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Abstract 25 

Triple-Negative Breast Cancer (TNBC) is the most aggressive breast cancer subtype, characterized by 26 
both limited treatment options and higher relapse rates than hormone-receptor-positive breast 27 
cancers. Chemotherapy remains the mainstay treatment for TNBC, and platinum salts have been 28 
explored as a therapeutic alternative in neo-adjuvant and metastatic settings. However, primary and 29 
acquired resistance to chemotherapy in general and platinum-based regimens specifically strongly 30 
hampers TNBC management. In this study, we used carboplatin-resistant in vivo patient-derived 31 
xenograft and isogenic TNBC cell-line models and detected enhanced Wnt/β-catenin activity 32 
correlating with an induced expression of stem cell markers in both resistant models. In accordance, 33 
the activation of canonical Wnt signaling in parental TNBC cell lines increases stem cell markers' 34 
expression, formation of tumorspheres, and promotes carboplatin resistance. Finally, we prove that 35 
Wnt signaling inhibition resensitizes resistant models to carboplatin both in vitro and in vivo, 36 
suggesting the synergistic use of Wnt inhibitors and carboplatin as a therapeutic option in TNBC.  Here 37 
we provide evidence for a prominent role of Wnt signaling in mediating resistance to carboplatin, and 38 
we establish that combinatorial targeting of Wnt signaling overcomes carboplatin resistance 39 
enhancing chemotherapeutic drug efficacy. 40 
  41 
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1 Introduction 42 

Triple-negative breast cancer (TNBC) is a molecular subtype of breast cancer characterized by the lack 43 
of expression of estrogen-receptor, progesterone-receptor, and human epidermal growth factor receptor 44 
type 2 (1). TNBC accounts for 10-20% of all breast cancer cases, occurring with higher frequency in 45 
younger women, presenting with higher grade and mitotic counts than non-TNBCs, low differentiation, 46 
and frequent lymph node involvement, ultimately contributing to poor prognosis (1,2).  47 

The lack of hormone- and growth factor-receptors render chemotherapy the primary systemic treatment 48 
for TNBC. Interestingly, TNBC patients have high response rates to neoadjuvant chemotherapy, 49 
achieving pathological complete response (pCR) more frequently than those bearing non-TNBCs (3). 50 
Nonetheless, TNBC patients experience lower progression-free- and overall survival rates and higher 51 
distant metastatic relapse frequency than non-TNBC patients, highlighting the critical need for 52 
alternative therapeutic approaches(3). 53 

The Food and Drugs Administration of the United States of America first approved platinum salts, 54 
namely cisplatin, to treat metastatic testicular cancer, ovarian cancer, and bladder cancer between 1978 55 
and 1979 (4).  Since then, the use of platinum-based chemotherapy has grown and is now applied in 56 
many other cancer types. Pre-clinical studies have highlighted that TNBC is particularly sensitive to 57 
DNA damaging agents (5,6). For that reason, platinum salts – DNA-crosslinking agents – have gained 58 
traction as potential additions to the therapeutic toolbox for TNBC. Phase-II and Phase-III clinical trials 59 
have demonstrated the benefits of including carboplatin (CAR) in neoadjuvant regimens for TNBC (7–60 
10). Importantly, pCR with neoadjuvant treatment is a robust predictor of survival in TNBC (3). 61 
However, chemotherapy-treated TNBC patients are likely to acquire resistance, and patients with 62 
residual disease (RD) have worsened prognosis and experience low survival rates, particularly within 63 
the first three years ensuing treatment (3). 64 

During the last decades, our knowledge of platinum's mechanism of action has increased significantly. 65 
Nonetheless, how cancer overcomes platinum-mediated cytotoxicity still holds unanswered questions. 66 
Several studies have shed light on how cancer cells adapt to platinum-based treatment by restoring 67 
DNA damage repair, increasing tolerance to DNA damage, decreasing its intracellular uptake and 68 
accumulation, and regulating apoptosis and autophagy (11). Chemotherapy resistance is also known to 69 
be induced and maintained by adaptations in pro-survival and anti-apoptotic signaling pathways. Like 70 
other chemotherapeutic agents, alterations of such cellular dynamics also affect platinum-based 71 
treatments. Several studies have demonstrated the involvement of NOTCH (12), MEK (13), Hedgehog 72 
(14), EGFR (15), among others, in mediating resistance to platinum in different cancer types. Also, 73 
cancer cells with stem cell-like properties have been described to significantly influence the response 74 
to different chemotherapeutic agents, including platinum compounds (16–19).  Cancer stem cells 75 
constitute a subpopulation of cancer cells with tumorigenic and self-renewal capacities and are 76 
considered desirable therapeutic targets since their intrinsic cellular properties contribute extensively 77 
to treatment failure (20–22). Breast cancer stem cells were first isolated in 2003 based on cell surface 78 
markers CD44 and CD24 (23). Since then, many studies have demonstrated their tumorigenic and 79 
drug-resistance capacities, highlighting the need to develop therapeutic approaches that deplete this 80 
population (6,24–26). 81 

The Wnt/β-catenin signaling pathway is a developmental signaling cascade with a prominent role in 82 
cancer (27). It is initiated when Wnt ligands (secreted lipid-modified signaling molecules) bind the 83 
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receptor complex at the cell membrane. A series of events ensues, culminating in the inhibition of 84 
glycogen synthase kinase 3 beta (GSK3β), and the subsequent cytoplasmic accumulation of β-catenin, 85 
the key mediator protein of Wnt signaling. This accumulation leads to the nuclear translocation of β-86 
catenin eliciting Wnt target genes' expression by interacting with different transcription factors. In the 87 
absence of Wnt ligands, β-catenin is constitutively phosphorylated by GSK3β and targeted for 88 
proteasomal degradation (28). Notably, Wnt is known to govern several cellular functions with the 89 
potential to contribute to chemotherapy resistance. Such functions include the control and regulation 90 
of proliferation (29), DNA damage repair (30), inhibition of apoptosis (31), and maintenance and 91 
regulation of embryonic, somatic, and cancer stem cell properties (32). Different studies have 92 
demonstrated Wnt pathway involvement in the mediation of platinum resistance in various cancer 93 
types, including squamous cell carcinoma (33,34) and ovarian cancer (35). However, its involvement 94 
in platinum resistance in TNBC is not known. 95 
 96 
To study how TNBCs acquire resistance to carboplatin treatment, we used a carboplatin-tolerant 97 
isogenic TNBC cell line. Transcriptomic analysis was performed to gain insight into biological 98 
signaling pathways underlying acquired carboplatin resistance in vitro, leading to the identification of 99 
Wnt signaling as a candidate resistant-mediating pathway. Additionally, the resistant cell line displayed 100 
enhanced expression of pluripotency markers and stem cell features compared to the parental, 101 
carboplatin-sensitive cells.  102 
In vitro pharmacological and genetic manipulation of Wnt signaling was employed to assess drug 103 
response alterations and stem cell potential functionally. Inducing Wnt signaling in parental non-104 
resistant TNBC cell lines elicited the expression of pluripotency markers observed in isogenic resistant 105 
cells and enhanced stem cell features in vitro. Moreover, pharmacological and genetic inhibition of 106 
Wnt activity in resistant cells disrupted carboplatin tolerance and hindered tumorsphere formation. 107 
Finally, carboplatin-tolerant isogenic patient-derived xenograft (PDX) models were used to test the 108 
effect of in vivo Wnt inhibition on platinum-response. Similar to what we observed in vitro, inhibition 109 
of Wnt reduced expression of cancer stem cell markers and drastically reduced tolerance to carboplatin 110 
treatment in vivo.  111 

Altogether, our results suggest the potential for Wnt signaling inhibition in combination with 112 
carboplatin as a strategy to prevent or overcome platinum resistance in TNBC patients. 113 

2 Materials and methods 114 

Cell lines, cell culture, and treatments 115 

MDA-MB-468 (ATCC-HTB-132) and MDA-MB-231 (ATCC HTB-26) were maintained in DMEM 116 
high glucose (Gibco 41965039) supplemented with 10% fetal bovine serum , 1mM sodium pyruvate 117 
(Gibco, 11360070), 1X non-essential amino acids (Gibco, 11140035),  100µg/mL penicillin-118 
streptomycin (Gibco, 15140163) and 0.01mM 2-mercaptoethanol (Gibco, 31350010).  119 

Unless otherwise specified in the text, all carboplatin treatments (CAR, Hospira UK, Ltd) were done 120 
at 2µM for MDA-MB-468 cells and 35µM for MDA-MB-231 cells. Small molecule Wnt activator 121 
CHIR99021 (CHIR, Sigma, SML1046) was administered to cells in DMSO (Sigma, D2650) at 4µM. 122 
Small molecule Wnt inhibitor LGK-974 (LGK, Selleckchem, S7143) was, unless otherwise specified, 123 
administered at 200 nM in DMSO. 124 
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Carboplatin resistance was induced in MDA-MB-468 cells by continued maintenance in carboplatin 125 
containing medium, starting at a concentration of 0.4 µM. The concentration of carboplatin was 126 
increased in 9 increments until reaching 2 µM, once unhindered cell growth was obtained at each 127 
concentration level, allowing a 48h carboplatin-free recovery period with each splitting (35).  128 

Lentiviral particle production and transduction 129 

Lentiviruses were produced according to the RNAi Consortium (TRC) protocol available from the 130 
Broad Institute (https://portals.broadinstitute.org/gpp/public/resources/protocols). In brief, 5x105 131 
HEK293T cells seeded per well in 6-well plates and transfected the following day with 750 µg pCMV-132 
dR8.91, 250 µg pCMV-VSV-G, and 1 µg of the specific lentiviral expression or silencing constructs 133 
using FugeneHD (Promega, E2311) in Opti-MEM (Gibco, 31985070).  One day after, the culture 134 
medium was replaced. The same day, lentivirus-recipient cells were plated in 6-well plates at a density 135 
of 5x104 cells per well. Lentivirus-containing medium was collected from HEK293T cells 48h and 72h 136 
after transfection and added to recipient cancer cells after being filtered. Two days after infection, cells 137 
were washed thoroughly with PBS, medium refreshed, and appropriate selection antibiotics applied. 138 

For overexpression of ∆N90-β-Catenin, we used pLV-beta-catenin ∆N90 (Addgene, #36985) and 139 
pPRIME-CMV-NEO-recipient (CTRL, Addgene, #11659). For β-Catenin shRNA mediated silencing, 140 
we used pXL002-ishRNA-beta-catenin-1 (Addgene, #36297) and pXL004-ishRNA-scramble 141 
(Addgene, #36311). For Wnt fluorescent reporter assay, we used 7TGP (Addgene, #24305).  142 

In vitro carboplatin response (IC50) 143 

For IC50 experiments, we seeded 2.5x104 cells per well in 12-well plates. Cells were treated with 144 
increasing concentrations of CAR (0.02 to 200 µΜ for MDA-MB-468 and 0.35 to 3500 µΜ for MDA-145 
MB-231) for 72 hours. Viability was assessed by manual cell counting using a Neubauer 146 
hemocytometer using trypan blue for dead cell exclusion. Cell viability was determined as a percentage 147 
of untreated cells, and non-linear regressions of [CAR] vs. normalized-response were fitted using 148 
GraphPad Prism v.8.0.1. to mathematically determine the IC50.  149 

Flow Cytometry 150 

For annexin V apoptosis analysis, cells were detached and resuspended in annexin V binding buffer 151 
(BD Pharmigen, 51-66121E) and incubated for 15 minutes at room temperature with APC-conjugated  152 
AnnexinV (Thermo-eBioscience, BMS306APC-100). After incubation, cells were diluted in binding 153 
buffer containing 100 nM of 4’,6-diamidino-2-phenylindole (DAPI). Unstained and single-stained 154 
(annexin V and DAPI) were used as gating controls. 155 
For ALDH activity assays, cells were detached, washed in PBS, and stained using the AldeRed ALDH 156 
detection assay kit (Merck SRC150) according to manufacturer specifications. 157 
For immunolabeling of CD44 and CD24, cells were detached, washed twice in PBS with 4% FBS, and 158 
incubated with CD44-PE (BD Pharmigen, 555479)  and CD24-APC (Invitrogen, 17-4714-81) 159 
antibodies according to manufacturer specifications at room temperature.  After incubations, cells were 160 
washed twice in PBS with FBS and resuspended in PBS containing 4% FBS and  100 nM of DAPI. 161 
Cells incubated with PE- and APC- conjugated isotype-antibodies and single-stained cells were used 162 
as gating controls. 163 
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All data were collected on a BD FACS Canto II at the KU Leuven Flow Cytometry Core and analyzed 164 
using FlowJo v.10.6.2. 165 

SDS-PAGE  and Western Blot 166 

For western blot, cells were collected and washed in PBS before being pelleted. Then, cells were lysed 167 
on ice with RIPA buffer (150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0,1% dodecyl 168 
sulfate, 50 mM Tris-HCL, pH 8.0) containing a cocktail of protease and phosphatase inhibitors (Sigma, 169 
#P5726, #P0044, #P8340). Lysates were centrifuged at 16.000x g for 10 minutes at 4ºC to discard 170 
insoluble material, and protein concentration was determined using the Bradford method. For SDS-171 
PAGE, 30 µg of protein were mixed with 4x Laemmli buffer (240 mM Tris/HCL pH 6.8, 8% SDS, 172 
0.04% bromophenol blue, 5% 2-mercaptoethanol, 40% glycerol) and denatured for 5 minutes at 96ºC 173 
prior to electrophoretic protein separation. Resolved protein extracts were transferred to PVDF 174 
membranes (BIORAD, 162-0177). Transfer success was assessed with Ponceau S solution, and 175 
membranes were blocked with 5% non-fat milk or 5% BSA in TBS-T (0,1% Tween-20®) for 60 176 
minutes. After blocking, membranes were incubated with primary antibodies at 4ºC overnight. The day 177 
after, membranes were washed 3 times with PBS-T for 10 minutes and incubated with secondary HRP-178 
conjugated antibodies. Immunolabeled proteins were detected with Supersignal West Pico 179 
chemiluminescent kit (Fisher Scientific, 34077) on autoradiography film (Santa Cruz, SC-201697). 180 
The primary antibodies used were active rabbit anti-non-phosphorylated β-Catenin (CellSignaling 181 
Technologies, #19807S), mouse anti-total β-Catenin (BD, #610154),  mouse anti-β-actin (Santa Cruz, 182 
#47778). 183 

Next-generation mRNA Sequencing 184 

For mRNA sequencing,  total RNA was obtained from cells using the GenElute mammalian total RNA 185 
miniprep kit (Sigma, RTN350-1KT). Libraries were prepared from 250 ng of total RNA using the 186 
KAPA stranded mRNA-seq kit (Roche, KK8421) according to the manufacturer's specifications. 187 
KAPA-single index adapters (Roche, KK8700) were added to A-tailed cDNA, and libraries were 188 
amplified by 12 cycles of PCR. Finally, libraries were purified on Agencourt AMPure XP beads 189 
(Beckman Coulter, A63881). Libraries were controlled for fragment size using the High Sensitivity 190 
DNA analysis kit (Agilent, 5067-4626) on an Agilent Bioanalyzer 2100. Each library was diluted to 4 191 
nM and pooled for single-end 50-bp sequencing on an Illumina Hiseq4000 20 – 27 million reads per 192 
sample (22 million reads on average). 193 

Adapters, polyA tails, and bad quality reads (Phred score > 20) were trimmed using Trim Galore! 194 
(v0.6.4_dev) with default parameters. Reads were aligned to the transcriptome and quantified using 195 
Salmon (v0.14.1) (36) with default parameters using GENCODE release 36 of the human reference 196 
transcriptome sequences and the comprehensive gene annotation. Subsequently, the counts were 197 
imported into R (v4.0.2) using tximport (v1.18.0) and differentially expressed genes were defined using 198 
DEseq2 (v1.30.0) (37)and log fold changes corrected using “ashr” method  (38) (FDR adjusted p.val 199 
< 0.05 & |log2(fold change)| > 1.5). TPM values were also calculated using tximport. 200 

 201 

Functional enrichment analysis and enrichment maps 202 

Datasets GSE103668 and E-MTAB-7083 were downloaded from the GeneExpression Omnibus and 203 
ArrayExpress public repositories, respectively.  Differentially expressed genes with |log2(fold-204 
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change)| >1 and p-value < 0.05 were obtained using limma (v3.26.8) R package in R (v4.02) and by 205 
using the limma method on NetworkAnalyst (39). Differentially expressed genes were ranked by fold-206 
change for Gene Set Enrichment Analysis (GSEA v4.1.0) using weighted enrichment statistic and 207 
KEGG, Hallmarks, and Wikipathways gene sets. Additionally, we used custom gene sets comprised 208 
of human embryonic stem cell-related genes (M1871: BENPORATH_ES1 and M4241: 209 
BENPORATH_ES2), pluripotency transcription factor target genes (M14573: 210 
BENPORATH_NOS_TARGETS), and cancer progenitor genes 211 
(ENGELMANN_CANCER_PROGENITORS_UP) obtained from www.gsea-msigdb.org. The 212 
statistical signifcance threshold was set at FDR<0,1 or (p<0,5 ∧ FDR<0,25).  Additionally, gProfiler 213 
(https://biit.cs.ut.ee/gprofiler/gost)  was used to assess the function of ranked DEGs using the ranked 214 
query mode and Benjamini-Hochberg FDR thresholding. The outputs of GSEA and gProfiler analysis 215 
were fed to the EnrichmentMap app on Cytoscape (v3.8.1) to generate visualizations of enriched 216 
biological features and pathways following published protocols (40). Differentially expressed genes 217 
from RNA-sequencing were processed for functional analysis and visualization in the same way, 218 
except for GSEA, differentially expressed genes were ranked by the absolute value of fold change (41). 219 

Real-Time Quantitative Polymerase Chain Reaction and gene expression analysis  220 

For RT-qPCR, total RNA was extracted using the GenElute mammalian total RNA miniprep kit from 221 
Sigma (Sigma, RTN350-1KT) according to the manufacturer's instructions, and DNA was digested 222 
during RNA extraction using on-column DNAse (Sigma, On-Column DNAse I digestion set, 223 
DNASE70). cDNA was synthesized from 500 ng of total RNA using the BIORAD iScript cDNA 224 
synthesis kit (BIORAD, CAT#1708891). Quantitative real-time PCR reactions were set up in technical 225 
triplicates with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, 11733-046) on a ViiA7 226 
Real-Time PCR System (Thermo Scientific). Expression levels were normalized to housekeeping 227 
genes (HKG) GAPDH and RPL19. Statistical testing of differences in expression between samples 228 
was carried out on relative-expression values (2-∆CT). In some figures, mRNA expression values are 229 
represented as fold-change for convenience of interpretation, although statistical testing was performed 230 
on relative expression values (2-∆CT). 231 

Tummorsphere formation assays 232 

For tumorsphere formation assays, cells were collected as described above, washed, counted, and 233 
resuspended in serum-free tumorsphere assay medium containing  DMEM/F12, 1x B27 (Thermo, 234 
12587010), 10ng/mL bFGF, (Peprotech, 100-18b) 20 ng/mL EGF (Peprotech, AF-100-15), and 2% 235 
growth-factor reduced matrigel (Corning, 734-0268). Cells were seeded at a density of 1000 cells/mL 236 
in ultra-low attachment  6-well plates and allowed seven days to grow. On the 7th day, spheres were 237 
collected and centrifuged at 50g for 10 minutes, resuspended, and transferred to 96-well plates. Plates 238 
were briefly centrifuged at 50g for 1 minute to pull down larger spheroids (>60 µm) which were 239 
counted using a tally counter. 240 

Immunohistochemistry  241 

Tumor samples were dissected, washed in saline, and either snap-frozen in OCT compound (VWR 242 
361603E) or fixed in 4% formalin for 24 hours.  Frozen tissue was cut at 10 µm thickness using a 243 
cryostat and mounted on superfrost microscope slides (Thermo Scientific,  J1800AMNZ). Formalin-244 
fixed tissue was embedded in paraffin and sectioned at 4 µm thickness using a microtome. Frozen and 245 
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FFPE sections were stained with hematoxylin and eosin (HE), using a Leica Autostainer XL (Leica 246 
Microsystems), or stained in immunohistochemistry (IHC). In brief, frozen sections were fixed in 247 
acetone and preserved at -80°C until use. Slides were thawed at room temperature for 15 minutes and 248 
rehydrated in PBS. FFPE sections were deparaffinized in Leica Autostainer XL (Leica Microsystems) 249 
and pre-treated in citrate buffer (EnVision FLEX Target Retrieval Solution Low pH, Agilent-Dako, 250 
K8005) using a PT Link module (Dako), according to manufacturer's instructions. For IHC, tumor 251 
sections were incubated with Envision Flex Peroxidase-Blocking Reagent (Dako, S202386-2) for at 252 
least 5 minutes, rinsed three times in wash buffer (Dako, K800721-2), and blocked with 5% bovine 253 
serum albumin (BSA) for 45 min at room temperature. After overnight incubation with anti-human 254 
Ki67 antibody (Abcam, EPR3610 clone, 1:1500) at 4°C, slides were incubated with HPR-conjugated 255 
secondary antibodies (Agilent, K400311-2) for 30 min. Tissue sections were stained with 3,3'-256 
diaminobenzidine solution (DAB; Liquid DAB+ Substrate Chromogen System, K346889-2, Dako), 257 
counterstained with hematoxylin, and mounted using an automated coverslipper machine (Leica 258 
CV5030, Leica Biosystems). Pictures were acquired using a Zeiss Axiovision microscope. 259 
Quantification of Ki67+ cells was performed in at least 5 random 20x fields per sample using QuPath 260 
0.2.3. (42). 261 

Tunel Staining and pan-cytokeratin immunofluorescent staining. 262 

For TUNEL staining, cryopreserved tumor samples were cryosectioned at 10 µM thick and mounted 263 
on superfrost microscope slides. Slides were stored at -80ºC and stained using the Click-iT Plus 264 
TUNEL (ThermoFisher C10617) according to the manufacturer's instructions. After TUNEL staining, 265 
slides were blocked with 5% normal donkey serum in PBS (Gibco, 10010-050) for one hour and 266 
incubated overnight at 4ºC with rabbit anti-pan-cytokeratin polyclonal antibody (Abcam ab217916 267 
1:400). The following day, slides were washed three times in PBS containing 0.01% Triton X-100 and 268 
incubated for 2 hours with AlexaFluor conjugated donkey anti-rabbit secondary antibody (Abcam 269 
ab150073 1:1000). After secondary antibody incubation, slides were washed three times with PBS 270 
containing 0.01% Triton X-100 and mounted with ProLong™ Gold Antifade Mountant with DAPI 271 
(P36931, Thermo Fisher Scientific). Images were acquired using a Leica Sp8x confocal microscope. 272 
Quantification of TUNEL positive/ pan-cytokeratin positive cells was done in at least eight randomly 273 
sampled 10x fields per sample using QuPath 0.2.3. 274 

PDX models 275 

BRC016 (primary, grade III, TNBC) was established at the University Hospital UZ Leuven and is 276 
available from the Trace Leuven Cancer Institute (https://www.uzleuven-kuleuven.be/lki/trace/trace-277 
leuven-pdx-platform). C4O was previously obtained from a carboplatin treatment-refractory BRC016 278 
tumor.  The regrown tumor was harvested and implanted on NMRI-Fox1nu nude mice (Taconic) for 279 
propagation, re-testing, and confirmation of carboplatin tolerance in a previously published study (35). 280 
Treatment experiments included 24 NMRI-Fox1nu nude mice implanted with C4O tumor fragments. 281 
When tumors reached a volume of  approximately 300 mm3, mice were randomly assigned to placebo 282 
(vehicle), CAR (50 mg/kg), LGK (2 mg/kg), or CAR+LGK (50 mg/kg + 2 mg/kg) treatment groups. 283 
Carboplatin was administered once a week intraperitoneally, and LGK974 was administered daily by 284 
oral gavage. Treatments were carried out for three weeks. Tumors were measured every 48 hours with 285 
digital calipers, and volume was estimated as V = L x W2  x π/6 (L: length, W: width). 286 

Statistical analysis 287 
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All data were analyzed using GraphPad Prism 8, except for transcriptomic datasets. Unless otherwise 288 
specified, comparisons between two groups were tested for statistical significance using unpaired t-289 
tests with Welch correction. Comparisons between multiple groups were performed using a one-way 290 
analysis of variance (ANOVA). Comparisons between multiple groups across multiple time points 291 
were performed using two-way ANOVA. All statistical testing was corrected for multiple comparisons, 292 
using the Holm-Sidak method when comparing samples based on experimental design or the Tukey 293 
method when testing the comparison between all means in a dataset. For the reader's convenience, all 294 
statistical tests and sample sizes are indicated in the figure legends.  295 

3 Results 296 

Carboplatin-tolerant TNBC cells are characterized by enhanced WNT/β-catenin pathway 297 
activity, stem cell marker expression, and tumorsphere formation capacity. 298 

To explore the mechanisms of in vitro carboplatin resistance in TNBC, we generated an isogenic 299 
carboplatin-tolerant cell line (468'CT) (Fig. 1A) by exposing MDA-MB-468 cells to carboplatin 300 
treatment in incremental cycles.  301 

Half-maximal inhibitory concentration (IC50) profiles for carboplatin were determined for both 302 
parental (468'P) and 468'CT cells (Fig.1B). The carboplatin-tolerant cell line displayed a 5x increase 303 
in IC50, thereby functionally confirming a significant increase in carboplatin tolerance. Flow-304 
cytometric analysis of apoptosis further corroborated the establishment of the carboplatin-tolerant 305 
phenotype. When exposed to 2µM for 72 hours, 468'P stained positively and significantly for the 306 
apoptosis marker annexin V (43), whereas no significant increase in apoptotic cells was observed in 307 
468'CT (Fig. 1C). 308 

To study the underlying mechanisms of carboplatin tolerance, we performed transcriptome analysis by 309 
next-generation mRNA sequencing in 468'P and 468'CT cells. We used the ranked differentially 310 
expressed genes (Supplementary Table 1) followed by one-tailed Gene Set Enrichment Analysis 311 
(GSEA) (41) to identify changes in signaling pathways (Hallmarks, KEGG and Wikipathways). GSEA 312 
analysis identified alterations in several key cancer-related processes such as epithelial-mesenchymal-313 
transition (Hallmarks) and PPAR and P53 signaling (KEGG) (Supplementary Table 1). However, Wnt 314 
signaling was consistently enriched across the two databases (Fig. 1D) with a clear differential 315 
expression pattern across the two cell lines (Supplementary Fig. 1A). Moreover, enrichment maps of 316 
Wikipathway database terms highlighted a cluster of gene sets comprising Wnt signaling and 317 
pluripotency regulation (Fig. 1E), suggesting a potential acquisition or enrichment of stem cell features 318 
in carboplatin tolerant cells.  319 

To further understand the differences in stem cell transcriptional features between 468'CT and 320 
468'Pcells, we compared our transcriptomic data with a curated gene sets comprised of genes found 321 
overexpressed in human embryonic stem cells (hESC) and cancer stem cells (26,44). Interestingly, 322 
468'CT seem to be transcriptionally closer to both embryonic and cancer stem cells than 468'P as 323 
determined by GSEA (Fig. 1F). In addition, we compared our transcriptomic data with a gene set 324 
comprised of targets of pluripotency transcription factors NANOG, OCT4, and SOX2 in hESCs 325 
determined by chromatin immunoprecipitation followed by DNA sequencing (26). GSEA revealed 326 
enrichment of pluripotency transcription factor target genes in 468'CT cells, lending further support to 327 
the putative acquisition of stem cell features in this cell line (Fig. 1G).  328 
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To functionally validate the observed differences in Wnt/β-catenin signaling between 468'CT and 329 
468'P cells, we analyzed protein levels of non-phosphorylated (active) β-catenin. Importantly, western-330 
blot analysis of total protein extracts in baseline untreated conditions revealed strong enrichment of 331 
active β-catenin in 468'CT cells compared to the parental counterpart, thereby confirming the 332 
functional activation of Wnt activity in drug-tolerant cells  (Fig. 1H). Moreover, the accumulation of 333 
active β-catenin was accompanied by transcriptional activation of Wnt-reporter activity 334 
(Supplementary Fig. 1B). 335 

To quantify differences in frequency of putative cancer stem cell populations in both cell lines, we used 336 
flow cytometry to assess the enzymatic activity of aldehyde dehydrogenases (ALDH) and the 337 
expression level of the cell surface markers CD44 and CD24. Both methods have been used to identify, 338 
quantify, and isolate putative cancer stem cells from different cancer types. High ALDH activity and 339 
CD44/CD24 expression ratio in TNBC have been shown to correlate with enhanced tumorigenesis and 340 
metastatic potential as wells as radio- and chemotherapy resistance (23,25,45). Flow cytometric 341 
analysis showed significant differences in ALDH positive (Fig. 1I) and CD44+/CD24- cells (Fig. 1J), 342 
with 468'CT cells expressing higher levels of both markers. Gene expression analysis also revealed an 343 
enrichment of the core pluripotency regulators OCT4, NANOG, and cMYC, as well as cancer stem cell 344 
marker LGR5 (46) (Fig. 1K).  345 

To functionally evaluate differences in cancer stem cell properties and in vitro tumor-initiating 346 
capacity, we performed a tumorsphere formation assay. In vitro growth in non-adherent conditions has 347 
been described as an exclusive capability of cancer stem cells, thereby functioning as a surrogate 348 
measure of in vitro tumor-initiating capacity and as a method to enrich cancer stem cells (47). 349 
Importantly, in line with our stemness-related gene expression data and flow cytometry analysis of 350 
ALDH activity and CD44/CD24 expression, we observed a significantly higher tumorsphere formation 351 
frequency in 468'CT cells compared to 468'P (Fig. 1L). 352 

Altogether, the transcriptomic evidence for alterations in Wnt signaling, and presumably stem cell 353 
features, between 468'CT and 468'P cells suggests the possibility of its involvement in mediating 354 
tolerance in our carboplatin-resistant cell line.  355 

Pharmacological activation of Wnt signaling in wild-type cells disrupts carboplatin-response and 356 
enhances stemness and pluripotency marker expression. 357 

We hypothesized that modulation of Wnt signaling in the parental 468'P cell line could recapitulate the 358 
carboplatin-tolerant phenotype and increase the expression level of pluripotency and stem cell-related 359 
genes. To test this hypothesis, we treated 468'P with a small molecule inhibitor of GSK3β, CHIR99021 360 
(CHIR), thereby preventing β-catenin degradation and consequently activating the Wnt/β-catenin 361 
pathway. To confirm Wnt signaling activation, we used a lentiviral fluorescent reporter of canonical 362 
Wnt transcriptional activity (TOPGFP) (48). 468'P displayed low basal levels of Wnt-reporter activity 363 
but promptly induced the reporter upon GSK3β inhibition, with almost 100% of cells becoming GFP 364 
positive within 12 hours of treatment (Fig. 2A). 365 

We observed a significant rescue of survival when treating 468'P with CHIR combined with 366 
carboplatin (Fig. 2B). Carboplatin-induced apoptosis was also significantly reduced when cells were 367 
co-treated with CHIR and CAR, as determined by flow cytometric analysis of Annexin V positivity 368 
(Fig. 2C). Also, GSK3β inhibition led to the upregulation of OCT4 and NANOG pluripotency markers 369 
(Fig. 2D). 370 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 21, 2021. ; https://doi.org/10.1101/2021.05.21.443409doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.21.443409


Wnt/β-catenin inhibition disrupts drug-tolerance in isogenic carboplatin-resistant models of 
Triple-Negative Breast Cancer. 

 

 
10 

 

Similar results were observed by inhibiting GSK3β on a second TNBC cell line (MDA-MB-231) 371 
(Supplementary Fig.2 A-B), suggesting this effect is not cell line-specific. 372 

β-catenin overexpression induces carboplatin tolerance in 468'P and enhances stem cell features. 373 

GSK3β is a multi-substrate serine-threonine kinase that regulates a multitude of signaling pathways 374 
(49). As such, we proceeded to investigate whether the effects of pharmacological activation of Wnt 375 
signaling on stemness and carboplatin tolerance could also be induced by direct overexpression of β-376 
catenin. To achieve this, we transduced 468'P cells with a lentiviral vector encoding a truncated, 377 
constitutively active mutant β-catenin (∆n90 β-catenin) (50), generating β-catenin overexpressing cells 378 
(468’OE) (Fig. 3A).  379 

We then performed mRNA-sequencing to investigate biological processes altered by overexpression 380 
of β-catenin in TNBC cells. Differentially expressed genes (Supplementary Table 2) were ranked by 381 
fold-change and analyzed by GSEA using the Wikipathways database. We detected an interesting 382 
enrichment of gene sets related to both pluripotency and differentiation, namely Embryonic Stem Cell 383 
Pluripotency Pathways (M39530: WP_ESC_PLURIPOTENCY_PATHWAY) and Wnt signaling in 384 
pluripotency (M39387: WP_WNT_SIGNALING_PATHWAY_AND_PLURIPOTENCY) (Fig. 3B). 385 
In addition, GSEA revealed a significant correlation between the transcriptional profile of 468'OE cells 386 
and hESC and pluripotency transcription factor gene sets (Supplementary Fig. 3A). 387 

468’OE displayed increased carboplatin tolerance in comparison with 468'CTRL cells (empty lentiviral 388 
vector) (IC50 468'OE: ~7µM vs. IC50 468'CTRL: ~1,5µM) (Fig. 3C). Accordingly, flow cytometric 389 
analysis revealed that upon overexpression of active β-catenin, 468'OE cells fail to induce apoptosis 390 
when challenged with carboplatin, displaying Annexin V positivity frequencies at the same level of 391 
untreated cells (Fig. 3D).  These data confirm the direct involvement of β-catenin in the acquisition of 392 
in vitro carboplatin tolerance in TNBC.  393 

Next, we probed gene expression of Wnt targets and pluripotency and cancer stem cell markers by RT-394 
qPCR. As observed with pharmacological activation of Wnt, β-catenin overexpression also induced a 395 
significant upregulation of pluripotency markers OCT4 and NANOG but also cMYC and LGR5 (Fig. 396 
3E).  397 

Further, in accordance with the increased expression of pluripotency and stemness-related genes, flow 398 
cytometric analysis of ALDH activity (Fig. 3F) and  CD44/CD24 expression (Fig. 3G) corroborated 399 
the presumptive induction of an enhanced cancer stem cell phenotype upon overexpression of β-catenin 400 
in TNBC cells.  401 

Finally, we investigated whether overexpression of β-catenin functionally endows TNBC cells with 402 
enhanced tumorsphere formation capacity. Indeed, 468'OE cells displayed a significantly higher 403 
sphere-forming efficiency when grown in 3D suspension culture conditions, confirming that β-catenin 404 
overexpression functionally enhances in vitro stem cell properties in TNBC cell lines (Fig. 3H). 405 

The overexpression of ∆n90 β-catenin on MDA-MB-231 cells yielded the same effect with a roughly 406 
10-fold increase in the IC50 of carboplatin, as well as increased ALDH activity and tumorsphere 407 
formation capacity (Supplementary Fig. 3 B-F). 408 
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WNT inhibition disrupts carboplatin tolerance in 468'CT cells and downregulates cancer stem 409 
cell and pluripotency marker expression. 410 

Wnt signaling is deregulated in 468'CT cells, and β-catenin overexpression on parental cells confirmed 411 
its role in mediating the carboplatin-tolerant stem-like phenotype. Given these observations, we 412 
hypothesized that inhibition of Wnt signaling could restore sensitivity in 468'CT cells. To that end, we 413 
used LGK974 (LGK), a small molecule inhibitor of the endoplasmic reticulum palmitoyltransferase 414 
porcupine (PORCN). This enzyme is responsible for processing Wnt ligands for secretion, therefore 415 
mediating a crucial step of  Wnt-dependent signaling (51). 416 

Combinatorial treatment of 468'CT cells with 2 µM of CAR and LGK increased carboplatin-sensitivity 417 
in a dose-dependent manner (Fig. 4A). Interestingly, LGK treatment alone (200nM) was insufficient 418 
to induce apoptosis in both 468'CT and 468'P. However, when added to carboplatin, LGK974 induced 419 
strong annexin V positivity in 468'CT cells, indicating a rescue of carboplatin sensitivity in the tolerant 420 
cell line (Fig. 4B).  421 

Gene expression analysis by qPCR of LGK974-treated 468'CT cells confirmed downregulation of Wnt 422 
signaling by reduced expression of WNT target AXIN2. More importantly, LGK974 severely reduced 423 
transcript levels of pluripotency markers OCT4, NANOG, and cMYC both in the presence or absence 424 
of carboplatin (Fig. 4C). These results corroborate the hypothesis that Wnt primes TNBC cells for 425 
carboplatin resistance by maintaining a stem-cell-like phenotype. 426 

Inducible β-catenin knockdown resensitizes 468'CT cells to carboplatin and disrupts expression 427 
of stem cell markers and tumorsphere formation capacity. 428 

Next, we investigated whether cancer stem cell markers and function could be manipulated by directly 429 
disrupting β-catenin making use of doxycycline (DOX) inducible short-hairpin RNA targeting 430 
CTNNB1 (β-catenin) transcripts in 468'CT cells (iCTNNB1-KD) (52). 431 

Gene expression analysis by RT-qPCR confirmed a reduction of roughly 90% in CTNNB1 transcripts 432 
upon DOX treatment of iCTNNB1-KD cells whereas, as expected, cells expressing inducible 433 
scrambled shRNA (iSCRMBL) maintained basal β-catenin transcript levels (Fig. 5A). Notably, DOX-434 
induced β-catenin knockdown led to a robust reduction of pluripotency and cancer stem cell markers, 435 
confirming the role of β-catenin in maintaining their high expression (Fig. 5A). 436 

Next, we investigated the effect of β-catenin knockdown on in vitro carboplatin response by 437 
determining the IC50 for 468'CT iCTNNB1-KD cells in the presence or absence of DOX. Suppressing 438 
the expression of β-catenin had a remarkable effect on carboplatin tolerance. DOX-treated iCTNNB1-439 
KD cells displayed a substantial reduction in measured IC50 compared to non-induced cells (IC50 -440 
DOX: ~11 µM vs. IC50 +DOX: ~1 µM) (Fig. 5B). Importantly, 468'CT iSCRMBL cells displayed no 441 
significant changes in IC50 (-DOX: ~13 µM vs. +DOX: ~11 µM) (Supplementary Fig. 4). 442 
Additionally, when exposed to the IC50 of 468'P cells, 468'CT iCTNNB1-KD cells strongly induced 443 
apoptosis in the presence of DOX, while no difference was observed in iSCRMBL cells (Fig. 5C). 444 

Finally, we assessed the effect of β-catenin suppression on tumorsphere formation as a functional 445 
readout for stem cell activity. In line with the downregulation of stem cell marker expression in the 446 
presence of DOX, iCTNNB1-KD cells displayed a significantly lower tumorsphere forming frequency 447 
when β-catenin shRNA was induced. On the other hand, differences upon the induction of SCRMBL 448 
shRNA were negligible (Fig. 5D). 449 
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WNT inhibition disrupts in vivo carboplatin tolerance in a carboplatin-resistant TNBC Patient-450 
Derived Xenograft. 451 

Patient-derived xenografts are essential in vivo models of human neoplasms. Moreover, PDX models 452 
retain with excellent fidelity histological and molecular features of originating tumors, therefore 453 
representing essential tools for assessing drug resistance and response (53–55). 454 

To study whether, like in 468'CT cells, in vivo PORCN inhibition with LGK974 re-establishes 455 
carboplatin sensitivity, we used an isogenic carboplatin-resistant TNBC PDX (C4O) obtained from a 456 
previously chemotherapy-sensitive model (BRC016) (35). In brief, ten mice bearing BRC016 tumors 457 
were treated with 50 mg/kg of carboplatin once weekly for three weeks. Nine out of ten BRC016-458 
bearing mice achieved a complete response to treatment with no tumors detectable. However, one 459 
tumor displayed a late response and, despite undergoing a substantial volume reduction, became 460 
tolerant to further treatment. The non-responder xenograft eventually regrew from the post-treatment 461 
residual tumor (Fig. 6A). Material from the regrown tumor was collected to establish an isogenic model 462 
of carboplatin-resistant TNBC (C4O) and gene expression analysis revealed changes in Wnt signaling 463 
target AXIN2 and pluripotency and stem markers NANOG, OCT4, SOX2, and LGR5 (Fig. 6B). 464 

In vivo carboplatin tolerance was maintained in subsequent generations of transplanted C4O PDX 465 
models. We detected no significant differences in mean final tumor volumes in animals treated with 466 
vehicle or 50mg/kg carboplatin, administered once weekly intraperitoneally, for three weeks  467 
(Supplementary Fig. 5A). However, combinatorial treatment with daily dosing of PORCN inhibitor 468 
LGK974 drastically reduced C4O tumor growth (Fig. 6C and Supplementary Fig. 5A). Interestingly, 469 
LGK or CAR alone could not reduce C4O growth (Fig. 6C), and no significant differences in mean 470 
final tumor volumes between VEH, CAR, and LGK-treated animals were observed. Importantly, we 471 
did not find differences in Ki67 positivity between any treatment arms, indicating that reduced tumor 472 
growth in CAR+LGK treated animals was not due to differences in proliferation (Supplementary Fig. 473 
5B). 474 

Gene expression analysis by RT-PCR revealed that similar to what we observed upon treating 468'CT 475 
cells with LGK, inhibition of PORCN in C4O led to the depletion of pluripotency marker expression 476 
both in the presence or absence of carboplatin (Fig. 6D). 477 

Finally, given the absence of alterations in the expression of Ki67, we sought out to understand whether 478 
the drastic reduction in tumor growth in animals treated with the combination of CAR and LGK could 479 
be due to increased apoptotic cell death. For this, we performed fluorescent terminal deoxynucleotidyl 480 
transferase dUTP nick end labeling (TUNEL) to detect DNA fragmentation as a readout of apoptosis. 481 
We combined TUNEL staining with human pan-cytokeratin immunolabeling to enable quantification 482 
of apoptotic signal specifically in cancer cells. No differences in TUNEL positivity were measured in 483 
VEH, LGK, and CAR treated animals. However, animals treated with the combination of CAR and 484 
LGK displayed a significant increase in apoptotic TUNEL signal (Fig. 6E) 485 

Wnt signaling is deregulated in patients with platinum-resistant TNBCs, high-grade serous 486 
ovarian cancer. 487 

To understand whether alterations in Wnt signaling are prevalent in platinum-resistant human TNBCs, 488 
we analyzed a public RNA microarray dataset (GSE103668) comprised of 21 pre-treatment samples 489 
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from TNBC patients treated with cisplatin and bevacizumab (56). Due to the scarcity of additional 490 
platinum-treated TNBC transcriptomic data available in public repositories, we decided to include a 491 
supplementary dataset from high-grade serous ovarian cancer (HGSOC) (E-MTAB-7083) (Fig. 7A). 492 
The reason for this choice lies in the extensive use of platinum-based chemotherapy in this type of 493 
cancer and the striking overlap in clinical and molecular features between HGSOC and TNBC (57). 494 

In both human datasets, the available clinical metadata was analyzed to classify patients based on 495 
response to treatment, and differential gene expression was calculated between responders and non-496 
responders. Interestingly, GSEA analysis on ranked differentially expressed genes using the KEGG 497 
database retrieved Wnt Signaling as one of the top enriched terms with False Discovery Rate (FDR) 498 
<10% in TNBC and HGSOC patients with no response to platinum therapy (Fig. 7B). Other enriched 499 
KEGG terms comprised biological processes such as focal adhesion, extracellular matrix interaction, 500 
and other signaling pathways such as TGFβ and Hedgehog. Enrichment maps of GSEA hits for both 501 
datasets contained distinctive Wnt-related clusters involving gene sets with overlapping enriched genes 502 
such as "Melanogenesis" and "Basal Cell Carcinoma" for TNBC patients and HGSOC, with the 503 
addition of "Hedgehog Signaling Pathway" in the latter (Fig. 7C). To obtain a broader perspective of 504 
the function of differentially expressed genes, we performed functional enrichment analysis for both 505 
datasets using gProfiler to retrieve enriched gene ontology, Reactome, and Wikipathway gene sets to 506 
build enrichment maps. In both datasets, we obtained a distinctive cluster of Wnt-related terms, 507 
including regulating both canonical and non-canonical Wnt signaling in TNBC and regulating 508 
pluripotency and Wnt ligand biogenesis and secretion in HGSOC (Fig. 7D). 509 

Altogether, these results highlight Wnt signaling's importance in mediating platinum resistance in 510 
human TNBC and suggest transversal resistance mechanisms across TNBC and HGSOC. 511 

4 Discussion 512 

Primary and acquired resistance to chemotherapy poses a critical hurdle in the treatment of cancer. 513 
This is particularly important in TNBC due to the relatively limited therapeutic toolbox available and 514 
the daunting clinical characteristics of this disease. In the continued absence of targeted molecular 515 
therapies, we must strive to improve response to current therapeutic options given the high probability 516 
of shorter survival when pCR is not achieved. The use of platinum compounds in combination with 517 
other agents or as a standalone treatment in TNBC is still under intense investigation but already shows 518 
the potential to improve pCR rates in this breast cancer subtype. However, how TNBCs specifically 519 
develop resistance to platinum-based treatment is still a poorly understood process.  520 

In this study, we used an isogenic carboplatin-resistant TNBC cell line and used next-generation 521 
mRNA sequencing to identify transcriptomic differences between sensitive and resistant cells. 522 
Functional enrichment analysis indicated, among others, the existence of profound differences in 523 
transcription of Wnt and pluripotency-related genes. We deemed this observation significant since Wnt 524 
signaling is intrinsically associated with tumorigenesis, and several studies have demonstrated the 525 
involvement of this pathway in mediating resistance to chemotherapy and radiation in different types 526 
of cancer, including breast (30,34,58–60). Wnt signaling is also known to specifically mediate platinum 527 
resistance in endometrial cancer (61), ovarian (62), and oral squamous cell carcinoma (63). 528 
Nonetheless, little is known regarding the role of Wnt signaling in mediating resistance to platinum in 529 
TNBC. Interestingly, Wnt is often deregulated in breast cancers, particularly TNBCs, despite the 530 
negligible frequency of mutations in Wnt pathway components. Significantly, Wnt activation is 531 
associated with poor clinical outcomes in TNBC (64). 532 
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Based on the transcriptomic data herein generated, we hypothesized that stem-cell gene expression and 533 
carboplatin resistance could be induced on parental MDA-MB-468 cells by manipulating Wnt 534 
signaling. For this, we first used CHIR, a small molecule inhibitor of GSK3β, thereby activating Wnt. 535 
Our results showed a significant increase in pluripotency marker expression and reduced apoptosis 536 
upon concomitant treatment with Wnt agonist and carboplatin. Past studies regarding the role of this 537 
multi-substrate kinase in treatment resistance are rather intriguing. While our results confirm other 538 
studies that report the enrichment of stem cell features upon GSK3β inhibition (65,66), they seem to 539 
contradict reports of GSK3 inhibition leading to reduction of tumor growth and apoptosis (67–69). 540 
Nonetheless, by overexpressing β-catenin in parental cells, we could replicate the phenotype of the 541 
isogenic carboplatin-resistant cells and GSK3β inhibition extensively. Namely, β-catenin 542 
overexpression induced a significant increase in expression of pluripotency markers and increased 543 
carboplatin tolerance, highlighting the role of Wnt pathway activation on drug resistance in TNBC. 544 

Our results show an increase in the cancer stem cell population (CD44+/CD24-, ALDH+) concomitantly 545 
with higher expression of pluripotent markers such as OCT4 and NANOG and cMYC and cancer stem 546 
marker LGR5 in carboplatin tolerant model and Wnt active cells. LGR5 is known to maintain somatic 547 
and cancer stem cells in different tissues and cancers, including breast (46,70), to mediate cisplatin 548 
resistance in cervical cancer (71) and has been demonstrated to be a strong predictor of recurrence in 549 
estrogen receptor-negative breast cancer (72). Besides, NANOG expression predicts inadequate 550 
response to platinum in advanced non-small cell lung and oral squamous cell carcinomas (73,74).  551 

Inhibition of Wnt ligand secretion using LGK974 in isogenic carboplatin-tolerant cells disrupted stem 552 
cell markers' expression and reversed resistance. Interestingly, inhibition of Wnt ligand secretion alone 553 
was not enough to induce apoptosis in either carboplatin sensitive or resistant cells, despite severely 554 
downregulating stem cell markers' expression. This indicates that Wnt secretory signals are not 555 
necessarily essential for the survival of either sensitive or resistant cells, but rather that these signals 556 
prime the latter for survival upon challenge by carboplatin.  557 

LGK974 prevents the secretion of all Wnt ligands by inhibiting the palmitoyl acyltransferase PORCN. 558 
In vertebrates, the WNT family of lipid-modified secreted signaling proteins comprises 19 members, 559 
conferring a great deal of complexity to Wnt signaling. Wnt signaling includes a canonical or Wnt/β-560 
catenin dependent pathway and the non-canonical or β-catenin-independent pathway (75). For that 561 
reason, it was essential to determine whether LGK974-induced  carboplatin sensitivity was mediated 562 
directly by β-catenin. Silencing β-catenin downregulated stem cell markers' expression and 563 
dramatically reversed tolerance to carboplatin, phenocopying LGK974 effects, and directly implicating 564 
canonical Wnt signaling. 565 

Inhibition of Wnt ligand secretion, namely through the inhibition of PORCN, has been under scrutiny 566 
during the last decade as a potential therapeutic approach for different types of cancer. LGK974 567 
specifically has shown excellent pre-clinical efficacy in Wnt-addicted models (76) and is under 568 
examination in phase I clinical trial for several Wnt-dependent solid malignancies, including TNBC 569 
(NCT01351103) (77). We evaluated whether this molecule could resensitize an in vivo model of 570 
carboplatin-resistant TNBC. Previous studies reported that LGK974 alone significantly reduces the 571 
growth of a murine mouse mammary tumor-Wnt3 model (76). To our surprise, daily dosing of LGK974 572 
alone had no impact on tumor growth. This is analogous to what we observed when treating 573 
carboplatin-resistant cells with LGK974 alone. Importantly, we observed a significant reduction of 574 
tumor growth in animals treated with a combination of daily LGK974 and weekly carboplatin.  575 
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Finally, we were able to identify similarities in transcriptional profiles of patients with platinum-576 
refractory ovarian and triple-negative breast neoplasms. Wnt signaling deregulation is a common 577 
denominator in both datasets we analyzed. Given the overlapping clinical and molecular features of 578 
both cancer types, it would be interesting to investigate whether transversal resistance mechanisms 579 
exist for other therapies. 580 

Altogether, this study demonstrates that response to platinum can be improved and stable in vitro, and 581 
in vivo resistance can be reversed by a combinatorial approach to TNBC treatment which leverages the 582 
inhibition of Wnt-signaling to disrupt resistance-inducing cancer stem cell functions. 583 
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 875 
 876 
 877 
Figure 1 Carboplatin-tolerant TNBC cells are characterized by enhanced WNT/β-catenin pathway 878 
activity, stem cell marker expression, and tumorsphere formation capacity. 879 
A) Phase contrast microscope images of 468'P and 468'CT cells. Scale bar: 100 µm.  880 
B) Non-linear fit model of [CAR] µM vs normalized response for IC50 determination. (468’P: n=6, 881 
R2=0.92) (468’CT: n=4, R2=0.95).  882 
C) Representative flow cytometry scatterplots of annexin V staining of cells treated with 2 µM CAR 883 
for 72 hours (left) and respective statistical analysis (right) using multiple t-tests corrected for multiple 884 
comparisons with the Holms-Sidak method  (n=3).  885 
D) Enriched gene sets from Hallmarks and KEGG databases by one-tailed GSEA ranked by 886 
Normalized enrichment score (NES), illustrating pathways most significantly deregulated between 887 
468'P and 468'CT. 888 
E) Enrichment map of one-tailed GSEA hits from Wikipathways database. Rectangles highlight 889 
clusters of gene sets with significant overlap and are labeled using AutoAnnotate on Cytoscape.  890 
F) GSEA of hESCs (26)(left) and Cancer Progenitor(44) (right) gene sets in 468'CT vs 468'P cells. 891 
G) GSEA of NANOG, OCT4 and SOX2 target genes determined by ChIP-SEQ in hESC's (26) in 892 
468'CT vs 468'P cells. 893 
H) Western blot of active non-phosphorylated β-catenin in 468'P and 468'CT. β-actin was used as the 894 
loading control.  895 
I) Representative scatterplots of flow cytometric analysis of aldehyde dehydrogenase activity (left). 896 
DEAB panels refer to internal controls in which ALDH activity is blocked with 897 
diethylaminobenzaldehyde to determine background signal generated by unconverted ALDH 898 
substrate. TEST panels refer to the experimental samples where substrate for fluorimetric 899 
determination of ALDH activity is supplied. TEST samples are normalized to background fluorescence 900 
measured in DEAB internal controls and presented as the mean + standard error of the mean percentage 901 
of ALDH+ cells in 468'CT (n=5)  and 468'P (n=7) (right). Welch's t-test. 902 
J) Representative scatterplots of flow cytometric analysis of CD44-PE and CD24-APC 903 
immunolabeling (left) and corresponding statistical analysis of the mean percentage of CD44+/CD24- 904 
cells (right; n=3). Welch's t-test. 905 
K) qRT-PCR of Wnt target AXIN2 and stem cell markers in 468'CT cells vs. 468'P (n=4). Multiple t-906 
tests.  907 
L) Representative brightfield images of tumorspheres generated from 468'P and 468'CT cells (left, 908 
scale bar: 50 µm) and statistical analysis of mean tumorsphere forming units (number of 909 
spheres/number of seeded single cells) (right; n=3). Welch's t-test. 910 
 911 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 912 
significant).  913 
 914 
Figure 2 Pharmacological in vitro Wnt induction prevents carboplatin-induced apoptosis and 915 
upregulates stem cell marker expression. 916 
A) Representative flow cytometry scatterplots (left) of Wnt-reporter MDA-MB-468 TOPGFP cells 917 
treated with vehicle (DMSO) or GSK3β inhibitor (CHIR, 4 µΜ) for 12 hours and statistical analysis 918 
of the mean frequency of GFP+ cells using Welch's t-test (right, n=3). 919 
B) Phase-contrast microscopy images of 468'P cells treated with or without carboplatin in the presence 920 
of CHIR or DMSO (left, scale bar: 100 µm) and statistical analysis of absolute cell numbers after 72 921 
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hours of each treatment using One-way ANOVA corrected for multiple comparisons using the Holm-922 
Sidak method (n=4). 923 
C) Representative flow cytometry scatterplots of annexin V staining of 468'P cells (left) treated with 924 
or without carboplatin in the presence of DMSO or CHIR (4 µΜ) for 72 hours and statistical analysis 925 
of the mean frequency of annexin V positive cells (right) using one-way ANOVA corrected for 926 
multiple comparisons using the Holm-Sidak method (n=3). 927 
D) Relative mRNA expression of Wnt target and stem cell markers upon 72-hour treatment with 928 
DMSO or CHIR (4 µΜ)  in 468'P cells (n=3). Multiple t-tests with Holm-Sidak correction for multiple 929 
comparisons.  930 
 931 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 932 
significant) 933 
 934 
Figure 3 β-catenin overexpression in 468'P induces carboplatin-tolerance, pluripotency-related gene 935 
expression, and cancer stem cell features. 936 
A) Western blot (top) of total β-catenin in MDA-MB-468 cells transduced with an empty vector or 937 
truncated, constitutively active β-catenin isoform ∆N90 and phase-contrast microscopy (down). 938 
B) Enriched gene sets from Wikipathways database by one-tailed GSEA of ranked DEGs between 939 
468'OE and 468'P sorted by normalized enrichment score (left) and enrichment map illustrating 940 
pathways most significantly different between 468'OE and 468'P (right). 941 
C) Non-linear fit model of [CAR] vs. normalized response for IC50 determination. (468'OE: n=6, 942 
R2=0.92; 468'CTRL: n=6, R2=0.95). 943 
D) Representative flow cytometry scatterplots of annexin V staining (left) of 468'CTRL and 468'OE 944 
cells treated with carboplatin 2 µΜ for 72h and statistical analysis of the mean frequency of annexin 945 
V positive cells using one-way ANOVA corrected for multiple comparisons using the Holm-Sidak 946 
method (right, n=3). 947 
E) mRNA level fold change (Log2) of CTNNB1 (β-catenin), Wnt target AXIN2,  and stem cell markers 948 
in 468'OE cells vs. 468'CTRL (n=4). Multiple t-tests with Holms-Sidak correction for multiple 949 
comparisons. 950 
F) Representative scatterplots of flow cytometric analysis of aldehyde dehydrogenase activity (left) 951 
and statistical analysis of the mean percentage of ALDH+ cells in 468'OE (n=5) and 468'CTRL (n=5) 952 
using Welch's t-test (right). 953 
G) Representative scatterplots of flow cytometric analysis of CD44-PE and CD24-APC 954 
immunolabeling (left) and corresponding statistical analysis of the mean percentage of CD44+/CD24- 955 
cells using Welch's t-test (right; n=3). 956 
H) Representative brightfield images of tumorspheres generated from 468'CTRL and 468'OE cells 957 
(left, scale bar: 50 µm) and statistical analysis of mean tumorsphere forming units (number of 958 
spheres/number of seeded single cells)  using Welch's t-test (right; n=3).  959 
 960 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 961 
significant) 962 
 963 
Figure 4 Wnt inhibitor LGK974 disrupts carboplatin resistance and pluripotency gene expression. 964 
A) Absolute cell number of 468'CT cells treated for 72 hours with or without LGK974 in the presence 965 
or absence of 2 µΜ carboplatin. Multiple t-tests (n=3). 966 
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B) Phase-contrast microscopy of 468'CT cells treated for 72 hours with 200 nM LGK974 or DMSO in 967 
the presence or absence of  2 µΜ carboplatin (left). Mean frequency of annexin V positive cells in 968 
468'P and 468'CT cells treated with or without 200 nM LGK974 in presence or absence of 2 969 
µΜ carboplatin showing the resensitization of 'CT cells to carboplatin when co-treated with Wnt 970 
inhibitor (right, n=3). One-way Anova with correction for multiple comparisons using the Holm-Sidak 971 
method. 972 
C) Relative mRNA expression of Wnt target and stem cell markers upon 72-hour treatment with 973 
DMSO or 200 nM LGK974 with or without 2 µΜ carboplatin in 468'CT cells (n=3). Multiple t-tests: 974 
Unt vs. Unt+LGK & CAR vs. CAR+LGK. 975 
 976 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 977 
significant) 978 
 979 
Figure 5 Inducible β-catenin shRNA disrupts carboplatin-resistance and stem cell function in 468'CT 980 
cells. 981 
A) Relative mRNA expression level of CTNNB1 (β-catenin) and Wnt target and pluripotency markers 982 
in 468'CT cells transduced with inducible CTNNB1-targeting or SCRMBL shRNAs, in the presence 983 
or absence of doxycycline (n=3). Welch's t-test ( Dox vs. no Dox). 984 
B) Non-linear fit model of [CAR] vs normalized response for IC50 determination in iCTNNB1-KD 985 
cells in presence or absence of doxycyclin. (n=3, R2 + DOX: 0.93, R2 - DOX: 0.95). 986 
C) Representative scatterplots of flow cytometric analysis of apoptosis by annexin V staining of 987 
468'CT iCTNNB1-KD and 468'CT iSCRBML cells treated with or without 2 µΜ carboplatin for 72h 988 
in presence or absence of doxycycline (left) and corresponding statistical analysis of the mean 989 
frequency of annexin V positive cells (right, n=6). One-way Anova with correction for multiple 990 
comparisons using the Holm-Sidak method. 991 
D) Representative brightfield images of tumorspheres generated from 468'CT iSCRMBL and 468'CT 992 
iCTNNB1-KD cells (left, scale bar: 50 µm) and statistical analysis of mean tumorsphere forming units 993 
(number of spheres/number of seeded single cells) (right; n=3). Welch's t-test ( Dox vs. no Dox). 994 
 995 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 996 
significant) 997 
 998 
Figure 6 WNT inhibition disrupts in vivo carboplatin-tolerance in a carboplatin-resistant TNBC 999 
Patient-Derived Xenograft. 1000 
A) Tumor growth curves of carboplatin-sensitive BRC016 TNBC PDX model. Nine out of 10 mice 1001 
show complete response to treatment. One animal (red line)  had a very delayed response and still had 1002 
residual tumor mass after 3 weeks of treatment. The residual xenograft resumed growth after 1003 
carboplatin-treatment was stopped. This tumor was collected to establish a carboplatin-resistant model 1004 
(C4O).  1005 
B) Comparative gene expression analysis by qRT-PCR of Wnt target AXIN2 and stem cell markers in 1006 
BRC016 carboplatin-sensitive PDX and the C4O carboplatin-resistant isogenic PDX (n=4). Welch's t-1007 
test. 1008 
C) Tumor growth curves of C4O carboplatin-resistant PDX treated with VEH, LGK974, CAR, or 1009 
CAR+LGK showing drastically reduced tumor growth in the combinatorial treatment arm (VEH, CAR, 1010 
CAR+LGK n=6 and LGK n=5) (left). Two-way ANOVA with Tukey correction. The green-shadowed 1011 
area under the curve represents highlights the time points in which the difference between CAR and 1012 
CAR+LGK is statistically significant. Representative photographs of tumors in each treatment arm at 1013 
day 21 of treatment (right). 1014 
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D) mRNA level fold change (Log2) vs. VEH treatment (no carboplatin and no Wnt inhibitor) in tumors 1015 
dissected at treatment endpoint (21 days) (n=3). Multiple t-tests (VEH vs. LGK and CAR vs. 1016 
CAR+LGK). 1017 
E) Representative confocal microscopy images (left) of TUNEL staining in green and human pan-1018 
cytokeratin immunolabeling in red and respective quantification and statistical analysis of TUNEL 1019 
positive cells (VEH n=4, LGK n=4, CAR & CAR+LGK n=6). One-way ANOVA with correction for 1020 
multiple comparisons using the Holm-Sidak method. 1021 
 1022 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001), ns= non 1023 
significant) 1024 
 1025 
Figure 7  Wnt signaling is deregulated in patients with platinum-resistant TNBCs, high-grade serous 1026 
ovarian cancer, and isogenic cisplatin-resistant ovarian cancer cell lines.  1027 
A) Summary of datasets and analysis methodology used. Functional enrichment and mapping as 1028 
previously reported (40,41,78). 1029 
B) Enriched KEGG gene sets in patients with platinum-resistant TNBC (left) and HGSOC (right). 1030 
C) Enrichment maps for visualization of enriched KEGG gene sets in patients with platinum-resistant 1031 
TNBC (left) and HGSOC (right). 1032 
D) Enrichment maps for visualization of gProfiler functional enrichment analysis of ranked, 1033 
upregulated DEGs in patients with platinum-resistant TNBC (left) and HGSOC (right). 1034 
 1035 
Supplementary Figure 1 1036 
A) Expression heatmap of Wnt-related genes comprised in gene sets from the WNT Pathway 1037 
Pluripotency cluster from Fig. 1E. 1038 
B) Flow cytometry analysis of TOPGFP-Wnt reporter activity in 468'P and 468'CT cells (n=3). 1039 
 1040 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 1041 
significant) 1042 
 1043 
Supplementary Figure 2 1044 
A)  Phase-contrast microscopy (left, scale bar: 100 µm) of MDA-MB-231 cells treated for 72 hours 1045 
with 35 µΜ Carboplatin in the presence or absence of 4 µΜ CHIR and statistical analysis of mean 1046 
absolute cell numbers (n=4). One-way ANOVA with correction for multiple comparisons using the 1047 
Holm-Sidak method. 1048 
B) mRNA level fold change (Log2) Wnt target AXIN2,  and stem cell markers in MDA-MB-231 cells 1049 
treated with 4 µΜ  CHIR  vs. DMSO (n=1, average of technical replicates). 1050 
 1051 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 1052 
significant) 1053 
 1054 
Supplementary Figure 3 1055 
A) GSEA of hESCs (26) (left), Cancer Progenitor (44) (center),  and pluripotency transcription target 1056 
gene sets (26) (right) in 468'OE vs 468'P cells. 1057 
B) Phase-contrast microscopy (scale bar: 100 µm) of  control MDA-MB-23 and 231'OE ( ∆n90 β-1058 
catenin overexpression). 1059 
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C) Western blot of total β-catenin in MDA-MB-231 cells transduced with an empty vector or truncated, 1060 
constitutively active β-catenin isoform ∆N90. β-actin was used as a loading control. 1061 
D) Non-linear fit model of [CAR] vs. normalized response for IC50 determination (right). (n=2) 1062 
E) Representative scatterplots of flow cytometric analysis of aldehyde dehydrogenase activity (left) 1063 
and statistical analysis of the mean percentage of ALDH+ cells in 231'OE and 231'Ctrl cells using 1064 
Welch's t-test (n=5) (right). 1065 
F) Representative brightfield images of tumorspheres generated from 231'Ctrl and 231'OE cells (left, 1066 
scale bar: 100 µm) and statistical analysis of mean tumorsphere forming units (number of 1067 
spheres/number of seeded single cells) (right; n=3). Welch's t-test. 1068 
 1069 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 1070 
significant) 1071 
 1072 
Supplementary Figure 4 1073 
Non-linear fit model of [CAR] vs. normalized response for IC50 determination (right) in 468'CT cells 1074 
transduced with inducible scrambled non-targeting shRNAs in the presence or absence of DOX. (n=2) 1075 
 1076 
Supplementary Figure 5 1077 
A) Final tumor volumes of VEH (n=6), LGK (n=5), CAR (n=6) and CAR+LGK (n=6) treated mice. 1078 
One way-ANOVA with Holm-Sidak correction for multiple comparisons. 1079 
B) Representative brightfield microscopy (20x magnification) of tumor sections labeled with anti-1080 
human Ki67 (left) and corresponding statistical analysis of the mean frequency of Ki67 positive cells. 1081 
(VEH, CAR, CAR+LGK n=6 and LGK n=4). One-way ANOVA with Holm-Sidak correction for 1082 
multiple comparisons. 1083 
 1084 
(Barplots represent mean + SEM. * p <0.05, ** p<0.01, *** p<0.001, **** p<0,0001, ns= non 1085 
significant) 1086 
 1087 

 1088 
 1089 
 1090 
 1091 
 1092 
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