins M2 polari-
zation®’”?®, Knockdown of Myc in BMDMs markedly reduced
Argl, Mrcl, and 1110 expression, while reintroduction of shRNA-
resistant tMYC restored the expression of these M2 markers,
highlighting the critical role of MYC in regulating M2 polariza-
tion (Fig. S3B and S3C). In syringin-treated BMDMs, MYC
overexpression significantly reversed syringin’s effects on Argl/
and Mrcl, as well as IL-10 (Fig. 3C—E). Conversely, Myc
knockdown mimicked the effect of syringin on these M2 markers,
while restoration of MYC expression reproduced syringin’s reg-
ulatory effects (Fig. 3F—H). The expression of Dusp2, Pa2g4,
Cox8a, and Idh3b was consistent with MYC protein levels in
syringin-treated BMDMs (Fig. S3D).

Subsequently, we utilized macrophage-specific Myc knockout
mice (Lyz2 Myc™) to validate the role of MYC in syringin-
mediated inhibition of M2 polarization and HCC progression.
Mycf/ f mice served as controls. F4/80"CD11b" macrophages were
isolated from tumors to confirm the efficiency of Myc knockout in
Lyz2"Myc™ mice (Fig. S3E). Under IL-4-induced M2 polariza-
tion, syringin significantly decreased IL-10 secretion in BMDMs
from Myc” mice, but not in those from Lyz2*Myc™ mice
(Fig. 3I). CD206 expression in BMDMs also yielded comparable
results (Fig. 3J). In vivo, Lyz2"Myc” mice exhibited reduced
orthotopic tumor growth compared with Myc”" controls (Fig. 3K
and L). Syringin suppressed tumor growth in Myc”" mice, but had
minimal effect in Lyz2*Myc™ mice, likely because syringin did
not alter the proportion of F4/80"CD206" macrophages in
Lyz2"Myc™ mice (Fig. 3M). CD86 expression was not

Distribution of cell populations within the tumor microenvironment (TME). Tumors from 3 mice per group were pooled to generate each library.
(C) Expression of Mrcl, 1110, and Ym! in the macrophage subset. (D) Flow cytometry analysis showing that syringin decreased the proportion of
F4/80"CD206" macrophages in tumors (n = 3). (E) Multiplex immunostaining for F4/80, CD86, and CD206 in tumor sections also revealed
altered abundance and composition of tumor-associated macrophages (TAMs). Quantitative image analysis was performed using 5 mice per
group. Scale bar: 100 pm. (F) CellChat analysis illustrating the impact of syringin on cell-cell communication networks within the TME. (G)
Schematic of the experimental design for macrophage depletion using anti-CSFIR antibody («CSF1R) (n = 6). (H, 1) In vivo imaging (H) and
H&E staining (I) of tumors following treatment with syringin (40 mg/kg) and «CSFI1R (200 pg/mouse). Scale bars: top, 0.5 cm; bottom, 200 um.
(J) GSEA of scRNA-seq data identifying pathways affected by syringin in macrophages. Data are presented as mean + SD, **P < 0.01,

wEEp < 0.001.
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Syringin inhibits macrophage M2 polarization in a MYC-dependent manner. (A) Syringin reduced MYC protein levels during M2

polarization. (B) Syringin modulated the expression of MYC downstream genes (Dusp2, Pa2g4, Cox8a, and Idh3b) in IL-4-treated BMDMs.
(C—E) Overexpression of MYC (C) attenuated the inhibitory effects of syringin on Arg/ and Mrcl expression (D) and on IL-10 secretion (E) in
IL-4-polarized BMDMs. (F—H) MYC was required for the inhibitory effect of syringin. MYC knockdown (F) abrogated syringin-mediated
suppression of Argl, Mrcl (G), and IL-10 (H), whereas reconstitution with shRNA-resistant rMYC restored the suppression. (I) IL-10 secre-
tion in supernatants of IL-4-polarized BMDM s isolated from Myc”" and Lyz2"Myc” mice. (J) Syringin reduced CD206 expression in BMDMs
from Myc™ mice but not Lyz2 " Myc™ mice. (K, L) In vivo imaging (K) and H&E staining (L) of the tumors in Myc"”" and Lyz2*Myc"" mice with or
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significantly altered by Myc knockout in LPS and IFN-y-stimu-
lated BMDMs, whereas syringin elicited a modest increase in
CD86 expression, irrespective of MYC status (Fig. S3F). More-
over, syringin failed to further inhibit HCC progression in
Lyz2 " Myc™ mice bearing SB transposon-driven primary liver
cancer (Fig. S3G and S3H), consistent with the orthotopic tumor
results. These findings provide a MYC-dependent mechanism
underlying syringin-mediated tumor suppression and M2
polarization.

3.4.  Syringin binds directly to DLAT

MYC protein was reduced by syringin, yet Myc mRNA remained
unaffected (Fig. 4A). This paradox suggested that syringin regu-
lated MYC post-transcriptionally, potentially by modulating its
stability. A CHX chase assay was used to examine MYC protein
degradation, showing a rapid reduction within 30 min, indicating
rapid turnover (Fig. 4B). Syringin treatment accelerated MYC
protein degradation, as evidenced by the CHX chase assay
(Fig. 4B).

The binding of small molecules can disrupt protein stability™°.
However, syringin did not affect MYC thermal stability in the
cellular thermal shift assay (CETSA) (Fig. 4C), implying an in-
direct binding mechanism between syringin and MYC. MYC
degradation primarily occurs through the ubiquitin-proteasome
pathway, where its stability depends on the extent of ubiquitina-
tion®'. Acetylation and SUMOylation of MYC can perturb ubiq-
uitination, thereby modulating its stability. Paired short- and long-
exposure immunoblots of MYC immunoprecipitates revealed
increased MYC ubiquitination after syringin treatment (Fig. 4D
and Supporting Information Fig. S4A). Treatment with MG132
completely abrogated the syringin-induced reduction in MYC,
suggesting that syringin regulated MYC stability via a ubiquitin-
dependent degradation pathway. Under short exposure, increased
MYC ubiquitination with syringin was apparent in the presence of
MG132 (Fig. 4D). At long exposure, an increased ubiquitinated
MYC fraction with syringin was also observed without MG132,
consistent with enhanced proteasomal turnover (Fig. 4D and S4A).
In addition, a tandem ubiquitin-binding entity (TUBE) pulldown
followed by anti-MYC immunoblotting corroborated the increase
in ubiquitinated MYC after syringin treatment (Fig. S4B).

To identify the direct targets of syringin, a clickable azide tag
was incorporated into its structure by modifying the synthesis
route (Fig. S4C—S4G) 32 After incubation with IL-4-stimulated
BMDMs, the syringin-p underwent a click reaction with DBCO-
AF488, allowing assessment of its subcellular localization.
These results revealed cellular uptake and predominant cyto-
plasmic distribution of syringin in M2 macrophages (Fig. 4E). To
identify potential targets of syringin, a competitive ABPP assay
was performed, in which M2-polarized BMDMs were pre-
incubated with syringin to block target protein binding, followed
by labeling with the syringin-p to selectively profile syringin-
specific target proteins (Fig. 4F). Proteins bound to syringin-p
were identified using mass spectrometry, as described previ-
ously**. DLAT was among the top candidates, and its binding to
syringin-p was markedly decreased upon syringin treatment
(Fig. 4G and H). Interestingly, DLAT has been implicated in direct
interaction with MYC in tumor cells*>. BLI was employed to

characterize the interaction between recombinant DLAT and
syringin, revealing a high-affinity direct association (Fig. 4I). The
binding was further corroborated by the CETSA, which demon-
strated that syringin enhanced the thermal stability of DLAT in M2
macrophages (Fig. 4J).

3.5.  Syringin inhibits MYC acetylation and promotes its
degradation through DLAT

Previous studies have identified DLAT as a potential regulator of
macrophage metabolism>*. Moreover, recent studies reported that
DLAT acts as an acetyltransferase, acetylating the AU RNA
binding protein/enoyl-CoA hydratase (AUH) at K109 and MYC at
K148, thereby stabilizing MYC?>-*>. However, the association
between DLAT and MYC in macrophages has yet to be charac-
terized. In  M2-polarized = BMDMs,  reciprocal  co-
immunoprecipitation with anti-MYC and anti-DLAT antibodies
confirmed the interaction between MYC and DLAT (Fig. 5A).
Subsequent analysis showed that syringin significantly decreased
MYC acetylation, both in the presence and absence of MG132
(Fig. 5B). Based on the interaction between syringin and DLAT,
along with its effect on MYC acetylation, we hypothesized that
syringin regulates MYC stability by modulating DLAT activity.

In the presence of acetyl-CoA, DLAT transfers an acetyl group
to MYC?. In an in vitro enzymatic activity assay, syringin
significantly inhibited the acetyltransferase activity of DLAT, as
evidenced by reduced acetylation of lysine residues on MYC
(Fig. 5C). The binding of DLAT to MYC was unaffected by
syringin (Supporting Information Fig. S5A). However, syringin
almost completely abrogated the interaction between DLAT and
acetyl-CoA in the BLI assay (Fig. S5B). These findings suggest
that syringin interferes with DLAT binding to acetyl-CoA, thereby
inhibiting DLAT-mediated MYC acetylation.

The binding mode of syringin to DLAT was predicted using
molecular docking. The results showed that syringin likely in-
teracts with DLAT through hydrogen bonds (1427, R430, 1575,
and N576) and hydrophobic interactions (1427, R430, L431, and
L516) (Fig. 5D and Fig. S5C). To confirm the binding sites, a
series of truncated DLAT fragments (full-length: aa 1—642; t1: aa
1—529; t2: aa 1—499; 3: aa 1—411; Fig. S5D) were generated and
assessed for their binding affinity to syringin (Fig. SE and S5E).
Compared with full-length DLAT, syringin exhibited a substan-
tially lower binding affinity for all truncated variants. Among
them, syringin exhibited comparable binding affinities (K values)
for t1 and t2, while virtually no binding was observed with t3.
These results indicated that the critical residues required for
syringin binding are located within the S2 and S4 regions of
DLAT. To identify the key residues involved in syringin binding to
DLAT, we generated DLAT mutants R430A, N576K, and the
double mutant R430A + N576K, as R430 and N576 were pre-
dicted to be critical for syringin binding. Binding assays showed
decreased affinity of the DLAT R430A or N576K mutants for
syringin, with the double mutant exhibiting almost negligible
binding (Fig. 5F).

DLAT acetyltransferase activity toward MYC was unchanged
for the R430A, N576K, and R430A + N576K mutants relative to
the wild type in vitro, yet syringin failed to inhibit the DLAT
R430A + N576K mutant-mediated MYC acetylation (Fig. 5G).

without syringin (n = 6 mice per group). Scale bars: top, 0.5 cm; bottom, 200 um. (M) Quantification of F4/80"CD206™ cells in tumors from
different treatment groups (n = 3). Data are presented as mean + SD, **P < 0.01, ***P < (0.001.
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Figure 4  Syringin directly binds to DLAT. (A) Syringin did not alter Myc mRNA levels in IL-4-polarized BMDMs. (B) Syringin promoted

MYC protein degradation. MYC levels were assessed using a cycloheximide (CHX)-mediated protein turnover assay. (C) Syringin had minimal
effect on the thermal stability of MYC. IL-4-polarized BMDMs were treated with syringin (100 pmol/L) for 3 h prior to lysis. (D) Syringin
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Figure 5  Syringin targets DLAT and inhibits MYC acetylation to suppress M2 polarization. (A) Co-immunoprecipitation analysis showed the
interaction between DLAT and MYC in IL-4-polarized BMDM:s. (B) Syringin inhibited MYC acetylation in macrophages. (C) In vitro assay
demonstrated the inhibitory effect of syringin on DLAT-mediated MYC acetylation. (D) Molecular docking simulated the interaction between
syringin and DLAT. ILE, I; ARG, R; LEU, L; ASN, N. (E) BLI analysis revealed different binding affinities of syringin for truncated DLAT
fragments. (F) BLI analysis confirmed that point mutations in DLAT altered its binding to syringin. (G) DLAT mutations (R430A and/or N576K)
weakened syringin’s ability to inhibit DLAT-mediated MYC acetylation. Lys, K. (H) The MYC K148R mutation abolished DLAT-mediated MYC
acetylation. (I, J) In iBMDMs expressing DLAT R430A + N576K, syringin failed to alter MYC protein levels, acetylation, or ubiquitination. (K)
In IL-4-treated iBMDMs, syringin reduced CD206 expression in DLAT WT cells but not in DLAT R430A + N576K cells. Data are presented as
mean £ SD, ***P < 0.001.

Syringin-p was internalized into cells. Scale bar: 10 pm. (F) Workflow for profiling syringin target proteins. (G, H) Silver staining (G) and
LC—MS/MS analysis (H) of proteins interacting with syringin. (I) Biolayer interferometry (BLI) analysis demonstrated direct interaction between
syringin and recombinant DLAT. (J) Cellular thermal shift assay (CETSA) confirmed an interaction between syringin and DLAT in IL-4-polarized
BMDMs. Data are presented as mean + SD, *P < 0.05, **P < 0.01, ***P < (0.001.
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Figure 6  Synergistic effect of syringin and anti-PD-1 immunotherapy. (A) MYC knockdown downregulated Cd274 mRNA in BMDMs co-

cultured with Hepal-6 cells and CD274 mRNA in THP-1 cells co-cultured with Huh7 cells. (B) Syringin reduced MYC occupancy at the
Cd274/CD274 promoters in BMDMSs and THP-1 cells. (C) Schematic illustration of the experimental design. (D) In vivo bioluminescence
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Consistently, the MYC K148R mutation completely abolished
MYC acetylation by DLAT, in line with previous reports
(Fig. 5H)*. These findings highlighted the critical roles of resi-
dues R430 and N576 for DLAT binding and inhibition by
syringin.

Immortal bone marrow-derived macrophages (iBMDMs)
recapitulate the metabolic features and activation states of primary
BMDMs, while being more amenable to stable genetic trans-
formation®®. Under IL-4 stimulation, DLAT knockdown in
iBMDMs decreased MYC and CD206 expression, rendering
syringin largely ineffective (Fig. SSF and S5G). To validate DLAT
as the target of syringin, we generated DLAT-knockout iBMDMs
and reintroduced the binding-defective DLAT R430A + N576K
mutant (Fig. SSH). The DLAT R430A + N576K mutant did not
compromise DLAT-mediated acetylation of MYC (Fig. 5I and J).
In wild-type iBMDMs under IL-4 stimulation, syringin reduced
MYC expression and altered its acetylation and ubiquitination
(Fig. 5I and J). By contrast, these effects were absent in iBMDMs
expressing DLAT R430A + NS576K. Consistently, syringin
reduced CD206 expression in IL-4-treated wild-type iBMDM:s but
not in cells expressing DLAT R430A + N576K (Fig. 5K).
Collectively, these findings suggest that syringin modulates M2
polarization via DLAT, with residues R430 and N576 serving as
critical binding sites.

3.6.  Syringin enhances the therapeutic efficacy of PD-1/PD-LI
blockade in HCC

The crosstalk between macrophages and other immune cell sub-
sets contributes to the immunosuppressive TME?”. For example,
macrophages express PD-L1, which has been shown to blunt the
therapeutic efficacy of PD-1/PD-L1 blockade™®. Interestingly, we
observed reduced PD-L1 expression on F4/80" TAMs following
syringin treatment (Supporting Information Fig. S6A). MYC
overexpression correlates with elevated PD-L1 across cancers™-*.
Conversely, MYC knockdown or inhibition lowers PD-L1 mRNA
and protein levels in tumor cells, at least partly because MYC
directly binds the PD-L1 promoter to drive its transcription’”.
MYC knockdown significantly decreased Cd274 (the gene
encoding PD-L1) expression in M2-polarized BMDMs and
CD274 expression in M2-polarized THP-1 cells (Fig. 6A).
Syringin reduced Cd274 expression in MYC-expressing macro-
phages but not in MY C-knockdown cells, consistent with a MYC-
dependent mechanism. ChIP-qPCR confirmed MYC binding at
the Cd274 promoter, and syringin attenuated MYC-driven tran-
scriptional activation of Cd274 (Fig. 6B). In addition to macro-
phages, syringin modestly yet reproducibly reduced Cd274
mRNA and PD-L1 in Hepal-6 cells (Fig. S6B and S6C). In vivo,
syringin also lowered PD-L1 expression within the CD45™ tumor-
cell compartment, indicating that its PD-L1-lowering effect ex-
tends beyond TAMs (Fig. S6D). In immunocompetent hosts,
down-modulation of PD-L1 on both tumor cells and TAMs may
jointly contribute to enhanced responses to PD-1/PD-L1 blockade.

We therefore examined whether syringin could potentiate PD-
1/PD-L1 blockade (Fig. 6C). Consistent with previous studies*'*?,

treatment with aPD-1 delayed tumor growth to a moderate extent
(Fig. 6D and E). Combination therapy with syringin and aPD-1
significantly inhibited tumor growth and prolonged survival
compared to monotherapy (Fig. 6D—F). Flow cytometry analysis
revealed a reduced proportion of F4/807CD206" TAMs in mice
treated with syringin alone or in combination with oaPD-1
(Fig. 6G). Moreover, syringin did not significantly alter CD8* T
cell infiltration, but increased the proportion of IFN-y*CD8" T
cells (Fig. 6H and I). In contrast, aPD-1 significantly enhanced
CD8" T cell infiltration and increased the proportion of IFN-
yTCD8" T cells. Combination treatment with syringin and aPD-1
further elevated the proportion of IFN-y*CD8" T cells. In an SB
transposon-induced liver cancer model as well as a PDX model,
the combination of syringin and aPD-1 also demonstrated syn-
ergistic efficacy in suppressing tumor growth (Fig. 6J, Fig. S6E
and S6F). These data collectively demonstrate that syringin en-
hances the therapeutic efficacy of PD-1/PD-L1 blockade in HCC.

4. Discussion

Natural products are a rich reservoir of structurally diverse bioactive
compounds, many of which exhibit complementary or opposing ac-
tivities. Phenylethanoid and phenylpropanoid glycosides represent a
major class of bioactive constituents in certain traditional Chinese
medicines, such as Acanthopanax and Cistanche. These medicinal
plants are recorded in ancient texts for immunomodulatory effects
and are recognized for potent bioactivity with minimal toxicity****,
Several studies, including our own, have highlighted that many
phenylethanoid and phenylpropanoid glycosides block M1 polari-
zation of macrophages'>*. However, syringin demonstrates a
distinct mechanism of action in HCC, predominantly inhibiting M2
polarization while promoting M1 polarization. Recent publications
have provided valuable insights into the immunomodulatory activity
of syringin in autoimmune and metabolic diseases*®™", yet its rele-
vance to cancer remains poorly characterized. Macrophages exhibit
marked context-dependent plasticity, with their functional states
dynamically shaped by metabolic stress, cytokine gradients, and
intercellular interactions within the tumor microenvironment. These
observations warrant an HCC-specific mechanistic delineation of
syringin, particularly within the macrophage compartment. More-
over, the direct molecular targets of syringin remain undefined. ABPP
is a chemical proteomics approach for identifying direct intracellular
targets. In this study, we designed and synthesized a syringin-derived
azide probe (syringin-p) to capture and identify the direct binding
targets of syringin in macrophages using a competitive ABPP assay>>"
5% Target enrichment and biological validation experiments
confirmed a specific interaction between syringin and DLAT,
providing direct biochemical evidence of its mechanism of action.
Further docking and binding assays revealed hydrogen-bonding in-
teractions between syringin and DLAT, in which both the hydroxyl
groups on the sugar moiety and the methoxy oxygen on the aromatic
ring of syringin contact key residues of DLAT. These findings un-
derscore that both the glycone and the aglycone are critical de-
terminants of the overall bioactivity of syringin.

imaging showed orthotopic tumor growth. (E) H&E staining of liver sections and quantification of tumor size (n = 6 mice per group). Scale bars:
top, 0.5 cm; bottom, 200 um. (F) Survival curves of mice in different treatment groups (n = 9—10 mice per group). (G—I) Flow cytometric
analysis of F4/807CD206™ macrophages (G), CD8™ T cells (H), and IFN-y"CD8* T cells (I) in tumors (n = 3). Syringin (40 mg/kg) and aPD-1
(250 pg per mouse) were administered intraperitoneally as indicated. (J) Effects of syringin and aPD-1 in a PDX model (n = 6). Data are

presented as mean £+ SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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TAMs predominantly exhibit an M2-like phenotype and engage
in complex, bidirectional interactions with tumor cells and other
immune components within the TME, thereby facilitating tumor
growth, metastasis, and therapy resistance. However, TAMs also
exhibit plasticity, and alterations in their polarization can dynami-
cally shift their roles in HCC. Consequently, merely quantifying
TAMs within tumors is insufficient to fully assess their impact on
HCC progression. For example, increased densities of CD206-
positive TAMs correlate with poor overall and disease-free survival,
whereas a higher presence of CD169-positive TAMs is associated
with better prognostic outcomes’. Modulating macrophage polari-
zation is thus a promising therapeutic strategy in HCC. Several
studies provide compelling evidence for this approach. Bufalin, for
instance, promotes p65—p50 heterodimer formation while limiting
p50 homodimers, thereby activating NF-«kB signaling and driving
M1 polarization in macrophages™. Ligustilide inhibits Yes-
associated protein (YAP) expression and nuclear translocation,
thereby facilitating a shift toward the M1 phenotype and inhibiting
HCC progression®®. Regorafenib, a clinically approved treatment
for HCC, disrupts the p38 mitogen-activated protein kinase
(MAPK) pathway, downregulating downstream targets such as
Crebl and Kif4, ultimately inhibiting M2 polarization and
enhancing antitumor immunity”’. Although these compounds are
still in early stages of research or have not yet been translated into
clinical use as TAM-modulating agents, they highlight the thera-
peutic potential of macrophage polarization regulation as a prom-
ising strategy for HCC management.

Macrophage polarization involves cellular metabolic reprogram-
ming”®. M2 macrophages are characterized by enhanced OXPHOS,
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Schematic model of syringin disrupting the DLAT—MYC axis to dampen TAM polarization. Created in BioRender. Xiao, L. (2026)

with concurrent increases in glutamine metabolism and fatty acid
oxidation. Genes governing metabolic reprogramming orchestrate
macrophage polarization. For instance, oncoprotein-induced tran-
script 3 (OIT3), which is required for hepatic triacylglycerol trans-
port, promotes M2 polarization in macrophages and enhances the
metastatic potential of tumor cells when overexpressed™’.

The MYC protein, a master transcription factor regulating
cellular metabolism, is required for driving a broad set of targets
including Argl, 1110, Yml, Mrcl, and Cd274*"%°. MYC is
significantly elevated in M2-polarized macrophages®’*5. It
promotes M2 polarization through multiple mechanisms. RNA
sequencing analysis has shown that in MYC-deficient cells, the
OXPHOS gene signature is significantly suppressed, with
mitochondrial complexes I to V notably downregulated®'. MYC
knockdown or knockout results in reduced basal oxygen con-
sumption, ATP production, and maximal mitochondrial oxygen
consumption®?. Regulation of OXPHOS by MYC likely consti-
tutes a key mechanism underlying M2 polarization. Addition-
ally, MYC directly promotes CD206 expression in TAMs®.
Upon IL-4 stimulation, elevated MYC protein facilitates the
induction of signal transducer and activator of transcription 6
(STAT6) and peroxisome proliferator—activated receptor gamma
(PPARY), activating a broad range of M2-related polarization
markers>’. In our study, reducing MYC was sufficient to restrain
M2-associated features (e.g., Fig. 31 and J, Fig. S3C). Collec-
tively, these features establish MYC as a key determinant of the
M2-polarized TAM phenotype. It is also noteworthy that MYC is
low or nearly undetectable in resting or M1 macrophages, and
pro-inflammatory stimulation (e.g., LPS or IFN-y) further
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suppresses its expression. In our experiments, CD86 expression
was not significantly altered by MYC ablation, whereas syringin
elicited a modest increase irrespective of MYC status (Fig. S3F).
These observations indicate that canonical M1 polarization
proceeds largely independently of MYC, whereas M2 polariza-
tion depends on MYC activity. In line with this notion, prior
work reported that iNOS induction is unaffected by MYC
deletion. Moreover, syringin failed to confer additional anti-
tumor efficacy in macrophage-specific MYC-deficient mice
(Fig. 3K and L, Fig. S3G and S3H), indicating that its immu-
nomodulatory activity is primarily mediated through suppression
of MYC-driven M2 polarization.

The functions of MYC are tightly regulated within cells at
multiple levels, including transcription, mRNA stability, protein
activity, and degradation. A range of MYC-targeting inhibitors is
under development®. One approach involves suppressing MYC
biosynthesis; for instance, inhibitors of the phosphatidylinositol-3
kinase/protein kinase B/mammalian target of rapamycin (PI3K/
AKT/mTOR) pathway suppress MYC protein levels by limiting
cap-dependent translation®. Another strategy targets MYC ac-
tivity by disrupting the MYC-MAX (MY C-associated factor X)
complex or blocking its DNA binding®. However, these inhibitors
have yet to achieve significant clinical success. An alternative
approach involves modulating MYC stability via protein degra-
dation pathways. MYC is primarily degraded through the
ubiquitin—proteasome system, with its turnover regulated by
phosphorylation, acetylation, and ubiquitination®®. For example,
F-box and WD repeat domain-containing 7 (FBW7) deficiency in
TAMs results in elevated MYC levels, promoting M2 polarization
and tumor progression>’. Targeting MY C stability offers a feasible
therapeutic approach, overcoming challenges posed by its intrin-
sically disordered structure. In this study, syringin was identified
as a small molecule that interacts with DLAT to regulate MYC
levels, thereby impacting M2 polarization.

Although MYC is essential for tumor cells and was reduced by
syringin, direct inhibition of HCC cell proliferation was modest and
evident only at high concentrations (Fig. SIE—S1M). Syringin
reduced MYC across the tested cell types, but to a lesser extent than
shRNA-mediated knockdown (Supporting Information Fig. S7A).
Inthese HCC cell lines, shMYC suppressed proliferation to a greater
extent than syringin (Fig. S7B). These data imply that HCC cells
may require greater MYC suppression to impair growth, possibly
due to compensatory networks, whereas macrophage reprogram-
ming is more sensitive to modest MYC reductions.

The state of TAMs also influences the responses of HCC cells to
immunotherapy®’. Enhancing M2 polarization leads to T cell
exhaustion, impairing the efficacy of ICBs in HCC treatment®®,
Conversely, inhibiting M2 and promoting M1 polarization improves
sensitivity to ICBs’. In this study, we found that MYC upregulation
in M2-polarized macrophages directly promotes PD-L1 transcrip-
tion by binding to its promoter, suggesting a potential mechanism by
which TAMs contribute to immunosuppression in HCC. Syringin
inhibited M2 polarization, reduced PD-L1 expression on macro-
phages, and increased IFN-vy production in CD8" T cells. Combi-
nation therapy with syringin and «PD-1 further increased the
proportion of IFN-y CD8™ T cells, suppressed tumor growth, and
prolonged survival in tumor-bearing mice.

Notably, syringin did not affect HCC growth in either
macrophage-depleted or macrophage-specific MYC knockout
mice, indicating a macrophage-centric, MYC-dependent mecha-
nism (Figs. 2G—I, S2F and S2G, 3K—M, and S3G—S3H). In
contrast, antitumor efficacy was maintained in BALB/c nude mice

lacking functional T cells, supporting CD8" T cell-independent
activity under monotherapy (Fig. SIN—S1P). Syringin also
reduced PD-L1 on macrophages and tumor cells, consistent with
diminished MYC-dependent promoter activity (Fig. 6A and B,
Fig. S6A—S6D), thereby augmenting PD-1/PD-L1 blockade in a
largely CD8* T cell-dependent manner. These observations align
with prior work showing that M2-polarized macrophages promote
tumor growth directly through the release of cytokines such as IL-
10, C-C motif ligand 18 (CCL18), and C—C motif ligand 20
(CCL20), and indirectly by suppressing cytotoxic immune pop-
ulations including CD8" T cells® 7!, Collectively, syringin acts
through macrophage MYC to provide CD8" T cell-independent
efficacy as monotherapy and to enhance the efficacy of PD-1/
PD-L1 blockade in a CD8" T cell-dependent manner.

5. Conclusions

In summary, this study identifies syringin, a natural phenyl-
propanoid glycoside, as a macrophage-targeting compound that
reshapes the tumor immune microenvironment in HCC. By
directly binding to DLAT, syringin suppresses MYC acetylation
and promotes its degradation through the ubiquitin-proteasome
pathway, thereby downregulating MYC and inhibiting TAM M2
polarization (Fig. 7). These effects collectively alleviate immu-
nosuppression and restrain tumor growth. Moreover, syringin
augments the efficacy of PD-1/PD-L1 blockade, providing a
mechanistic basis for its use as a potential macrophage-directed
adjunct in HCC therapy.
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