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Fig. S1: EMT program activation and ciliogenesis in the mammary gland. (A) Mammary 

gland sections from Slug-IRES-YFP mice (8 weeks old) were stained for the indicated proteins. 

Representative images of a duct and of a remaining terminal-end bud (TEB) are shown. Scale 

bar: 15 µm (inset: 1.5X). (B, C) Mammary gland sections from healthy human patients were 

stained for the indicated proteins. Arrows indicate Slug+Krt14+ cells and arrowheads indicate 

Slug-Krt8+ cells. Scale bar: 15 µm, (inset: 2X).  
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Fig. S2: EMT program activation and ciliogenesis in HMLE cells. (A) Epithelial-like (E-like, 

CD44lo CD24hi) cells from the indicated un-induced HMLE variants were isolated by FACS 

using the indicated cell surface markers. (B, C) Snail or Zeb1 expression was induced in 

Epithelial-like HMLE cells (as described in the legend of Figure 1). (B) Expression of both 

proteins was analyzed by western blot and fold change in protein expression between day 0 

and 4 was quantified (n = 3, mean ± SEM). Representative results from 3 independent 

experiments are shown. (C) EMT and primary ciliogenesis was analyzed by 

immunofluorescence staining of the indicated proteins at the indicated time points. Scale bar: 

15 µm. Representative results from 3 independent experiments are shown. 

 
 

Figure S2: EMT program activation and ciliogenesis in HMLE cells
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Fig. S3: EMT programs induce FGFR1 expression and FGF signaling controls MaSC 
stemness. (A) Control (CTL) and Snail-expressing HMLE cells were grown until high-

confluence, serum starved for 24 h, and stained for the indicated proteins. The percentage of 

ciliated cells was measured (n = 3, mean ± SEM). Representative results from 3 independent 

experiments are shown (Scale bar: 15 µm). (B) Western blot analysis of the protein expression 

levels of EMT markers in CTL or Snail-expressing cells. (C) Snail-binding motifs associated to 

Snail dependent regulation of transcription (E-boxes or a binding motif associated to Snail-

dependent activation of transcription(44)) were found in close proximity (within the 400 bp 

upstream) or in the Fgfr1 promoter (mm9 genome). (D) Relative levels of the indicated gene 

transcripts were determined by real-time qPCR analysis of CTL and Snail-expressing HMLE 
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Figure S3: EMT programs induce FGFR1 expression and FGF signaling

to control ciliogenesis and MaSC stemness
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cells (n = 3, mean ± SEM). Representative results of 3 independent experiments are shown. 

(E) Western blot analysis of pFGFR1 levels in CTL and Snail-expressing HMLE cells. 

Phosphorylated protein levels were quantified (n = 3, mean ± SEM). Representative results of 

3 independent experiments are shown. (F) Western blot analysis of MEK and AKT 

phosphorylation in Snail-expressing HMLE cells treated with DMSO or SU5402 at the indicated 

concentrations. Phosphorylated and total protein levels were quantified (n = 3, mean ± SEM). 

Representative results of 3 independent experiments are shown. (G) Snail-expressing HMLE 

cells were exposed to serum or serum-starved with DMSO or SU5402 (10 µM). The 

percentage of cells in G2/M was determined by FACS analysis of the DNA content in each 

variant (n = 3, mean ± SEM). Representative results of 3 independent experiments. (H) 

Western blot analysis of the protein expression levels of EMT markers in CTL or Snail-

expressing cells treated with DMSO or with SU5402 (10 µM).  (I, J) HMLE + Snail cells were 

transduced for expression of EGFP (CTL) or FGFR1-dominant negative-EGFP (FGFR1dn). (I) 

Western blot analysis of FGFR1dn, MEK, and pMEK expression was performed and (J) 

primary ciliogenesis was analyzed by immunofluorescence staining of the indicated protein. 

The percentage of ciliated cells was quantified (n = 3, mean ± SEM). Representative results 

from 3 independent experiments are shown. Scale bar: 15 µm. (K) MaSC-enriched basal cells 

that expressed dTomato (dTom) were mixed (1:1) with cells that did not express dTom and 

plated in 3D. The clonality of the organoid resulting from the co-culture was quantified by 

brightfield and fluorescence microscopy. Scale bar, 100 µm. (L, M) Organoid-forming capacity 

was determined for MaSC-enriched basal cells treated with SU5402 at the indicated 

concentrations 10 days after plating. Organoid number (L) and size (M) was quantified (n = 3, 

mean ± SEM). Representative results of 3 independent experiments. ** p ≤ 0.01, *** p ≤ 0.001. 

(N) The impact of SU5402 treatment on basal cell fate determination was analyzed by staining 

DMSO- or SU5402-treated organoids for Krt14. Scale bar: 50 µm. 

 

 

 

 

 

 

 

 

 

 



 
Fig. S4: GLIS2 inhibition occurs at the post-transcriptional level and is associated with 
ubiquitination. (A) Expression of GLIS2 was identified in the indicated HMLE variants by 

RNA-sequencing as described in the legend of Fig. 3 (mean ± SEM). (B) Relative levels of the 

indicated gene transcripts in the indicated cells were determined by real-time qPCR analysis 

(n = 3, mean ± SEM). Representative results of 3 independent experiments. (C) CTL and Snail-

expressing (SNL) HMLE cells were grown as described in the legend of Fig. 3. Ubiquitinated 

proteins were purified by TUBE pull-down and analyzed by western blot. (D, E) HA-GLIS2 or 

HA-GLIS2K251R were expressed in Snail-expressing HMLE cells, ubiquitinated proteins were 

purified by TUBE pull-down and analyzed by western blot (D), relative levels of the indicated 

gene transcripts in the indicated cells were determined by real-time qPCR analysis (n = 3, 

mean ± SEM), *** p ≤ 0.001 (E). (F) CTL and Snail-expressing (SNL) HMLE cells with or 

without HA-GLIS2 were treated or not with DMSO and Ciliobrevin A (CilA). Ubiquitinated 

proteins were purified by TUBE pull-down and analyzed by western blot. 

 

 

 

Figure S4: GLIS2 inhibition occurs at the post-transcriptional level and is

associated with ubiquitination
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Fig. S5: Impact of GLIS2Cter expression or Glis2 deletion on EMT, primary ciliogenesis, cell 

signaling. (A) GLIS2Cter expression and its impact on expression of EMT markers in Snail-

expressing HMLE cells were determined by western blot analysis. (B) Relative levels of GLI1 

and CDH11 were determined in the indicated variants by real-time qPCR analysis (n = 3, mean 

± SEM). Representative results of 3 independent experiments. (C-E) The impact of GLIS2Cter 

expression on morphology was examined by brightfield microscopy (C), on ciliogenesis was 

Figure S5: Impact of GLIS2Cter expression or Glis2 deletion on EMT, primary
ciliogenesis, cell signaling
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assessed by immunofluorescence microscopy (D), on proliferation in 2-dimension was 

analyzed by counting the total cell number per well (3 wells/line) at the indicated time points 

(E).  Scale bars: Brightfield 100 µm, Immunofluorescence 15 µm. (F) Paraffin sections from 

the mammary glands were stained with H&E or for the indicated protein. TSPAN8 signal 

intensity was measured (n = 3, mean ± SEM). Scale bar: 50 µm. (G) Mammary epithelial cells 

(Lin-CD49f+CD24+) were isolated by FACS from freshly dissociated mammary glands from 4 

weeks old mice of the indicated phenotype. (H) Gene expression analysis and GSEA was 

performed as described in the legend of Fig. 4G, H. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. S6: EMT, primary ciliogenesis, and ciliary signaling in MaTIC biology. (A) shControl 

(CTL)- and sh-Ecadherin (Ecad)-expressing HMLER cells were examined for morphology by 

brightfield microscopy (scale bar: 100 µm) and for their expression of EMT markers by western 

blot analysis. (B) Sections of tumors arising from HMLER + shEcad cells that were 

orthotopically transplanted in the fat pad of female mice, as described in the legend of Fig. 5, 

were stained with H&E as well as for the indicated proteins. Representative images are shown. 

Scale bars: 15 µm. (C, D) shCTL- and shEcad-expressing HMLE cells were grown until high 

confluence and serum starved for 24h without or with DMSO or Ciliobrevin A (CilA). (C) Cells 
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were stained for the indicated proteins and the percentage of ciliated cells was determined (n 

= 3 mean ± SEM). Representative results from 3 independent experiments are shown. Scale 

bar: 15 µm. (D) Gene expression in the indicated HMLER variants was analyzed by RNA-

sequencing. Heat-maps showing the differentially expressed genes (q-value ≤ 0.05, Fold-

change ≥ 2) between samples are displayed. (E) A GSEA analysis shows significant 

enrichment of GLIS2 target genes in the list of upregulated genes in shEcad- versus (vs) 

shCTL-expressing cells (left panel) and depletion in the list of shEcad CilA-treated vs DMSO-

treated cells (right panel). (F-J) The impact of GLIS2Cter expression in HMLER + shEcad cells 

on expression of EMT markers and GLIS2 targets, on morphology, on ciliogenesis and cell 

proliferation was examined as described in the legend of Fig. S5. Scale bars: Brightfield 50 

µm, Immunofluorescence 15 µm. (K-M) The impact of KIF3A mutation in HMLER + shEcad 

cells on expression of KIF3A protein was analyzed by western blot (K), on ciliogenesis by 

immunofluorescence staining of the indicated protein (L, Scale bar: 15 µm, n = 3, mean ± 

SEM), on tumorigenesis (M) as described in the legend of Fig. 5D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S7: Claudin-low tumors express low levels of epithelial markers, display primary 
cilia, express high levels of GLIS2 target genes, and of genes that mark MaSCs and 
activation of stem cell signaling pathways. (A-C) Paraffin sections of breast tumors were 

stained as described in the legend of Fig. 6B-C. (A) Ecadherin, Claudin 4 and Claudin 7 signal 

intensities were measured and used to define an Epithelial-index (E-index = (Ecadherin signal 

intensity + Claudin 4 signal intensity + Claudin 7 signal intensity)/3). (B) Scale bar: 20 µm. (C) 

The percentage of ciliated cells in Ecad+/Vim+ cancer cells in claudin-low tumors and in Ecad+ 

tumor cells in luminal tumors was quantified (n = 3, mean ± SEM). (D) Gene expression was 

analyzed in a subset of the claudin-low tumors identified in Fig. 6 and in luminal B tumors by 

RNA-sequencing. The heat-map showing the differentially expressed genes (q-value ≤ 0.05, 

Fold-change ≥ 2) between samples is displayed. (E) GSEA analysis shows significant 

enrichment of GLIS2 target genes, and of genes that mark MaSCs, EMT, Wnt pathway 

activation, Notch pathway activation, in the list of upregulated genes in claudin-low vs luminal 

tumors. (F) A GSEA analysis shows significant enrichment of GLIS2 target genes in the list of 

upregulated genes in claudin-low cancers versus other breast cancers defined by Prat et al 

(37). 

Figure S7: Claudin-low tumors express low levels of epithelial markers, 
display primary cilia, and express high levels of GLIS2 target genes
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Fig. S8: Schematic representation of the EMT-primary cilium-GLIS2 axis in mammary 
epithelial cells. (A) Our results show that in MaSCs and MaTICs, activation of EMT programs 

directly induces expression of ciliogenesis inducers, including FGFR1, to promote ciliogenesis. 

The resulting primary cilia control inactivation of GLIS2 to regulate stemness of MaSC and 

development, as well as stemness of MaTIC and tumorigenesis. (B) Our results suggest that 

the primary cilium serves as a signaling platform where GLIS2 is ubiquitinated to be 

inactivated. 
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Table S1: Genes that code for centrosomal/ciliary proteins are expressed at higher 
levels upon Snail expression and are Snail direct targets. Genes that code for centrosomal 

or ciliary components with (blue) or without (white) a reported function in ciliogenesis were 

identified as expressed at higher levels in Snail-expressing vs CTL HMLE cells. Snail binding 

sites were identified in the promoter region of the genes. Promoter peaks (+/- 3kbp) were 

identified by analyzing GSE61198 (Mean = Mean gene expression across samples; log2FC = 

log2 Fold Change; padj = adjusted p-value; TSS_dist = Distance of peak from transcription 

start site of gene). 

Table S1: Genes that code for centrosomal/ciliary proteins are expressed
at higher levels upon Snail expression and are Snail direct targets

Category Gene Mean_CTL Mean_Snail FoldChange log2FC p-value padj Peak_Locus Peak_score TSS_dist

FGFR1 13,97 350,12 25,07 4,65 3,30E-49 4,00E-47 chr8:26628989-
26629969 967,08 0

SYNE1 43,00 226,48 5,27 2,40 1,29E-10 2,06E-09 chr10:5151497-
5152354 878,99 0

TTLL1 18,34 93,76 5,11 2,35 1,65E-08 2,03E-07 chr15:83340984-
83341547 389,4 0

FUZ 5,07 24,88 4,90 2,29 0,004034 0,017176 chr7:52150597-
52151812 75,41 0

PARVA 148,44 540,71 3,64 1,86 2,12E-18 6,38E-17 chr7:119570608-
119572212 1588,34 0

ASAP1 127,56 460,95 3,61 1,85 1,55E-16 4,05E-15
chr15:64143186-

64144290,chr15:6421
2826-64216500

127.2,85.76 0,0

RAB8B 60,46 195,25 3,23 1,69 4,92E-06 4,16E-05 chr9:66766875-
66767995 993,37 0

DZIP1L 15,32 44,53 2,91 1,54 0,007533 0,029316 chr9:99532602-
99533020 66,28 2340

RILPL2 70,45 190,75 2,71 1,44 5,21E-07 5,17E-06 chr5:124927672-
124928586 322,8 0

ARL2BP 124,78 326,36 2,62 1,39 2,47E-09 3,41E-08 chr8:97189964-
97191328 710,71 0

INVS 30,32 78,14 2,58 1,37 0,001116 0,005545 chr4:48291980-
48293202 961,25 0

CEP19 34,32 87,71 2,56 1,35 0,000693 0,003625 chr16:32099007-
32100345 1188,92 0

BBS9 22,97 54,62 2,38 1,25 0,008213 0,031571 chr9:22279772-
22280586 492,63 0

NEK1 176,67 415,33 2,35 1,23 5,99E-05 0,000403 chr8:63471208-
63472731 1219,21 0

RAB23 83,61 186,13 2,23 1,15 5,21E-05 0,000355 chr1:33776383-
33777461 897,16 0

ARL3 603,47 1305,27 2,16 1,11 8,46E-11 1,38E-09 chr19:46647205-
46648515 1301,37 0

IFT52 158,15 339,10 2,14 1,10 8,92E-07 8,56E-06 chr2:162842567-
162843527 798,53 0

IFT122 34,14 71,23 2,09 1,06 0,010929 0,040142 chr6:115851028-
115851446 62,39 -1202

TULP3 145,98 301,64 2,07 1,05 9,58E-06 7,67E-05 chr6:128305242-
128306816 899,44 0

ICK 93,80 190,95 2,04 1,03 0,002504 0,011274
chr9:77956004-

77957130,chr9:77960
803-77961578

983.94,368.99 0,0

GSN 751,96 1522,86 2,03 1,02 7,70E-10 1,12E-08 chr2:35111441-
35112246 559,03 0

HIF1A 436,14 857,24 1,97 0,97 7,93E-08 8,91E-07 chr12:75008273-
75009778 1483,46 0

HHIP 0,37 66,10 179,91 7,49 1,14E-06 1,08E-05 chr8:82581190-
82582094 288,3 0

MAP1B 31,35 1362,00 43,45 5,44 4,99E-80 1,46E-77
chr13:100217303-

100217763,chr13:100
284691-100287186

68.57,1094.65 -2881,0

SPATA6 2,20 47,53 21,56 4,43 4,89E-09 6,50E-08 chr4:111392399-
111393074 344,24 0

ROM1 9,92 68,81 6,93 2,79 5,41E-08 6,22E-07 chr19:9002887-
9005351 811,54 0

CEP112 20,36 76,58 3,76 1,91 1,90E-05 0,000143 chr11:108286427-
108286794 419,03 0

CIB2 12,49 37,28 2,98 1,58 0,009003 0,034073 chr9:54407616-
54408430 628,13 0

PKD2 93,53 264,48 2,83 1,50 6,06E-09 7,95E-08 chr5:104887764-
104889627 849,1 0

PRKACB 66,59 168,72 2,53 1,34 6,92E-06 5,69E-05 chr3:146475485-
146476580 884,49 0

GLI3 68,69 165,75 2,41 1,27 2,03E-05 0,000152 chr13:15554405-
15556571 631,33 0

GABARAP 1633,26 3544,08 2,17 1,12 1,79E-13 3,74E-12 chr11:69804207-
69805537 985,15 0

AK1 392,72 785,77 2,00 1,00 7,78E-05 0,00051 chr2:32484191-
32485622 220,98 0

PRKAR1A 636,46 1249,94 1,96 0,97 7,29E-09 9,45E-08 chr11:109511449-
109513326 615,97 0

Centrosomal 
and/or cilium 
components 

with a 
function in 

ciliogenesis 
reported

Centrosomal 
and/or cilium 
components 

with no 
function in 

ciliogenesis 
reported
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