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Abstract
Background

Hepatocellular carcinoma progression is heavily driven by the tumor microenvironment, yet the specific
functional contribution of stromal YAP1 signaling to paracrine cancer progression remains incompletely
understood. We investigated the clinical and biological significance of stromal YAP1 signaling in HCC
and evaluated the therapeutic potential of its pharmacological suppression using dobutamine.

Methods

YAP1 expression and clinical correlations were evaluated in TCGA-LIHC and paired human HCC tissues
(n=92), alongside single-cell RNA sequencing datasets (GSE149614 and GSE189903). Human hepatic
stellate cells (LX2), endothelial cells (HUVEC), and Hep3B liver cancer cells were used for functional
assays. Proliferation, cell cycle distribution, migration, 3D spheroid growth, and Matrigel tube formation
were evaluated following dobutamine treatment. Paracrine tumor-stroma communication was assessed
using conditioned media crosstalk models. An in vivo zebrafish (Danio rerio) Hep3B xenograft model was
established to quantify tumor burden, host survival, and target gene expression.

Results

Single cell transcriptomics and human tissue analyses revealed that active YAP1 signaling is
concentrated within cancer-associated fibroblasts and endothelial cells, where reduced inhibitory YAP1
Ser127 phosphorylation significantly correlated with aggressive, unencapsulated human HCCs.
Dobutamine induce YAP-Ser127 phosphorylation, promoted cytoplasmic YAP1 retention, and reduced
expression of YAP-responsive genes (CTGF, CYR61, ANKRD1) in LX2 and HUVECs without cytotoxicity.
This attenuated stellate cell activation markers (COL1A1, FN1, αSMA) and impaired endothelial tube
formation alongside reduced VEGFR2 and Ang-2 expression. Furthermore, conditioned media from
dobutamine-treated stromal cells significantly reduced Hep3B proliferation, migration, 3-D spheroid
growth, and epithelial-mesenchymal transition (N-cadherin, Vimentin) by enhancing pYAP-Ser127 levels
in recipient cancer cells. In zebrafish xenografts, dobutamine significantly improved host survival (62%
vs. 25%, p<0.05), reduced tumor coverage area, and suppressed downstream YAP1 targets (ccn2a,
cyr61) and vascular markers (acta2, vegfc).

Conclusions

Pharmacological suppression of stromal YAP1 signaling by dobutamine effectively attenuates stromal
activation, angiogenesis, and paracrine tumor-stroma crosstalk, providing a therapeutic strategy to target
the HCC microenvironment.

Introduction
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Hepatocellular carcinoma (HCC) constitutes approximately 75-85% of primary liver cancers and remains
a leading cause of cancer-related mortality. GLOBOCAN 2024 estimates, approximately 843,000 new
liver cancer cases and 732,000 deaths globally, highlighting the continued clinical burden of this disease
[1]. Although resection and transplantation can provide curative treatment for early stage disease,
recurrence is common, partly due to the tumor microenvironment (TME) [2]. The TME includes immune
and stromal  populations, including hepatic stellate cells (HSCs), and endothelial cells that support
tumor growth, invasion, angiogenesis, and therapeutic resistance [3]. Despite advances in systemic
therapies, including, multikinase and immune checkpoint inhibitors, treatment benefit remains limited in
advanced HCC [4,5], highlighting the tumor-stroma axis as a potential therapeutic target.

Activated HSCs are key components of the tumor-supportive HCC microenvironment [6,7]. Following
liver injury, quiescent HSCs acquire a myofibroblast-like phenotype and promote tumor progression
through the release of growth factors,  matrix-remodeling enzymes, and extracellular matrix (ECM)
proteins [8–11]. They also contribute to an immunosuppressive TME  [12,13]. Transforming growth
factor-β (TGF-β) is a key mediator of HSC–HCC crosstalk, promoting fibrosis and HSC activation while
enhancing tumor cell proliferation, invasion, and progression  [14–16].  Although targeting stromal
mediators such as TGFβ, CTGF TIMP-1, PDGF can attenuate these effects [17–20], inhibition of
individual mediators may not sufficiently disrupt the broader stromal program.  Endothelial cells provide
an additional tumor-supportive compartment, with VEGF/VEGFR2 (vascular endothelial growth
factor/vascular endothelial growth factor receptor 2) signaling driving angiogenesis and vascular
remodeling that facilitate HCC growth and dissemination [21–24]. Thus targeting regulatory pathways
that coordinate fibrogenic and endothelial stromal compartments may provide a broader strategy for
disrupting HCC TME.

Yes-associated protein (YAP), the major transcriptional effector of the Hippo signaling, is an established
regulator of tumorigenesis, metastasis, and therapeutic resistance [25,26]. Hippo kinases MST1/2 and
LATS1/2 regulate YAP activity, with phosphorylation at Ser127 promoting 14-3-3 binding and
cytoplasmic sequestration, thereby limiting YAP-TEAD dependent transcription [27–31]. In HCC, aberrant
YAP activation promotes proliferation, survival, and epithelial-mesenchymal transition (EMT) [30,32,33].
Importantly, YAP also regulates stromal biology. In cancer-associated fibroblasts (CAFs), YAP1
activation promotes expression of pro-fibrotic and ECM-associated genes, including COL1A1, LOX, and
ACTA2, whereas in endothelial cells it contributes to vascular remodeling and angiogenic responses
[34,35]. However, the role of stromal YAP signaling in coordinating tumor-stroma communication in HCC
remains incompletely defined.

Evidence from other tumor types suggest that stromal YAP represents a therapeutically relevant target.
YAP inhibition in colorectal and pancreatic cancers can suppress fibroblasts or stellate cell activation
and attenuate paracrine signaling that supports tumor progression [36,37]. However, the commonly used
YAP-TEAD inhibitor Verteporfin has reported YAP-independent effects, limiting its specificity [38,39].
Drug repurposing therefore offers a promising strategy for identifying alternative pharmacological
approaches to modulate YAP signaling [40,41]. 
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Dobutamine is a clinically established sympathomimetic agent that activates β1, β2, and α1-
adrenoceptors [42,43]. Although primarily used for cardiovascular indications, previous studies have
suggested that dobutamine can inhibit YAP nuclear localization and exerts antitumor effects in other
cancer models [44,45].  However, its effect on tumor-stroma crosstalk and stromal YAP signaling in HCC
has not been examined.

Here, we examined the effects of dobutamine on YAP signaling and tumor-supportive functions in
human hepatic stellate cell line (LX2) and human umbilical vein endothelial cells (HUVEC). Using LX2
and HUVECs, we assessed stromal proliferation, migration, activation, and angiogenic responses and
investigated YAP Ser127 phosphorylation and localization as potential mechanisms. We further
examined whether dobutamine-treated stromal cells altered the malignant properties and YAP signaling
of HCC cells through paracrine communication.  Finally, using a zebrafish xenograft model [46], we
evaluated the  in vivo  effect of dobutamine on HCC tumor growth and dissemination. Together, these
studies investigate stromal YAP signaling as a potential therapeutic target for disrupting tumor-stroma
crosstalk in HCC.

Materials and methods
Publicly available transcriptomic data analysis

Normalized gene expression data for HCC and normal liver tissues were obtained from The Cancer
Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC) datasets. Transcript abundance values
expressed as transcripts per million (TPM) were used to compare YAP1 expression between normal liver
tissues (n=50) and primary HCC tumors (n=371).

For stromal cell association analyses, publicly available human liver RNA-sequencing datasets were
analyzed using fragments per kilobase of transcript per million mapped reads (FPKM)-normalized
expression values, which were log2-transformed prior to analysis. Correlation analyses were performed
using markers of hepatic stellate cell activation and fibrosis (LOX, PDGFRB, COL3A1, SPARC and
COL1A1) and endothelial/angiogenic markers (KDR, LYVE1 and FLT1).

Cell culture

Hepatocellular cell line (Hep3B) was obtained from the Institute of Liver and Biliary Sciences, New Delhi,
India. HCC cells were regularly cultured in Dulbecco Modified Eagle Medium (DMEM) which was
reconstituted and supplemented with 10% FBS., 100U/ml of penicillin and 100μg/ml of streptomycin
(100U/ml Penstrep, Himedia).

Human activated HSCs cell line LX2 (a kind gift from Professor Scott L Friedmen, Icahn School of
Medicine, USA) were routinely cultured in high glucose DMEM supplemented with 2% (v/v) FBS. Human
Umbilical Vein Endothelial Cells (HUVECs) were obtained from Indian Institute of Technology, New Delhi
and propagated in ready to use Endothelial Cells Growth Media (ECGS, Sigma, # 211-500). All
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experiments were conducted using HUVECs between 2 to 6 passages. All cells were grown at 37�C with
5% CO2 in humidified atmosphere.

Collection of conditioned medium (CM)

Stromal cells were seeded at the density of 1 × 106 cells per100mm dishes. As they reach 70%
confluency, the cells were treated with dobutamine for 24h. Following treatment, cells were washed
twice with sterile PBS followed by addition of 5ml of serum free media and overnight incubation for CM
collection. The  CM was collected from both treated and untreated dishes and centrifuged for 10min at
2000 rcf to remove cellular debris and dead cells. The resulting supernatant was filtered through a
0.22μm syringe filter (Millipore) to remove residual cellular contaminants. The filtered CM was aliquoted
and stored at -80�C deep freezer (Thermo Fisher Scientific) until further use.

Co-culture

Hep3B cell line was seeded at 1 × 106 cells/well in 6-well plate and cultured in DMEM containing 10%
(v/v) FBS (#RM1112, Himedia, India) at 37�C with 5% CO2. At 70-80% confluency, cells were incubated
for 48h with a 1:1 mixture of serum free Hep3B media and stromal cells’ (LX2 and HUVEC).

MTT cell viability assay

Cell viability was determined using an MTT assay (HiMedia, #TC191). Cells were seeded in 96-well
plates at 1 × 10⁴ cells/well in DMEM supplemented with 2% FBS and allowed to attach for 24 h and 48 h.
Cells were subsequently exposed to the indicated experimental conditions for an additional 24 h. MTT
reagent was added to a final concentration of 0.5mg/ml and incubated for 4 h at 37֩C. Formazan
crystals were dissolved in DMSO, and absorbance was measured at 570nm using a Multiskan
multifunction microplate reader (Thermo Scientific, #51119100). Cell viability was expressed relative to
the untreated control. All experiments were performed in triplicate.

Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was reverse transcribed using iScript cDNA synthesis kit (Biorad, #1708891) according to the
manufacturer’s instructions. The resulting cDNA was diluted 1:5 and subjected to quantitative PCR using
SYBR Green PCR Master Mix (Applied Biosystems, #A25742). Amplification was performed under the
following conditions: 95°C for 30 s, 52.9°C for 30 s, and 72°C for 30 s, with a final extension step at 72°C
for 10 min. ACTB (β-actin) was used as the internal reference gene. Relative gene expression levels were
calculated using the 2^-ΔΔCt method. Primer sequences were designed using Primer3Plus and are listed
in Supplementary Table S1, S2.

Western blot analysis

Cells were lysed using RIPA buffer supplemented with protease inhibitor (Roche, #11697498001) and
phosphatase inhibitor cocktail (Roche, #4906845001). Cells were incubated on ice with intermittent
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vortexing and centrifuged at 12,000g for 30 min at 4�C. Protein concentrations were determined by the
Bradford assay (Thermo Fisher Scientific, #20279). Equal amounts of protein (30μg) were separated on
8-12% SDS-polyacrylamide gels and transferred onto PVDF membranes (Bio-Rad, #1620177).
Membranes were blocked in 5% skimmed milk or Bovine serum albumin (BSA) in 1X TBST for 1 h and
incubated overnight at 4°C with primary antibodies, followed by HRP-conjugated secondary antibodies
for 2 h at room temperature. Immunoreactive bands were visualized using Pierce ECL substrate (Thermo
Fisher Scientific, #34094). Densitometric analyses were performed using ImageJ software, and protein
expression levels were normalized to GAPDH. Antibody details are provided in Supplementary Table S3.

Immunofluorescence

Cells were cultured on gelatin-coated coverslips (Corning, #2850-18) in 12-well plates. Following
treatment with dobutamine for 24 h, cells were fixed with 4% paraformaldehyde for 15minutes at room
temperature and permeabilized in blocking buffer containing 5% BSA and 0.3%Tritonx-100 for 1 h. Cells
were subsequently incubated with primary antibodies overnight at 4�C in a humidified chamber. After
washing with PBST, cells were incubated with fluorophore-conjugated secondary antibodies for 2 h at
room temperature in the dark. Nuclei were counterstained with DAPI, and coverslips were mounted using
Fluoroshield (Sigma-Aldrich, #F6182-20ML). Fluorescence images were acquired using a confocal laser
scanning microscope (Leica TCS SP8). Antibody details are provided in Supplementary Table S3.

Scratch wound migration assay

Cells were seeded in 12-well plates at a density of 1 × 105 cells per well and grown to confluence. A
linear wound was generated using a sterile 200μl pipette tip, and detached cells were removed by
washing with PBS. Images were acquired immediately after scratching (0h) using an inverted
microscope.

Cells were subsequently incubated under different conditions for 24 h. Wound closure was monitored by
imaging the same fields at 24 h and 48 h. Migration was quantified using ImageJ software and
expressed as the percentage of wound closure relative to the initial wound area. Four randomly selected
fields were analyzed per well.

Transwell migration assay

Cell migration was assessed using Boyden chambers (24-well transwell inserts with 8μm pore size
polycarbonate membrane). LX2 (1 × 105 cells) or HUVEC cells (5 × 104) were suspended in 200μl serum-
free medium and seeded into the upper chamber, while 600μl complete growth medium was added to
the lower chamber as a chemoattractant. After 24 h, non-migrated cells were removed from the upper
surface of the membrane using a cotton swab. Cells that migrated to the lower surface were fixed with
20% methanol, stained with 0.25% crystal violet, and observed under a light microscope. Quantification
was done using ImageJ software.
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For a separate experiment, Hep3B cells (1 × 105) suspended in CM (diluted 1:1 with DMEM) derived from
dobutamine treated or untreated LX2 cells or HUVEC cells were seeded in the upper chamber. DMEM
supplemented with 10% FBS was plated on the lower chambers and migration was assessed.

Tube formation assay

The angiogenic potential of HUVECs was assessed using a Matrigel-based tube formation assay. Briefly,
96-well plates were coated with Matrigel and incubated at 37֩c for 30 min to allow polymerization.
HUVECs (1.5 × 10⁴ cells/well) were seeded onto the Matrigel-coated wells in endothelial growth medium
(ECGS, Sigma, # 211-500) containing dobutamine and vehicle control. Tubelike structures were
visualized after 16h using a phase-contrast microscope. Quantitative analysis of angiogenic parameters,
including the number of nodes, meshes, segments, and total tube length, was performed using ImageJ
software. All experiments were conducted in triplicate.

Spheroid Formation Assay

Hep3B cells were cultured in DMEM/F12 spheroid medium under non-adherent conditions until compact
primary spheroids formed. Primary spheroids were collected, allowed to settle, and washed twice with
PBS. For secondary spheroid formation, primary spheroids were dissociated with accutase by gently
pipetting and intermittent tapping until a single-cell suspension was obtained. Accutase activity was
quenched with complete medium, followed by centrifugation and PBS washing. Cells were resuspended
in spheroid medium, and 5,000 cells were seeded per well under non-adherent conditions. Secondary
spheroid formation was monitored at the indicated time points, and spheroid morphology and size were
assessed using ImageJ/Fiji.

Zebrafish xenograft and drug treatment

The Assam wildtype (ASWT) strain of Danio rerio  was maintained under standard laboratory conditions
at 28�C. Xenotransplantation was performed using previously established protocol [47,48]. At 2 days
post-fertilization (2dpf), dechorionated embryos were used for xenografting. Hep3B cells were labelled
with CM-Dil (Invitrogen) and approximately 200 cells were microinjected into the perivitelline space of
each embryo using a micromanipulator under a stereomicroscope. Injected embryos were maintained at
34�C in E3 medium.

At 12h post-injection (12hpi), xenografted larvae were randomly assigned to vehicle control (0.1%DMSO)
and dobutamine-treated (50μM) groups and exposed for 18-24 h. Tumor formation and metastatic
dissemination were assessed using fluorescent stereomicroscope (Nikon AX R). Tumor coverage was
quantified by measuring fluorescent tumor area using ImageJ software [49].

For gene expression analysis, total RNA was isolated from pooled whole             xenografted larvae (n=30
per group) using TRIzol reagent, followed by RT-qPCR analysis of yap1, ccn2a (ctgf, yap1 downstream
target), acta2, vegfaa, and vegfc (angiogenesis marker).  Gene expression levels were normalized to
gapdh.
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Statistical analysis

Data are presented as mean ±SEM or mean ±SD as deemed appropriate from at least three independent
experiments. Statistical analyses were performed using GraphPad Prism 10. Comparison between two
groups was conducted using unpaired two-tailed Student’s t-tests, whereas comparisons involving
multiple groups were analyzed using one-way ANOVA followed by Tukey’s post hoc test. For experiments
involving two independent variables, including wound-healing assays and dose-response studies, two-
way ANOVA followed by Tukey’s multiple-comparison test was used. Differences were considered
statistically significant at *P < 0.05, ** P < 0.01,*** P < 0.001, and ****P < 0.0001; ns, not significant.

Results
Integrated bioinformatics and functional analyses identify stromal YAP1 signaling as a critical
regulator of hepatocellular carcinoma progression

To investigate the role of YAP1 signaling in HCC, we first analyzed YAP1 expression in the TCGA-LIHC
cohort. YAP1 expression was elevated in HCC compared with normal liver and increased with advancing
tumor grade, consistent with its established association between YAP1 signaling and HCC progression
(Fig. 1A-B). Because YAP1 activity is primarily regulated post-translationally, we next examined YAP
Ser127 phosphorylation in paired human HCC samples. Reduced tumor Ser127 phosphorylation was
observed in 37 of 92 patients (40.2%). Using progressively stringent thresholds, 18 patients (19.6%)
showed a >1.25-fold reduction, 1 patient (13%) showed a >1.41-fold reduction, and 3 patients (3.3%)
showed a >2-fold reduction in tumor Ser127 phosphorylation relative to matched non-tumor tissue
(Supplementary Table S4; Figure 1C). The frequency of reduced Ser127 phosphorylation was broadly
consistent with previous reports describing low Ser127 phosphorylation in a subset of human HCCs [50].
Importantly, infiltrative tumors with an incomplete tumor capsule exhibited significantly lower Ser127
phosphorylation than encapsulated tumors (Wilcoxon p=0.003), linking loss of this inhibitory
phosphorylation to an aggressive HCC phenotype (Fig. 1D). 

We next examined the cellular context of YAP1 signaling using publicly available single-cell RNA
sequencing datasets (GSE149614 and GSE189903).  Cancer-associated fibroblasts (CAFs) and
endothelial cells showed higher YAP1 target activity than other major HCC cell populations, with CTGF
and CYR61 predominantly expressed in fibroblast and endothelial populations (Fig. 1E-F). Consistently,
across human liver transcriptomic datasets, YAP1 expression showed positive correlations with
stromal/ECM-associated genes, including LOX, PDGFRB, COL3A1, SPARC, and COL1A1, and endothelial-
associated genes including KDR (VEGFR2), LYVE1, and FLT1 (VEGFR1) (Fig. 1G; Supplementary Figure
S1).

Collectively, these findings highlight the relevance of YAP1 signaling in the stromal and vascular
compartments of HCC and provide a rationale for targeting YAP Ser127 phosphorylation as a potential
therapeutic strategy.
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Dobutamine exhibits anti-proliferative and anti-migratory effects in stromal cells

Previous studies have reported antitumor effects of dobutamine associated with inhibition of YAP1
nuclear localization and transcriptional activity, supporting its use as a pharmacological modulator of
YAP1 signaling [44,51]. To assess whether dobutamine similarly affects stromal cells, LX2 and HUVECs
were treated with increasing concentrations of dobutamine (10-160 μM) for 24 and 48 h. Dobutamine
showed limited cytotoxicity within the tested range with IC50 values of 148.3 ± 10 μM and 73.04 ± 10
μM in LX2 and 452.6 μM and 108.5 μM in HUVECs at 24 and 48h, respectively (Fig. 2A-C). The
concentration used subsequent experiments (40 μM) was substantially below these IC50 values.

We next assessed the effects of dobutamine on stromal cell proliferation and migration. Dobutamine
significantly reduced fluorescence intensity of Ki67 in both HUVECs and LX2 cells and increased
G0/G1-phase populations with a concomitant decrease in S-phase cells, indicating cell-cycle arrest
(Fig. 2D, E; Supplementary Figure S2). Dobutamine also markedly impaired stromal cell migration. In
LX2 cells dobutamine reduced wound closure from ~65% to ~23% under basal conditions and
from ~98% following TGFβ stimulation to ~6% after dobutamine treatment at 48 h (Fig. 2F, H). HUVEC
wound closure was similarly reduced to ~49% (Fig 2I, K). Transwell assays confirmed these findings,
showing significantly fewer migrating LX2 and HUVEC cells following dobutamine treatment (Fig. G, H,
J and K). Collectively, these findings demonstrate that dobutamine restrains stromal cell proliferation
and migration while exhibiting minimal cytotoxicity, supporting its potential role in modulating tumor-
associated stromal functions. 

Dobutamine inhibits YAP1 signaling by promoting Ser127 phosphorylation and reducing nuclear
localization in stromal cells

YAP1 regulates HSC activation, ECM deposition, and angiogenic signaling within TME. β-adrenergic
agonists such as dobutamine activate cAMP/ PKA signaling, leading to activation of Hippo pathway
kinases LATS1/2, that phosphorylate YAP1 at Ser127 and promote its cytoplasmic sequestration [52]. To
investigate whether dobutamine suppresses YAP signaling in stromal cells, we examined YAP1
transcriptional activity, phosphorylation status, and subcellular localization.

Dobutamine significantly reduced YAP1 and its target genes CTGF, CYR61 and ANKRD1 in both HUVECs
and LX2 cells following 24 h of treatment (Fig. 3A, B). Western blot analysis revealed a significant
increase in the pYAP Ser127/YAP ratio without changes in total YAP protein levels, following dobutamine
treatment in both HUVEC and LX2 cells (Fig. 3C, D). Consistent with this, immunofluorescence
demonstrated reduced nuclear or increased cytoplasmic YAP1 following dobutamine treatment (Fig. 3E,
F). In LX2 cells, TGF-β1 stimulation enhanced nuclear YAP1 localization, whereas co-treatment with
dobutamine effectively prevented this response and restored cytoplasmic retention of YAP1.

Collectively, these results demonstrate that dobutamine increases inhibitory YAP-Ser127
phosphorylation and promotes cytoplasmic YAP1 localization, accompanied by reduced expression of
YAP target genes in both LX2 and HUVEC cells.

Page 10/31



Dobutamine suppresses hepatic stellate activation and endothelial angiogenic signaling

To determine whether dobutamine-mediated YAP1 inhibition alters stromal cell activation, LX2 and
HUVECs were treated with dobutamine under basal or TGFβ-stimulated conditions (Fig. 4A, B). In LX2
cells, dobutamine significantly reduced the expression of the HSC activation marker collagen1 type1
alpha 1 (Col1A1), fibronectin (FN1), and α-smooth muscle actin (αSMA) at both the transcript and protein
levels, under basal and TGF-β stimulated conditions (Fig. 4B, D; Supplementary Figure S3A.
Immunofluorescence further confirmed reduced αSMA and FN1 expression following dobutamine
treatment, whereas TGFβ-treated cells exhibited robust expression of these markers (Fig. 4E, F). 

In HUVECs, dobutamine reduced angiogenesis-associated VEGF, VEGFR1, and VEGFR2 transcripts (Fig.
4A) and reduced VEGFR2 and Ang-2 protein expression (Fig. 4C). Immunofluorescent cytochemistry
analyses of VEGFR2 further supported these results (Fig. 4G). To determine whether dobutamine
suppression of VEGFR2 and Ang-2 translated into functional anti-angiogenic activity, a matrigel based
tube formation assay was performed. Dobutamine markedly impaired HUVEC tube formation, reducing
tube length, nodes, segments, and meshes (Fig. 4H; Supplementary Figure S3B-C). To confirm that
these responses were directly dependent on YAP1 signaling rather than off-target effects, we performed
genetic loss-and gain-of-function experiments (Supplementary Figure S4). Specific siRNA-mediated
silencing of YAP1 in LX2 and HUVEC cells phenocopied dobutamine treatment by significantly reducing
COL1A1 and VEGFR2 expression. Conversely, ectopic overexpression of YAP1 rescued COL1A1
expression., demonstrating that dobutamine attenuates stellate activation and endothelial angiogenic
signaling in a YAP- dependent manner.

Collectively, these findings demonstrate that dobutamine attenuates both HSC activation and endothelial
angiogenic responses, thereby targeting key stromal compartments that promote HCC progression.

Pharmacological inhibition of stromal YAP1 disrupts tumor-stroma crosstalk and suppresses HCC
aggressiveness

To determine whether stromal YAP affects HCC behavior, Hep3B cells were exposed to CM from
untreated or dobutamine-treated LX2 and HUVECs. CM from untreated stromal cells enhanced migration
and proliferation, whereas CM from dobutamine-treated cells markedly reduced wound closure and Ki67
positivity. (Fig. 5A-C). Similarly, CM from dobutamine-treated LX2 and HUVECs significantly reduced
Hep3B spheroid growth at day 4 compared with CM from untreated stromal cells (Fig. 5D-G). 

We next examined whether stromal YAP1 inhibition alters HCC signaling through paracrine mechanisms.
 CM derived from dobutamine-treated TGFβ-activated LX2 cells and HUVECs reduced the expression of
CTGF and CYR61 significantly at transcript level (Fig. 5H). Western blotting revealed that CM derived
from dobutamine-treated stromal cells significantly increased Ser127 phosphorylation in Hep3B cells as
compared with CM from untreated stromal cells (Fig. 5I). Consistent with increased Ser127
phosphorylatin, CM from dobutamine-treated stromal cells reduced nuclear YAP and increased its
cytoplasmic retention in Hep3B cells (Fig. 5J), indicating suppression of YAP1 activity through altered
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stromal paracrine signaling. Direct effects of dobutamine on HCC cells were evaluated separately
(Supplementary Figure S5).

We next examined whether these changes were associated with inhibition of EMT, the expression of
mesenchymal markers was evaluated. CM from untreated stromal cells increased mesenchymal
markers N-cadherin and Vimentin, whereas CM obtained from dobutamine-treated stromal cells
significantly reduced their expression, as confirmed by Western blotting and N-cadherin
immunofluorescence (Fig. 5K-L). 

Collectively these findings suggest that pharmacological inhibition of stromal YAP1 alters tumor-stroma
communication, resulted in reduced YAP1 transcriptional activity, and EMT-associated signaling in HCC
cells and consequently limiting their migratory, proliferative, and three-dimensional growth potential. 

Dobutamine suppresses tumor growth and YAP1 signaling in a zebrafish xenograft model

To evaluate in vivo antitumor efficacy of dobutamine, Dil-labelled Hep3B cells were xenotransplanted into
the perivitelline space of 2-dpf zebrafish embryos. After 12h, embryos were treated with either DMSO
(vehicle control) or 50 μM dobutamine and analyzed 24h later (Fig.6A; Supplementary Table S5).

The coverage of the xenotransplanted cells rapidly increased within 1.5 days after injection (Fig. 6B, C),
with concomitant increase in the lethality. Dobutamine treatment significantly improved larval survival
compared with vehicle-treated xenografts (62% vs. 25%, P<0.05) (Fig. 6D). and markedly reduced the
coverage area of Dil-labeled Hep3B xenografts (Fig. 6E, E’, F, and F’). Quantitative analysis further
confirmed a significant reduction in tumor area following dobutamine treatment, indicating effective
inhibition of tumor growth (Fig. 6G). 

To evaluate host specific gene expression in the zebrafish microenvironment without cross-reacting with
human transcripts, qPCR was performed using zebrafish-specific primers. yap1 transcript levels were
unchanged across the experimental groups (Fig. 6H), consistent with the predominant post-translational
regulation of YAP1 activity through phosphorylation and subcellular localization. In contrast, the YAP1
target genes ccn2a and cyr61 were elevated in Hep3B-bearing larvae and significantly reduced following
dobutamine treatment (Fig. 6I, J). These findings indicate that dobutamine suppresses YAP
transcriptional activity without altering yap transcript abundance, supporting regulation at the post-
translational level [53]. 

The expression of acta2, a major component of vascular smooth muscle cells, which is often associated
with angiogenesis, was also significantly increased in xenografted larvae and was markedly reduced
following dobutamine treatment (Fig. 6K). Assessing the expression of vascular endothelial growth
factors (Vegfs), vegfc expression significantly decreased in dobutamine-treated xenografts compared
with untreated tumor-bearing larvae (Fig. 6L), However, vegfaa expression showed no statistically
significant difference among the experimental groups (Fig. 6M).
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Collectively, these findings demonstrate that dobutamine suppresses tumor growth and improves
survival in vivo. The reduction in proliferation, yap downstream targets ccn2a, and cyr61, and
angiogenesis-associated markers are further in line with our in vitro data, supporting the therapeutic
potential of dobutamine for targeting HCC.

Discussion
HCC is driven by complex interactions between malignant cells and the surrounding TME. In this study,
we identify stromal YAP signaling as an important component of this interaction and investigate
dobutamine as a pharmacological modulator of this pathway.  YAP1, a TEAD-associated transcriptional
co-activator, regulates tumor growth and metastasis and therefore emerged as a potential therapeutic
target [54]. Although several compounds, including verteporfin, Super-TDU, fenamate, and narciclasine,
have been developed to inhibit YAP-TEAD interactions, their therapeutic limitations highlight the need for
alternative approaches that are crucial for YAP1 activity [55–58]. Our molecular docking showed that
dobutamine could occupy a potential binding pocket within the YAP-TEAD interface, with predictive
binding comparable to several clinically used HCC drugs, including sorafenib, regorafenib, lenvatinib, and
cabozantinib (Supplementary Figure S6). While docking does not establish direct target engagement,
these findings provide structural support for a potential relationship between dobutamine and YAP
signaling. Previous studies have suggested that dobutamine increases YAP phosphorylation through β-
adrenergic signaling and activation of LATS1/2, providing a plausible mechanism for YAP
inhibition[59,60].

Patient-level transcriptomic analysis provides strong clinical relevance of YAP1 in HCC. Analysis of the
TCGA-LIHC cohort demonstrated that YAP1 expression was significantly elevated in primary HCC tumors
compared with normal liver tissues (Fig. 1A), highlighting aberrant activation of YAP1 signaling during
hepatocarcinogenesis. Beyond tumor cells alone, correlation analysis revealed that YAP1 expression
was associated with stromal and endothelial gene signatures, including markers of hepatic stellate cell
activation and fibrosis (LOX, PDGFRB, COL3A1, SPARC, and COL1A1) as well as endothelial and
angiogenic signaling (KDR, LYVE1, and FLT1) (Fig. 1G). These findings indicate that YAP1 is associated
with pro-fibrotic and pro-angiogenic features of the HCC TME. Importantly, our analysis of YAPSer127
phosphorylation further indicated that reduced inhibitory phosphorylation is associated with infiltrative
tumor growth, supporting the relevance of post-translational YAP regulation in aggressive HCC.

Guided by these observations, we next explored the effects of dobutamine on stromal cells, a critical
determinant of the tumor-microenvironment. Our findings indicated that dobutamine treatment reduced  
HSC activation markers, including αSMA, Col1A1, and FN1, and decreased endothelial markers
associated with angiogenic signaling, including ANGPT2, and VEGFR2. These effects were accompanied
by increased YAP Ser127 phosphorylation and reduced nuclear YAP localization, together with
decreased expression of YAP target genes. Thus, dobutamine appears to restrain both fibrogenic and
endothelial stromal phenotypes through modulation of YAP signaling (Fig. 2-4).
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Following these findings, we investigated whether dobutamine-treated stromal YAP inhibition influences
HCC behavior through paracrine signaling. CM from dobutamine-treated LX2 and HUVECs reduced
Hep3B migration and proliferation and attenuated EMT-associated features compared with CM from
untreated stromal cells. Moreover, CM derived from dobutamine-treated stromal cells impaired Hep3B
spheroid growth, resulting in reduced spheroid size. These findings indicate that stromal YAP inhibition
alters the tumor-supportive secretory profile and limits the malignant properties of HCC cells (Fig. 5).

The in vivo relevance of these observations was further supported by zebrafish xenograft experiments,
which demonstrated that dobutamine treatment significantly reduces tumor growth and
xenotransplantation-associated mortality (Fig. 6). Consistent with our in vitro findings, the concomitant
downregulation of YAP, its transcriptional targets, and the angiogenesis markers vegfc in vivo suggests
that modulation of YAP signaling may contribute to the anti-tumor effects of dobutamine, supporting the
translational relevance of our findings.

This study has several limitations. First, the use of LX2 and HUVEC cell lines may not fully recapitulate
the heterogeneity of stromal populations in human HCC. Second, although the zebrafish xenograft model
demonstrated the antitumor effects of dobutamine, it does not fully reproduce the complexity of the
human HCC microenvironment. Future studies using primary patient-derived stromal cells, co-culture or
organoid models, and mammalian in vivo models will be important to validate the therapeutic relevance
of stromal YAP1 modulation by dobutamine.

In summary, this study integrates clinical transcriptomic analyses with mechanistic in vitro and in
vivo experiments to establish YAP1 as a key regulator of stromal-vascular-tumor crosstalk in HCC. Our
findings suggest that pharmacological modulation of YAP1 signaling using dobutamine not only
suppresses stromal cell activation but also remodels the TME to limit cancer progression and metastatic
spread. These results highlight the therapeutic potential of targeting YAP-dependent paracrine signaling
and support further investigation into dobutamine based or YAP-focused strategies for the treatment of
HCC.
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Figure 1

Bioinformatic analyses identify stromal cell-specific YAP activation associated with extracellular
matrix remodeling and angiogenesis in hepatocellular carcinoma.
(A) Differential expression of YAP1 between normal liver tissues (n=50) and HCC samples (n=371)  from
the TCGA-LIHC cohort via UALCAN. Unpaired two sample T-test was employed to evaluate levels of
significance in expression level between any two sample groups. (P=1.62636570877339E-12) (B) YAP1
expression according to histological tumor grade. (C) Frequency of reduced YAP Ser127 phosphorylation
in paired human HCC samples. Reduced tumor Ser 127 phosphorylation was identified in 37 of 92
patients (40.2%); 18 patients (19.6%) showed a >1.25-fold reduction, 12 patients (13%) showed a >1.41-
fold reduction, and 3 patients (3.3%) showed a >2-fold reduction relative to matched non-tumor tissue.
(D) Association between YAP Ser127 phosphorylation and tumor capsule status/infiltrative growth.
Tumors with an incomplete capsule and infiltrative growth exhibited significantly lower Ser127
phosphorylation than encapsulated tumors (Wilcoxon p=0.003). (E) YAP1 target activity across major
HCC cell populations in publicly available datasets GSE149614 and GSE189903 respectively. Cancer
associated fibroblasts and endothelial cells exhibited prominent YAP1 target activity. (F) Expression of
canonical YAP target genes CTGF and CYR61 across HCC cell populations in the corresponding single-
cell datasets. These genes were predominantly expressed in fibroblast and endothelial populations.
 (G)Correlation heat map showing association between YAP1 expression and stromal/ECM-associated
genes (LOX, PDGFRB, COL3A1, SPARC, and COL1A1) and endothelial-associated genes (KDR, LYVE1, and
FLT1) in human liver transcriptomic datasets. Color intensity represents the strength of correlation, with
statistical significance indicated as appropriate.
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Figure 2

Dobutamine attenuates proliferation and migratory properties of hepatic stellate and endothelial cells

(A) Chemical structure of Dobutamine Hydrochloride. (B–C) Effect of Dobutamine on cell viability of
HUVEC (B) and LX2 (C) cells assessed by the MTT assay. Cells were treated with increasing
concentrations of Dobutamine (10, 20, 40, 80, and 160 μM) for 24 h and 48 h. Cell viability was quantified
as a percentage relative to untreated controls. Dose–response curves were generated and IC₅₀ values
calculated: HUVEC cells exhibited IC₅₀ values of 452.6 μM (24 h) and 108.5 μM (48 h) whereas LX2 cells
showed IC₅₀ values of 148.3 ± 10 μM (24 h) and 73.04 ± 10 μM (48 h). Data represent mean ± SEM from
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three independent experiments (n=3). (D-E) Representative immunofluorescence images of HUVEC and
LX2 cells showing nuclei stained with DAPI (blue) and proliferative marker Ki67 (green). (D) Dobutamine
treatment visibly reduces Ki67-positive nuclei in dobutamine-treated HUVEC cells compared with
untreated controls. (E) Dobutamine treatment reduces Ki67 expression in LX2 cells, indicating
suppression of proliferation and stromal activation. Scale bar = 200 μm for all images. (F-K)
Representative images of scratch wound healing and transwell migration assays for LX2 cells under
different conditions: untreated control, dobutamine-treated, TGFβ-activated, and combined
dobutamine + TGFβ treatment and HUVEC cells under two different conditions: untreated control,
dobutamine-treated (F)Wound healing assay of LX2 cells images captured at 0, 24, and 48 hours using
40 μM dobutamine hydrochloride, and (G) transwell migration assay images obtained after 24 hours. (H)
statistical analysis of scratch wound healing and transwell assay respectively using two-way ANOVA,
(p<0.0001), (I)Wound healing assay of HUVEC cells images captured at 0, 24, and 48 hours using 40 μM
dobutamine hydrochloride, and (J) transwell migration assay images obtained after 24 hours. (K)
Statistical analysis of scratch wound healing and transwell assay were performed using two-way ANOVA
and one-way ANOVA respectively. Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001; ns, not significant.
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Figure 3

Suppressive effect of dobutamine in YAP signaling by promoting YAP Ser127 phosphorylation

(A–B) RT-qPCR analysis of YAP and its downstream target genes (CTGF, CYR61, and ANKRD1) in (A)
HUVECs and (B) LX2 following treatment with Dobutamine (40 μM) for 24 h. Relative mRNA expression
levels was normalized to ACTB and calculated using the 2^−ΔΔCt method. Data are presented as mean
± SEM from three independent experiments (n = 3). Statistical analyses were performed using an
unpaired two-tailed Student's t-test for panel A and one-way ANOVA followed by Tukey's multiple-
comparison test for panel B. Statistical significance is indicated as *P < 0.05,** P < 0.01,*** P < 0.001, and
****P < 0.0001; ns, not significant. (C–D) Representative Western blot analysis of total YAP and
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phosphorylated YAP (p-YAP^Ser127) in (C) HUVECs and (D) LX2 cells following Dobutamine treatment,
demonstrating increased Ser127 phosphorylation, consistent with YAP inactivation. Densitometric
quantification of the pYAP/YAP ratio is shown. GAPDH was used as the loading control. Data are
representative of three independent experiments. (E) Representative immunofluorescence images
showing YAP subcellular localization in HUVECs under control and Dobutamine-treated conditions.
Dobutamine significantly reduced nuclear accumulation of YAP and promoted cytoplasmic localization.
(F)Representative immunofluorescence images of YAP localization in LX2 cells under control,
Dobutamine-treated, TGF-β1-stimulated, and combined TGF-β1 + Dobutamine-treated conditions. TGF-β1
stimulation increased nuclear YAP localization, whereas Dobutamine treatment markedly attenuated
YAP nuclear accumulation even in activated LX2 cells, indicating suppression of YAP signaling. Nuclei
were counterstained with DAPI (blue), and YAP is shown in red. Scale bar = 200 μm. Data are presented
as mean ± SD from three independent experiments (n = 3). Statistical significance was determined using
one-way ANOVA followed by Tukey's multiple-comparison test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not
significant.
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Figure 4

Hepatic stellate cell activation and endothelial angiogenic signaling are suppressed by dobutamine.

(A) RT-qPCR analysis of VEGF, VEGFR1, and VEGFR2expression in HUVECs following treatment with
dobutamine (40 μM) for 24 h. Relative gene expression was normalized to ACTBand calculated using the
2^−ΔΔCt method. (B) RT-qPCR analysis of the hepatic stellate cell activation markers COL1A1, ACTA2
(αSMA), and FN1 in LX2 cells cultured under control, dobutamine-treated, TGF-β1-stimulated, or TGF-β1
plus dobutamine-treated conditions. (C) Western blot analysis of VEGFR2 and ANG2 protein expression
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in HUVECs following dobutamine treatment. Densitometric quantification of protein was normalized
normalized to GAPDH. (D) Western blot analysis of COL1A1, FN1, and αSMA expression in LX2 cells
under the indicated treatment conditions. Protein expression was normalized to GAPDH, and
densitometric quantification is shown below. (E) Representative immunofluorescence images of αSMA
(green) in LX2 cells cultured under control, dobutamine-treated, TGF-β1-stimulated, and TGF-β1 plus
dobutamine-treated conditions. (F) Representative immunofluorescence images of FN1 (red) in LX2
cells under the indicated treatment conditions. (G) Representative immunofluorescence images of
VEGFR2 (green) in HUVECs cultured in the absence or presence of dobutamine. (H) Effect of
Dobutamine on in vitro tube formation assay. In HUVECs received 40 µM Dobutamine, the lowest number
of meshes, nodes, segments and tube length index was observed. Photography was done at 4x and 10x
magnification after 16h. Gene expression data are presented as mean ± SEM, whereas protein and
fluorescence quantification are presented as mean ± SD from three independent biological experiments
(n = 3). Statistical analyses were performed using an unpaired two-tailed Student's t-test for
comparisons between two groups and one-way ANOVA followed by Tukey's multiple-comparison test for
experiments involving multiple treatment groups. Statistical significance is indicated as *P < 0.05, **P <
0.01, ***P< 0.001, ****P < 0.0001; ns, not significant.
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Figure 5

Conditioned media from dobutamine treated stromal cells alter Hep3B cell migration, proliferation,
YAP1 signaling and EMT

CM were collected from untreated or dobutamine treated LX2 cells (with or without TGF-β stimulation)
and HUVECs and subsequently applied to Hep3B cells.(A, B) Representative scratch wound-healing
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images of Hep3B cells cultured in stromal cells treated or untreated CM. Images were acquired at 0, 24
and 48h. (C) Representative immunofluorescence images of ki67 expression in HEp3B cells after
treatment with the indicated CM. nuclei were counterstained with DAPI (blue), and ki67 is shown in
green. Quantification of mean ki67 fluorescence intensity is presented on the right (D) Representative
bright-field images of Hep3B spheroids cultured with CM from untreated or dobutamine treated LX2
cells, TGFβ-stimulated or dobutamine-treated TGFβ stimulated X2 cells, and untreated or dobutamine-
treated HUVECs at Day0, Day2, and Day4. (E-G) Quantification of spheroid area. Spheroid area was
quantified using ImageJ. Data are presented as mean±SEM from three independent experiments (n=3).
(H) Representative RT-qPCR analysis of YAP downstream targets CTGF and CYR61 in Hep3B cells after
treatment with the indicated CM (I) Representative western blot analysis of total YAP1 and
phosphorylated YAP1(Ser127) in Hep3B cells treated with dobutamine alone or the indicated CM.
GAPDH served as the loading control. Densitometric analysis of the pYAP/YAP ratio is shown. (J)
Representative immunofluorescence images demonstrating YAP1 localization in Hep3B cells after
treatment with the indicated CM. Nuclei were stained with DAPI (blue), and YAP1 is shown in red.
Quantification of nuclear YAP1 fluorescence intensity is presented. (K) Representative Western blot
analysis of the EMT markers N-cadherin and Vimentin in Hep3B cells following treatment with CM from
indicated stromal cell groups. GAPDH served as the loading control. Corresponding densitometric
quantification is shown below. (L) Representative immunofluorescence images of N-cadherin expression
in Hep3B cells treated with the indicated CM. Nuclei were stained with DAPI (blue), N-cad is shown in
green. Quantification of fluorescence intensity is shown below. Statistical significance was determined
using one-way ANOVA for Western blot, immunofluorescence, and two-way ANOVA for wound-healing
assays. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; ns, not significant. Scale bar, 200μm
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Figure 6

Dobutamine inhibits Hep3B xenograft progression and modulates YA1P-associated gene expression in
zebrafish larvae.

(A) Summary of zebrafish xenograft survival data following transplantation of Dil-labeled Hep3B cells
into the perivitelline space of zebrafish larvae at 2days post fertilization (dpf). Larvae were treated with
vehicle control (DMSO) or 50μM dobutamine, and survival was monitored at 1day post injection (dpi) and
2dpi. (B, C)Representative fluorescence images of zebrafish xenograft at 3hpi, and 36hpi respectively.

Page 30/31



(D) Quantification of larval survival at 2dpi showing a significant increase in survival in the dobutamine-
treated group compared with DMSO-treated controls. Data are presented as mean±SEM from three
independent experiments. Statistical significance was determined using an unpaired Student’s t-test
(P<0.05). (E,E’,F,and F’) Representative brightfield and fluorescence images of zebrafish xenografts at
4dpf (2dpi) showing Dil-labelled Hep3B tumor cells  in control and dobutamine-treated larvae.
Dobutamine treatment markedly reduced tumor burden and dissemination compared with vehicle-
treated control. Scale bars are indicated in the images. (G) Quantification of tumor area measured from
fluorescent images using ImageJ software. Tumor burden was significantly reduced in dobutamine-
treated larvae compared with DMSO controls. Data are presented as mean±SEM from three independent
experiments and analyzed using an unpaired Student’s t-test (**P<0.001). (H-M) RT-qPCR analysis of
zebrafish xenografts to evaluate the effect of dobutamine treatment on YAP1, its downstream targets
(ccn2a, cyr61), and tumor associated gene expression. Four experimental groups were included:
uninjected-untreated larvae, uninjected-dobutamine-treated larvae, Hep3B-injected untreated larvae, and
Hep3B-injected dobutamine-treated larvae.
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