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Abstract 34 

Cancer cells display phenotypic equilibrium between the stem-like and 35 

differentiated states during neoplastic homeostasis. The functional and mechanistic 36 

implications of this subpopulation plasticity remain largely unknown. Herein, it was 37 

demonstrated that the breast cancer stem cell (BCSC) secretome autonomously 38 

compressed the stem cell population. Co-implantation with BCSCs decreased the 39 

tumor-initiating capacity yet increased metastasis of accompanying cancer cells, 40 

wherein DKK1 was identified as a pivotal factor secreted by BCSCs for such functions. 41 

DKK1-promoted differentiation was indispensable for disseminated tumor cell 42 

metastatic outgrowth. In contrast, DKK1 inhibitors substantially relieved the metastatic 43 

burden by restraining metastatic cells in the dormant state. DKK1 increased the 44 

expression of SLC7A11 to protect metastasizing cancer cells from lipid peroxidation 45 

and ferroptosis. Combined treatment with ferroptosis inducer and DKK1 inhibitor 46 

exhibited synergistic effects in diminishing metastasis. Hence, this study deciphers the 47 

contribution of CSC-regulated phenotypic plasticity in metastatic colonization and 48 

provides therapeutic approaches to limit metastatic outgrowth. 49 

 50 

Keyword: cancer stem cell, phenotypic plasticity, metastatic colonization, DKK1, 51 

ferroptosis 52 
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Introduction 54 

Breast cancer encompasses hierarchies with a self-renewing, highly metastatic and 55 

therapeutic resistant subpopulation, termed breast cancer stem cells (BCSCs), at the 56 

apex1. Sharing similar surface markers with stem cells and exhibiting growth as 57 

spheroids in serum-free suspension culture, BCSCs have been reported to drive cancer 58 

progression and tumor relapse2, 3. Upon homeostatic culture, cancer cells display stable 59 

stem-like and differentiated bulk populations during propagation. The phenotypic 60 

equilibrium of these tumor cell subpopulations may be described by a quantitative 61 

Makov model4. Either in culture or in vivo, relatively enriched BCSCs rapidly re-62 

establish the composition of parental cells, which suggests the propensity of BCSCs to 63 

differentiate in such conditions4, 5. The equilibrium between renewal and differentiation 64 

is presumably orchestrated by both intrinsic and extrinsic determinants. For example, 65 

in breast cancer, IL6 is secreted by differentiated cancer cells to support CSC survival 66 

and self-renewal5. Differentiated glioblastoma cells are reported to promote glioma 67 

stem cell self-renewal through BDNF-NTRK2-VGF signaling6. Therefore, loss of the 68 

supportive niches for CSCs, which were generated by differentiated cancer cells, is 69 

presumed to induce rapid differentiation of enriched CSCs. However, the autonomous 70 

mechanisms by which CSCs regulate the phenotypic plasticity of cell subpopulations 71 

remain largely unknown. 72 

Metastasis is responsible for the cause of 90% of cancer-related deaths7. Intricately 73 

associated with CSC characteristics, the metastatic process is initiated by de-74 

differentiation coupled with acquisition of invasiveness in the primary tumor, which 75 
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enhances cancer cell motility and dissemination8, 9. Upon arrival at distant sites, 76 

disseminated cancer cells undergo re-differentiation during the process of post-77 

extravasation metastatic colonization10, 11. The dissemination of cancer cells seems to 78 

be an early and efficient step12, followed by the survival and proliferation of 79 

disseminated cancer cells as the prerequisite for establishment of macrometastases11, 13. 80 

Strategies to limit or prevent metastatic outgrowth of disseminated tumor cells (DTCs) 81 

have increasingly gained attention to potentially reduce metastatic mortality. The DTCs 82 

exhibit marked similarities with CSCs and remain largely dormant after arriving at 83 

distant organs14, 15. Reactivation from dormancy is required for DTCs to become overt 84 

metastases. Metastatic cells from low-metastatic burden tissues exhibit a conserved 85 

stem cell signature, whereas high-metastatic burden tissue metastatic cells expressed 86 

higher levels of genes associated with differentiation16. As the invasive/de-87 

differentiated cancer cells are predominantly in growth-arrested, re-differentiation at 88 

distant sites may be required to exit the dormancy for further metastatic outgrowth17. 89 

However, the mechanism by which DTCs undergo differentiation, exit quiescence and 90 

subsequent metastatic colonization remain poorly characterized. 91 

Ferroptosis, a non-apoptotic cell death process driven by aberrant metabolism and 92 

iron-dependent lipid peroxidation, has been implicated in a variety of pathologies 93 

including cancer. Increasing evidence has suggested that several oncogenic signaling 94 

pathways render cancer cells extremely susceptible to ferroptosis18. Previous studies 95 

also suggested that highly aggressive mesenchymal-like cancer cells are vulnerable to 96 

ferroptosis19, 20. Constitutionally associated with mesenchymal cancer cells, the 97 



6 

 

mesenchymal-like CSC population has also been identified to be highly susceptible to 98 

ferroptosis-induced cell death21, 22. Therefore, the differentiation of CSCs is presumably 99 

to protect tumors from ferroptosis. Moreover, cancer cells that have metastasized to 100 

lung experience higher oxidative stress and tend to be eliminated more frequently by 101 

oxidative stress-induced ferroptosis compared to that in primary mammary or 102 

subcutaneous tumors23, 24. The differentiation of DTCs is presumably maintained to 103 

protect metastases from ferroptosis. 104 

Intrigued by the CSCs initiated autonomous regulation of cell subpopulations, co-105 

culture systems in vitro and co-implantation systems in vivo were designed to 106 

characterize the functional and mechanistic implications of this phenomenon. By 107 

screening the function of the BCSC-derived secretome in the regulation of cancer cell 108 

phenotypic plasticity, DKK1 was identified as a pivotal molecule that autonomously 109 

diminishes the CSC population and subsequently promotes breast cancer metastatic 110 

colonization. DKK1 also significantly reduced ferroptosis-specific lipid peroxidation 111 

and induced a ferroptosis-resistant cell state. Thus, blockade of DKK1 combined with 112 

induction of ferroptosis may be a potential therapeutic strategy to limit metastatic 113 

diseases. 114 

  115 
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Results 116 

BCSC secretome compresses the stem cell pool 117 

To study BCSC regulated phenotypic plasticity of different cellular subpopulations, 118 

the ALDEFLUOR assay was used to separate the BCSCs and differentiated cancer cell 119 

populations25. In monolayer culture, enriched ALDH+ BCSCs rapidly gave rise to 120 

ALDH- cells, leading to a rapid and potent decrease in the percentage of ALDH+ cells 121 

in the cohort, while ALDH- differentiated cancer cells more slowly generated ALDH+ 122 

cells over time (Fig. 1a). To illuminate the mechanism underlying the rapid 123 

differentiation of enriched BCSCs, we co-cultured RFP-labeled T47D cells with FACS-124 

sorted unlabeled ALDH-, ALDH+ or parental cells in monolayer culture, respectively. 125 

The proportion of ALDH+ cells in the RFP+ cell population was decreased by 70% in 126 

the presence of untagged ALDH+ T47D cells compared to co-culture with the same 127 

number of untagged parental cells (Fig. 1b), suggesting the negative regulation of the 128 

stem cell pool by enriched BCSCs. In comparison, the proportion of ALDH+ cells in 129 

the RFP+ cell population was appreciably increased in the presence of untagged ALDH- 130 

T47D cells compared to the co-culture with the same number of untagged parental cells 131 

(Fig. 1b). To determine whether such effect is cell contact-dependent, T47D cells were 132 

cultured with the conditioned medium (CM) derived from ALDH-, ALDH+ or parental 133 

T47D cells, respectively. As shown in Fig. 1c, CM derived from ALDH+ cells resulted 134 

in a significant decrease, while CM from ALDH- cells slightly increased, the percentage 135 

of ALDH+ cells, suggesting that the observed effects are not cell contact-dependent. 136 

Mammosphere-enriched BCSCs were further utilized and verified by showing 137 
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significant enrichment of CD44+CD24-/low cells with elevated expression of multiple 138 

stemness markers (Extended Data Fig. 1a-1b). Further, either mammosphere-enriched 139 

BCSCs or parental cells were seeded in the upper chambers, whereas the parental cells 140 

were seeded in the lower compartment of the co-culture system (Fig. 1d). The 141 

percentage of the ALDH+ population or mammosphere formation efficiency of the cells 142 

in the lower compartment was determined 48 hours later. Consistently, the percentage 143 

of the ALDH+ population and mammosphere formation capacity were significantly 144 

decreased when MCF-7 or T47D cells were co-cultured with mammosphere-enriched 145 

BCSCs (Fig. 1e-1f). The same effects were observed in the cells cultured with the CM 146 

derived from mammosphere-enriched BCSCs or parental cells (Fig. 1g-1h). Similar 147 

results were observed by using HER2+ BT474 cells and triple-negative (TNBC) 148 

SUM159 cells (Extended Data Fig. 1c-1d), suggesting a generic role of the BCSC-149 

derived secretome in regulating the CSC pool in breast cancer cells. Cell proliferation 150 

was nevertheless not affected in the presence of BCSC-derived CM (Extended Data Fig. 151 

1e). To determine the tumor-initiating capacity in vivo, a series of limiting diluted 152 

luciferase-labeled MCF-7 cells were co-implanted with unlabeled 4×105 153 

mammosphere-enriched BCSCs or parental MCF-7 cells into the second mammary fat 154 

pads of female nude mice (Fig. 1i). The tumor-initiating capacity of MCF-7-luc cells in 155 

mice co-injected with BCSCs was significantly reduced compared with the control 156 

mice as determined by bioluminescent imaging 2 weeks after implantation (Fig. 1j-1k). 157 

These results suggest that BCSCs compress the CSC pool and subsequent tumor-158 

initiating capacity. 159 
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BCSC secreted DKK1 shrinks the stem cell pool 160 

To determine the mechanism by which BCSCs autonomously compress their pool 161 

size, the influence of BCSC-derived CM on three canonical signaling pathways of stem 162 

cells, including WNT/β-CATENIN, NOTCH and HEDGEHOG, were screened26. 163 

NICD and GLI2, which indicate the activity of NOTCH and HEDGEHOG pathways 164 

respectively, did not seem to be negatively affected by the CM from BCSCs (Extended 165 

Data Fig. 2a), while β-CATENIN levels, a marker for canonical WNT signaling, were 166 

remarkably downregulated in both MCF-7 and T47D cells exposed to BCSC CM (Fig. 167 

2a). Further, the luciferase activity of β-CATENIN reporter decreased by 70% upon 168 

BCSC-derived CM (Fig. 2b). Consistently, the expression levels of WNT/β-CATENIN 169 

target genes AXIN2, LGR5 and c-MYC were decreased by BCSC-derived CM 170 

(Extended Data Fig. 2b). This observation indicated that BCSCs secretome attenuated 171 

WNT/β-CATENIN signaling of parental cells. We further performed in silico analysis 172 

to compare the expression levels of 8 known WNT/β-CATENIN antagonists in ALDH+ 173 

and ALDH- cells using the published datasets27. DKK1 was the most abundant and 174 

significantly upregulated gene in the ALDH+ cells from both MCF-7 and T47D cells 175 

(Fig. 2c). The endogenous levels of DKK1 in mammosphere-enriched BCSCs were 176 

significantly elevated compared to the parental cells (Fig. 2d). Furthermore, the 177 

secreted levels of DKK1 were also significantly upregulated in CM from either 178 

mammospheres or ALDH+ cells compared to that from control cells (Fig. 2e and 179 

Extended Data Fig. 2c). 180 

DKK1 was reported to inhibit WNT signaling by binding to WNT receptor LRP5/6 181 



10 

 

directly28. Consistently, supplementation of recombinant DKK1 in the medium reduced 182 

the β-CATENIN levels, percentage of ALDH+ cells as well as mammosphere-183 

formation capacity in both MCF-7 and T47D cells (Extended Data Fig. 2d-2f). We 184 

further cultured MCF-7 and T47D cells in the presence of CM from BCSCs stably 185 

transfected with shCONT or shDKK1 (Extended Data Fig. 2g). While the CM from 186 

shCONT BCSCs significantly decreased the ALDH+ cell population and 187 

mammosphere-formation capacity, DKK1 depletion in BCSCs diminished these effects 188 

(Fig. 2f-2g). Application of a small molecule DKK1 antagonist, WAY 26261129, largely 189 

rescued the decreased β-CATENIN level, the percentage of ALDH+ cells and 190 

mammosphere formation capacity afforded by BCSC-derived CM in MCF-7 and T47D 191 

cells (Fig. 2a and Extended Data Fig. 2h-2i). Consistently, co-injection of MCF-7-luc 192 

cells with unlabeled shDKK1 BCSCs reversed decreased tumor-initiating capacity 193 

afforded by co-injection with control BCSCs (Fig. 2h-2i). Taken together, these data 194 

suggest that BCSC-derived DKK1 shrunk the CSC pool and reduced tumor-initiating 195 

capacity in breast cancer cells. 196 

BCSC secreted DKK1 enhances metastatic colonization 197 

Prevailing theories suggest that metastases are predominantly initiated by rare 198 

tumor cells with unique CSC properties30, 31. However, the proportion of CSCs in 199 

metastatic sites is enriched at the beginning of the metastasis and decreases rapidly 200 

during the advanced metastatic stages11. We therefore determined whether the 201 

autonomous compression of enriched BCSCs, which was regulated by BCSC-derived 202 

DKK1, exerted a role in cancer metastasis by using triple-negative breast cancer (TNBC) 203 
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cell lines. We co-injected the enriched unlabeled SUM159 BCSCs with luciferase 204 

labeled parental cells to the tail vein of nude mice. The metastatic burden derived from 205 

the co-injected luciferase labeled parental cells was determined by bioluminescent 206 

imaging (Fig. 3a). Strikingly, BCSCs were sufficient to convert the accompanying non-207 

metastatic SUM159-luc cells highly metastatic, while co-injection of DKK1 depleted 208 

BCSCs abrogated this effect (Fig. 3b and Extended Data Fig. 3a), indicating a critical 209 

role of BCSC secretome in promoting tumor metastasis. Consistently, BCSCs derived 210 

from murine mammary carcinoma 4TO7 cells could also afford the metastatic capacity 211 

to the accompanying inefficiently-metastatic 4TO7-luc cells (Extended Data Fig. 3b). 212 

These findings suggest a potential role of BCSC-regulated phenotypic plasticity in the 213 

promotion of breast cancer metastatic progression. 214 

To further determine the implications of DKK1-regulated differentiation in breast 215 

cancer metastasis, DKK1 expression in 15 paired invasive human breast cancer tissues 216 

was profiled. We observed that DKK1 expression was consistently elevated in lymph 217 

node metastases compared to their respective primary tumors (Fig. 3c). Furthermore, 218 

the highly metastatic MDA-MB-231 showed higher DKK1 levels compared to the non-219 

metastatic SUM159 (Fig. 3d), although these two cells exhibited similar cell 220 

morphology and migrative/invasive capacity (Extended Data Fig. 3c-3d). Similarly, in 221 

syngeneic murine mammary carcinoma cells, weakly-metastatic 4TO7 cells expressed 222 

much less DKK1 compared to highly metastatic 4T1 cells (Fig. 3d), although 4TO7 223 

exhibited mesenchymal-like morphology and increased migrative/invasive capacity 224 

compared to epithelial-like 4T1 cells (Extended Data Fig. 3e-3f). For further 225 
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characterization, the endogenous DKK1 expression in MDA-MB-231 cells was 226 

depleted by shRNA and an increased CSC population was observed as a result 227 

compared to the control cells (Extended Data Fig. 3g-3h). Consistent with in vitro cell 228 

migration/invasion assay data (Extended Data Fig. 3i), xenograft tumors derived from 229 

orthotopic inoculated MDA-MB-231-shCONT or -shDKK1 cells exhibited a similar 230 

extent of local infiltration (Extended Data Fig. 3j). After 4 weeks, orthotopically 231 

injected MDA-MB-231-shCONT cells spontaneously formed pulmonary metastasis, in 232 

contrast, DKK1 depletion potently decreased the metastatic burden without 233 

significantly affecting the growth of the primary tumor (Fig. 3e and Extended Data Fig. 234 

3k-3l). Quantitation of metastatic foci in the lung sections suggested that the seeding 235 

efficiency of disseminated tumor cells was not affected by DKK1 depletion (Extended 236 

Data Fig. 3m). Instead, the size of metastatic foci was potently diminished by DKK1 237 

depletion (Fig. 3f), suggestive of an effect on post-dissemination outgrowth. To 238 

minimize the possible variation of primary tumor initiated distant metastasis, the tail 239 

vein metastatic model was used. Pulmonary seeding of tumor cells was shown not to 240 

be affected by DKK1 depletion as examined by bioluminescent imaging 4 hours after 241 

cell injection (Extended Data Fig. 3n). Consistently, a much decreased metastasis 242 

burden was observed in the DKK1 depleted MDA-MB-231 cell group compared to the 243 

control group after 3 weeks (Fig. 3g and Extended Data Fig. 3o). Immunofluorescent 244 

co-staining of ALDH1 and Ki-67 in the lung sections revealed that Ki-67 almost 245 

exclusively marked ALDH1-negative tumor cells, indicating the quiescent status of 246 

most BCSCs in the lung metastases (Fig. 3h). Interestingly, loss of DKK1 expression 247 
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significantly increased the percentage of ALDH1+ BCSCs yet decreased the percentage 248 

of Ki-67+ proliferative cells in lung metastases (Fig. 3h). In addition, DKK1-depleted 249 

metastatic cells exhibited higher levels of stem cell markers, including KLF4, LIN28, 250 

NANOG and OCT3/4 as well as lower levels of cell cycle-associated genes such as 251 

CCND1 and CDK4 compared to the control (Extended Data Fig. 3p-3q). DKK1 252 

depletion did not seem to alter the proportion of apoptotic cells in the metastatic sites 253 

(Extended Data Fig. 3r). A shift towards a more quiescent and dormant signature in 254 

DKK1-depleted metastatic cells, which expressed higher levels of CDKN1B, CHEK1 255 

and TGFB216 was observed (Fig. 3i). Consistently, forced expression of DKK1 overtly 256 

converted the non-metastatic SUM159 cells to metastatic as observed in the tail vein 257 

metastatic model (Fig. 3j and Extended Data Fig. 3s). 258 

Similarly, in an orthotopically implanted mouse mammary tumor model, DKK1 259 

depletion in 4T1 cells abrogated pulmonary metastases without affecting the local 260 

infiltration of primary tumors (Extended Data Fig. 4a-4c). Again, in the tail vein 261 

injected metastatic model, DKK1 depletion in 4T1 cells did not affect pulmonary 262 

seeding efficiency compared to the control cells (Extended Data Fig. 4d), while a much 263 

decreased metastatic burden was observed in the DKK1 depleted group compared to 264 

the control group (Extended Data Fig. 4e). Consistently, forced expression of DKK1 in 265 

weakly-metastatic 4TO7 cells rendered it metastatic in the tail vein metastatic model 266 

(Extended Data Fig. 4f-4g). 267 

Examination of clinical data in breast cancer patients showed that although DKK1 268 

expression was not significantly associated with survival outcome in the overall patient 269 
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population, higher DKK1 expression was correlated with poorer survival outcome in 270 

the lymph node-positive patients but not the lymph node-negative patients (Fig. 3k), 271 

hence supporting a functional impact of DKK1 in metastatic breast cancer. Furthermore, 272 

prognostic analysis of DKK1 expression in clinical samples from multiple cancers 273 

including gastric, lung, pancreatic, and head-neck squamous cell cancer (head-neck 274 

SCC) concordantly revealed that patients with higher DKK1 expression exhibited 275 

poorer overall survival outcomes (Extended Data Fig. 4h). Collectively, DKK1 276 

promotes metastatic colonization of cancer cells without an impact on its early 277 

infiltration. 278 

Pharmacological inhibition of DKK1 abrogates metastatic progression 279 

The therapeutic potential of pharmacological DKK1 inhibition in breast cancer 280 

metastasis was further evaluated. DKK1 inhibitors, WAY262611 or Gallocyanine29, 32, 281 

remarkably reduced colony formation of MDA-MB-231 cells in 3D culture ex vivo 282 

(Extended Data Fig. 5a), concomitantly with increased β-CATENIN levels were 283 

observed upon treatment with the inhibitors (Extended Data Fig. 5b). To test if DKK1 284 

inhibition could reduce metastatic burden, MDA-MB-231 cells were orthotopically 285 

injected in nude mice, and DKK1 inhibitors or vehicle (saline) were subsequently 286 

administered when the tumors were visible on day 4. After a 4-week treatment, 287 

WAY262611 or Gallocyanine significantly diminished the pulmonary metastasis 288 

derived from MDA-MB-231 cells (Fig. 4a), with the metastatic foci size significantly 289 

reduced (Fig. 4b). Assessment of the body weight, haematological and blood 290 

biochemical indices of non-tumor bearing mice treated with WAY262611 or 291 
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Gallocyanine indicated that only Gallocyanine had a slight influence on liver function 292 

indicators (Extended Data Fig. 5c and Extended Data Table 1). Hematoxylin-eosin 293 

(H&E) staining further indicated no significant liver damage in Gallocyanine treated 294 

mice (Extended Data Fig. 5d). Thus, these inhibitors did not exert significant influence 295 

on general animal health. The tail vein metastasis model was further utilized. Twenty-296 

four hours after tail vein injection, the mice were treated with WAY262611, 297 

Gallocyanine or saline as indicated. While WAY262611 treatment resulted in a 50% 298 

reduction of pulmonary metastatic burden, Gallocyanine almost completely prevented 299 

the metastatic burden after a 3-week treatment (Fig. 4c and Extended Data Fig. 5e). 300 

Consistently, metastatic cells in the lung of treatment groups exhibited higher levels of 301 

stem cell markers but lower levels of cell cycle-associated genes (Extended Data Fig. 302 

5f-5g). WAY262611 or Gallocyanine also significantly decreased the percentage of Ki-303 

67+ proliferative cells and increased the expression levels of cell dormancy-associated 304 

genes in the metastatic sites compared to the control group (Fig. 4d-4e). Due to the 305 

higher efficacy of Gallocyanine, we further utilized Gallocyanine for determining the 306 

effect of DKK1 inhibition on the survival of mice with metastatic disease. In the 307 

vehicle-treated control group, all mice injected with 1×106 MDA-MB-231 cells via the 308 

tail vein died at around day 30 (Fig. 4f). In contrast, most Gallocyanine treated mice 309 

survived well beyond 50 days (Fig. 4f). Further, Gallocyanine also abrogated lung 310 

metastases derived from tail vein injected 4T1 cells and significantly extended the 311 

survival of host mice (Extended Data Fig. 5h and 5i). By using the mouse mammary 312 

tumor virus-Polyoma virus middle T-antigen (MMTV-PyMT) mice, it was also showed 313 
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that Gallocyanine could abrogate the lung metastases spontaneously derived from 314 

primary mammary tumors (Fig. 4g). MMTV-PyMT mice treated with Gallocyanine 315 

also showed significantly longer survival time compared to those treated with vehicle 316 

(Fig. 4h). To explore the therapeutic potential in a clinically-relevant context, the basal-317 

like breast cancer PDX line, USTC-1, was orthotopically implanted in the female 318 

NOD/SCID mice. While mice in the control group exhibited abundant lung metastasis, 319 

no macro-metastases were visible in the WAY262611 or Gallocyanine treated groups 320 

(Fig. 4i-4j). Thus, pharmacological inhibition of DKK1 might be a potential strategy 321 

against metastatic disease. 322 

BCSC secreted DKK1 protects cancer cells from ferroptosis 323 

It is fascinating that BCSC secretome decreased primary tumor-initiating capacity 324 

yet increased distant metastasis. To further understand why the autonomous restraint of 325 

BCSCs could enhance metastatic colonization, we performed unbiased RNA 326 

sequencing in cells cultured with CM from BCSCs or parental cells. Pathway 327 

enrichment analysis suggested that the metabolic pathways, biosynthesis of amino acids 328 

and ferroptosis were among the most enriched pathways in cells cultured with BCSC 329 

CM (Fig. 5a). Cellular metabolism and amino acid biosynthesis have been reported to 330 

play crucial roles in ferroptosis33. The microenvironment of lung metastases exhibits 331 

higher ferroptotic stress compared to primary mammary tumors24, resulting in altered 332 

dependence of ferroptosis. We therefore examined if the BCSC secretome-regulated 333 

decrease of the CSC pool modulates the sensitivity to ferroptosis. Erastin, a ferroptosis 334 

agonist, dramatically reduced the percentage of the ALDH+ population of MCF-7, 335 
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MDA-MB-231 and 4T1 cells (Extended Data Fig. 6a), indicative that ferroptosis 336 

selectively eliminates BCSCs. To test if the BCSC secretome resulted in reduced 337 

sensitivity to ferroptosis, MCF-7, MDA-MB-231 and 4T1 cells were cultured with CM 338 

derived from BCSCs or parental cells and subsequently treated with graded 339 

concentrations of Erastin for 48 hours. All cells cultured with BCSC CM developed 340 

persistent resistance to Erastin-induced cell death (Fig. 5b), whereas DKK1 inhibitor 341 

addition to BCSC CM significantly ameliorated this resistance (Fig. 5b). A similar 342 

effect was observed using another ferroptosis inducer RSL3 with or without DKK1 343 

inhibitor (Extended Data Fig. 6b). Similar results were observed in cells co-cultured 344 

with the respective BCSCs (Fig. 5c). We further cultured these cells in the presence of 345 

CM from BCSCs stably transfected with shCONT or shDKK1. Consistently, CM from 346 

DKK1 depleted BCSCs failed to protect cells against Erastin or RSL3 induced cell 347 

death, as compared to that from shCONT BCSC CM (Extended Data Fig. 6c-6d). 348 

Ferroptosis is accompanied by increased lipid peroxidation, which can be assayed using 349 

the fluorescent probe BODIPY-C1133. Flow cytometric staining with BODIPY-C11 350 

showed that while mammary carcinoma cells cultured with BCSC CM exhibited lower 351 

lipid ROS levels compared to cells cultured with control CM, concurrent treatment with 352 

Gallocyanine rescued this effect (Fig. 5d). Moreover, Erastin-induced accumulation of 353 

lipid ROS was further decreased in cells cultured with BCSC CM but not with BCSC 354 

CM with Gallocyanine addition (Fig. 5d). As cellular GSH plays a crucial role in 355 

ferroptosis34, we also observed that the cellular GSH levels were significantly higher in 356 

cells cultured with BCSC CM (Fig. 5e). Furthermore, BCSC CM also rescued the 357 
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Erastin-induced depletion of GSH, while Gallocyanine treatment significantly 358 

abrogated the effects observed above (Fig. 5e). These findings suggest a potential role 359 

of BCSC-secreted DKK1 in facilitating breast cancer cell evasion from ferroptosis. 360 

For further verification, MCF-7, MDA-MB-231 and 4T1 cells were cultured with 361 

recombinant DKK1 and subsequently treated with graded concentrations of Erastin or 362 

RSL3. Similar to BCSC CM, DKK1 supplementation also protected cells from Erastin 363 

or RSL3 induced cell death (Fig. 5f and Extended Data Fig. 6e). Similarly, lipid ROS 364 

levels were decreased while GSH levels were increased upon DKK1 treatment 365 

(Extended Data Fig. 6f-6g). DKK1 could also rescue the Erastin-induced lipid ROS 366 

accumulation or GSH depletion in these cells (Extended Data Fig. 6f-6g). Interestingly, 367 

Erastin treatment also increased DKK1 levels (Extended Data Fig. 6h). To assess 368 

whether DKK1 modulated tumor ferroptosis in vivo, IHC staining of PTGS2, a 369 

downstream marker of ferroptosis34, was performed in lung metastases. Indeed, lung 370 

metastases derived from MDA-MB-231-shDKK1 cells exhibited higher PTGS2 levels 371 

compared to those from -shCONT cells (Fig. 5g). In addition, treatment with 372 

WAY262611 or Gallocyanine significantly increased the PTGS2 levels in the MDA-373 

MB-231 derived lung metastases (Extended Data Fig. 6i). Furthermore, gene set 374 

enrichment analysis (GSEA) suggested that breast cancer patients with higher DKK1 375 

levels showed lower enrichment of lipid peroxisomal metabolism associated genes (Fig. 376 

5h). To determine if DKK1-modulated ferroptosis contributed to metastatic outgrowth, 377 

we first treated DKK1 depleted MDA-MB-231 cells with liproxstatin-1, a ferroptosis 378 

antagonist. While DKK1 depletion sensitized cells to Erastin, liproxstatin-1 379 
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significantly recused this effect (Fig. 5i). Again, while DKK1 depletion in MDA-MB-380 

231 cells largely abolished the metastatic burden in vivo, liproxstatin-1 potently rescued 381 

this effect (Fig. 5j). Consistently, liproxstatin-1 also reversed DKK1 depletion-382 

dependent increased expression of the ferroptosis marker PTGS2 in the lung metastases 383 

(Extended Data Fig. 6j). The diminished percentage of proliferative Ki-67 positive cells 384 

in DKK1 depleted lung metastases was also reversed by liproxstatin-1 (Extended Data 385 

Fig. 6k). Thus, these results demonstrate that DKK1 promoted tumor metastasis by 386 

protecting cells against ferroptosis. 387 

DKK1 promotes SLC7A11 expression 388 

To define the mechanism by which BCSC-secreted DKK1 protects breast cancer 389 

from ferroptosis, the transcriptomes of MCF-7 cells cultured with CM from BCSCs or 390 

parental cells were analyzed by RNA-seq analysis and the significantly altered genes 391 

involved in ferroptosis were determined (Fig. 6a). SLC7A11, a component of the 392 

cysteine-glutamate transporter system xc− that plays critical roles in ferroptosis35, was 393 

observed as one of the most upregulated genes in cells cultured with BCSC CM (Fig. 394 

6a), which was further validated by qRT-PCR (Extended Data Fig. 7a). Consistent with 395 

previous reports36, SLC7A11 depletion in MCF-7 and MDA-MB-231 cells resulted in 396 

reduced cell viability in the presence of Erastin or RSL3 (Extended Data Fig. 7b-7d). 397 

The protein levels of SLC7A11 were also observed to be increased in MCF-7, MDA-398 

MB-231 and 4T1 cells cultured with BCSC CM compared to control CM, while 399 

Gallocyanine supplementation in BCSC CM diminished this effect (Fig. 6b). We further 400 

demonstrated that DKK1 regulated SLC7A11 expression by supplementing 401 
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recombinant DKK1 in the medium (Fig. 6c). Consistently, DKK1 depletion was 402 

demonstrated to reduce SLC7A11 expression in MDA-MB-231 derived metastases (Fig. 403 

6d). To ascertain whether SLC7A11 is required for the BCSC secretome to protect 404 

cancer cells against ferroptosis, SLC7A11 was depleted by shRNA in MDA-MB-231 405 

cells. BCSC CM protected parental control cells but not SLC7A11 depleted cells 406 

against Erastin-induced cell death (Fig. 6e). Breast cancer clinical data also showed that 407 

higher SLC7A11 expression was correlated with worse survival outcomes in lymph 408 

node-positive/metastatic patients but not in the lymph node-negative or overall patient 409 

population (Extended Data Fig. 7e). 410 

The mechanism by which DKK1 upregulates SLC7A11 was also investigated. 411 

STAT3 was reported to bind to the SLC7A11 promoter region and repress its 412 

expression37, whereas the WNT/β-CATENIN pathway increases STAT3 activity38. We 413 

therefore determined if DKK1 utilizes the β-CATENIN-STAT3 axis to modulate 414 

SLC7A11 expression. DKK1 supplementation led to decreased β-CATENIN levels and 415 

reduced STAT3 activation (Extended Data Fig. 7f). In contrast, DKK1 depletion 416 

resulted in increased STAT3 activity and decreased SLC7A11 levels, which was 417 

reversed by STAT3 inhibitor treatment (Fig. 6f). We further determined whether DKK1 418 

protected cells from ferroptosis is β-CATENIN dependent. DKK1 supplement was 419 

shown to be sufficient to promote Erastin resistance in parental cells but not in β-420 

CATENIN depleted cells (Extended Data Fig. 7g). 421 

For in vivo studies, we injected the luciferase labeled MDA-MB-231 or 4T1 cells 422 

via the tail vein of host mice to form lung macro-metastases. Antibiotic-resistant cancer 423 
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cell lines (termed as 231 LM or 4T1 LM, respectively) were subsequently retrieved 424 

from lung tissue. Consistent with elevated DKK1 levels in lymph node metastases in 425 

breast cancer (Fig. 3c), 231 LM and 4T1 LM cells exhibited elevated DKK1 levels 426 

compared to their respective parental cells (Fig. 6g). Interestingly, increased SLC7A11 427 

levels were also persistently observed in 231 LM and 4T1 LM cells (Fig. 6g), 428 

suggesting resistance to ferroptosis is enhanced in successful lung metastases. Indeed, 429 

231 LM and 4T1 LM cells showed decreased lipid ROS and increased GSH levels 430 

compared to the respective control cells (Fig. 6h-6i), whereas 231 LM and 4T1 LM 431 

cells exhibited enhanced resistance to Erastin or RSL3 treatment than the respective 432 

controls (Fig. 6j and Extended Data Fig. 7h). Gallocyanine treatment re-sensitized 231 433 

LM and 4T1 LM cells to Erastin or RSL3 (Fig. 6j and Extended Data Fig. 7h). To 434 

determine whether Gallocyanine sensitized cancer cells to ferroptosis during the 435 

metastatic process, we pretreated 4T1 cells with Erastin or vehicle for 48 hours, and 436 

then intravenously injected the cells into BALB/c mice. The mice were further treated 437 

with Gallocyanine or vehicle for 2 weeks. Single treatment with Erastin or Gallocyanine 438 

showed moderate effects in blocking metastasis (Fig. 6k). In contrast, treatment 439 

combined with Erastin and Gallocyanine exhibited more potent efficacy in abrogating 440 

cancer metastasis (Fig. 6k). Similarly, combined treatment resulted in much higher 441 

levels of ferroptosis marker PTGS2 and lower levels of proliferative marker Ki-67 in 442 

lung metastases compared to that treated with Erastin or Gallocyanine alone (Extended 443 

Data Fig. 7i-7j). 444 

β-CATENIN activity is required for the secretion of DKK1 445 
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The mechanism underlying the increased secretion of DKK1 in BCSCs was further 446 

investigated. It has been reported that DKK1 is a transcriptional target of β-CATENIN39. 447 

In line with previous reports, β-CATENIN protein levels were significantly higher in 448 

BCSCs than parental cells40 (Fig. 7a). It was further shown that the DKK1 levels were 449 

downregulated in β-CATENIN depleted MCF-7 or T47D cells (Fig. 7b). Consistently, 450 

the WNT/β-CATENIN signaling activator, CHIR99021, significantly increased β-451 

CATENIN as well as DKK1 levels (Fig. 7c). In contrast, the WNT/β-CATENIN 452 

signaling inhibitor, XAV939, diminished the expression of β-CATENIN and DKK1. 453 

(Fig. 7c). BCSC CM derived from β-CATENIN depleted cells failed to decrease the 454 

CSC population (Extended Data Fig. 8a), supporting the dependence on WNT/β-455 

CATENIN signaling for DKK1 secretion. As expected, BCSC CM derived from β-456 

CATENIN depleted cells failed to promote resistance to Erastin treatment (Fig. 7d).  457 

We next tested if the transcription of DKK1 is regulated by the transcriptional 458 

activity of β-CATENIN signaling. Transcription factors of the TCF/LEF family are 459 

commonly involved in the transcriptional activation of the downstream genes in 460 

WNT/β-CATENIN signaling28, and the rVista 2.0 software predicted 2 conserved TCF4 461 

binding sites in the promoter region of DKK1 genes41 (Fig. 7e). ChIP-sequencing data 462 

from GEO database suggested the enrichments of TCF4 at the promoter region of 463 

DKK1 (Fig. 7f). Additionally, Wnt3a treatment increased the recruitment of β-464 

CATENIN to the promoter region of DKK1 (Fig. 7g). We next cloned the promoter 465 

sequence of DKK1 into the pGL3-reporter plasmid, and the dependence on β-466 

CATENIN for the activities of the DKK1 reporters was demonstrated (Fig. 7h). 467 
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Mutation of the second predicted TCF4 binding site of the DKK1 promoter abolished 468 

the influence of β-CATENIN on the reporter activity, but not the mutation of the first 469 

predicted site (Fig. 7h). The binding of TCF4 on the promoter of DKK1 by ChIP assay 470 

was further demonstrated (Fig. 7i). ChIP analysis also showed increased recruitment of 471 

β-CATENIN to the promoter region of DKK1 in BCSCs compared to parental cells (Fig. 472 

7j). Therefore, WNT/β-CATENIN signaling in BCSCs controlled the secretion of 473 

DKK1 via transcriptional activation at its promoter. 474 

  475 
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Discussion 476 

Whilst the phenotypic plasticity of cancer cells in stem-like and differentiated 477 

states during propagation had been well recognized4, 5, the mechanism and functional 478 

roles of this phenomenon in cancer progression and therapy remain poorly understood. 479 

Much attention on the mechanism of phenotypic equilibrium has been paid to non-480 

CSCs, which presumably form the supportive niche for CSC maintenance by secreting 481 

growth factors or extracellular matrix components5, 6, 42, 43. Although loss of the 482 

supportive niche composed of non-CSCs may partially explain the rapid differentiation 483 

of enriched CSCs, our study demonstrated an unexpected autochthonous mechanism in 484 

which BCSCs secreted DKK1 to restrict the stem cell pool and reduce stemness yet 485 

promote distant metastasis. We further determined that BCSCs secreted DKK1 to 486 

diminish the stemness of breast cancer cells by inhibition of canonical WNT signaling. 487 

Successful establishment of metastases requires CSCs to disseminate from primary 488 

sites and colonize at secondary sites11. The evidence that CSCs maintain a quiescent 489 

state14, 44 suggests that disseminated CSCs are likely to require and acquire a 490 

differentiated phenotype to promote metastatic outgrowth. It was observed that BCSC-491 

regulated differentiation in the metastatic sites was required for DTCs to exit from 492 

dormancy and subsequently achieve metastatic colonization, and elevated DKK1 493 

expression was also pivotal for these processes. Thus, the data herein supported such a 494 

role of BCSC-regulated subpopulation plasticity in facilitating disseminated cancer 495 

cells metastatic outgrowth by promoting DTC differentiation (Extended Data Fig. 8b). 496 

Although highly migratory and invasive in vitro, SUM159 and 4TO7 cells remain 497 
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interestingly non-metastatic or inefficiently-metastatic in vivo45, 46. As both cell lines 498 

exhibited limited DKK1 expression, it is surprising that co-injection of BCSCs, which 499 

tilted the equilibrium to a differentiated state in the accompanying parental cells, 500 

endowed efficient metastatic capacity to the accompanying SUM159 or 4TO7 cells. As 501 

the inefficiently-metastatic 4TO7 cells appear to be able to disseminate and seed in 502 

lungs but fail to establish proliferative colonies45, the data herein strongly suggest that 503 

BSCS-secreted DKK1 exerts its role specifically at post-extravasation stage. 504 

Furthermore, it was demonstrated that BCSC-secreted DKK1 specifically promoted 505 

micro-metastatic expansion without appreciable effects on local invasion or lung 506 

seeding. Mechanistic analyses revealed that BCSC-secreted DKK1 promotes SLC7A11 507 

expression, decreased lipid peroxidation and increased glutathione, leading to 508 

diminished tumor ferroptosis and enhanced cancer cell proliferation in lung metastases. 509 

As the microenvironment of lung metastases exhibits higher oxidative and ferroptotic 510 

stress compared to primary mammary or subcutaneous tumors23, ferroptosis 511 

antagonism exerts little or no effect on subcutaneous tumor growth, but efficiently 512 

increases the metastatic disease burden in highly metastatic tumors24. Furthermore, 513 

ferroptosis appears to modulate metastatic disease burden in cancers with high 514 

metastatic propensity but not in cancers that inefficiently metastasize24. Ferroptosis may 515 

therefore specifically decrease metastatic outgrowth in which post-extravasation 516 

metastatic colonization is rate-limiting, but not in which dissemination is a rate-limiting 517 

step. Consistently, we observed that DKK1 selectively increased the metastatic burden 518 

of breast cancer without impacting primary tumor growth. The data herein also 519 
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suggested that metastatic cancer cells in the lung may adapt to high ferroptotic stress 520 

and develop resistance to ferroptosis by inducing elevated DKK1 expression. DKK1 521 

has been reported to modulate tumor metastasis by dictating the NK cells, macrophage 522 

or neutrophil in the tumor microenvironment14, 47. Herein, a novel mechanistic insight 523 

was observed in which DKK1-regulated differentiation protected metastatic cells from 524 

ferroptosis at the post-extravasation stage to achieve metastatic colonization. 525 

DTCs may survive, yet lay in latency for long periods without perceived relapse48. 526 

A strategy to abrogate or limit the expansion potential of the latent micro-metastases 527 

may represent an opportunity to overcome metastatic mortality. Herein, DKK1 528 

inhibitors potently diminished the outgrowth of metastatic cells and markedly extended 529 

the survival outcomes of host mice. Nevertheless, targeting DKK1 did not eradicate 530 

tumor cells completely. Combined treatment by use of DKK1 inhibitor and ferroptosis 531 

inducer further enhanced efficacy as DKK1 antagonism significantly sensitized 532 

metastatic cells to ferroptosis. Thus, further systematic evaluation of the efficacy of 533 

DKK1 inhibition alone or combined with ferroptosis inducer may be warranted to limit 534 

or overcome metastatic pathologies. In summary, this study demonstrated the 535 

contribution of CSCs regulated phenotypic plasticity to metastatic colonization and 536 

identified novel therapeutic approaches to limit metastatic outgrowth.  537 

  538 
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Methods 692 

Human subjects. The specimens used in this study were collected from the First 693 

Affiliated Hospital of USTC (Hefei, Anhui, China). The specimens of paraffin sections 694 

used in this study were obtained in previous clinical diagnosis and treatment, which 695 

will not cause physical and mental suffering to the patients. The privacy and personal 696 

information of the patients will be protected, and the specimens that subjects have 697 

explicitly refused to use will not be used. A waiver of informed consent was granted. 698 

The clinical research protocol was approved by the Biomedical Ethics Committee of 699 

USTC (2020-P-054). The study is compliant with all relevant ethical regulations. A 700 

summary of the clinical information of the patients is provided in Extended Data Table 701 

2. 702 

Cell lines. If not specified otherwise, all cell lines used in this study were obtained from 703 

ATCC. Cells were cryopreserved soon upon receipt and continuously cultured for less 704 

than 2 months. MCF-7, T47D, BT474 and MDA-MB-231 cells have been authenticated 705 

by STR genotyping. No cross-contamination of other human cells was observed. The 706 

cell lines utilized are 100% matched with those of ATCC. Possible mycoplasma 707 

contamination of all cell lines in the laboratory is routinely and regularly monitored. 708 

SUM159 cell and the PDX were a kind gift from Suling Liu lab (Fudan University, 709 

China). HEK293T was from Dr. Ping Gao (USTC). 4TO7 was from Dr. Lianfeng Zhang 710 

(PUMC). MCF-7, MDA-MB-231, HEK293T and 4TO7 cells were cultured in DMEM 711 

(Gibco) supplemented with 10% fetal bovine serum (Gibco) at 37℃ and 5% CO2. T47D, 712 

BT474 and 4T1 cells were cultured in RPMI 1640 (Gibco) supplemented with 10% 713 
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fetal bovine serum (Gibco) at 37℃ and 5% CO2. SUM159 cells were cultured in Ham’s 714 

F12 (Gibco) supplemented with 5% fetal bovine serum (Gibco), 5 μg/ml insulin (Sigma) 715 

and 1 μg/ml hydrocortisone (Sigma). 716 

Mice. All animal experiments were approved by the Institutional Animal Care and Use 717 

Committee, University of Science and Technology of China (USTCACUC1801035). 718 

The study is compliant with all relevant ethical regulations regarding animal research. 719 

The 5-week old female BALB/c nude, BALB/c and NOD-SCID mice were purchased 720 

from SLAC laboratory animal (Shanghai, China). The MMTV-PyMT mice were from 721 

Dr. Zhenye Yang (USTC). All mice were housed under the SPF environment with a 722 

12 h light-dark cycle at 22-24 °C. In MCF-7 xenograft models, a slow-release pellet 723 

containing 0.36 mg of 17β-estradiol (Innovative Research of America) was 724 

subcutaneously implanted into the back of nude mice prior to the tumor implantation. 725 

WAY262611 was administered i.v. once per day at the concentration of 15 mg/kg, 726 

Gallocyanine was administered every two days i.v. at the concentration of 10 mg/kg. 727 

For liproxstatin-1 treatment, the liproxstatin-1 was administered with daily i.p. at the 728 

concentration of 20 mg/kg, control animals received the vehicle. In vivo bioluminescent 729 

imaging was performed to determine the tumor incidence, growth and metastatic 730 

burden of luciferase labeled cells. Mice were injected i.p. with 150 μg/g of D-luciferin 731 

(12 mg/ml in PBS) and imaged 10 minutes after injection using a PerkinElmer IVIS 732 

Spectrum system. 733 

Reagents. For DKK1 Inhibitors, Gallocyanine was from Santa Cruz, WAY262611 was 734 

from TargetMol. STAT3 inhibitor III (WP1066) was from Santa Cruz. EGF and bFGF 735 
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recombinant proteins were from PeproTech. The DKK1 recombinant protein was 736 

purchased from Abcam. Insulin was purchased from Sigma-Aldrich. The Wnt/β-catenin 737 

pathway inhibitor XAV939 and activator CHIR99021 were from TargetMol. The 738 

ferroptosis inducer Erastin and RSL3 were from MedChem Express. The liproxstatin-739 

1 was from TargetMol. BODIPY-C11 (D3861) was from ThermoFisher. 740 

ALDEFLUOR™ Kit (Cat#01700) was from Stem Cell. ChIP Assay Kit (Cat#P2078) 741 

was from Beyotime. Human DKK1 Quantikine ELISA Kit (Cat#DKK100B) were from 742 

R&D System. 743 

Plasmids construction and transfection. The DKK1 expression plasmid was a kind 744 

gift from Guohong Hu (Chinese Academy of Sciences, Shanghai). The shRNA 745 

plasmids of human genes were obtained from The RNAi Consortium (MISSION® TRC 746 

shRNA library, Sigma-Aldrich). For luciferase reporter plasmids of DKK1 promoters, 747 

the DNA fragments upstream of DKK1 gene carrying TCF4 binding sites were cloned 748 

into the pGL3-Basic plasmid (Promega). The mutant constructs were generated using 749 

the QuickChange II XL site-directed mutagenesis kit (Stratagene). The coding sequence 750 

of the firefly luciferase, DKK1 (HOMO) and DKK1 (Mus) genes were amplified and 751 

sub-cloned into the pSin vector to generate expressing plasmid. The sequences of 752 

shRNAs, primers for cloning and qRT-PCR are listed in Extended Data Table 3. The 753 

transfection was carried out using Lipofectamine 3000 (Invitrogen). 754 

Lentivirus production and transduction. The pSin-luciferase, pSin-DKK1 and 755 

shRNAs viruses were generated by transfection of the constructs together with pMD2.G 756 

and psPAX2 into HEK-293T cells using calcium phosphate. 14 hours after the 757 
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transfection, the medium was replaced with pre-heated fresh medium. The virus 758 

particles were harvested 24 and 48 hours later, filtered by 0.45 μm filter unit (Millipore). 759 

Cells were transduced with recombinant lentivirus with 10 μg/ml polybrene for 48 760 

hours and then selected by puromycin for one week. 761 

Mammosphere culture. 5,000 cells were seeded into each well of 6-well plates pre-762 

coated with poly (2-hydroxyethyl metacrylate) (Polyhema; Sigma) which prevents the 763 

cells from attaching to the surface. Cells were cultured in Dulbecco’s modified Eagle's 764 

medium (DMEM)/F12 (Gibco) supplemented with B27 (1:50; Gibco), bovine serum 765 

albumin (0.4 %; Biofroxx), EGF (20 ng/ml; PeproTech), bFGF (20 ng/ml; PeproTech), 766 

insulin (5 μg/ml; Sigma), penicillin-streptomycin (Sangon Biotech), L-glutamine 767 

(Gibco) for about 8 days to allow the generation of mammospheres. 768 

Conditioned medium and co-culture system. For the BCSC-derived conditioned 769 

medium, the BCSCs isolated from flow cytometry sorting or mammosphere culturing 770 

were seeded with the regular medium in monolayer culture for 48 hours. The medium 771 

from parallelly cultured parental cells was used as the control medium. The CM was 772 

centrifuged at 2,000 g for 3 minutes and filtered with a 0.22 μm filter unit (Millipore) 773 

to deplete any cell debris. In the Boyden co-culture system (3 μm pore filters; Corning), 774 

BCSCs were seeded on the upper chamber, and the same number of parental cells were 775 

seeded on the lower compartment. In the control setting, the same number of parental 776 

cells were used in both chambers. 777 

qRT-PCR and western blot. The total RNA was prepared using TRIzol (Invitrogen). 778 

RNA was then converted to cDNA using the RevertAid first strand cDNA synthesis kit 779 
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(Thermo Scientific). The SYBR Premix Ex Taq kit (Takara) was used to determine the 780 

expression levels, GAPDH served as input control. The protein was extracted using 781 

RIPA lysis buffer. The primers used were listed in Extended Data Table 3. 782 

Lipid peroxidation and GSH analysis. Tumor cells were seeded in 6-well plates and 783 

cultured with the respective treatments for 48 hours. For BODIPY-C11 staining, cells 784 

were incubated with 2 μM (MDA-MB-231 and 4T1 cells) or 10 μM (MCF-7 cells) 785 

BODIPY-C11 for 30 min at 37 °C. Cells were then collected by trypsinization and 786 

washed twice with PBS, then analyzed immediately with a flow cytometer (BD 787 

Biosciences). The GSH levels were analyzed using the GSH detection kit (Beyotime, 788 

S0053) and carried out following the manufacturer's instructions. The GSH levels of 789 

each sample were normalized to the respective protein concentration. 790 

Luciferase reporter assay. MCF-7 cells were seeded at about 60% confluence in 24-791 

well plates. For β-catenin reporter assay, 0.2 μg Super 8 x TOP flash plasmid was 792 

transfected into cells using lipofectamine 3000 (Invitrogen). For DKK1 promoter 793 

reporter, 0.2 μg pGL3 Basic luciferase reporters were transfected into MCF-7 cells 794 

stable transfected with β-catenin shRNA or vector. pRL-TK plasmid was provided as 795 

an internal transfection control. The transfected cells were lysed 48 hours later, and the 796 

luciferase activities were determined by the Dual-Luciferase® Reporter Assay System 797 

(Promega). 798 

ChIP assay. Chromatin immunoprecipitation was performed using the ChIP Assay kit 799 

(Beyotime) and carried out following the manufacturer's instructions. DNA enrichment 800 

was assessed by PCR using PrimeStar HS DNA Polymerase (Takara). The primers used 801 
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are listed in Extended Data Table 3. 802 

Statistics and reproducibility 803 

Figure 1a-1h, n=3 biologically independent samples. The experiments were performed 804 

three times with similar results. b, ns p=0.2902, ***p<0.01, one-way ANOVA followed 805 

by Tukey’s multiple comparison test, F=48.03. c, ns p=0.3079, **p=0.001, one-way 806 

ANOVA followed by Tukey’s multiple comparison test, F=37.26. e, *p=0.0385, 807 

***p<0.001, unpaired two-tailed Student’s t-test. f, **p=0.0016, ***p<0.001, unpaired 808 

two-tailed Student’s t-test. g, *p=0.013, ***p<0.001, unpaired two-tailed Student’s t-809 

test. h, left **p=0.0072, right **p=0.0013, unpaired two-tailed Student’s t-test. j-k, n=8 810 

biologically independent samples. The experiments were performed one time. 811 

***p<0.001. 812 

Figure 2a, the experiments were performed three times with similar results. b, n=3 813 

biologically independent samples. The experiments were performed three times with 814 

similar results. ***p<0.001, ne-way ANOVA followed by Tukey’s multiple comparison 815 

test, F=117.9. c, right, n=3 biologically independent samples. **p (DKK1)=0.0012, *p 816 

(DKK2)=0.0353, *p (WIF1)=0.0286, ns for p (DKK3)=0.22, p (DKK4)=0.2916, p 817 

(SOST)=0.1686, p (SFRP1)=0.7868, p (SFRP2)=0.8530, unpaired two-tailed Student’s 818 

t-test. d, the experiments were performed three times with similar results. e, n=4 819 

biologically independent samples. The experiments were performed three times with 820 

similar results. ***p<0.001, unpaired two-tailed Student’s t-test. f, n=4 biologically 821 

independent samples. The experiments were performed three times with similar results. 822 

***p<0.001, one-way ANOVA followed by Tukey’s multiple comparison test, F (MCF-823 
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7)=63.49, F (T47D)=157.7. g, n=3 biologically independent samples. The experiments 824 

were performed three times with similar results. ***p<0.001, **p (upper)=0.0029, **p 825 

(lower)=0.002. one-way ANOVA followed by Tukey’s multiple comparison test, F 826 

(MCF-7)=20.8, F (T47D)=29.34. h-i, n=8 biologically independent samples. The 827 

experiments were performed one time. ***p<0.001, *p=0.0313. 828 

Figure 3b, n=5 biologically independent samples. The experiments were performed one 829 

time. **p (left)=0.0079, **p (right)=0.0079, unpaired two-tailed Student’s t-test. c, 830 

n=15 biologically independent samples. The experiments were performed one time. 831 

***p<0.001, paired two-tailed Student’s t-test. d, The experiments were performed 832 

three times with similar results. e, n=5 biologically independent samples. The 833 

experiments were performed one time. *p=0.0481, unpaired two-tailed Student’s t-test. 834 

f, n=5 biologically independent samples. The experiments were performed one time. g, 835 

n=5 biologically independent samples. The experiments were performed one time. 836 

*p=0.032, unpaired two-tailed Student’s t-test. h, n=5 biologically independent samples. 837 

The experiments were performed one time. **p (left)=0.0028, **p (right)=0.0014, 838 

unpaired two-tailed Student’s t-test. i, n=10 biologically independent samples. The 839 

experiments were performed one time. ***p<0.001, unpaired two-tailed Student’s t-840 

test. j, n=5 biologically independent samples. The experiments were performed one 841 

time, *p=0.0399, unpaired two-tailed Student’s t-test. 842 

Figure 4a-4c, n=5 biologically independent samples. The experiments were performed 843 

one time. a, **p (upper)=0.0079, **p (lower)=0.0079, unpaired two-tailed Student’s t-844 

test. c, ***p<0.001, unpaired two-tailed Student’s t-test. d, n=11 biologically 845 



38 

 

independent samples. The experiments were performed one time. ***p<0.001, ne-way 846 

ANOVA followed by Tukey’s multiple comparison, F=139. e, n=10 biologically 847 

independent samples. The experiments were performed one time. ***p<0.001, one-way 848 

ANOVA followed by Tukey’s multiple comparison, F (CDKN1B)=233.1, F 849 

(CHEK1)=100.1, F (TGFB2)=160.9. f, n=20 biologically independent samples. The 850 

experiments were performed one time. g-h, n=27 biologically independent samples. 851 

The experiments were performed one time. i-j, n=5 biologically independent samples. 852 

The experiments were performed one time. 853 

Figure 5a, n=3 biologically independent samples. The experiments were performed one 854 

time. b, n=4 biologically independent samples, the experiments were performed three 855 

times with similar results, ***p<0.001, two-way ANOVA test. c, n=4 biologically 856 

independent samples, the experiments were performed three times with similar results, 857 

***p<0.001, one-way ANOVA followed by Tukey’s multiple comparison, F (MCF-858 

7)=53.97, F (MDA-MB-231)=53.94, F (4T1)=85.61. d, n=3 biologically independent 859 

samples, the experiments were performed three times with similar results. e-f, n=3 860 

biologically independent samples, the experiments were performed three times with 861 

similar results. e, ***p<0.001, one-way ANOVA followed by Tukey’s multiple 862 

comparison, F (MCF-7)=1825, F (MDA-MB-231)=52650, F (4T1)=493. f, ***p<0.001, 863 

two-way ANOVA test. g, n=5 biologically independent samples. The experiments were 864 

performed one time. i, n=4 biologically independent samples, the experiments were 865 

performed three times with similar results. ***p<0.001, two-way ANOVA test. j, n=5 866 

biologically independent samples, the experiments were performed one time. **p 867 
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(left)=0.0025. **p(right)=0.0029, unpaired two-tailed Student’s t-test. 868 

Fig. 6a, n=3 biologically independent samples, the experiments were performed one 869 

time. b-c, the experiments were performed three times with similar results. d, n=5 870 

biologically independent samples, the experiments were performed one time. e, n=4 871 

biologically independent samples, the experiments were performed three times with 872 

similar results, ***p<0.001, two-way ANOVA test. f-g, the experiments were 873 

performed three times with similar results. h, n=3 biologically independent samples, 874 

the experiments were performed three times with similar results. i, n=3 biologically 875 

independent samples, the experiments were performed three times with similar results, 876 

***p<0.001, **p=0.0038, unpaired two-tailed Student’s t-test. j, n=4 biologically 877 

independent samples, the experiments were performed three times with similar results, 878 

***p<0.001, two-way ANOVA test. k, n=4 biologically independent samples, the 879 

experiments were performed one time, ***p<0.001, *p (upper)=0.0286, *p 880 

(lower)=0.034, unpaired two-tailed Student’s t-test. 881 

Fig. 7a-7c, the experiments were performed three times with similar results. d, n=4 882 

biologically independent samples, the experiments were performed three times with 883 

similar results, ***p<0.001, two-way ANOVA test. h, n=4 biologically independent 884 

samples, the experiments were performed three times with similar results, ***p<0.001, 885 

**p=0.0012, *p=0.0362, one-way ANOVA followed by Tukey’s multiple comparison 886 

test, F=119. i-j, the experiments were performed three times with similar results. 887 

Extended Data Figure 1a-1d, n=3 biologically independent samples. The experiments 888 

were performed three times with similar results. a, ***p<0.001, unpaired two-tailed 889 
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Student’s t-test. b, ***p <0.001, **p (SOX2)=0.0035, **p (KLF4)=0.0073, **p 890 

(NANOG)=0.0019, unpaired two-tailed Student’s t-test. c, ***p <0.001, unpaired two-891 

tailed Student’s t-test. d, ***p <0.001, unpaired two-tailed Student’s t-test. e, n=4 892 

biologically independent samples. The experiments were performed three times with 893 

similar results. *p=0.0203, ns p=0.1343, unpaired two-tailed Student’s t-test. 894 

Extended Data Figure 2a-2b, The experiments were performed three times with similar 895 

results. c, n=4 biologically independent samples. The experiments were performed 896 

three times with similar results. ***p<0.001, unpaired two-tailed Student’s t-test. d, The 897 

experiments were performed three times with similar results. e-f, n=3 biologically 898 

independent samples. The experiments were performed three times with similar results. 899 

e, ***p<0.001, unpaired two-tailed Student’s t-test. f, ***p<0.001, *p=0.0102, 900 

unpaired two-tailed Student’s t-test. g, The experiments were performed three times 901 

with similar results. h, n=3 biologically independent samples. The experiments were 902 

performed three times with similar results. ***p<0.001, **p=0.0011, one-way ANOVA 903 

followed by Tukey’s multiple comparison test, F (MCF-7)=27.35, F (T47D)=197.6. i, 904 

n=3 biologically independent samples. The experiments were performed three times 905 

with similar results. ***p<0.001, **p=0.0014, one-way ANOVA followed by Tukey’s 906 

multiple comparison test, F (MCF-7)=36.7, F (T47D)=129.5. 907 

Extended Data Figure 3a, The experiments were performed three times with similar 908 

results. b, n=5 biologically independent samples. The experiments were performed one 909 

time. ***p<0.001, unpaired two-tailed Student’s t-test. d-f, n=3 biologically 910 

independent samples. The experiments were performed three times with similar results. 911 
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d, ns p (left)=0.0813, ns p (right)=0.1232, unpaired two-tailed Student’s t-test. f, 912 

***p<0.001, unpaired two-tailed Student’s t-test. g, The experiments were performed 913 

three times with similar results. h-i, n=3 biologically independent samples. The 914 

experiments were performed three times with similar results. h, ***p<0.001, unpaired 915 

two-tailed Student’s t-test. i, ns p (left)=0.4587, ns p (right)=0.2341, unpaired two-916 

tailed Student’s t-test. j, n=5 biologically independent samples. The experiments were 917 

performed one time. k, n=10 biologically independent samples. The experiments were 918 

performed one time. ns p=0.5352, two-way ANOVA test. l-o, n=5 biologically 919 

independent samples. The experiments were performed one time. l, ns p=0.5678, 920 

unpaired two-tailed Student’s t-test. m, ns p=0.4959, unpaired two-tailed Student’s t-921 

test. n, ns p=0.5042, unpaired two-tailed Student’s t-test. p-r, n=10 biologically 922 

independent samples. The experiments were performed one time. p, ***p<0.001, 923 

unpaired two-tailed Student’s t-test. q, ***p<0.001, unpaired two-tailed Student’s t-test. 924 

r, ns p=0.6493, unpaired two-tailed Student’s t-test. s, The experiments were performed 925 

three times with similar results. 926 

Extended Data Figure 4a, The experiments were performed three times with similar 927 

results. b-e, n=5 biologically independent samples. The experiments were performed 928 

one time. b, *p=0.0399, unpaired two-tailed Student’s t-test. d, ns p=0.9506, unpaired 929 

two-tailed Student’s t-test. e, **p=0.0052, unpaired two-tailed Student’s t-test. f, The 930 

experiments were performed three times with similar results. g, n=5 biologically 931 

independent samples. The experiments were performed one time. *p=0.0159, unpaired 932 

two-tailed Student’s t-test. 933 
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Extended Data Figure 5a-5b, The experiments were performed three times with similar 934 

results. c-e, n=5 biologically independent samples. The experiments were performed 935 

one time. c, ns p=0.534, one-way ANOVA test, F=0.6614. f-g, n=10 biologically 936 

independent samples. The experiments were performed one time. f, ***p<0.001, ns 937 

p=0.9553, one-way ANOVA followed by Tukey’s multiple comparison test, F 938 

(KLF4)=52.66, F (LIN28)=42.67, F (NANOG)=75.13, F (OCT3/4)=42.49 g, 939 

***p<0.001, one-way ANOVA followed by Tukey’s multiple comparison test, F 940 

(CCND1)=30.35, F (CDK4)=49.16. h-i, n=5 biologically independent samples. The 941 

experiments were performed one time. ***p<0.001, unpaired two-tailed Student’s t-942 

test. 943 

Extended Data Figure 6a, n=3 biologically independent samples. The experiments were 944 

performed three times with similar results. ***p<0.001, *p=0.018, unpaired two-tailed 945 

Student’s t-test. b-e, n=4 biologically independent samples. The experiments were 946 

performed three times with similar results. ***p<0.001, two-way ANOVA test. f-g, n=3 947 

biologically independent samples. The experiments were performed three times with 948 

similar results. g, ***p<0.001, one-way ANOVA followed by Tukey’s multiple 949 

comparison test, F (MCF-7)=32634, F (MDA-MV-231)=22676, F (4T1)=953.1. h, The 950 

experiments were performed three times with similar results. i-k, n=5 biologically 951 

independent samples. The experiments were performed one time. k, ***p<0.001, one-952 

way ANOVA followed by Tukey’s multiple comparison test, F=55.63. 953 

Extended Data Figure 7a, n=3 biologically independent samples. The experiments were 954 

performed three times with similar results. ***p<0.001, unpaired two-tailed Student’s 955 
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t-test. b, The experiments were performed three times with similar results. c-d, n=4 956 

biologically independent samples. The experiments were performed three times with 957 

similar results. ***p<0.001, two-way ANOVA test. f, The experiments were performed 958 

three times with similar results. g-h, n=4 biologically independent samples. The 959 

experiments were performed three times with similar results. ***p<0.001, two-way 960 

ANOVA test. i, n=4 biologically independent samples. The experiments were 961 

performed one time. j, n=4 biologically independent samples. The experiments were 962 

performed one time. ***p<0.001, *p=0.0258, one-way ANOVA followed by Tukey’s 963 

multiple comparison test, F=56.02. 964 

Extended Data Figure 8a, n=3 biologically independent samples. The experiments were 965 

performed three times with similar results. *p (left)=0.0126, *p (right)=0.0117, one-966 

way ANOVA followed by Tukey’s multiple comparison test, F=12.3. 967 

Statistical analysis and reproducibility. The Kaplan Meier plotter database was used 968 

to analyze the effect of DKK1 or SLC7A11 on the survival of cancer patients. The 969 

database sources in Kaplan Meier plotter include GEO, EGA, and TCGA. The IHC 970 

staining was analysed by HistoQuest tissue analysis software. Data were presented as 971 

mean ± SD (standard deviation), and GraphPad Prism (San Diego, CA) was used for 972 

the statistical analysis. The methods to determine statistical significance in each result 973 

were mentioned in the figure legend. All experiments were repeated at least three times. 974 

p<0.05 was considered as statistically significant.  975 

  976 
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The RNA sequencing data has been deposited in GEO with the accession number: 978 

GSE156454. All other data supporting the findings of this study are available from the 979 

corresponding author on reasonable request. 980 
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999 

Fig. 1 BCSC secretome compresses the stem cell pool size. a, FACS analysis of the 1000 

proportion of ALDH+ or ALDH- cells after the growth of FACS sorted ALDH+ or 1001 

ALDH- T47D cells. b, FACS analysis of the proportion of ALDH+ BCSCs in the RFP-1002 

labeled T47D cells co-cultured with the unlabeled ALDH-, ALDH+ or parental T47D 1003 

cells. c, FACS analysis of the proportion of ALDH+ BCSCs in the T47D cells cultured 1004 

with the CM derived from ALDH+, ALDH- or parental cells. d, The schematic of 1005 

conditioned medium and transwell co-culture system. e-f, MCF-7 or T47D cells were 1006 

co-cultured with mammosphere-enriched BCSCs or parental cells for 48 hours, and the 1007 

stemness properties were subsequently analyzed by ALDEFLUOR assay (e) or 1008 

mammosphere formation assay (f). Scale bars: 500 μm. g-h, MCF-7 or T47D cells were 1009 

cultured with the respective CM derived from mammosphere-enriched BCSCs or 1010 

parental cells for 48 hours, and the stemness properties were subsequently analyzed by 1011 
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ALDEFLUOR assay (g) or mammosphere formation assay (h). Scale bars: 500 μm. i, 1012 

The schematic of co-implantation model. j-k, A series of limiting diluted MCF-7-luc 1013 

cells were co-implanted with unlabeled 4×105 mammosphere-enriched BCSCs or 1014 

parental cells into host mice. Bioluminescent imaging (BLI) was performed on tumors 1015 

generated by MCF-7-luc cells (j), the CSC frequency was calculated using ELDA 1016 

software (k). Results are shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; ns, 1017 

not significant (One-way ANOVA followed by Tukey’s multiple comparison test in Fig. 1018 

1b-1c, others unpaired two-tailed Student’s t-test). 1019 

  1020 
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1021 

Fig.2 BCSC secreted DKK1 shrinks the stem cell pool. a, Immunoblot assessment 1022 

of β-CATENIN protein levels. Cells were cultured with the CM obtained from 1023 

respective parental cells or mammosphere-enriched BCSCs and treated with DKK1 1024 

Inhibitor WAY 262611 (1 μM) or vehicle. b, Luciferase activities of the β-CATENIN 1025 

reporter 8×TOP Flash in MCF-7 cells cultured with the respective CM obtained from 1026 

parental cells or mammosphere-enriched BCSCs, the β-CATENIN agonist CHIR99021 1027 

(1 μM) or inhibitor XAV939 (1 μM) served as the positive or negative control, 1028 

respectively. c, The gene expression profiles of pertinent WNT/β-CATENIN 1029 

antagonists in matched pairs of ALDH+ and ALDH- MCF-7 or T47D cells. The data 1030 

were downloaded from GEO GSE59653 or GSE80213, respectively. d, Immunoblot 1031 

assessment of DKK1 in the matched pairs of mammosphere-enriched BCSCs and 1032 

parental cells. e, ELISA quantification of secreted DKK1 levels in CM from paired 1033 
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mammosphere-enriched BCSCs or parental cells. f-g, MCF-7 or T47D cells were 1034 

cultured with the CM derived from respective parental cells or shCONT- or shDKK1-1035 

derived mammospheres for 48 hours, the stemness properties were subsequently 1036 

analyzed by ALDEFLUOR assay (f) or mammosphere formation assay (g). Scale bars: 1037 

500 μm. h-i, A series of limiting diluted luciferase-labeled MCF-7 cells were co-1038 

implanted with 4×105 unlabeled parental cells or shCONT- or shDKK1-derived 1039 

mammosphere enriched BCSCs into the second fat pad of host mice. BLI was 1040 

performed on the tumor burden generated by MCF-7-luc cells (h), the CSC frequency 1041 

was calculated using ELDA software (i). Results are shown as mean ± S.D. *P<0.05; 1042 

**P<0.01; ***P<0.001; ns, not significant (Unpaired two-tailed Student’s t-test in Fig. 1043 

2c and 2e, others one-way ANOVA followed by Tukey’s multiple comparison test). 1044 

  1045 
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1046 

Fig. 3 BCSC secreted DKK1 enhances metastatic colonization. a, The schematic of 1047 

co-implantation model. The 1×106 luciferase-labeled SUM159-luc cells were 1048 

intravenously co-injected with 4×105 unlabeled mammosphere-enriched shCONT-1049 

BCSCs, shDKK1-BCSCs or parental cells into the host mice. BLI was performed on 1050 

the metastatic burden of SUM159-luc cells. b, BLI was performed on the metastatic 1051 

burden of SUM159-luc cells. c, Immunohistochemical (IHC) staining of DKK1 in 15 1052 

pairs of human primary breast cancer and lymph node metastases. Scale bar: 50 μm. d, 1053 

Immunoblot assessment of DKK1 protein levels. e-f, BLI (e) or H&E staining (f) of the 1054 

lungs from mice orthotopically implanted with 2×106 MDA-MB-231-shCONT or -1055 

shDKK1 cells 4 weeks later. Scale bar: 100 μm. g, BLI of the metastatic burden of mice 1056 

intravenously injected with 1×106 MDA-MB-231-shCONT or -shDKK1 cells. h-i, 1057 
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Immunofluorescent (IF) staining of Ki-67 and ALDH1 (h) or IHC staining of CDKN1B, 1058 

CHEK1 and TGFB2 (i) in lung sections from mice intravenously injected with MDA-1059 

MB-231-shCONT or -shDKK1 cells. Scale bar in (h): 100 μm. Scale bar in (i): 50 μm. 1060 

j, BLI of the metastatic burden of mice intravenously injected with 1×106 SUM159-1061 

Vector or SUM159-DKK1 cells. k, Kaplan-Meier plots of relapse-free survival (RFS) 1062 

in the indicated population of breast cancer patients stratified according to tumor DKK1 1063 

expression. Results are shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; ns, 1064 

not significant (Paired two-tailed Student’s t-test in Fig. 3c, others unpaired two-tailed 1065 

Student’s t-test). 1066 
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1068 

Fig. 4 Targeting DKK1 ameliorates metastatic progression. a-b, BLI (a) and H&E 1069 

staining (b) of the lungs from mice orthotopically implanted with 2×106 MDA-MB-1070 

231-luc cells. The mice were treated with vehicle, WAY262611 or Gallocyanine. 1071 

Metastatic sites are circled in red. Scale bar: 100 μm. c, BLI of the metastatic burden 1072 

of mice intravenously injected with 1×106 MDA-MB-231-luc cells. The mice were 1073 

treated with vehicle, WAY262611 or Gallocyanine. d-e, IHC staining of Ki-67 (d) or 1074 

CDKN1B, CHEK1 and TGFB2 (e) in lung sections from mice intravenously injected 1075 

with MDA-MB-231-luc cells. The mice were treated with vehicle, WAY262611 or 1076 

Gallocyanine. Scale bar: 50 μm. f, Survival curve of mice intravenously injected with 1077 

1×106 MDA-MB-231-luc cells and treated with vehicle or Gallocyanine. g, H&E 1078 

staining of lung metastasis in MMTV-PyMT mice treated with vehicle or Gallocyanine. 1079 

Scale bar: 5 mm. h, Survival curve of MMTV-PyMT mice treated with vehicle or 1080 

Gallocyanine. i-j, Incidence (i) and H&E staining of lung metastasis (j) in mice 1081 
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orthotopically implanted with the PDX line USTC-1 and treated with vehicle, 1082 

WAY262611 or Gallocyanine. Metastatic sites are circled in red. Scale bar: 100 μm. 1083 

Results are shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; ns, not significant 1084 

(Unpaired two-tailed Student’s t-test in fig. 4a and 4c, one-way ANOVA followed by 1085 

Tukey’s multiple comparison).  1086 
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1088 

Fig. 5 BCSC secretome confers ferroptosis resistance. a, KEGG analysis of the most 1089 

enriched pathways in MCF-7 cells cultured with CM from BCSCs or parental cells. b, 1090 

Cell viability of MCF-7, MDA-MB-231 or 4T1 cells cultured with respective control 1091 

CM or BCSC CM in the presence or absence of 5 μM Gallocyanine and treated with a 1092 

graded concentration of Erastin. c, MCF-7, MDA-MB-231 or 4T1 cells were co-1093 

cultured with respective parental or BCSCs in the presence of Erastin and/or 1094 

Gallocyanmine. Cell viability was determined by cell count assay. d, Lipid ROS in 1095 

MCF-7, MDA-MB-231 or 4T1 cells cultured with respective control CM or BCSC CM 1096 

in the presence or absence of 5 μM Gallocyanine and treated with Erastin. e, Relative 1097 
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GSH levels in MCF-7, MDA-MB-231 or 4T1 cells cultured with respective control CM 1098 

or BCSC CM in the presence or absence of 5 μM Gallocyanine and treated with Erastin 1099 

for 48 hours. f, Cell viability of MCF-7, MDA-MB-231 or 4T1 cells were cultured with 1100 

100 ng/ml recombinant DKK1 and treated with a graded concentration of Erastin for 1101 

48 hours. g, IHC staining of PTGS2 in lung metastases derived from MDA-MB-231-1102 

shCONT or -shDKK1 cells. Scale bar: 50 μm. h, GSEA analysis of the enrichment of 1103 

peroxisomal lipid metabolism in TCGA breast cancer patients with different DKK1 1104 

levels. i, Cell viability of MDA-MB-231-shCONT or -shDKK1 cells in the presence or 1105 

absence of 1 μM Liproxstatin-1 and treated with a graded concentration of Erastin for 1106 

48 hours. j, BLI of nude mice intravenously injected with 1×106 MDA-MB-231-1107 

shCONT or -shDKK1 cells and treated with vehicle or Liproxstatin-1 as indicated. 1108 

Results are shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; ns, not significant 1109 

(Two-way ANOVA test in Fig. 5b, 5f and 5i. unpaired two-tailed Student’s t-test in Fig. 1110 

5j, others one-way ANOVA followed by Tukey’s multiple comparison). 1111 



55 

 

1112 

Fig. 6 DKK1 promotes SLC7A11 expression. a, Heatmap represents the significantly 1113 

altered ferroptosis related genes in MCF-7 cells cultured with CM from BCSCs or 1114 

parental cells. b, Immunoblot assessment of SLC7A11 protein levels. Cells were 1115 

cultured with the CM obtained from respective parental cells or mammosphere-1116 

enriched BCSCs and treated with Gallocyanine (5 μM) or vehicle. c, Immunoblot 1117 

assessment of SLC7A11 protein levels in cells treated with vehicle or 100 ng/ml DKK1. 1118 

d, IHC staining of SLC7A11 in lung metastases derived from MDA-MB-231-shCONT 1119 

or -shDKK1 cells. Scale bar: 50 μm. e, Cell viability of MDA-MB-231-shCONT or -1120 

shSLC7A11 cells cultured with control CM or BCSC CM and treated with a graded 1121 

concentration of Erastin for 48 hours. f, Immunoblot assessment of SLC7A11, 1122 

phosphorylated and total STAT3 protein levels in MDA-MB-231-shCONT or -shDKK1 1123 

cells treated with or without 5 μM STAT3 Inhibitor. g, Immunoblot assessment of 1124 



56 

 

DKK1 and SLC7A11 protein levels in the indicated cells. h, Lipid ROS levels in the 1125 

indicated cells. i, The relative GSH levels in the indicated cells. j, Cell viability of the 1126 

parental or lung metastasis derived MDA-MB-231 or 4T1 cells treated with 1127 

Gallocyanine and a graded concentration of Erastin for 48 hours. k, BLI of mice 1128 

intravenously injected with 1×105 4T1-luc cells. The mice were treated with Erastin, 1129 

Gallocyanine or combined Erastin and Gallocyanine as indicated. Results are shown as 1130 

mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; ns, not significant (Two-way ANOVA 1131 

test in Fig. 6e and 6j. others unpaired two-tailed Student’s t-test). 1132 
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1134 

Fig. 7 β-CATENIN regulates the transcription of DKK1. a, Immunoblot assessment 1135 

of the protein levels of β-CATENIN in the matched mammosphere-enriched BCSCs 1136 

and parental MCF-7 or T47D cells. b, Immunoblot assessment of the protein levels of 1137 

β-CATENIN and DKK1 in MCF-7 or T47D cells transfected with two different β-1138 

CATENIN shRNAs. c, Immunoblot assessment of the protein levels of β-CATENIN 1139 

and DKK1 in MCF-7 cells treated with CHIR99021 or XAV939. d, Cell viability of 1140 

MCF-7 cells cultured with the CM derived from parental cells or mammosphere-1141 

enriched shCONT-BCSCs or shCTNNB1-BCSCs and treated with a graded 1142 

concentration of Erastin for 48 hours. e, Schematic representation of the predicted 1143 

TCF4 binding sites in the DNA promoter region of DKK1 based on rVista 2.0 software. 1144 

f, ChIP-sequencing data shows the enrichments of TCF4 around the promoter region of 1145 

DKK1 in MCF-7, HCT116 and Panc1 cells (GSE31477). g, ChIP-sequencing data 1146 

shows the enrichments of β-CATENIN around the promoter region of DKK1 in cells 1147 
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treated with or without Wnt3a (GSE64758). h, Regulation of wild-type or mutant 1148 

(TCF4 binding site deleted) DKK1 promoter activities by β-CATENIN were determined 1149 

by luciferase reporter assay. Renilla luciferase activity as input control. i, Binding of 1150 

TCF4 to the DKK1 promoter region in MCF-7 cells was examined by ChIP assay. j, 1151 

The binding of β-CATENIN to the DKK1 promoter region in BCSCs or parental MCF-1152 

7 cells was examined by ChIP assay. Results are shown as mean ± S.D. *P<0.05; 1153 

**P<0.01; ***P<0.001; ns, not significant (One-way ANOVA followed by Tukey’s 1154 

multiple comparison test in Figure 7h, others two-way ANOVA test). 1155 
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1157 

Extended Data Fig. 1 BCSCs inhibit the stemness of tumor cells. a, FACS analysis 1158 

of the proportion of CD44+CD24-/low BCSCs in mammospheres or parental T47D cells. 1159 

b, Stem cell markers in mammospheres or parental T47D cells were determined by 1160 

qRT-PCR. c-d, FACS analysis of the proportion of ALDH+ BCSCs in BT474 or 1161 

SUM159 cells co-cultured with the respective mammosphere-enriched BCSCs or 1162 

parental cells (c) or cultured with the respective CM derived from mammosphere-1163 

enriched BCSCs or parental cells (d). e, MCF-7 or T47D cells were cultured with CM 1164 

derived from mammosphere-enriched BCSCs or parental cells for 5 days, cell viability 1165 

was determined by MTT assay. Results are shown as mean ± S.D. *P<0.05; **P<0.01; 1166 

***P<0.001; ns, not significant (Unpaired two-tailed Student’s t-test). 1167 

  1168 



60 

 

1169 

Extended Data Fig. 2 BCSC-secreted DKK1 inhibits CSC property. a-b, 1170 

Immunoblot assessment of NICD and GLI2 (a) or LGR5, AXIN2 and c-MYC (b) 1171 

protein levels in MCF-7 or T47D cells cultured with the CM obtained from respective 1172 

mammosphere-enriched BCSCs or parental cells. c, ELISA quantification of secreted 1173 

DKK1 levels in CM from sorted ALDH+ or ALDH- cells. d, Immunoblot assessment 1174 

of β-CATENIN protein levels in MCF-7 cells treated with recombinant DKK1 (100 1175 

ng/ml). e-f, FACS analysis of the proportion of ALDH+ BCSCs (e) or mammosphere 1176 

formation assay (f) of MCF-7 or T47D cells treated with recombinant DKK1 (100 1177 

ng/ml) or vehicle. Scale bars: 500 μm. g, Immunoblot assessment of DKK1 protein 1178 

levels in MCF-7 or T47D cells transfected with the specific shRNAs of DKK1. h-i, 1179 

MCF-7 and T47D cells were cultured with the control CM or mammosphere-enriched 1180 

BCSC-derived CM with or without 1 μM DKK1 Inhibitor (WAY 262611) for 48 hours, 1181 

the stemness properties were subsequently analyzed by ALDEFLUOR assay (h) or 1182 

mammosphere formation assay (i). Scale bars: 500 μm. Results are shown as mean ± 1183 

S.D. *P<0.05; **P<0.01; ***P<0.001; ns, not significant (One-way ANOVA followed 1184 

by Tukey’s multiple comparison test in Extended Data Fig. 2h-2i, others unpaired two-1185 
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tailed Student’s t-test). 1186 
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1188 

Extended Data Fig. 3 BCSC secreted DKK1 enhances metastatic colonization. a, 1189 

Immunoblot assessment of DKK1 protein levels in SUM159 cells stably transfected 1190 

with DKK1 shRNA. b, 1×106 luciferase-labeled 4TO7 cells were intravenously co-1191 

injected with 4×105 unlabeled mammosphere-enriched BCSCs or parental cells into the 1192 

host mice. BLI was performed on the metastatic burden of 4TO7-luc cells. c-d, Phase-1193 

contrast images (c) or transwell migration and invasion assays (d) of MDA-MB-231 1194 

and SUM159 cell lines. Scale bar: 300 μm. e-f, Phase-contrast images (e) or transwell 1195 

migration and invasion assays (f) of 4T1 and 4TO7 cell lines. Scale bar: 300 μm. g, 1196 

Immunoblot assessment of DKK1 protein levels in MDA-MB-231 cells stably 1197 
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transfected with DKK1 shRNA. h-i, FACS analysis of the proportion of ALDH+ 1198 

BCSCs (h) or transwell migration and invasion assays (i) of MDA-MB-231 cells 1199 

transfected with DKK1 shRNA. Scale bar: 300 μm. j, H&E staining analysis showing 1200 

muscle or fat infiltration of tumors derived from MDA-MB-231-shCONT or -shDKK1 1201 

cells. Scale bar: 300 μm. k-l, Tumor growth curve (k) or Ki-67 staining (l) of mice 1202 

orthotopically implanted with MDA-MB-231-shCONT or -shDKK1 cells. Scale bar: 1203 

50 μm. m, The average number of micrometastases in lung sections from mice 1204 

orthotopically implanted with MDA-MB-231-shCONT or -shDKK1 cells was plotted. 1205 

n, BLI of the residing cells in the lung from mice intravenously injected with 1×106 1206 

MDA-MB-231-shCONT or -shDKK1 cells 4 hours later. o, H&E staining of the lung 1207 

sections from mice intravenously injected with MDA-MB-231-shCONT or -shDKK1 1208 

cells. Metastatic sites are circled in red. Scale bar: 500 μm. p-q, IHC staining of KLF4, 1209 

LIN28, NANOG and OCT3/4 (p) or CCND1 and CDK4 (q) in lung sections from mice 1210 

intravenously injected with MDA-MB-231-shCONT or -shDKK1 cells. Scale bar: 50 1211 

μm. r, TUNEL staining of lung sections from mice intravenously injected with MDA-1212 

MB-231-shCONT or -shDKK1 cells. Scale bar: 50 μm. s, Immunoblot assessment of 1213 

DKK1 protein levels in SUM159 cells stably transfected with vector or DKK1 1214 

expressing plasmid. Results are shown as mean ± S.D. *P<0.05; **P<0.01; 1215 

***P<0.001; ns, not significant (Two-way ANOVA test in Extended Data Fig. 3k, 1216 

others unpaired two-tailed Student’s t-test). 1217 
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1219 

Extended Data Fig. 4 DKK1 promotes mouse mammary tumor metastasis. a, 1220 

Immunoblot assessment of DKK1 in 4T1 cells stably transfected with vector or DKK1 1221 

shRNA. b, BLI of lungs from mice orthotopically implanted with 1×105 4T1-shCONT 1222 

or 4T1-shDKK1 cells after 4 weeks. c, Muscle and fat infiltration of tumors derived 1223 

from 4T1-shCONT or 4T1-shDKK1 cells were analyzed by H&E staining. Scale bar: 1224 

300 μm. d-e, BLI of the metastatic burden of mice intravenously injected with 5×105 1225 

4T1-shCONT or 4T1-shDKK1 cells after 4 hours (d) or 7 days (e). f, Immunoblot 1226 

assessment of DKK1 protein levels in 4TO7 cells stably transfected with vector or 1227 

DKK1 expressing plasmid. g, BLI of the metastatic burden of mice intravenously 1228 

injected with 1×106 4TO7-vector or 4TO7-DKK1 cells 3 weeks later. h, Kaplan-Meier 1229 

plots of overall survival (OS) in gastric, lung, pancreatic or head-neck SCC stratified 1230 

according to their DKK1 levels. Results are shown as mean ± S.D. *P<0.05; **P<0.01; 1231 

***P<0.001; ns, not significant (Unpaired two-tailed Student’s t-test). 1232 

  1233 



65 

 

1234 

Extended Data Fig. 5 Targeting DKK1 ameliorates metastatic progression. a-b, 1235 

Representative images of the 3D culturing (a) or immunoblot assessment of β-1236 

CATENIN levels (b) in MDA-MB-231 cells treating with vehicle, WAY262611 (1 μM) 1237 

or Gallocyanine (5 μM). Scale bar: 300 μm. c-d, Body weight (c) and H&E staining of 1238 

the kidney or liver (d) of BALB/c mice treated with vehicle, WAY262611 or 1239 

Gallocyanine for 3 weeks. Scale Bar: 100 μm. e, H&E staining of the lung sections 1240 

from mice intravenously injected with MDA-MB-231-luc cells. The mice were treated 1241 

with vehicle, WAY262611 or Gallocyanine. Metastatic sites are indicated in red. Scale 1242 

bar: 500 μm. f-g, IHC staining of KLF4, LIN28, NANOG and OCT3/4 (f) or CCND1 1243 

and CDK4 (g) in lung sections from mice intravenously injected with MDA-MB-231-1244 

luc cells. The mice were treated with vehicle, WAY262611 or Gallocyanine. Scale bar: 1245 

50 μm. h, BLI of the metastatic burden of mice intravenously injected with 5×105 4T1 1246 
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cells. The mice were treated with vehicle or Gallocyanine for 7 days. i, Survival curve 1247 

of BALB/c mice intravenously injected with 1×105 4T1 cells and treated with vehicle 1248 

or Gallocyanine. Results are shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; 1249 

ns, not significant (Unpaired two-tailed Student’s t-test in Extended Data Fig. 5h, others 1250 

one-way ANOVA followed by Tukey’s multiple comparison test). 1251 
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1253 

Extended Data Fig. 6 DKK1 promotes ferroptosis resistance. a, FACS analysis of 1254 

ALDH+ BCSCs in MCF-7, MDA-MB-231 and 4T1 cells treated with Erastin or vehicle. 1255 

b, Cell viability of MCF-7, MDA-MB-231 or 4T1 cells cultured with respective control 1256 

CM or BCSC CM in the presence or absence of 5 μM Gallocyanine and treated with a 1257 

graded concentration of RSL3. c-d, Cell viability of MCF-7, MDA-MB-231 or 4T1 1258 

cells cultured with the CM derived from parental cells or mammosphere-enriched 1259 

shCONT-BCSCs or shDKK1-BCSCs and treated with a graded concentration of Erastin 1260 
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(c) or RSL3 (d). e, Cell viability of MCF-7, MDA-MB-231 or 4T1 cells were cultured 1261 

with 100 ng/ml recombinant DKK1 and treated with a graded concentration of RSL3. 1262 

f, Lipid ROS levels in MCF-7, MDA-MB-231 or 4T1 cells primed with or without 100 1263 

ng/ml DKK1, and then further with or without Erastin. g, Relative GSH levels in MCF-1264 

7, MDA-MB-231 or 4T1 cells primed with or without 100 ng/ml DKK1, and further 1265 

treated with or without Erastin. h, Immunoblot assessment of DKK1 levels in MCF-7 1266 

cells treated with Erastin. i, IHC staining of PTGS2 in lung metastases derived from 1267 

intravenously injected with MDA-MB-231 cells and treated with vehicle, WAY262611 1268 

or Gallocyanine. Scale bar: 50 μm. j-k, IHC staining of PTGS2 (j) and Ki-67 (k) in 1269 

lung metastases derived from mice intravenously injected with 1×106 MDA-MB-231-1270 

shCONT or -shDKK1 cells and treated with vehicle or Liproxstatin-1 as indicated. 1271 

Scale bar: 50 μm. Results are shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; 1272 

ns, not significant (Unpaired two-tailed Student’s t-test in Extended Data Fig. 6a, one-1273 

way ANOVA followed by Tukey’s multiple comparison test in Extended Data Fig. 6g 1274 

and 6k, others two-way ANOVA test). 1275 
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1276 

Extended Data Fig. 7 DKK1 promotes SLC7A11 expression. a, qRT-PCR analysis 1277 

of SLC7A11 mRNA levels in MCF-7 cells cultured with control CM or BCSC CM. b, 1278 

Immunoblot assessment of SLC7A11 levels in MCF-7 or MDA-MB-231 cells 1279 

transfected with SLC7A11 shRNA. c-d, Cell viability of MCF-7 or MDA-MB-231 cells 1280 

transfected with SLC7A11 shRNA or vector and further treated with a graded 1281 

concentration of Erastin (c) or RSL3 (d) for 48 hours. e, Kaplan-Meier plots of overall 1282 

survival (OS) in the indicated population of breast cancer patients stratified according 1283 

to tumor SLC7A11 expression. f, Immunoblot assessment of β-CATENIN, 1284 

phosphorylated and total STAT3 protein levels in MDA-MB-231 cells treated with 1285 

vehicle or 100 ng/ml DKK1. g, MCF-7-shCONT or -shCTNNB1 cells were cultured 1286 

with 100ng/ml DKK1 or vehicle and treated with a graded concentration of Erastin for 1287 
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48 hours. Cell viability was determined by MTT assay. h, Cell viability of the parental 1288 

or lung metastatic derived MDA-MB-231 or 4T1 cells treated with a graded 1289 

concentration of RSL3 for 48 hours. i-j, IHC staining for PTGS2 (i) and Ki-67 (j) in 1290 

lung sections derived from 4T1 cells. The mice were treated with Erastin, Gallocyanine 1291 

or combined Erastin and Gallocyanine as indicated. Scale bar: 50 μm. Results are 1292 

shown as mean ± S.D. *P<0.05; **P<0.01; ***P<0.001; ns, not significant (Unpaired 1293 

two-tailed Student’s t-test in Extended Data Fig. 7a, one-way ANOVA followed by 1294 

Tukey’s multiple comparison test in Extended Data Fig. 7j, others Two-way ANOVA 1295 

test). 1296 
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1298 

Extended Data Fig. 8 β-CATENIN depletion attenuates the regulatory effect of 1299 

BCSCs on CSC property. a, FACS analysis of the proportion of ALDH+ BCSCs in 1300 

MCF-7 cells cultured with control CM, BCSC CM or shCTNNB1-BCSC CM. b, 1301 

Schematic of BCSC-secreted DKK1 conditioned breast cancer metastatic colonization 1302 

by protecting cells from ferroptosis. Results are shown as mean ± S.D. *P<0.05; 1303 

**P<0.01; ***P<0.001; ns, not significant (One-way ANOVA followed by Tukey’s 1304 

multiple comparison test in Extended Data Fig. 8a). 1305 
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