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A B S T R A C T

Homoharringtonine (HHT), an alkaloid from the plant genus Cephalotaxus, disrupts the first elongation phase of 
protein synthesis by interacting with the 60S ribosomal subunit, making it effective in treating diseases such as 
myeloid leukaemia. Semi-synthetically produced as omacetaxine mepesuccinate, HHT has been approved in 
Europe and in the US for patients resistant to two or more tyrosine kinase inhibitors. Although recent studies 
assume an anti-angiogenic capacity, the actions of HHT have not yet been characterised in primary endothelial 
cells, the major cell type driving angiogenesis. Therefore, this study addresses this issue by investigating the anti- 
angiogenic effect of HHT ex vivo and in vitro. A concentration-dependent decrease in sprouting was observed in a 
mouse aortic ring assay and in spheroids generated from human umbilical vein endothelial cells (HUVECs). Other 
angiogenic key features such as migration, proliferation and tube formation were similarly decreased by HHT. 
Interestingly, we observed an accumulation of F-actin. Inhibition of the ROCK pathway restored the angiogenic 
effects. A specific inhibition of typical upstream or downstream proteins of the ROCK pathway like Rho, MLC-2 
or LIMK only marginally restored the angiogenic capability. Further analyses revealed that the alteration of the 
actin network might relate to the p38 MAPK/HSP27 axis: A significant prolongation of p38 phosphorylation 
induced by HHT treatment resulted in a partial restoration of endothelial spheroid sprouting. This study dem
onstrates the anti-angiogenic capabilities of HHT in endothelial cells and opens a promising further research field 
for an already approved drug.

1. Introduction

The formation of new capillaries from existing blood vessels is called 
angiogenesis and is of great importance for various physiological pro
cesses. Embryonic development, wound healing or the menstrual cycle 
are prominent examples where angiogenesis is essential for the devel
opment and maintenance of life [1,2]. Angiogenesis is tightly regulated 
by a balance of pro- and anti-angiogenic factors [3,4]. One of the key 
mediators is the vascular endothelial growth factor (VEGF), which 
drives angiogenesis and has been identified as a possible therapeutic 
target already in 1971 [5]. An imbalance in this regulation, often 
resulting in highly induced angiogenesis, plays a key role in several 
diseases, including various forms of cancer, rheumatoid arthritis, wet 
age-related macular degeneration (wAMD) and others [6–8]. Due to this 
high importance and broad field of therapeutic opportunities, restoring 

the pro-/anti-angiogenic balance has been the focus of intense scientific 
effort in the past decades [9–12]. However, due to several drawbacks, 
such as adverse events, evolving drug resistance or tumour recurrence 
after treatment, only few drugs with a low therapeutic efficacy have 
achieved sustained clinical usage [13,14].

Angiogenesis is primarily determined by endothelial cells (ECs) [15]. 
One driving factor is the remodelling of the actin skeleton of EC [16]. 
While F-actin is highly important for EC migration, proliferation and 
vessel maturation [17,18], it has already been shown that a reorgan
isation of F-actin in ECs can significantly disturb angiogenesis [19,20]. 
As possible regulatory pathway, the Rho-associated protein kinase 
(ROCK) was identified in these studies. ROCK is regulated downstream 
by RhoA, a small GTPase, which in turn is highly important for the 
cytoskeleton remodelling [21]. ROCK phosphorylates further substrates, 
including myosin light chain (MLC), MLC phosphatase and LIM kinases 
(LIMK) [22], and thus mediates the formation of actin stress fibres 
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[23–25]. This increases the stabilisation of actin fibres, which in return 
reduces the depolarisation of F-actin and thus limits the amount of actin 
monomers needed for further actin polymerisation, resulting in a 
reduced cell migration that finally slows down angiogenesis [22,26].

The alkaloid homoharringtonine (HHT) is a natural product derived 
from species of the plant genus Cephalotaxus [27]. HHT hinders mRNA 
translation by disrupting the first elongation phase of protein synthesis 
through interaction with the acceptor site on the 60S ribosomal subunit 
[28,29]. Its pharmacological activity is mainly demonstrated in the 
treatment of myeloid leukaemia and semi-synthetically produced HHT 
(omacetaxine mepesuccinate) received approval by the European Med
icines Agency (EMA) in 2009 and by the US Food and Drug Adminis
tration (FDA) in 2012 for leukaemia patients, for whom treatment with 
at least two tyrosine kinase inhibitors (TKI) has failed or a resistance has 
been developed [30]. HHT shows further potential as an 
anti-inflammatory [31] as well as an anti-angiogenic compound, which 
was predicted by a pharmacoinformatic study, showing high binding 
affinity of HHT to the angiogenesis-related proteins VEGF-D, bFGF and 
MMP-2/9 [32]. HHT in combination with curcumin further showed an 
inhibition of lymphoma cell growth and angiogenesis via inhibition of 
the VEGF/Akt signalling pathway as well as an exhibited anti-tumour 
effect in Raji cells via the VEGF and p-Akt pathway [33]. This promp
ted us to also investigate putative alternative modes of action of HHT. 
Surprisingly, the actions of HHT on different key features of angiogen
esis have not been systematically investigated to date.

Thus, we analysed HHT for its effects ex vivo in an aortic ring assay 
and in vitro by using human umbilical vein endothelial cells (HUVECs) as 
well-established model for the vascular endothelium. We investigated 
various steps of angiogenesis like proliferation, migration, tube forma
tion and sprouting from endothelial spheroids and explored a possible 
pharmacological mechanism behind the effects.

2. Materials and methods

2.1. Compounds

Homoharringtonine (HHT) was purchased from Merck (Darmstadt, 
Germany), and a stock solution of 10 mM in dimethyl sulfoxide (DMSO, 
Sigma-Aldrich, St. Louis, MO, USA) was prepared. The Rho inhibitor 
CT04 (stock solution: 0.1 µg/ml in water) was obtained from Biozol 
Diagnostics GmbH (Eching, Germany). The ROCK inhibitor Y-27632 

(stock solution: 10 mM in DMSO), the LIMK1/2 inhibitor BMS-5 (stock 
solution: 12 mM in DMSO), the Myosin II inhibitor Blebbistatin (stock 
solution: 20 mM in DMSO), the MLCK inhibitor peptide 18 (stock solu
tion: 10 mM in water), the p38 MAPK inhibitor SB239063 (stock solu
tion: 10 mM in DMSO) and staurosporine (stock solution: 1 mM in 
DMSO) were purchased from MedChemExpress (Monmouth, NJ, US). 
All compounds were stored at − 80 ◦C. For experimental purposes, the 
stock solutions were freshly diluted without exceeding a final DMSO 
concentration of 0.1 % (v/v). Recombinant human and murine VEGF165 
were obtained from PeproTech (Hamburg, Germany) and stored in 
100 µg/ml stock solutions resuspended in PBS with 0.1 % BSA.

2.2. Cell culture

Human umbilical vein endothelial cells (HUVECs) were extracted 
from human umbilical veins as described previously (the research Ethics 
Committee/Institutional Review Board approved the waiver W1/21Fü 
for the use of anonymised human material on September 15th, 2021) 
[34,35]. Cells were grown on plasticware coated with collagen G 
(10 µg/ml in PBS; Biochrom, Berlin, Germany) up to passage 2 and used 
for experimental purposes in passage 3. HUVECs were cultivated under 
constant humidity at 37 ◦C and 5 % CO2. EC growth medium (EASY 
ECGM, PELOBiotech, Planegg/Martinried, Germany) containing 10 % 
FCS (Biochrom), 100 U/ml penicillin, 100 µg/ml streptomycin (PAN-
Biotech, Aidenbach, Germany), 2.5 µg/ml amphotericin B (PAN-
Biotech) and a supplement mixture (PELOBiotech) was used as cell 
culture medium (growth medium). For the starvation of cells, Medium 
199 (M199; PAN-Biotech) containing 1 % FCS (Biochrom), 100 U/ml 
penicillin and 100 µg/ml streptomycin (PAN-Biotech) was utilised 
(starvation medium).

2.3. Aortic explant culture

Ex vivo animal procedures were performed in compliance with the 
German Animal Welfare Act (§ 4 Tierschutzgesetz) and approval number 
V54–19c20/21I-FR/Biologicum, Tierhaus Campus Riedberg (Regier
ungspräsidium Darmstadt, Germany). The ex vivo animal experiments 
were conducted using 4- to 6-week-old C57BL/6 N mice, which were 
kept under a 12-h/12-h light/dark cycle and had access to food and 
water ad libitum until sacrifice. Mouse aortic ring assays were per
formed as previously described [36,37]. 4- to 6-week-old C57BL6/N 
mice were used, which were kindly provided by the group of Prof. Achim 
Schmidtko (Institute of Pharmacology and Clinical Pharmacy, Goethe 
University Frankfurt, Frankfurt, Germany). Briefly, mice were sacrificed 
using CO2 followed by subsequent cervical dislocation to ensure death. 
Next, the aortae were explanted, surrounding tissue was removed, and 
the explants were cut into rings of about 0.5–1 mm length. These rings 
were then incubated overnight in Opti-MEM I (Gibco/Thermo Scientifc, 
Waltham, Massachusetts, USA) supplemented with 100 U/ml penicillin 
and 100 µg/ml streptomycin (P/S; Pan-Biotech). On the following day, 
rings were embedded into a rat tail collagen I gel (1.5 mg/ml in M199; 
Corning, Corning, New York, USA) and incubated with Opti-MEM I 
supplemented with P/S, 2.5 % FCS Superior (Sigma-Aldrich), and 
30 µg/ml murine vascular endothelial growth factor (mVEGF165; 
PeproTech) until first endothelial sprouts were visible (3–5 days). 
Sprouting rings were subsequently treated with 100 nM HHT or vehicle 
control for 3 additional days. Subsequently, the treatment was termi
nated by fixating the rings with ROTI-Histofix (Carl Roth, Karlsruhe, 
Germany) for 30 min. Next, the rings were permeabilised using 0.25 % 
Triton X-100 (Carl Roth) twice at room temperature. To block unspecific 
binding, the rings were incubated in 1 % BSA (Carl Roth) in PBS at 4 ◦C 
overnight. Afterwards, staining with FITC-coupled BS-I Lectin (L9381, 
0.1 mg/ml, Sigma-Aldrich) and a CY3-conjugated antibody against 
smooth muscle actin (α-SMA, C6198, Dilution 1:1000, Sigma-Aldrich) 
was performed at 4 ◦C overnight. After thorough washing of the rings 
with 0.1 % Triton X-100, images were taken using a confocal laser 
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scanning microscope (LSM 780, Zeiss), and sprouting was quantified 
manually using Fiji/ImageJ (version 1.53 t, NIH).

2.4. Spheroid sprouting

EC-derived spheroids were created by using the hanging drop 
method as described previously with slight modifications [37]. In brief, 
HUVECs were dispensed in growth medium containing methylcellulose 
(0.25 %, Sigma-Aldrich) and seeded to square Petri dishes. After 24 h, 
the spheroids were embedded in a collagen gel, pretreated for 30 min 
with HHT and sprouting was induced by recombinant human VEGF165 
(10 ng/ml). Where indicated, CT04 (0.03–0.1 µg/ml), Y-27632 (10 µM), 
BMS-5 (1 µM), Blebbistatin (3 µM), MLCK inhibitor peptide 18 (10 µM) 
or SB239063 (10 µM) was added to the embedded spheroids 30 min 
before HHT treatment. After a total time of 20 h, microscopical images 
were taken with a Leica DM IL LED inverted microscope (Leica Micro
systems, Wetzlar, Germany). Total sprout length and number of sprouts 
per spheroids were analysed using ImageJ (version 1.53 t, NIH).

2.5. Network formation

For the analysis of endothelial network formation, angiogenesis 
µ-slides (ibidi, Gräfelfing, Germany) were used. The slides were coated 
with growth-factor-reduced (GFR) Matrigel (Corning). HUVECs 
(8.5 ×103 cells) were seeded to the Matrigel and treated with HHT. 
Where indicated, CT04 (0.03–0.1 µg/ml), Y-27632 (10 µM), BMS-5 
(1 µM), Blebbistatin (3 µM), MLCK inhibitor peptide 18 (10 µM) or 
SB239063 (10 µM) was added to the HUVECs 30 min before HHT 
treatment. After 6 h of network formation, images were taken with a 
Leica DM IL LED inverted microscope (Leica Microsystems). The ImageJ 
plugin “Angiogenesis analyzer” was used to quantify the characteristics 
“number of junctions”, “total branching length” and “number of 
tubules”.

2.6. Cell migration

The undirected migration of HUVECs was analysed using a scratch 
assay. A scratch was inflicted to a confluent layer of HUVECs using a 
pipette tip, and the cells were treated with HHT as indicated. HUVECs 
were allowed to migrate until the gap in the vehicle-treated control cells 
was closed (100 % migration). HUVECs treated with starvation medium 
served as negative control representing 0 % migration. Where indicated, 
CT04 (0.03–0.1 µg/ml), Y-27632 (10 µM), BMS-5 (1 µM), Blebbistatin 
(3 µM), MLCK inhibitor peptide 18 (10 µM) or SB239063 (10 µM) was 
added to the scratched HUVEC monolayers 30 min before HHT treat
ment. The relative migration in relation to the starvation control was 
analysed using a Leica DM IL LED inverted microscope (Leica Micro
systems) and ImageJ (version 1.53 t, NIH).

The chemotactic migration of HUVECs was assessed using a Boyden 
chamber experiment. HUVECs (1 x 105) were allowed to adhere to 
Transwell inserts (8 µm pore size, polycarbonate; Corning) coated with 
collagen G (10 µg/ml; Biochrom) for 4 h. Subsequently, HHT at the 
indicated concentrations was added to the Transwell system, and a 
chemotactic gradient (20 % FCS; Biochrom) was applied. HUVECs were 
allowed to migrate through the Transwell insert towards the chemo
attractant for 16 h. Migrated cells were fixed with 4 % formaldehyde 
(Roti-Histofix; Carl Roth) and stained with crystal violet (0.5 % crystal 
violet in 20 % methanol). After complete drying, crystal violet was 
solubilised with 20 % acetic acid in water. Absorbance was measured at 
540 nm using a microplate reader (Infinite F200 Pro, Tecan, Männedorf, 
Switzerland).

For live-cell imaging of single cells in a chemotactic gradient, µ-Slide 
Chemotaxis Chambers (ibidi) were used according to the manufacturer’s 
instructions. HUVECs were treated as indicated with HHT, and a stable 
linear concentration gradient (0–20 % FCS) was established. HUVECs 
were observed for 20 h in a climate chamber (37 ◦C, 5 % CO2). Images of 

migrating cells were taken every 10 min with a Leica DMI6000 B fluo
rescence microscope (Leica Microsystems). The ImageJ plugins “Manual 
Tracking” and “Chemotaxis Analysis” were used to analyse migration 
(version 1.53 t, NIH).

2.7. Cell proliferation

HUVECs (3 x 103) were cultured for 24 h in 96-well plates and then 
treated as indicated with HHT for 48 h. Cells were fixed with a meth
anol/ethanol solution (2:1 v/v) and stained with crystal violet (0.5 % 
crystal violet in 20 % methanol). After complete drying, crystal violet 
was solubilised with 20 % acetic acid in water. Absorbance was 
measured at 540 nm using a microplate reader (Infinite F200 Pro, 
Tecan).

2.8. Flow cytometry

For measurement of BrdU incorporation, 4.4 x 104 HUVECs were 
grown for 24 h and then serum-starved for 8 h to synchronize all cells in 
the G0/G1 phase of the cell cycle. HUVECs were then treated with HHT 
in growth medium for a total time of 24 h. 10 µM BrdU (Sigma-Aldrich) 
was added to the HUVECs 8 h before the treatment end point. Cells were 
detached using trypsin/EDTA (Biochrom), washed with cold PBS and 
fixed in absolute ethanol for 96 h at 4 ◦C. Treatment with 2 N HCl/Triton 
X-100 (Sigma-Aldrich) for 30 min at room temperature was performed 
to denature the DNA. Samples were then washed with 0.1 M Na2B4O7 
(pH 8.5; Sigma-Aldrich) for neutralisation and incubated overnight at 4 
◦C with a FITC-labelled anti-BrdU antibody (Becton Dickinson, Heidel
berg, Germany). BrdU incorporation was analysed by recording median 
values for 3000 events per sample using a FACSVerse flow cytometer 
(BD Bioscience, Heidelberg, Germany).

For cell cycle analysis, 4.4 x 104 HUVECs were grown for 24 h and 
then treated with HHT as indicated for 24 h. HUVECs were detached 
using trypsin/EDTA (Biochrom) and washed with cold PBS. HUVECs 
were incubated overnight at 4 ◦C with a staining solution (50 µg/ml 
propidium iodide (Sigma-Aldrich), 1 % Triton X-100 (BD Bioscience), 
1 % sodium citrate (Carl Roth) in PBS). Cell cycle distribution was 
analysed using a FACSVerse flow cytometer (BD Bioscience).

2.9. Western blot analysis

HUVECs were treated as indicated and then lysed with RIPA lysis 
buffer containing protease and phosphatase inhibitors. The protein 
content of each sample was quantified using the Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific). A pyronin-based sample buffer 
containing sodium dodecyl sulphate (SDS; BD Bioscience) was added to 
the samples, which were then incubated at 95 ◦C for 5 min. Equal 
amounts of protein (range: 20–40 µg) were separated by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad Laboratories, 
Hercules, California, USA). The proteins were transferred to a poly
vinylidene fluoride membrane (PVDF; Bio-Rad Laboratories,) by semi- 
dry electroblotting (Trans-Blot Turbo Transfer System, Bio-Rad Labo
ratories). Unspecific binding sites were blocked with 5 % non-fat dry 
milk (Blotto; Carl Roth) or 5 % BSA (MilliporeSigma, St. Louis, Missouri, 
USA) containing 0.1 % Tween-20 (Sigma-Aldrich). The following pri
mary antibodies were used: rabbit anti-human phospho-MLC2 (p-MLC2, 
1:2000; #3674), rabbit anti-human MLC2 (1:1000; #3672), rabbit anti- 
human ROCK1 (1:1000; #4035), rabbit anti-human ROCK2 (1:1000; 
#47012), rabbit anti-human phospho-ezrin/radixin/moesin (p-ERM, 
1:1000; #3141), rabbit anti-human ezrin/radixin/moesin (ERM, 
1:1000; #3142), rabbit anti-human phospho-p38 (p-p38, 1:1000; 
#9212), rabbit anti-human p38 (1:2000; #4511), rabbit anti-human 
β-tubulin (1:1000; #2128), rabbit anti-human phospho-HSP27 
(1:2000; #9709), mouse anti-human HSP27 (1:2000; #2402), goat anti- 
rabbit linked to HRP (1:3000; #7074) and goat anti-mouse linked to 
HRP (1:3000; #7076). Antibodies were obtained from Cell Signalling 
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(Frankfurt am Main, Germany). Mouse anti-human β-actin-peroxidase 
(loading control, 1:100.000, A3854) was obtained from Sigma Aldrich 
(St. Louis, Missouri, USA). Protein expression was detected by chem
iluminescence measurement. Quantification of protein expression was 
performed by densitometric analysis of protein bands using ImageJ 
(version 1.53 t, NIH).

2.10. Immunofluorescence staining

HUVECs were grown to confluence on 8-well µ-slides (ibidi) and 
treated as indicated. Subsequently, the cells were fixed with 4 % form
aldehyde (Roti-Histofix; Carl Roth) and permeabilised with 0.2 % Triton 
X-100 (Sigma-Aldrich). Unspecific binding sites were blocked with 
0.2 % BSA (MilliporeSigma) for 30 min. F-actin fibres were stained using 
rhodamine phalloidin (1:400; R415, Thermo Fisher Scientific). Cell 
nuclei were visualised with Hoechst 33342 (1 µg/ml; Sigma-Aldrich). 
Immunofluorescence images were captured with a Leica DMI6000B 
fluorescence microscope (Leica Microsystems).

2.11. Statistical analysis

Different donors of primary cells represent independently performed 
experiments (n). All experiments were performed independently at least 
three times; the respective figure legends contain the actual number of 
independently performed experiments. Statistical analyses were per
formed using the GraphPad Prism software version 10.0 (Dotmatics, 
Boston, Massachusetts, USA). Statistically significant differences 
(p ≤ 0.05) were evaluated by one-way ANOVA followed by Tukey’s post 
hoc test or Mann-Whitney U test. Data are expressed as mean ± standard 
error of the mean (SEM).

3. Results

3.1. Homoharringtonine inhibits angiogenic key features ex vivo and in 
vitro

To exclude the possibility that pharmacological effects of HTT are a 
consequence of cytotoxicity, the cytotoxic concentrations of HHT for 
ECs have recently been determined by our group [31]. Treating HUVECs 

Fig. 1. HTT suppresses VEGF-induced angiogenic events both ex vivo and in vitro. A: Analysis of mVEGF (30-µg/ml)-activated mouse aortic rings treated for 3 
days with 100 nM HHT; total length of sprouts per ring (left) and number of sprouts per ring (middle). Representative images of aortic rings stained with fluorescent 
BS I lectin (green) and a fluorescent anti-α-SMA antibody (red) after treatment (right). B: HUVEC spheroids were pre-incubated with VEGF (10 ng/ml) for 30 min and 
then treated for 20 h with HHT; Analysis of total length of sprouts per spheroid (left) and number of sprouts per spheroid (right). Representative images of collagen- 
embedded HUVEC spheroids at the end of treatment (below, scale bar = 400 µm). Data represent the mean ± SEM, n = 3 mice (a) or 3 donors (b); *** p ≤ 0.001, 
**** p ≤ 0.0001 analysed by one-way ANOVA followed by Tukey’s post hoc test.
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for 24 hours with concentrations of up to 300 nM HHT showed no 
impact on typical viability markers such as the metabolic activity 
(CellTiter-Blue assay), the membrane integrity (lactate dehydrogenase 
assay) and apoptosis (subdiploidic DNA content). Therefore, as a pre
cautionary measure for all subsequent experiments, a maximal treat
ment concentration of 100 nM was selected for the analysis of the 
anti-angiogenic capacity of HHT. A first insight into the 
anti-angiogenic capacity of HHT was determined by an ex vivo aortic 
ring assay (Fig. 1A). Mouse thoracic aortic rings allow for a specific and 
isolated investigation of angiogenic growth behaviour, while still 
maintaining a close mimicry of physiological angiogenesis [36]. HHT 
showed a significant decrease in sprouting length and number of sprouts 
per aortic ring (average control vs. HHT: 6628 µm: 1651 µm; 24.1 
sprouts: 6.7 sprouts) compared to a VEGF-treated control.

Subsequently, an in vitro 3D sprouting assay utilising HUVEC-derived 
spheroids (Fig. 1B) was performed. Spheroids sprouting was induced by 
adding 10 ng/ml VEGF. The VEGF-induced sprouting length was 
reduced concentration-dependently from 1176 µm to 169 µm by 
100 nM HHT. The reduction in the number of sprouts per spheroid from 
19.3 to 6.2 followed the same concentration-dependent behaviour. Both 
parameters were reduced even below the negative control level 
(sprouting length = 480 µm, number of sprouts per spheroid 10.6). Since 
both, in vitro and ex vivo data showed a strong anti-angiogenic capacity 
of HHT, a more profound analysis was performed.

One key feature of angiogenesis is the migratory behaviour of EC. By 
inflicting a scratch in a confluent HUVEC monolayer, the undirected 
migration was measured by analysing the covered area of the scratch 
(Fig. 2A). Here, treatment with 100 nM of HHT reduced the coverage 
concentration-dependently by up to 47 % compared to the untreated 
control.

Next, the directed migration towards a chemotactic stimulus was 
determined. A Boyden chamber assay with a 20 % FCS gradient was 

performed (Fig. 2B). Consistent with the observed effect on the undi
rected migration, HHT significantly reduced about half of the serum- 
induced migration compared to the untreated cells. To further eluci
date the influence of HHT on the characteristics of chemotactic migra
tion of HUVEC cells towards an FCS gradient, we additionally performed 
live-cell imaging experiments using µ-Slide Chemotaxis chambers. 
Again, all key features showed a significant decrease in migration after 
HHT treatment compared to the control (Fig. 2C). Both the directional 
and overall motility were significantly reduced by HHT.

In addition to cell migration, proliferation is an important step in the 
formation of new blood vessels, especially for the prolongation and 
stabilisation of newly formed sprouts [38]. By using a crystal violet 
staining-based proliferation assay, we observed an effective, 
concentration-dependent reduction in proliferation of HUVECs over a 
48-hour timeframe (Fig. 3A). Notably, a concentration of 100 nM HHT 
already completely halted cell proliferation. This proliferation inhibi
tion aligns with the ability of HHT to hinder the incorporation of BrdU 
nearly entirely into newly synthesised DNA (Fig. 3B). Using flow 
cytometry, the cell cycle in HUVECs treated with HHT was additionally 
analysed. Hereby, a significant decrease of cells in the G2-phase after 
24 h of HHT treatment was observed, accompanied by a coherent in
crease in the percentage of cells in the G0/G1- and S-phase (Figure S1). 
Finally, a tube formation assay with HUVECs seeded on top of GFR 
Matrigel was conducted (Fig. 3C). The reoccurring pattern of the 
anti-angiogenic potential of HHT could be observed here as well. 
Junction number, branching length as well as tubules number signifi
cantly decreased after 6 h of HHT treatment in a 
concentration-dependent manner. Overall, HHT treatment leads to a 
notable reduction in all studied angiogenic key features of ECs i.e. 
sprouting, migration, proliferation, and the ability to form a tube 
network.

Fig. 2. HHT inhibits undirected and directed migration in HUVECs. A: HUVECs were grown to confluency, a scratch was inflicted, cells were treated with HHT as 
indicated and the cells were allowed to migrate until the untreated control cells had closed the scratch again. The covered area was analysed using ImageJ software. 
Scale bar represents 200 µm. B: HUVECs were grown on Transwell inserts (pore size 8 µm) until confluence and then treated with HHT as indicated. Cells were 
allowed to migrate towards a chemotactic gradient (20 % FCS) for 16 h and were subsequently stained with crystal violet solution. Absorbance was measured at 
540 nm. C: The migration of HUVECs in response to a 20 % FCS chemotactic gradient was assessed using µ-Slide Chemotaxis chambers. Cells were either left un
treated (control) or treated with 100 nM HHT. The cells were tracked for 20 h, and the data was analysed using the "Manual Tracking" and "Chemotaxis Analysis" 
plugins in ImageJ. Data represent the mean ± SEM, n = 3 donors; *** p ≤ 0.001, **** p ≤ 0.0001 analysed by one-way ANOVA followed by Tukey’s post hoc test.
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3.2. Inhibition of the ROCK pathway restores some effects of 
homoharringtonine

We have recently shown that protein biosynthesis inhibitors (struc
turally unrelated to HHT) are capable of altering the actin cytoskeleton 
[19,20]. Since actin is related to proliferation, migration and angio
genesis [39], we examined the influence of HHT on the actin cytoskel
eton by staining F-actin in HUVECs: In fact, HHT treatment for 24 h led 
to an increase of F-actin by 27 % (Fig. 4A) in a confluent HUVEC 
monolayer. This accumulation of actin stress fibres is likely to have a 
responsibility for the anti-angiogenic effects. One of the key signalling 
pathways in the regulation of the actin cytoskeleton depends on ROCK. 
Therefore, we repeated the F-actin staining and the functional assays 
(sprouting, migration and tube formation) in presence of the potent 
ROCK inhibitor Y-27632 (Fig. 4A/B). Indeed, a pre-incubation with the 
inhibitor mitigated the effects of HHT almost to control level. Interest
ingly, an inhibition of the Rho proteins, which are known ROCK acti
vators, by the Rho inhibitor CT04, had no impact on the effects of HHT 
(Figure S2). Additionally, we analysed other upstream regulators of the 
ROCK pathway, like Akt or focal adhesion kinase (FAK). However, no 
significant increase or prolongation of the the phosphorylation of Akt or 
FAK could be observed by western blotting (data not shown). This 
suggests that HHT causes its effects via ROCK but independently of Rho, 
Akt or FAK.

It therefore seemed likely that the effects of HHT were caused by 
downstream proteins of the ROCK pathway. Especially MLC-2 and LIMK, 
which are responsible for stress fibre assembly and contraction (MLC) or 

F-actin stabilisation (LIMK), influence the formation of the actin skel
eton [40]. We inhibited LIMK1/2 with the selective inhibitor BMS-5 and 
MLC-2 with the myosin-II-inhibitor Blebbistatin: While the inhibition of 
LIMK1/2 had no effect on the HHT-evoked effects on sprouting, 
migration and tube formation (Fig. 5A), inhibition of myosin II by 
Blebbistatin partially restored effects (Fig. 5B). Interestingly, when 
inhibiting only MLCK, the effects of HHT on sprouting and tube for
mation were not influenced, and only a small rescue effect on cell 
migration was observed (Fig. 5C).

This led to the conclusion that if HHT effects the cells via the ROCK 
pathway, only the ROCK/myosin axis is involved. To further analyse the 
influence of HHT on the ROCK pathway, we investigated the cleavage, 
and therefore activation, of ROCK1. While a treatment of HUVECs with 
staurosporine (100 nM) for 4 h led to a significant increase in ROCK1 
cleavage and thus its activation, HHT had no effect on either the 
cleavage of ROCK1 or the total protein level of uncleaved ROCK1 over 
24 h (Figure S3). HHT also had no effect on the phosphorylation of MLC- 
2, while staurosporine as control strongly reduced MLC-2 phosphory
lation. In addition to ROCK1, ROCK2 can also exert effects on angiogenic 
processes and the actin network by activating the ERM (ezrin/radixin/ 
moesin) proteins. However, as observed for ROCK1, HHT had no effect 
on the protein level of ROCK2 or on the basal activation of ERM proteins 
(Figure S4). This suggests that HHT exerts its effects by altering the actin 
network, since inhibition of F-actin formation by ROCK inhibition 
abolished the effects. However, specific inhibition of the ROCK pathway 
did only partly reverse the effects of HHT, suggesting that the alterations 
of the actin cytoskeleton seem to depend on other effects as well.

Fig. 3. HHT inhibits proliferation and tube formation in HUVECs. A: HUVECs were cultured at low density for 24 h, treated with HHT as specified for 48 h, and 
then stained with crystal violet solution. Absorbance was measured at 540 nm. B: HUVECs were cultured at low density for 24 h, serum-starved, and subsequently 
treated with the indicated concentrations of HHT for 24 h in growth medium. BrdU (10 µM) was added to the cells 8 h before the treatment endpoint. The relative 
amount of incorporated BrdU was determined using flow cytometry. C: HUVECs were cultured on, with GFR Matrigel pre-coated, µ-slides and treated for 6 h with 
HHT as indicated and representative picture were taken. Network formation was analysed by ImageJ; Scale bar = 50 µm. Data represent the mean + SEM, n = 3 
donors; ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 analysed by one-way ANOVA followed by Tukey’s post hoc test.
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3.3. Homoharringtonine exerts its effects partly via the p38/HSP27 axis

One possibility is hereby the phosphorylation of HSP27, which binds 
to actin and shifts the balance towards more F-actin. This phosphory
lation step is promoted by the activation of p38 [41] which our group 
has recently shown that HHT activates [31]. We therefore hypothesised 
that this might be the process which regulates F-actin in our setting. In 
fact, HHT led to a strongly prolonged activation of the VEGF-induced 
p38 activation from 15 min to 16 h (Fig. 6A). Moreover, 

pre-incubation of the cells with the p38 inhibitor SB239063 led to a 
reduction in the HHT-evoked F-actin stress fibre formation (Fig. 6B). In 
agreement with these results, HHT also extended the VEGF-induced 
phosphorylation of HSP27 from about 1 h to at least 8 h (Fig. 6C). 
After addition of the p38 inhibitor SB239063, VEGF/HHT-induced 
HSP27 phosphorylation was significantly reduced after 30 min, indi
cating that p38 is indeed involved in the HHT-triggered phosphorylation 
of HSP27. In terms of influencing the angiogenic processes in HUVECs, 
the inhibition of p38 led to a significant restoration of HHT-reduced 

Fig. 4. Actin accumulation due to HHT treatment and effect of the ROCK inhibitor Y-27632. A: HUVECs were grown to confluence on 8-well µ-slides, and HHT 
was added for 24 h. Where indicated, Y-27632 was added 30 min before HHT treatment. F-actin was stained using rhodamine phalloidin (red), cell nuclei with 
Hoechst 33342 (blue). B: Sprouting length and number of VEGF (10 ng/ml) pre-stimulated (30 min) HUVEC spheroids were determined. Where annotated, spheroids 
were additionally treated for 20 h with HHT. For the undirected migration, HUVECs were grown to confluency, a scratch was inflicted, cells were treated with HHT as 
indicated and the cells were allowed to migrate until the untreated control cells had closed the scratch. For tube formation and analysis of the junction number, 
HUVECs were cultured on pre-coated µ-slides and treated for 6 h with HHT as indicated. Where indicated, Y-27632 was added 30 min before HHT treatment. Data 
was analysed by ImageJ and represent the mean + SEM, n = 3 donors; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 analysed by one-way ANOVA fol
lowed by Tukey’s post hoc test.
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sprouting. Surprisingly though, inhibition of p38 had no effect on 
migration or tube formation (Fig. 6D). Overall, the experiments suggest 
that HHT exerts its effects, at least in part, via an increase of F-actin and 
that this is associated with an enhancement of the p38/HSP27 axis.

4. Discussion

Angiogenesis, the formation of new capillaries from existing blood 
vessels, is a crucial process for the development and maintenance of life 
and is regulated by a balance of pro- and anti-angiogenic factors [1,2]. 
Imbalances in this tightly controlled process can lead to or drive various 
diseases like cancer, rheumatoid arthritis or wAMD [9–12]. Therefore, 
targeting angiogenesis is a clinically established and valuable thera
peutic approach. However, despite scientific advances, various chal
lenges such as adverse events and drug resistance persist [14], which 
warrants the search for novel treatment options.

HHT is approved as back-up medication for myeloid leukaemia if 
treatment with two or more tyrosine kinase inhibitors has failed [42]. In 
cancer cells, HHT has already been shown to supress migration or pro
liferation, two important cell functions related to angiogenesis [43–46]. 
Further indications for an anti-angiogenic capacity where made e.g. in 
lymphoblast cells (K562), in a epithelial cell line previously considered 
as endothelial (ECV304) [47] and in lymphoma cells (U937 and Raji 

cells) [33], in which HHT down-regulates VEGF expression. Prome et al. 
(2023) identified HHT as a promising candidate using a reverse docking 
approach to investigate the anticancer potential of natural compounds, 
specifically targeting metastasis and angiogenesis. [32]. Surprisingly, 
however, there are no data on primary ECs, despite the fact ECs are the 
main drivers of angiogenesis [48].

In our work, HHT indeed showed a potent anti-angiogenic capacity 
ex vivo in an aortic ring assay and in vitro in a spheroid sprouting model. 
In vitro studies with HUVECs revealed a notable reduction in all studied 
angiogenic key functions like migration, proliferation, and the ability to 
form tube like structures, likely caused by an increase of F-actin.

As described above, it has already been shown that HHT down- 
regulates VEGF expression [33,47]. Here, we additionally showed a 
concentration-dependent decrease in VEGF-induced angiogenesis for 
primary ECs. HHT treatment resulted in a significant decrease of 
spouting of spheroids and aortic rings, even below control level, proving 
the potent anti-angiogenic capability of HHT. Angiogenesis is not only 
driven by a VEGF-activated endothelium, but a multi-step process 
involving migration, proliferation, and the formation of endothelial 
tubes. While other research on HHT regarding migration and prolifer
ation with cancer cell lines like RAW264.7 [49], glioblastoma cells [50]
or hepatocellular carcinoma [51] already showed a decrease of these 
cell functions after HHT treatment, we showed inhibition of migration 

Fig. 5. Inhibition of MLC-2 and LIMK 1/2 only partly restores angiogenic key features. A: Analysis of sprouts per spheroid in VEGF (10 ng/ml) pre-activated 
(30 min) HUVEC spheroids treated for 20 h with HHT. For the undirected migration, HUVECs were grown to confluency, a scratch was inflicted, cells were treated 
with HHT as indicated and the cells were allowed to migrate until the untreated control cells had closed the scratch. For tube formation and analysis of the junction 
number, HUVECs were cultured on µ-slides pre-coated with GFR Matrigel and treated for 6 h with HHT as indicated. Where indicated, BMS-5 (A), Blebbistatin (B) or 
the MLCK inhibitor (C) were added 30 min before HHT treatment. Data was analysed by ImageJ and represent the mean + SEM, n = 3 donors; * p ≤ 0.05, ** 
p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 analysed by one-way ANOVA followed by Tukey’s post hoc test.
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and proliferation for the first time in primary ECs. By targeting both, the 
proliferation of the ECs themselves as well as their capability to form 
new blood vessels by inhibiting the migration and tube formation, HHT 
presents a broad approach to inhibit angiogenesis. Interestingly, a recent 
study from our lab showed that HHT also exerts anti-inflammatory ef
fects [31]. In certain diseases, such as wAMD, despite the use of 
angiogenesis inhibitors, disease progression remains driven by inflam
matory processes due to persistent activation of the complement system. 
This ongoing inflammation may reduce sensitivity to anti-VEGF agents 
[52]. As a result, HHT demonstrates a wide range of potential applica
tions by combining several mechanistical approaches.

Actin cytoskeleton remodelling in ECs regulated by the ROCK 
pathway is vital for angiogenesis. Disruptions in F-actin organisation 
significantly affect this process, promoting the formation of stress fibres 
and reducing cell migration [21]. We could show that after treatment 
with HHT, a significant remodelling expressed by the increase of F-actin 
(formation of stress fibres) within the cells occurred. This effect was 
completely mitigated by a preincubation with the ROCK inhibitor 
Y-27632, indicating a significant influence of the ROCK pathway to the 
observed functional effects. However, some literature suggests that this 
inhibitor interacts in a relatively unspecific manner with different ROCK 
isoforms [53]. Therefore, we went on to specifically target upstream and 
downstream proteins in the ROCK pathway. Surprisingly, inhibiting the 
upstream signalling mediator Rho with CT04 only negligible altered the 
effects of HHT. Other upstream regulators like Akt or FAK, regulating 
the phosphorylation and signalling of ROCK, were not influenced by 
HHT treatment as well, indicating that HHT acts through ROCK inde
pendently of upstream regulators. Inhibition of the downstream proteins 
LIMK1/2, myosin II and MLCK only partly reversed the anti-angiogenic 
actions of HHT. A Rho-independent activation of ROCK1 by 
caspase-3-mediated cleavage as well as ROCK2 activation by the ERM 
proteins did not show any effect either. This is in accordance with other 
studies that showed an impact of HHT on the actin rearrangement 
without a specific influence on the ROCK pathway: Sun et al. (2021) 
suggested an inhibition of the production of the extracellular matrix by 
fibroblasts by inhibiting the PI3K/AKT/mTOR pathway [54]. Zhang 
et al. (2016) showed that HHT targets myosin-9, a member of the myosin 
superfamily responsible for actin-based motility [55]. Porcù et al. 
(2023) suggested a decrease in proliferation of glioblastoma by hin
dering PDGFRα-dependent oncogenic signalling transduced through 
STAT3 and RhoA [50]. Furthermore, a relationship between the actin 
cytoskeleton and an efficient protein synthesis has been shown in pre
vious research [56,57]. HHT has a well-documented capacity to inhibit 
mRNA translation [28,29]. The binding site of HHT at the 60S ribosomal 
subunit is identical with that of some other mRNA translation inhibitors, 
which diminish translation elongation by binding to the eukaryotic 
elongation factor 1 A (eEF1A) [58]. eEF1A has also been shown to 
interact with components of the cytoskeleton, such as actin and tubulin. 
Thus, it is tempting to speculate that HHT might exert its effects in part 
by a similar mechanism.

One further possibility to alter F-actin is the phosphorylation of 
HSP27 shifting the actin balance to F-actin [59,60]. HSP27 and its in
fluence on the actin skeleton is highly correlated with the activation of 
p38 [41,61]. Recent findings from our group indicate that p38 can be 

activated by HHT in endothelial cells [31]. Consequently, the observed 
effects of HHT on actin dynamics may be partially attributed to this 
signalling pathway. p38 is known to play a significant role in angio
genesis, exhibiting both pro-angiogenic and anti-angiogenic effects in 
specific contexts [62–64]. Notably, sustained activation of ECs can lead 
to a shift in p38 MAP kinase activity from anti-angiogenic to 
pro-angiogenic. This suggests that the mere activation of p38 is not the 
sole determinant in this process, but the influence of the p38 pathway on 
angiogenesis highly depends on the inflammatory state of the endo
thelium [65,66]. Another hint in this direction is the fact that Y-27632 
can effectively block the activation of p38, which might be the reason for 
a restoration of the HHT inhibited angiogenic effects when using 
Y27632 but only small effects when inhibiting the ROCK pathway spe
cifically. It is further worth reiterating that HHT exhibits 
anti-inflammatory properties, which may contribute to its 
anti-angiogenic effects mediated through the p38 pathway [31]. It is 
therefore likely that – while the alteration and accumulation of fila
mentous actin is at least partly dependent on an enhancement of the 
p38/HSP27 axis – other effects of HHT contribute to the overall 
observed anti-angiogenic actions.

In summary, this study provides the first evidence that the FDA- and 
EMA-approved mRNA translation inhibitor HHT exerts anti-angiogenic 
effects in endothelial cells ex vivo and in vitro, at least partially due to 
F-actin remodelling. Inhibition of the ROCK pathway reversed these 
effects. Moreover, we found that the increase of F-actin is at least partly 
dependent on the sustained activation of p38/HSP27. Since HHT has 
recently been described to also exert anti-inflammatory actions, we 
suggest HHT as valuable approach to address pathologies that depend on 
inflammation-triggered angiogenesis.
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Fig. 6. HHT prolongs p38-dependent HSP27 signalling, which partly causes the observed anti-angiogenic effects. A: Confluent HUVECs were treated with 
100 nM HHT as indicated. Total protein levels of p38 and phospho-p38 (p-p38) were determined by western blot analysis. B: Immunostaining of a confluent HUVEC 
layer, Cells were pre-incubated with SB239063 for 30 min and subsequently 100 nM of HHT was added for 24 h. F-actin was stained by rhodamine phalloidin (red) 
and cell nuclei by Hoechst 33342 (blue), scale bar 50 µm C: Confluent HUVECs were treated with 10 ng/ml VEGF, 100 nM HHT and 10 µM SB239063 as indicated. 
Total protein levels of HSP27 and phospho-HSP27 (p-HSP27) were determined by western blot analysis. D: Key functional experiments were performed in HUVECs 
treated with a combination of HHT and SB23063. Length and number of sprouts was determined. Spheroids were pre-treated for 30 min with HHT and then 
stimulated with VEGF (10 ng/ml for 20 h (left)). For the undirected migration, HUVECs were grown to confluency, a scratch was inflicted, cells were treated with 
HHT as indicated and the cells were allowed to migrate until the untreated control cells had closed the scratch (middle). For tube formation and analysis of the 
junction number, HUVECs were cultured on pre-coated µ-slides and treated for 6 h with HHT as indicated (right). Where indicated, SB239063 was added 30 min 
before HHT treatment. Data was analysed by ImageJ and represent the mean + SEM, n = 3 donors; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 analysed 
by one-way ANOVA followed by Tukey’s post hoc test.
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