
The novel amino-artemisinin 
derivative WHN-11 disrupts 
mitochondria and protein 
homeostasis, and induces 
autophagy and apoptosis in cancer 
cells
Deborah Kajewole1,2, Ho Ning Wong3, Alexander von Kriegsheim4, Richard K. Haynes3,5,  
Jo-Anne de la Mare1 & Adrienne Lesley Edkins1

Semi-synthetic derivatives of artemisinin exhibit anti-cancer activity in vitro and in vivo in addition 
to anti-malarial activity. Here, we report the anti-cancer and anti-cancer stem cell potential of novel 
C-10 substituted amino-artemisinin derivatives. Of these, the 4’-trifluoromethylarylurea piperazinyl 
derivative WHN-11 demonstrated cytotoxic activity at high nanomolar concentrations across a range 
of cancer cell lines. WHN-11 reduced short- and long-term survival of triple-negative breast cancer 
(TNBC) cells, a highly aggressive breast cancer subtype that currently lacks standardized targeted 
treatments. Mechanistically, WHN-11 induced a stress response and increased proteasome-mediated 
turnover of ubiquitinated proteins. WHN-11 promoted mitochondrial depolarization and fission, 
suppressing the expression of anti-apoptotic B-cell lymphoma extra-large (Bcl-xL) protein and ATP 
synthesis, thereby decreasing cellular energy production, and inducing apoptosis. WHN-11 treatment 
also increased autophagosomes, acidic vesicular organelles and lipid droplets. Activation or inhibition 
of autophagy synergized with the activity of WHN-11 in promoting cellular toxicity, as did increasing 
cellular dependence on oxidative phosphorylation. Unexpectedly, the effects of WHN-11 appear 
independent of substantial reactive oxygen species (ROS) production. Taken together, these data 
suggest that amino-artemisinins related to WHN-11 are promising candidates for anti-TNBC therapies 
targeting the mitochondria alone or in combination with autophagy modulators.

Keywords  Amino-artemisinin, Triple-negative breast cancer (TNBC), Reactive oxygen species (ROS), 
Apoptosis, Autophagy, Mitochondrial fission

The antimalarial drug artemisinin is the active component of the sweet wormwood Artemisia annua that has 
long been used in Traditional Chinese Medicine for its antipyretic properties1. Artemisinin and its synthetic 
derivatives (Fig. 1) are promising candidates for repurposing for other conditions such as autoimmune diseases 
and inflammation2–5, other parasitic infections6, viral infections6–9 and cancer10. Artemisinins are active against 
cancer cells in vitro and against tumours in vivo11–18. Artesunate has been submitted to clinical trials19,20 
although regression-free survival was not enhanced. Against tumour cells in vitro, the amino-artemisinin 
artemisone elicits activities superior to artemisinin21. In principle, because of relative lack of toxicity and 
enhanced pharmacokinetic properties including lack of metabolism to DHA, artemisone is better suited for 
clinical use22. IC50 activities of artemisinins in vitro range from 0.26 to 95.7 µM against a variety of tumour cell 
lines19,20,23–25. Combinations of artemisinins with known and developmental cancer drugs have been examined, 
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largely with the view of enhancing activity of the latter through additivity or synergism. This would attenuate 
toxicity of the partner drug through use of lower amounts26,27. In this respect, artemisone shows additivity 
in its combinations with oxaliplatin and gemcitabine21. Activity of artemisone (IC50 95.7 µM) towards A375 
melanoma cells is synergized in combination with the redox-active copper-(II) complex of the anti-cancer drug 
elesclomol28. The geranyl and farnesyl piperazine derivative WHN-296 and WHN-298 likewise act in synergy 
with the elesclomol-copper(II) complex against A375 melanoma cells28.

The antitumour action of artemisinins are pleiotropic. Artemisinins increase oxidative stress through 
generation of reactive oxygen species (ROS) that induce downstream signalling effects to overwhelm redox 
homeostasis in the cancer cell, and induce cell-cycle arrest and apoptosis21,25,29–32. One potential pathway involves 
oxidation by the artemisinin of reduced flavin cofactors of disulfide reductases such as glutathione reductase 
(GR), thioredoxin reductase (TrxR) and others32–34. ROS is produced during treatment of A375 melanoma 
cells with the geranyl piperazine derivative WHN-29628. There is pronounced synergism of amino-artemisinins 
with the redox active elesclomol-copper(II) complex, which is known to exert activity by generation of ROS35. 
However, mechanistic pathways independent of ROS generation have also been reported36,37.

Here, we report the anti-cancer activities of a distinct class of artemisinin derivatives termed amino-
artemisinins (Fig. 1) against cancer cell lines including triple-negative breast cancer (TNBC) cells. TNBCs make 
up 15–20% of reported breast cancer cases, are highly aggressive, and lack effective standardised chemotherapeutic 
treatment regimens38–42. Amino-artemisinins, obtained from DHA by replacing the hydroxyl group at C-10 by 
an amino group (Fig. 1)43,44, have greatly enhanced efficacies against the malaria parasite and cancer cells28,45–48. 
These derivatives have improved pharmaco kinetics13, and generate active metabolites with relatively long half-

Fig. 1.  Current clinical artemisinin derivatives and the novel amino-artemisinins. The current clinical 
derivatives are used for treatment of malaria. Artemether and artesunate are rapidly converted into DHA in 
vivo via facile metabolism or hydrolysis, respectively. The amino-artemisinins artemiside and artemisone differ 
in possessing a nitrogen atom at C-10 that enhances biological activities, and are not metabolized to DHA, an 
important feature for selection of amino-artemisinins for drug development campaigns targeting diseases other 
than malaria. The piperazinyl ureas, WHN-10 and WHN-11, the piperazinyl amides, WHN-14 and WHN-
1547, the DHA-piperazine dimer WHN-2719, the geranyl- and farnesyl-piperazine derivatives WHN-296 and 
WHN-29820 have been prepared previously. The aminoethyl¬piperazine derivative WHN-00 and the dimer 
WHN-26 are reported here for the first time; details of their preparation and spectroscopic data are given in 
the Supplementary files.
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lives47. Using established artemisinins (Fig. 1) as controls, we identify the 4’-trifluoromethylarylurea piperazinyl 
derivative WHN-11 as an anti-cancer hit compound, with a mechanism of action targeting the mitochondria to 
induce autophagy and apoptosis independent of explicit ROS generation.

Materials and methods
Compounds
Reference compounds and the artemisinins used for screening were ≥ 95% pure as established previously28,45,46. 
The piperazinyl ureas WHN-10 and WHN-11, the piperazinyl amides WHN-14 and WHN-1547 and the DHA-
piperazine dimer WHN-2748 were prepared and characterized as reported previously. Elesclomol, 98% pure, was 
obtained from Kaixuan Chemical Company, Changzhou, Jiangsu, China, and used as received28. For screening 
as described below, compounds were dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of 
100 mM and stored at − 20 °C.

Cell cultures
The triple negative breast cancer cell lines HCC1937 (ATCC: CRL-2336), HCC70 (ATCC: CRL-2315), MDA-
MB-231 (ATCC: HTB-26), the cervical carcinoma cell line HeLa (ATCC: CCL-2), and colon cancer cell line 
HCT116 (ATCC: CCL-247) were purchased from the ATCC. The glioblastoma U-87 (ATCC: HTB-14), 501mel 
melanoma (CVCL_4633) and HEK293T (ATCC: CRL-3216) cell lines were provided by Prof. Sharon Prince, 
Department of Human Biology, University of Cape Town, South Africa, and the MCF-12A (ATCC: CRL-10782) 
breast epithelial cell line was provided by Prof. Anna-Mart Engelbrecht, Department of Physiological Sciences, 
Stellenbosch University, South Africa. The culture conditions are reported in Supplementary Table 1. All cell 
lines were cultured at 37 °C and 9% CO2 and were confirmed to be mycoplasma-free by Hoechst 33,342 staining. 
Cells used for experiments were between 10 and 30 passages.

Viability assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
dye
For all cell lines other than the MDA-MB-231-line, viability was assessed based on the conversion of MTT dye 
into the insoluble formazan. Cells seeded overnight in 96-well plates (5 × 103 cells/well) were treated for 72 h 
with increasing concentrations of the compounds or 0.1% (v/v) DMSO in culture medium. Thereafter, cells were 
incubated with 200 µg/mL MTT dye for 4 h and an insoluble formazan was produced overnight with 10% (w/v) 
acidified SDS solution. Absorbance was measured at 595 nm and the half maximal inhibitory concentrations 
(IC50) of the compounds were calculated by non-linear regression using GraphPad Prism version 4.00 (San 
Diego, CA, USA).

Viability assay using sulforhodamine B (SRB) dye
For the cytotoxicity screening with the MDA-MB-231 cell line, SRB dye was used since the MTT assay gave poor 
results for this cell line. Cells seeded in 96-well plates (1 × 104 cells/well) overnight were treated as per the MTT 
assay. Subsequently, cells were fixed with cold 50% (w/v) aqueous trichloroacetic acid (TCA) for an hour at 4 °C, 
washed in slow-running water and the plate air-dried. Fixed cells were stained with 0.04% (w/v) SRB in acetic 
acid for an hour, washed repeatedly with 1% (v/v) aqueous acetic acid to remove unbound dye and solubilized 
for 10 min with 10 mM Tris base solution (pH 10.5) on an orbital shaker. Absorbance was measured at 510 nm 
and the IC50 values determined as described above.

Tumoursphere assay for cancer stem cell activity
As previously described49, HCC1937 cells were seeded as single cell suspensions into a 96-well Corning® Costar® 
Ultra-Low attachment multiple well plate (1 × 103 cells/well). Cultures were grown in anchorage-independent 
growth (AIG) medium consisting of DMEM supplemented with 1% (v/v) PSA, 2% (v/v) B-27 supplement, 1% 
(v/v) GlutaMAX, 20 ng/mL human epidermal growth factor (hEGF), 20 ng/mL basic fibroblast growth factor 
(bFGF), 4  ng/mL heparin and 10  µg/mL insulin. Cells were immediately treated with 0.1% (v/v) DMSO or 
50  µM of each compound and incubated for 7  days. Treated cells were supplemented with freshly prepared 
AIG medium at 48-h intervals. Tumourspheres formed were quantified at the end of the incubation period 
to calculate the percentage Tumoursphere Forming Efficiency (TFE): (average total number of tumoursphere 
formed/number of cells seeded) × 100%.

Clonogenic assay in treated HCC1937 cells
Seeded cells (1.5 × 102 cells/well) were incubated for 6 h, treated with 0.1% (v/v) DMSO, 5-fluorouracil (5-FU) 
or WHN-11 for 9 days and supplemented with fresh complete medium every 2 days. Colonies were fixed with 
methanol:acetic acid (3:1) and stained overnight with 1% (w/v) crystal violet in methanol. Excess stain was 
removed in slow-running water and the plate air-dried. Pictures of colonies were taken using a Molecular Imager 
ChemiDoc XRS + System (Bio-Rad, USA). To quantify the colonies formed, crystal violet-stained cells were 
solubilized with 1% (w/v) acidified-SDS for 4 h at 37 °C and absorbance measured at 570 nm.

SDS-PAGE and western blot analysis
According to the standard modifications of the Laemmli protocol50, equal amounts of protein from treated whole 
cell lysates were resolved on a 12% SDS-PAGE gel and transferred to nitrocellulose membrane. Membranes were 
blocked for 1 h in 1% (w/v) Tris-buffered saline (TBS) containing 1% (w/v) solution of non-fat powdered milk 
(Blotto). Thereafter, membranes were incubated overnight with specific primary antibodies in 0.1% (v/v) TBS-
Tween-20 (TBST) containing 1% (w/v) Blotto at 4 °C. Membranes were submitted to repeated washes with 0.1% 
TBST, prior to incubation with secondary antibodies and protein bands visualized by chemiluminescence using 
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Clarity Western Enhanced chemiluminescence (ECL) substrate (Bio-Rad; 170–5061) on a Molecular Imager 
ChemiDoc XRS + System (Bio-Rad, USA).

Proteomic analysis of differentially expressed genes in WHN-11 treated HCC1937 cells by 
mass spectrometry
HCC1937 cells treated with 0.1% (v/v) DMSO or 10 µM WHN-11 were harvested and lysed in PBS buffer (pH 
7.4) containing 0.1% (v/v) Triton-X100 and 1 mM phenylmethansulfonyl fluoride (PMSF). Equal amounts of 
protein (~ 50 µg) were resuspended at a 5:1 ratio in digestion solution containing 5% (w/v) sodium deoxycholate 
(Sigma-Aldrich; D6750), 50  mM tris-(2-carboxyethyl)phosphine, hydrochloride (TCEP-HCl, Thermo Fisher 
Scientific; 20,490) and 100 mM chloroacetamide (Sigma-Aldrich; C0267) for 5 min at 95 °C. Lysates were digested 
at a 100:1 ratio with mass spectrometry (MS)-grade trypsin protease (Thermo Fisher Scientific; 90,057) at 37 °C 
overnight. Digested samples were incubated with 5% (v/v) trifluoroacetic acid (TFA, Thermo Fisher Scientific; 
85,183) in isopropanol and centrifuged at 12,000 × g for 10 min at 4 °C. The supernatants were transferred to 
styrene divinylbenzene polymer (SDB) spin-columns and centrifuged at 1,000 × g for 5 min. Samples were first 
washed with isopropanol containing 1% (v/v) TFA and then with 0.2% (v/v) TFA in MS grade water. Mass 
spectra were collected and analysed on a Q-Exactive MS connected to an Ultimate Ultra 3000 chromatography 
system (Thermo Scientific, Germany) as previously described51. Gene set enrichment analysis (GSEA) using 
the c5.all.v7.5.1.symbols.gmt [Gene Ontology] gene sets database was conducted on the genes in the proteomic 
dataset comparing WHN-11 treated lysates to a DMSO-treated control. A thousand permutations were run, and 
the maximum and minimum gene set sizes set to 500 and 15, respectively52,53.

Indirect immunofluorescence staining for the detection of ubiquitinated proteins
Cells grown on sterile coverslips (1 × 105 cells/well) were treated overnight with 0.1% (v/v) DMSO in culture 
medium or 10—50 µM WHN-11. Thereafter, cells were fixed briefly with ice-cold methanol and permeabilised 
with 0.1% (v/v) Triton-X100, blocked with 1% (w/v) bovine serum albumin (BSA) containing 1X TBS and 
incubated overnight with anti-ubiquitin antibody (Santa Cruz; sc-8017) at 4  °C. Following incubation with 
Alexa-Fluor 488 anti-mouse secondary antibody (Abcam; ab15105) and Hoechst 33,342, coverslips were 
mounted on slides with DAKO fluorescence mounting medium (DAKO; S3023). Images were captured using 
laser wavelengths of Ex488nm/Em562nm on a Zeiss LSM 780 confocal microscope and analysed using Zeiss Zen 2 
(blue edition) software, version 2.0 (Carl Zeiss Microscopy, GmbH).

Chymotrypsin-like proteasome activity assay
Cell pellets were lysed in proteasome lysis buffer (50 mM HEPES pH 7.8, 10 mM NaCl, 1.5 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, 250 mM sucrose and 5 mM DTT) for 20 min at 4  °C. Lysates were sonicated, cleared 
by centrifugation, the supernatant collected, and equal amounts of protein (~ 16 µg) seeded into black-walled 
96-well plates for proteasome assay. Lysate was incubated with compounds or DMSO control for an hour at 
37 °C in proteasome lysis buffer containing 2 mM ATP and 100 µM of N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-
methyl-coumarin proteasome substrate (Suc-LLVY-AMC, Sigma-Aldrich; S6510). Fluorescence was measured 
at Ex360nm/Em460nm and the proteasome activity of each treatment was determined relative to the vehicle control.

Analysis of caspase activation for the detection of apoptosis
HCC1937 cells (5 × 105 cells/well) seeded overnight were treated for 24 h with 0.1% (v/v) DMSO, 5 µM KRIBB-11 
or 1—50 µM WHN-11. Using Vybrant™ FAM poly caspases assay kit (Thermo Fisher Scientific, V35117), cells 
were pelleted, incubated in the dark at 37 °C, 9% CO2 with 1X FLICA reagent for an hour and briefly stained with 
1.25 µg/mL propidium iodide. Fluorescence was detected on a BD FACSAria II flow cytometer (BD Biosciences, 
San Jose, CA, USA) using Ex488nm and Em530nm filters, and analysed with FlowJo v10.0.7 software (FlowJo, LLC).

Identification of acidic vesicular organelles (AVOs) using acridine orange staining
Cells were seeded (2 × 104 cells /well) in a 15µ-slide angiogenesis chamber (Ibidi GmbH, 81,506) and treated 
for 4 h with compounds. Live cells were briefly stained in the dark with 1 µg/mL Acridine Orange hemi (zinc 
chloride) salt (Sigma-Aldrich, A6014). Excess stain was removed by washing with PBS (pH 7.4) and coverslips 
mounted on slides with DAKO mounting medium. Images were captured using laser wavelengths of Ex561nm/
Em637nm for red signals and Ex488nm/Em539nm for green signals on a Zeiss LSM 780 confocal microscope as 
described above.

Nile red staining for lipid droplets
Cells seeded in 15µ-slide angiogenesis chambers (Ibidi GmbH) were treated for 4 h with compounds. Thereafter, 
cells were washed once with HBSS containing 20 mM HEPES pH 7.0 (HHBS). Live cells were stained in the 
dark for 30 min with 200 nM Nile Red dye in HHBS at room temperature. Excess stain was removed by washing 
with 1X HHBS and cells were mounted on slides with DAKO mounting medium. Images were captured for 
differential interference contrast (DIC) or Nile Red signals using laser wavelengths of Ex488nm/Em566nm on a 
Zeiss LSM 780 confocal microscope as described above.

Direct immunostaining for Bcl-xL protein expression
Treated HCC1937 cells were harvested, fixed with 0.01% (v/v) formaldehyde in PBS, and resuspended in 
permeabilization (PERM) buffer containing 0.1% (v/v) Triton-X100 and 0.5% (w/v) BSA in PBS (pH 7.4) in 
the dark for 15 min. Cells were pelleted and subjected to immunostaining with PERM buffer containing 1 µg 
of mouse PE-conjugated IgG1 Kappa isotype control (eBiosciences, 12–4714-42) or PE-conjugated anti-Bcl-xL 
(H-5) antibody (Santa Cruz, sc-8392) for an hour at 4 °C. Fluorescence was detected using a BD FACSAria II 
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flow cytometer (BD Biosciences, San Jose, CA, USA) using laser wavelengths of Ex480nm/Em575nm to determine 
the expression of Bcl-xL protein, represented as the mean fluorescence intensity (MFI).

Detection of cellular ATP concentrations
ATP levels in treated HCC1937 cells was assessed using the ATP Bioluminescence Assay Kit CLS II (Roche, 
11–699-695–001). Cells were lysed at 4 °C for 10 min in lysis buffer containing 50 mM Tris buffer, 5% (v/v) 
glycerol, 1 mM DTT, 60 mM MgCl2 and 150 mM NaCl. ATP concentrations between 50 pM and 50 µM were 
used as standards. Equal volumes of lysate or standard samples and luciferase reagent were mixed in a 96-well 
plate and luminescence was measured.

JC-1 staining for mitochondrial membrane potential
Treated HCC1937 cells were stained with 2.5  µg/mL JC-1 dye (Abcam; ab113850) for 30  min as previously 
described54. Harvested cells were thereafter analysed on a BD FACSAria II flow cytometer (BD Biosciences, San 
Jose, CA, USA). For each sample, 10,000 events were recorded using Ex488nm/Em529nm and Ex488nm/Em590nm for 
green and red signals, respectively. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment was used as 
a control for loss of mitochondrial membrane potential.

Colocalization of TRAP1 with Bcl-xL in treated cells
HCC1937 cells treated for 3 h were fixed with 4% (w/v) aqueous PFA, permeabilised and incubated for an hour 
with 1% (w/v) BSA in 1X TBS. Following this, cells were incubated at 4 °C overnight with primary anti-TRAP1 
antibody (Thermo Fisher; MA1-010) in 0.1% BSA-TBST buffer (1:100) and for an hour with Alexa-Fluor 488 
secondary anti-mouse antibody (Abcam; ab15105) in the dark. Stained cells were also incubated for 1.5 h with 
1 µg of PE-conjugated Bcl-xL (H-5) antibody (Santa Cruz; sc-8392) and Hoechst 33,342 at 4 °C and mounted 
on slides with DAKO mounting medium. Images were captured using laser wavelengths of Ex488nm/Em557nm 
for Alexa-Fluor 488 signals and Ex561nm/Em618nm for PE signals on a Zeiss LSM 780 confocal microscope as 
described above.

Cell survival assay for galactose-dependent mitochondrial function
HCC1937 cells were seeded either in glucose-containing medium (as in the MTT assay) or in galactose-
containing medium [RPMI-1640 (Thermo Fisher Scientific; 11,879,020) supplemented with 2  g/L galactose, 
10% (v/v) FBS, 1% (v/v) 100 U/mL PSA, 1% (v/v) GlutaMAX™ and 0.25% (v/v) sodium bicarbonate]. Thereafter, 
cells were treated with compounds and processed as previously described with the MTT assay to determine the 
IC50 values.

Immunoprecipitation of Bcl2 proteins in treated HEK293T cells
HEK293T cells were transiently co-transfected with 2  µg of purified pLV-eGFP (control; Addgene plasmid 
36,083) and 2 µg GFP-Bcl2 (Addgene plasmid 17,999) or Beclin1-FLAG (Addgene plasmid 24,388) for 48 h. 
Thereafter, cells were treated for 3 h with 0.1% (v/v) DMSO, HBSS, 5 µM colchicine or 20 µM WHN-11. Equal 
amount of protein from harvested lysate was incubated overnight at 4  °C with 5  µg/mL magnetic anti-GFP 
conjugated beads (Abcam; ab193983). GFP-bound protein complexes were eluted and resolved on a 12% SDS-
PAGE gel and subject to immunoblot analysis for GFP-Bcl2 and Beclin1 (FL) using anti-GFP and anti-FLAG 
antibodies, respectively. Densitometry analysis was conducted using ImageJ 1.51j8 NIH freeware.

Combination assay for the analysis of synergistic relationships between compounds
Using the standard compound combination protocols36,37,55, HCC1937 cells were treated at constant or non-
constant ratios with the relevant compounds for 72  h and subjected to MTT assay as previously described. 
Combination indexes (CI) were developed from constant ratio of combined compounds and algorithms 
in CompuSyn software, version 1.0 as previously described56. CI was defined as synergistic (CI < 1), additive 
(CI = 1) or antagonistic (CI > 1) from a graph representing the CI versus Fa (fraction of cells affected).

Statistical analysis
All quantitative data were analyzed to assess statistical significance using GraphPad Prism. For comparisons 
between multiple groups, One- or Two-way analysis of variance (ANOVA) was performed, followed by post-hoc 
testing with appropriate multiple comparison tests, to determine pairwise differences. Otherwise, a student’s 
t-test was applied for comparison between two groups. The specific statistical significance cutoffs applied are 
outlined in respective figure legends.

Results
Amino-artemisinin derivatives exhibit anti-cancer and anti-cancer stem cell activity in vitro: 
selection of WHN-11 as hit compound.
To expand the amino-artemisinin repertoire, we used our synthetic methodologies originally developed for 
preparing artemiside and artemisone from DHA45,57. This led to production of the C-10 substituted piperazinyl 
derivatives (Fig. 1)28,47,48. Details on preparation of these compounds are provided in the supplementary data.

We established the half-maximal inhibitory concentrations (IC50) of artemisinins against HCC1937, 
HCC70 and MDA-MB-231 TNBC cell lines, HeLa cervical carcinoma, U87 glioblastoma, 501mel melanoma 
and HCT116 colon cancer cell lines, as well as the non-cancerous non-transformed breast epithelial MCF-12A 
and human embryonic kidney HEK293T cell lines (Fig. 2a; Supplementary Table 2). The amino-artemisinins 
exhibited increased toxicity against all cell lines compared to the parent compound artemisinin (Fig.  2a; 
Supplementary Table 2). Consistent with previous studies, DHA and artesunate showed greater toxicities against 
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all cell lines compared to artemisinin (Supplementary Table 2)58. Notably, compared to artemisinin, the WHN-
series of amino-artemisinins had IC50 values in the low micromolar/high nanomolar range across all cell lines.
WHN-11 was consistently the most toxic in all cell lines tested (Fig. 2a, Supplementary Table 2). WHN-11 was 
substantially more toxic to all cancer cell lines except the U87 glioblastoma compared to the HEK293T cell line 
(SI values from 2.85–12.58; Supplementary Table 2).

We next investigated the ability of artemisinins to inhibit cancer stem-like cell (CSC) activity. The ability of 
CSCs to both self-renew and differentiate is linked to metastases and chemoresistance59,60. This was assessed 
in vitro through the formation of tumourspheres, which grow anchorage independently in serum-free, non-
adherent growth conditions. CSC are enriched in CD44+/CD24- stem-like cells, which express higher levels of 
the Oct4 stem cell transcription factor49. DHA, artesunate, WHN-11 and WHN-298 inhibited tumoursphere 
formation in the HCC1937 TNBC cell line (Fig. 2b). Given its potent cytotoxicity across both cancerous and 
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normal cell lines, WHN-11 was considered for further evaluation. Despite its lack of selectivity for cancer cells, 
we sought to investigate its potential in anti-cancer therapy by deciphering its underlying mechanism of action.

We next examined the ability of WHN-11 to block long-term cell survival using the clonogenic assay61. Both 
5-fluorouracil (5-FU), which impairs DNA synthesis, apoptosis and therefore colony formation62, and WHN-
11 significantly decreased colony formation of HCC1937 cells in a dose-dependent manner (Fig. 2c). WHN-11 
c increased activation of caspases in HCC1937 cells indicating that the WHN-11 effect was cytotoxic and not 
cytostatic (Fig. 2d). Similar to geldanamycin (GA) and KRIBB-11, WHN-11 promoted the cleavage of caspase-3 
[but not poly-ADP ribose polymerase-1 (PARP-1)] in a dose-dependent fashion (Fig. 2e). This indicated that 
WHN-11 induced apoptosis. KRIBB-11 and GA, known modulators of the cellular stress response (CSR)63,64, 
were included as controls to confirm apoptosis65,66. Both controls showed increased caspase-3 cleavage, providing 
a basis for comparison with WHN-11. Notably, artemisinins often exert activity through reactive oxygen 
species (ROS) generation, disrupting homeostasis and inducing cell-cycle arrest and apoptosis20,21,29,32,38–41. 
Therefore, to identify and quantitate ROS production in HCC1937 cells treated with WHN-11, we used 
2’,7'-dichlorodihydrofluorescein diacetate (DCFDA). DCFDA has been used previously to demonstrate ROS 
production by artemisinins20,67. H2O2 and artemisinin significantly induced ROS formation, but WHN-11 
did not induce significant levels of ROS compared to the vehicle treatment (Supplementary Fig. 1a). We next 
used an alternative assay that links ROS detection to the activation of an antioxidant response element (ARE) 
reporter plasmid based on the NADP(H):quinone oxidoreductase 1 (NQO1) promoter68.the NADP(H):quinone 
oxidoreductase 1 (NQO1) promoter. The ARE is a key regulatory region in the NQO1 gene promoter activated 
in response to oxidative stress69. The positive control, elesclomol, induced ROS production in HeLa cells35, but 
WHN-11 did not (Supplementary Fig. 1b). Consistent with the NQO1 promoter activity in HeLa cells, WHN-11 
treatment did not alter NQO1 mRNA levels in HCC1937 cells (Supplementary Fig. 1c). The ROS scavenger, N-
acetyl-L-cysteine (NAC) did not alter the toxicity of WHN-11, but did reverse the cytotoxic effects of elesclomol 
and artemisinin that act through ROS production (Supplementary Fig. 1d). Taken together, these data suggested 
that WHN-11 showed anti-cancer toxicity but did not induce significant ROS formation in cancer cells.

WHN-11 treatment perturbs protein homeostasis in HCC1937 cells
To understand the mode of action of WHN-11, we conducted an unbiased global analysis of the proteome of 
WHN-11 versus vehicle-treated HCC1937 cells by mass spectrometry53. A total of 3,629 unique proteins were 
identified, of which 51 proteins were significantly upregulated (> twofold) and 84 significantly downregulated 
(< -twofold) in WHN-11-treated cells versus the vehicle treatment (Supplementary Fig. 2). Some significantly 
upregulated proteins included the death-associated protein 1 (DAP), ubiquitin-like modifier-activating enzyme 
(ATG7), interferon-stimulated gene 15 (ISG15), ubiquitin specific peptidase 24 (USP24) and E3 ubiquitin-
protein ligase (HERC2). Significantly downregulated proteins included the cytochrome c oxidase assembly factor 
7 (COA7), vacuolar protein sorting-associated protein 37B (VPS37B), Ras-related protein Rap-2B (RAP2B), 
growth arrest and DNA damage-inducible proteins-interacting protein 1 (GADD45GIP1) and cyclin-dependent 
kinase 4 (CDK4; Supplementary Material).

Twelve of the upregulated proteins were identified only in the WHN-11-treated samples. Among these were 
ubiquitin carboxyl-terminal hydrolase 24 (USP24), profilin-2 (PFN2), ADP-ribosylation factor 6 (ARF6) and 
mas-related genes (MRG/MORF4L)-binding protein (MRGBP) (Supplementary Material). In addition, 18 
downregulated proteins were detected only in DMSO-treated cells. These included the ATP-binding cassette 
sub-family B member 10 (ABCB10), nuclear factor 1 B-type (NF1B), growth arrest and DNA damage-inducible 
proteins-interacting protein 1 (GADD45GIP1) and tumour necrosis factor alpha-induced protein 2 (TNFAIP2; 
Supplementary Material).

Gene set enrichment analysis53,54 showed that WHN-11 altered gene sets associated with development 
and morphogenesis, transmembrane transport, cell cycle, serine/threonine kinase activity and Wnt signalling 
(Fig. 3a, Supplementary Material). Multiple gene sets involved in protein catabolism, ubiquitination, cellular 
responses to starvation and protein targeting to the lysosome were identified as significantly enriched (either 

Fig. 2.  Novel artemisinin derivatives exhibit anti-cancer and anti-cancer stem cell activity (a) Heatmap 
showing the IC50 values (in µM) of artemisinins screened against non-cancerous MCF-12A epithelial breast 
cell line, TNBC cell lines: HCC1937, HCC70, MDA-MB-231; non-breast cancer cell lines: 501 melanoma, 
HCT116, HeLa and U87 cell lines. DHA – dihydroartemisinin (b) Percentage tumoursphere forming efficiency 
(%TFE) of cells cultured in AIG media and treated at a single-point concentration of each compound (50 µM) 
or DMSO for 7 days; % TFE = [total number of tumoursphere formed / number of cells seeded] × 100%. Data 
shown as averages ± SEM (n = 3) and statistical significance were determined using one-way ANOVA with 
Bonferroni’s multiple comparisons test. Significance levels relative to DMSO-treatment are indicated as * 
p < 0.05, ** p < 0.01. (c) Representative images of colonies formed in a clonogenic assay for treated HCC1937 
cells cultured over 9 days. Following solubilization, average absorbance at 570 nm (A570nm) ± SEM (n = 3) 
was measured. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple comparison 
test, where significance levels are indicated as *** p < 0.001 and ns—not significant. 5FU: 5-fluorouracil (d) 
Caspase activation in treated HCC1937 cells using Vybrant™ FAM Poly Caspase Assay Kit. Data shown are MFI 
average ± SEM (n = 3), where significance levels are indicated as * p < 0.05, *** p < 0.001 and ns—not significant 
using a two-tailed student’s t-test analysis. (e) Western blot analysis of PARP-1 and Caspase-3 activation in 
treated cells, tubulin was used as a loading control. GA: geldanamycin (see Supplementary blot figure F1 for 
full length blots).
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positively or negatively) upon WHN-11 treatment (Fig. 3a–c). Consistent with our biological assays, we did not 
detect significant enrichment of genes associated with ROS production.

The global proteomic analysis suggested WHN-11 affected proteostasis, including ubiquitination and 
proteasomal degradation. Both processes occur during cellular stress induced by the unfolded protein response 
(UPR) and/or the heat shock response (HSR)70. Artemisinin treatment induced protein ubiquitination in malaria 
cultures71. The induction of protein ubiquitination by WHN-11 in HCC1937 cells was analysed in the absence or 
presence of the proteasome inhibitor MG132. Immunofluorescence (IF) staining showed ubiquitinated proteins 
in the cytoplasm, decreasing dose dependently upon WHN-11 treatment. This suggested that WHN-11 increased 
proteasome activity (Figs. 4a, b). We observed a significant accumulation of ubiquitinated protein aggregates 

Fig. 3.  WHN-11 induces changes in cellular proteome associated with protein turnover. Gene set enrichment 
analysis (GSEA) of proteomic changes associated with WHN-11 treatment. (a) Significantly positively (top 20) 
and negatively (top 20) enriched gene sets in WHN-11 versus DMSO treated cells. (b) Gene set enrichment 
plots of genes associated with response to starvation, targeting to lysosome and protein catabolism. (c) 
Leading edge analysis identifying gene clusters associated with protein catabolism, ubiquitination, lysosome, 
mitochondrion, and cellular starvation. Red shading indicates gene sets or genes enriched in WHN-11 lysates 
compared to the DMSO lysates, while blue shading indicates genes enriched in the DMSO treated lysates 
relative to WHN-11. The volcano plot linked to these data are provided in the Supplementary Figures.
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Fig. 4.  WHN-11 promotes protein ubiquitination and turnover in HCC1937 cells. (a) Confocal analysis 
staining of ubiquitin in untreated cells or cells treated with 2 µM MG132. Representative images shown 
(n = 3). (b) Mean of the Corrected Total Cell Fluorescence (CTFC). Data represent averages ± SD (n = 3), where 
significance levels are indicated as ** p < 0.01, *** p < 0.001 and ns–not significant using two-way ANOVA 
with Bonferroni post-test. (c) Direct chymotrypsin-like proteasome inhibition activity assay in cell lysates. 
(d) Proteasome activity after overnight pre-treatment of live cells prior to lysate preparation. Data shown are 
averages ± SEM (n = 3), where significance levels are indicated as *** p < 0.001 and ns—not significant using 
One-way ANOVA with Bonferroni’s multiple comparison test. (e) Quantitative analysis of the mRNA copy 
number of Hsp70 in treated HCC1937 cells. Data shown are averages ± SEM (n = 3), where significance levels 
are defined as * p < 0.05, ** p < 0.01 and ns—not significant using a two-tailed student´s t-test.
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localized at the periphery and within the nucleus of cells co-treated with MG132 and WHN-11 (Fig. 4a). More 
so, higher concentrations of WHN-11 increased cytoplasmic protein aggregates (Fig. 4a). Artemisinin disrupts 
protein homeostasis and inhibits the malarial proteasome71. To test WHN-11 inhibited human proteasomes, we 
assessed the ability of the WHN-11 to directly inhibit the proteasome in whole cell lysates. MG132 treatment 
inhibited the chymotrypsin-like activity of the proteasome in a dose-dependent manner. WHN-11 did not 
significantly alter the proteasome activity compared to the vehicle treatment (Fig.  4c). However, when cells 
were treated overnight prior to assessment of proteasome activity in lysates, WHN-11 significantly increased 
proteasome activity (Fig. 4d). In combination experiments, WHN-11 and MG132 exhibited a strong synergistic 
relationship (Table 1, Supplementary Fig. 3). Changes due to proteostatic stress were indicated by a significant 
increase in the stress-responsive Hsp70 mRNA levels in WHN-11-treated cells (Fig. 4e). These data suggested 
that WHN-11 does not directly inhibit the proteasome, but promotes protein turnover via the proteasome by a 
distinct mechanism72.

WHN-11 induced autophagy in cancer cells
WHN-11-induced apoptosis and proteasome-independent regulation of protein turnover. This suggest that 
autophagy may play a role as an alternative degradation pathway in the mechanism of action of WHN-11. This 
was supported by the gene set enrichment analysis which identified responses to starvation and protein targeting 
to the lysosome (Fig. 3). We previously observed the formation of vesicle-like structures in WHN-11 treated 
cells (data not shown), which indicated possible sites of early endosomal or autophagic vesicles, lipid, or other 
acidic vesicles73,74. Formation of acidic vesicular organelles (AVOs) in HCC1937 cells treated with WHN-11 
was assessed using acridine orange (AO) dye and confocal microscopy. We used Hanks’ Balanced Salt Solution 
(HBSS) as an autophagy inducer. WHN-11 significantly increased the formation of cytoplasmic AVOs (Figs. 5a, 
b) and the number of cells with AVOs compared to the vehicle treatment (white arrows, Fig. 5c). Although these 
observations suggested possible WHN-11-induced formation of autophagosomes, other vesicle-like structures 
(yellow arrows) not coinciding with AVOs were visible (Fig. 5a). Using Nile Red dye, treatment with WHN-11 
and HBSS showed enlarged lipid droplets (LDs) in the cytosol and near the nuclear membranes (Fig. 5d). LDs 
are specialized compartments for fatty acid products after lysosomal degradation75 and are formed autophagy76.

We subsequently established that WHN-11 activated autophagy, as indicated bythe lipidation of LC3B-I. This 
effect was enhanced by co-treatment with chloroquine (CQ) (Fig. 6a). While treatment at 1 and 4 h show LC3B-1 
lipidation comparable to the 0-h baseline, longer treatment significantly increased autophagy (Fig. 6b). WHN-
11, like the controls HBSS and colchicine, significantly decreased the association between GFP-Bcl2 and Beclin1-
FLAG in transiently transfected HEK293T cells relative to the vehicle control (Fig. 6c). This indicated autophagy 
induction77. WHN-11 treatment enhanced autophagic flux in HeLa cells as evidenced by the formation of 
autophagic vesicles. We stably transfected HeLa cells with an mCherry-EGFP-LC3 plasmid that is a marker for 
autophagy induction. Cells treated with WHN-11 had increased yellow puncta. This yellow vesicles arise from 
the overlap of green-EGFP and red-mCherry signals indicating autophagosome formation78 (Supplementary 
Fig.  4). WHN-11 also showed strong synergy with the autophagy inducers rapamycin, tunicamycin and the 
autophagy inhibitor CQ and moderate synergism with autophagy inhibitor 3-methyladenine (3-MA) (Table 1).

WHN-11 induces mitochondrial dysfunction
WHN-11 induced both autophagy (as indicated by LC3B-I lipidation) and apoptosis (as indicated by caspase-3 
cleavage) only after a prolonged exposure of 16 h (Fig. 6b). This suggested that other molecular events may 
precede cell death. The mitochondrial Bcl2 family of proteins drive apoptosis79. Prior to mitochondrial-induced 
(intrinsic) apoptosis, mitochondrial membrane potential ΔΨm changes, ATP levels drop and Bcl2 levels 
change80. WHN-11 significantly decreased the expression of anti-apoptotic Bcl-xL like the positive control 
KRIBB-11 (Fig. 7a). This confirms the apoptotic response to WHN-11 and linked its mechanism of action to the 
mitochondrion. Consistent with these observations, WHN-11 reduced cellular ATP in a dose-dependent manner 
(Fig. 7b). The mitochondrial membrane potential ΔΨm enhances the transfer of protons between the matrix and 
intermembrane space (IMS) during ATP synthesis81. A loss in ΔΨm causes mitochondrial outer membrane 
permeabilization (MOMP), a non-reversible apoptotic stage involving the release of essential proteins within 
the mitochondrial IMS82. Changes in the ΔΨm were determined using the membrane permeable JC-1 dye83. 
WHN-11 mediated a significant loss in ΔΨm (Fig. 7c), consistent with the positive control carbonyl cyanide m-
chlorophenylhydrazone (CCCP). WHN-11 dose-dependently suppressed Bcl-xL protein levels compared to the 
vehicle treatment (Fig. 7d). Furthermore, WHN-11 treatment enhanced a reticular network of TRAP1 staining, 
which showed a pattern consistent with mitochondrial localisation. Notably, WHN-11 did not alter TRAP1 

Compound Mechanism of action Average CI* when combined with WHN-11 Relationship

MG132 Proteasome inhibitor 0.20 Strong synergism

Chloroquine Inhibits lysosome acidification 0.19 Strong synergism

Rapamycin mTOR inhibitor 0.34 Strong synergism

Tunicamycin Glycosylation inhibitor 0.38 Strong synergism

3-Methyladenine PI3K inhibitor 0.58 Moderate synergism

Table 1.  WHN-11 synergizes with inducers or activators of autophagy and proteostatic stress. *Average 
combination index (CI) where half the population of cells are affected by the co-treatment with the compounds 
(Fa = 0.5).
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Fig. 5.  WHN-11 promotes formation of autophagic vesicles and lipid droplets in HCC1937 cells. (a) Acidic 
vesicular organelles (AVOs, white arrows) detected with acridine orange dye in cells treated for 4 h with 
0.1% DMSO, 10 µM WHN-11 or Hanks’ Balanced Salt Solution (HBSS). Yellow arrows indicate unstained 
vesicles. Quantitation of (b) fluorescence intensity of AVOs and (c) number of cells with AVOs. Data represent 
averages ± SEM (n = 3), where significance levels are indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001 using 
a One-way ANOVA. (d) Lipid droplets (white arrows) stained with Nile Red dye in cells treated for 4 h with 
0.1% DMSO, HBSS or 10 µM WHN-11. Z depth panel shows 3D z-stack of equivalent depth. Representative 
images shown (n = 3).
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staining intensity, but did induce distinct morphological changes in mitochondria. Vehicle treated cells had an 
elongated tubular mitochondria network (Figs. 7di and ii). In contrast, WHN-11-treated cells had mitochondria 
which appeared fragmented, an indication of mitochondrial stress or dysfunction84.

To confirm the mitotoxic role of WHN-11, we assessed WHN-11 toxicity in cells grown in either glucose- 
or galactose-containing medium. In high glucose concentrations, cancer cells produce ATP via glycolysis 
and suppress oxidative phosphorylation, a process called the Crabtree effect. The Crabtree effect is reversed 
by replacing glucose with galactose to promote ATP production via oxidative phosphorylation (OXPHOS) 
in the mitochondria85. Increased sensitivity of cells to compounds in the presence of galactose indicates 
mitotoxicity86. Galactose significantly increased the toxicity of WHN-11 (GAL-IC50 = 0.19 ± 0.07  µM, GLU-
IC50 = 0.74 ± 0.40 µM) in HCC1937 cells. In contrast, the toxicity of artemisinin was not significantly different 
(GAL-IC50 = 218.00 ± 80.69 µM, GLU-IC50 = 389.33 ± 92.70 µM; Table 2). This suggested that WHN-11 targets 
the mitochondria to induce toxicity. Mitochondrial dysfunction upon WHN-11 treatment may also explain the 
inability to detect significant ROS production (Supplementary Fig. 1).

Discussion
Studies on novel therapies and the identification of alternative cellular targets to address the lack of standardised 
treatment for TNBC are ongoing87. The anti-cancer properties of artemisinins are well studied21–27,29,31–35. Many 
artemisinin derivatives including artemisinin hybrids connected to different pharmacophores88, artemisinin 
dimers and others show activity against tumour cells89–92. The amino-artemisinin WHN-11 is structurally 
unique in incorporating a nitrogen atom attached directly to C-10 which is attached by a piperazine linker to 
a p-trifluoromethylaryl urea group (Fig. 1). WHN-11 exhibited the highest cytotoxicity (IC50 0.19 ± 1.52 µM) 
among the amino-artemisinins against TNBC cell lines compared to the parent compound artemisinin 
(202.90 ± 1.30  µM). To date, the mechanisms of action of artemisinin and its derivatives is still a topic of 
significant debate. The predominant view of the mechanism of action of artemisinins is the induction of ROS 
in cancer cells21,29,32. Indeed, artemisinin93, DHA67, artemether94 and artesunate36 (Fig. 1) used to treat malaria, 

Fig. 6.  Activation of apoptotic and autophagic signalling pathways in WHN-11-treated HCC1937 cells. 
(a) Western blot analysis of LC3B lipidation in cells treated overnight with 10 µM WHN-11 and for 4 h 
with 2 µM chloroquine (CQ). Actin was used as a loading control. Ratios indicated are normalized to the 
untreated control. Representative blot shown (n = 2). See supplementary blot figure F2 for full length blots. 
(b) Time-dependent treatment of cells with 0.1% DMSO or WHN-11 for caspase-3 and LC3B activation. 
Actin was used as a loading control. Ratios of LC3B-II: LC3B-I and cCas-3:Cas-3 are normalized to the 
untreated control. Representative blot shown (n = 2). See supplementary blot figure F3 for full length blots. (c) 
Immunoprecipitation of GFP or GFP-Bcl2 complexes in lysates (input) for HEK293T cells transfected with 
pLV-eGFP (untreated control) or GFP-Bcl2 and Beclin1-FLAG for 48 h and treated for 3 h with 0.1% DMSO, 
Hanks’ Balanced Salt Solution (HBSS), 5 µM colchicine or 10 µM WHN-11. Representative blots shown. 
Analysis of the average fold difference ± SEM (n = 3) of Beclin1-FLAG levels in immunoprecipitates relative to 
GFP-Bcl2 and normalized to DMSO treatment (taken as 1), where significance levels are indicated as * p < 0.05 
and ** p < 0.01 using a two-tailed student’s t-test. See supplementary blot figure F4 for full length blots.
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Fig. 7.  WHN-11 disrupts mitochondrial function. (a) Analysis of Bcl-xL expression in treated HCC1937 cells 
overnight. Data indicate the mean fluorescence intensity ± SEM (n = 3), where significance levels are indicated 
as * p < 0.05 using a two-tailed student’s t-test. (b) Cellular ATP levels quantified in treated cells. Data shown 
are averages ± SEM (n = 3), where significance levels are indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001 
using a two-tailed student’s t-test. (c) Mitochondrial membrane potential (ΔΨm) measured by JC-1 staining in 
treated HCC1937 cells. Data shown are averages ± SEM (n = 3) of the relative percentage ratio of red to green 
fluorescence, where significance levels are indicated as ** p < 0.01, *** p < 0.001 and ns–not significant using a 
two-tailed student’s t-test. (d) Confocal analysis of the mitochondrial morphology indicated by TRAP1 and 
Bcl-xL staining in treated HCC1937 cells. Representative images shown (n = 2).

 

Scientific Reports |        (2025) 15:21604 13| https://doi.org/10.1038/s41598-025-05284-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


also show toxicity to range of cancer cells through production of ROS. However, artemisinin is specific for 
ROS-induction by malaria parasite and yeast mitochondria, and not mammalian mitochondria95. Furthermore, 
artemisinin and its derivatives can induce cell death independent of ROS generation96. Artemisinin derivatives 
have been linked to perturbations in protein homeostasis. DHA-mediated cell death in malaria parasites involves 
protein damage and proteasome inhibition. This activates ER-stress related cell death71. In contrast to the effects 
of DHA in the malaria parasite71, WHN-11 did not directly inhibit the proteasome. WHN-11 rather promoted a 
modest but significant increase in proteosome activity coinciding with increased ubiquitinated protein turnover. 
Overall this is consistent with increased autophagy.

Therefore, it is likely that artemisinin derivatives can induce cell death via multiple mechanisms depending 
on the context. For WHN-11, we have no evidence of significant ROS induction using a range of biological 
assays, including those previously used to demonstrate ROS production by artemisinins. While this may be due 
to technical reasons in detection of ROS, it may also be explained by the observed mitochondrial dysfunction. 
Many artemisinins induce apoptotic cell death through mitochondrial dysfunction in cancer cells that is not 
exclusively associated with ROS production46,47. WHN-11 resulted in mitochondrial fission, MOMP, loss of 
ATP production and down-regulation of the anti-apoptotic mitochondrial protein Bcl-xL culminating in 
apoptosis. The toxicity of WHN-11 was potentiated by reliance of cells on OXPHOS for ATP production. 
Taken together, this suggested that mitochondrial defects induced by WHN-11 were a main cause of toxicity. 
Mitochondrial fission is a known stress response linked to apoptosis, and both cell stress and apoptosis were 
induced by WHN-11 treatment. The reduced Bcl-xL levels induced by treatment with WHN-11 must culminate 
in release of Bax from inhibitory Bcl-xL-Bax complexes, allowing free Bax to promote mitochondrial fission 
linked to apoptosis97,98. Indeed, artesunate induced Bax-mediated apoptosis in HepG2 cells, and this was also 
independent of ROS production47.

The role autophagy induction by WHN-11 as a cell death mechanism is less clear. Other artemisinins also 
induce autophagy and resistance to artemisinin therapy is linked to autophagy in the malaria parasite99. Like 
WHN-11, DHA activated major apoptotic and autophagy-related proteins, and suppressed the interaction 
between Bcl2 and Beclin1, promoting cell death in KKU-213 cholangiocarcinoma cells100. In normal cells, 
autophagy is a pro-survival response which is upregulated in response to stress, particularly starvation, to 
provide nutrients for cell survival. In cancer cells, autophagy is linked to both tumour killing and tumour 
survival, although the mechanisms are not well defined. In the case of WHN-11, it is likely that autophagy is 
activated as a response to mitochondrial dysfunction to circumvent or prevent apoptosis. The lipid accumulation 
observed upon WHN-11 treatment can arise due to a lack of OXPHOS from mitochondrial defects which 
subsequently triggers autophagy101. Mitochondria and MOMP are important in autophagy activation102, 
although this process is usually in response to oxidative stress and associated with ROS production103. In the 
case of WHN-11 however, in the absence of any substantive evidence supporting ROS production, we assume 
that ROS-independent changes to the mitochondria may trigger autophagy and subsequently cell death by 
apoptosis. There is a growing appreciation of the role of autophagy modulators, both activators and inhibitors, 
in potentiating the anti-cancer activity of several chemotherapeutic agents for clinical benefit104. Therefore, the 
next steps require an evaluation of drug combinations of WHN-11 and structurally related amino-artemisinin 
derivatives with known modulators of autophagy like temsirolimus or everolimus in the drive to develop these 
compounds as viable chemotherapeutic options, in particular for treatment of TNBC.

Conclusion
We report the promising anti-cancer activity of a novel amino-artemisinin derivative WHN-11 against multiple 
cell lines, including the aggressive TNBC subtype. Unlike most other artemisinin derivatives, WHN-11 anti-
cancer activity was independent of substantive ROS production. Rather, WHN-11 altered cellular protein 
homeostasis pathways to induce mitochondrial fission and dysfunction. This deprived the cell of ATP, activating 
autophagy and subsequent cell death by apoptosis. The anti-cancer effect of WHN-11 was synergistic with 
inducers of autophagy, suggesting that future combination treatment with modulators of autophagy will have 
therapeutic potential. This study reports early-stage preclinical findings, with subsequent analysis needed to 
validate the mechanism of action of WHN-11 in additional cancer cell line models, including HCC70 and 
HCT116 cell lines and the non-cancerous MCF-12A line. These data will better characterize the therapeutic 
potential of WHN-11 and its specificity. Future preclinical studies will incorporate animal models to optimize 
formulation of WHN-11, assess its efficacy, and evaluate its safety profile, paving the way for potential future 
clinical application.

Compound

IC50 (µM) ± SD (n = 3)

Glucose Galactose

Artemisinin 389.33 ± 92.70 218.00 ± 80.69 (ns)

WHN-11 0.74 ± 0.40 0.19 ± 0.07 (*)

Table 2.  IC50 values of artemisinins in HCC1937 cells in glucose- and galactose-containing medium. Statistical 
significance of IC50 values in + galactose samples relative to + glucose samples was determined using a two-
tailed student’s t-test, where significance levels are indicated as * p < 0.05 and ns–not significant.
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Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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