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            Abstract
Accumulating data suggest that metastatic dissemination often occurs early during tumour formation, but the mechanisms of early metastatic spread have not yet been addressed. Here, by studying metastasis in a HER2-driven mouse breast cancer model, we show that progesterone-induced signalling triggers migration of cancer cells from early lesions shortly after HER2 activation, but promotes proliferation in advanced primary tumour cells. The switch from migration to proliferation was regulated by increased HER2 expression and tumour-cell density involving microRNA-mediated progesterone receptor downregulation, and was reversible. Cells from early, low-density lesions displayed more stemness features, migrated more and founded more metastases than cells from dense, advanced tumours. Notably, we found that at least 80% of metastases were derived from early disseminated cancer cells. Karyotypic and phenotypic analysis of human disseminated cancer cells and primary tumours corroborated the relevance of these findings for human metastatic dissemination.
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                    Figure 1: Identification of a gene expression signature linked to early dissemination.[image: ]


Figure 2: Progesterone induces migration and sphere formation of early lesion cells.[image: ]


Figure 3: Cell density regulates PGR expression and early lesion phenotype.[image: ]


Figure 4: Progesterone signalling regulates tumour formation and dissemination in vivo.[image: ]


Figure 5: PGR and HER2 signalling, and dissemination in patients with breast cancer.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Early lesion signature induction and expression of HER2 and PGR.
a, The proportion of cancer cells disseminating to the bone marrow in BALB-NeuT mice decreases with increasing primary tumour area. DCCs were identified using anti-cytokeratin antibodies in bone marrow samples. The y axis displays the number of detected DCCs per 106 bone marrow cells divided by the total tumour area in mm2. The number of mice used per data point is written below the graph. b, Laser microdissection of epithelial structures: two examples of 7–9-week-old BALB-NeuT mammary glands showing microdissection of regions with incipient epithelial hyperplasia. For all samples similar amounts of tissue (up to 100,000 μm2) were isolated. c, qPCR validation of microarray profiles. qPCR was performed for 10 genes, upregulated or downregulated in microarray samples of early lesions and all changes, except one (Zfp408), were confirmed. d, qPCR for the mRNA level of all steroid hormone receptors (EL, early lesions; PT, advanced primary tumour; Met, lung metastasis). e, Primary cultures from mammary tissue of 7–9-week-old BALB-NeuT mice, were treated with different concentrations (1, 10, and 100 nM) of progesterone (P), oestrogen (E), aldosterone (A), cortisol (C), testosterone (T) or vehicle (ethanol; untreated) for 75 h. Only progesterone induces upregulation of the complete early lesion signature. f, Increased expression of PGR-B in young mammary glands (9-week old BALB/c and BALB-NeuT mice with early lesions compared to 25-week-old BALB/c mice), but not primary tumours correlates with increased HER2 expression. g, Progesterone induces the early lesion signature in 4T1 cells (highly aggressive and metastatic cell line derived from a spontaneous BALB/c mammary tumour), but not in 67NR (tumorigenic and non-metastatic cell line derived from a spontaneous BALB/c mammary tumour) and MM3MG cells (normal mammary epithelial cell line derived from a BALB/c mouse). h, Progesterone treatment induces upregulation of HER2 expression in 4T1 cells. i, Overexpression of PGR-B in MM3MG cells induces upregulation of HER2 expression. ****P ≤ 0.0001 (Student’s t-test and Stouffer’s combined probability test); data are mean ± s.d. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 2 Progesterone regulates migration and is linked to branching morphogenesis.
a, qPCR analysis of Pgr, Rank (also known as Tnfrsf11a), Rankl and Wnt4 in normal and transgenic mouse mammary tissue or tumours. Note the increased expression of Pgr, Wnt4 and Rankl in early lesions compared to primary tumours. Only Rank (the Rankl receptor) is strongly expressed in primary tumours. b, Primary cultures of early lesions treated with progesterone, WNT4, and RANKL. WNT4 and RANKL treatment induce the early lesion signature and act synergistically. c, d, PGR (green) staining at 5 and 12 weeks of age (FVB wild-type mice). Scale bars, 100 μm. The percentage of PGR+ cells per duct was quantified (n = 2 mice per age group) in the distal and proximal portions of the gland (relative to the origin). PGR-expressing cells were more abundant in distal ducts (number of analysed ducts per group is displayed above each column). LN, lymph node.e, f, Photomicrograph of migration assay (e) and quantification of migrating cells (f) derived from fresh tissue (e, left) or dissociated spheres derived from primary tumours or early lesions (e, right; f, quantification). Progesterone, WNT4 and RANKL induce migration of early-lesion-derived but not primary-tumour-derived cells (see also Fig. 2a). g, Scheme of combined migration and sphere assay. The lower chamber is filled with serum-free sphere medium and the bottom is covered with poly-HEMA to prevent adhesion and enable sphere formation. After 72 h migration, the insert is removed and the lower chamber is analysed (after 11 days) for mammosphere formation (see Methods). h, Effect of oestrogen and progesterone on migration and sphere formation of mammary cells derived from early lesions. Cells were exposed to 10 nM oestrogen or progesterone or 10 nM oestrogen + 10 nM progesterone inhibitor (RU486). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 (Student’s t-test); Data are mean ± s.e.m. (d) or mean ± s.d. (other panels).

                          Source data
                        


Extended Data Figure 3 HER2 expression levels regulate migration and proliferation.
a, Parental MM3MG cells, a cell line derived from mammary epithelial cells of wild-type BALB/c mice, do not express ERα but express low levels of HER2 and PGR-B compared to 4T1 and TUBO cells (TUBO cells were grown at low density; see Fig. 3 and Extended Data Figs 4, 5). b, Immunoblot confirming successful transduction of the MM3MG cell line with Her2 and Pgr-B. Note that transduction of PGR-B increases HER2 levels. c, d, Overexpression of Pgr-B in MM3MG cells (MM3MG-Pgr-B) reduces migration, whereas Her2 overexpression (MM3MG–Her2) increases migration of cells. Addition of progesterone does not alter migration of Pgr-B-overexpressing cells (MM3MG–Pgr-B). e, Overexpression of Pgr-B in MM3MG cells reduces sphere formation, whereas Her2 overexpression increases sphere formation. c–e, Migrating/sphere forming cells are not from the PGR+, but the PGR− population, which are responsive to PIPS. f–j, To investigate which PGR− cells were the target population of progesterone signalling, we exposed parental MM3MG cells and Her2-transduced cells to progesterone, PIPS or mixed the cells with PGR+ cells (only for migration experiments). Progesterone, WNT4 and RANKL, and co-culture with MM3MG–Pgr-B induced sphere formation and migration of MM3MG cells, but decreased these responses in MM3MG–Her2 cells. k, Overexpression of Her2 increases proliferation of MM3MG cells (MM3MG–Her2). WNT4 and RANKL (WR) further increase proliferation of MM3MG–Her2 cells, but decreases proliferation of the parental (MM3MG) cells. Therefore based on expression of HER2, cells either migrate (HER2low/−) or proliferate (HER2high). l, WNT4 and RANKL treatment induces proliferation of primary cultured cells derived from primary tumours, but reduces it in cells derived from early lesions. m, Reduction of HER2 signalling by lapatinib overrides the inhibitory effect of WNT4 and RANKL, and increases migration in MM3MG–Her2 cells. However, strong inhibition of HER2 signalling reduces migration. n, Lapatinib inhibits HER2 signalling by preventing phosphorylation. o, Cells that migrated through the pores of the migration chamber insert were stained for HER2 (FITC, green) and PGR or ERα (Cy3, red). In 1:1 co-culture of MM3MG–Pgr-B and MM3MG–Her2 (top) only HER2-expressing cells migrate. Migrated primary cells derived from early lesions (middle) do not express PGR and display faint HER2 staining (brightness of HER2 and PGR staining increased by 50% for better visibility). HER2 and PGR double-positive T47D cells fixed onto the filters of migration chambers served as positive control of staining. m–o, Cells with low/intermediate signalling of HER2 show the highest response in migration and sphere formation induction by PIPS. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; NS, not significant; (F-test of the slope (k, l) or Student’s t-test (other panels)); data are mean ± s.d. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 4 Cell density and regulation of PGR and HER2 signalling.
a, PGR expression silenced in tumours can be re-activated in culture and re-silenced in vivo. b, PGR re-expression only occurs in TUBO cells grown at low density and high density after frequent medium change. c, Downregulation of PGR in early lesion cells cultured in a transwell assay next to primary tumour cells suggests the existence of a secreted factor passing through the membrane of the transwell insert and downregulating Pgr mRNA (left) and protein (right). d, T47D cells exposed to conditioned medium from TUBO cells display reduced PGR mRNA (left) and protein (right). e, Exosomes derived from the cell culture medium of TUBO cells grown at high density (exosome fraction) induce downregulation of PGR in T47D cells. f, miRNA sequencing to identify PGR regulating miRNAs. Left, top 10 upregulated miRNAs in Her2-overexpressing cells (MM3MG–Her2) compared to control (MM3MG). Middle, top 10 expressed miRNAs in TUBO cells and TUBO-cell-derived exosomes. Right, miRNAs predicted by the miRANDA web software to regulate Pgr g, Among all candidate miRNAs only miR-30a-5p and miR-9-5p induce downregulation of Pgr mRNA in T47D cells. h, Downregulation of PGR in T47D cells treated with miR-30a-5p and miR-9-5p. i, Expression of miR-30-5p in early lesions and primary tumour samples compared to mammary glands from 8-week-old BALB/c mice. j, Density induced upregulation of HER2 in TUBO cells grown at low or high density and early lesions compared to primary tumour samples (left) and progesterone-responsiveness of low-density TUBO cells (right). Note that levels of HER2, PGR, the glucocorticoid (GR), mineralocorticoid (MR) and androgen receptors (AR) are regulated by progesterone in a dose-dependent manner except ER-α (see related result in Extended Data Fig 1d). k–m, TUBO cells grown at low density and exposed to progesterone or PIPS migrated more (k, l) and produced more spheres (m), similar to cells derived from early lesions (see Fig. 2). **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001(Student’s t-test); data are mean ± s.d. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 5 Cell density and regulation of PGR and HER2 signalling in human cell lines.
To investigate whether human breast cancer cells display similar regulatory circuits as found in mouse cells, we selected 16 cell lines of different breast cancer subtypes. a, HER2 mRNA expression levels in 15 human cell lines compared to the hTERT-HME cell line. Different colours indicate the subtype of breast cancer of each cell line. b, The expression of miR-9-5p in human breast cancer cell lines compared to hTERT-HME cells. Note that cell lines highly expressing HER2 (see a) express more miR-9-5p similar to primary tumours of BALB-NeuT and TUBO cells (see Fig. 3b, c), whereas two HER2high/PGRhigh cell lines, BT474 and T47D, do not express miR-9-5p similar to human HER2high/PGRhigh samples (see Fig. 5d). c, High cell density leads to upregulation of HER2 mRNA (top) or protein levels (bottom) in several cell lines. Only four cell lines were analysed for protein level (HER2 level was not influenced by cell density in CAMA1; HER2 level regulated by cell density in HCC1806, MDA-MB-231 and MCF7). Numbers below the blots denote fold change of HER2 in high density compared to low density normalized over β-actin. d, Expression of miR-9-5p is upregulated by cell density in SKBR3, HCC1937, HCC1806 and MCF7 cell lines. e, Migration and sphere-forming potential of 10 out of 16 cell lines grown at low and high densities, and treated with PIPS or progesterone. The first 7 cell lines regulate HER2 transcripts by density (see c) and their response to PIPS is similar to TUBO cells and primary mammary cell cultures of BALB-NeuT mice (see Fig. 2 and Extended Data Fig. 4l, m). The remaining three cell lines do not regulate HER2 transcripts by cell density, but respond to progesterone similarly to the TUBO cell line and primary mammary cell cultures of BALB-NeuT mice (see Fig. 2 and Extended Data Fig. 4l, m). We did not perform functional assays with BT549 (triple negative subtype), T47D (luminal, MCF7-like), MDA-MB-175, ZR75-1 (luminal, CAMA1-like), hTERT-HME (transformed normal, similar to MCF10A) because of breast cancer subtype redundancy or poor growth (HCC1569). y axes show the percentage of migrating cells (left) and observed spheres (right) relative to seeded cells. Data are mean ± s.d. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 6 Differentiation ability and metastasis formation.
a, b, Representative images (a) and quantification (b) of PGR expression of mammary epithelial cells from wild-type BALB/c mice at 4, 8, 25 and 40 weeks of age. Scale bars, 100 μm. PGR expression was reduced by 75% in 40-week-old wild-type mammary gland compared to 4-week-old mice and disappeared in primary tumours (see also Extended Data Figs 1f, 2a). n, number of ducts or glands (in early lesions and normal tissue) or visual fields in primary tumours. c, d, Representative micrographs of lesions 8 weeks after transplantation of early lesion spheres resembling DCIS (c) or less-advanced early lesions (d) displaying PGR expression (brown nuclear staining). e, Tumour growth from primary tumourspheres in young and old recipients. f, Differentiation of cells from early lesions but not of primary tumour cells in Matrigel (left) or in sphere culture (right) into acinus-like structures. Progesterone stimulation accelerated formation of acinus-like structures by early lesion cells, under mammosphere conditions. NED, no evidence of differentiation. g, Staining for CK8/18, PGR and EpCAM (epithelial cell adhesion molecule) shows expression of PGR and CK8/18 only in differentiated structures (top) compared to undifferentiated spheres (bottom). h, i, Primary tumourspheres were transplanted alone (n = 23) or co-transplanted with MM3MG–Pgr-B (n = 5) or MM3MG spheres (n = 5). DCCs numbers in bone marrow (h) and the number of mice with tumours (i) were checked 4 weeks later. Pgr-B-transduced mammary epithelia suppressed metastatic dissemination and accelerated tumour formation from primary tumourspheres. j, Pregnancy at the early lesion stage induces dissemination. A group of young BALB-NeuT mice mated (n = 5) at the early lesion stage (7-week-old) and were killed at the end of pregnancy. These mice did not form palpable tumours, but had a higher number of DCCs compared to unmated control mice (n = 6). k, Pregnancy at the advanced tumour stage. A group of BALB-NeuT mice (n = 5) were mated at the time of in situ carcinoma (15-week-old) and killed at the end of pregnancy. All pregnant mice had faster growing tumours compared to unmated control mice. l, Schematic of transplantation protocol for mammary gland or primary tumour tissue pieces into wild-type recipients. m, Example of primary tumour and macro-metastasis assessment. n, Number of metastatic foci in transplanted mice. 18 mice from the gland model and 3 mice from the tumour model were excluded from analyses owing to the fusion of metastatic lesions, which made it difficult to count individual lesions. o, Similar growth kinetics of primary tumours from gland and tumour piece models for samples from the red box in Fig. 4e. p, q, Mice from o were compared for the duration of the follow-up period after surgery. Mice from both groups were killed at the first signs of general health deterioration, which occurred earlier in gland-model mice (p). Longer follow-up time after curative surgery did not result in more metastases in recipients transplanted with primary tumour pieces (q).*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; NS, not significant; (Student’s t-test (b, f, h, j); Fisher’s exact test (i); F-test for the slopes (c, k); Mann–Whitney U-test (n–q)). Data are shown as mean ± s.d. (b, e, f, k) or median (h, j, n–q).
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Extended Data Figure 7 Array CGH analysis of primary tumour–metastasis pairs.
a, Number of aberrations detected by array comparative genomic hybridization in primary tumours and matched lung metastases. Dot plot with median; statistical analysis by Mann–Whitney U-test. b, Heatmap of copy number states for the 28 primary tumours and 44 matched metastases across chromosomes 1–19 and X. Light, medium and dark yellow or blue colours indicate weak, intermediate and strong amplification (yellow) or deletion (blue) amplitudes, respectively (thresholds at ± 0.1, ± 0.2, ± 0.3). c, Prototype aberrations (top) constructed from segmented array CGH profiles (bottom) of the primary tumour (PT) and the matched metastases (Met 1–3) of mouse 3769 (phylogenetic tree and phylogenetic paths displayed in Fig. 4h, i). Prototypes (top) are organized in stacked rows per chromosome and numbered according to chromosome and positional order of their first change point, for example, 1.2 denotes the second prototype of chromosome 1. These prototype aberrations are then used to construct the phylogenetic paths (for example, Fig. 4i) and trees. For better visibility, small focal aberrations were enlarged to have a minimal extension of 300 probes. Yellow, amplification (+1); blue, deletion (−1). Corresponding segmentation profiles of the normalized and wavy-pattern-corrected array CGH data (grey dots) are indicated by red lines (bottom). For segmentation and prototype construction, see Methods. d, Table for calculating the relative time points of dissemination (Fig. 4j). PT ab, number of aberrations in the primary tumour; Mk ab, number of aberrations in the matched metastases (k = 1, 2, 3); PT–Mk cab, number of common aberrations between primary tumours and metastases; PT–Mk pcab, proportion of common aberrations relative to the primary tumour, that is, pcab = cab/PT ab.
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Extended Data Figure 8 Phylogenetic analysis of metastasis (early divergence).
Phylogenetic trees of the top 13 out of 28 primary tumours and matched metastasis samples listed according to earliest time point of dissemination (for details see tables in Extended Data Figs 7, 9). A1–7, inferred common ancestors (intermediates); M, metastases (M1–3); N, normal cell; P, primary tumour. (see Methods). The ordinate indicates the number of aberrations per profile (on a square root scale). For the first three matched samples, the phylogenetic tree paths (middle), prototype aberrations (top right) and segmented array CGH profiles (bottom right) are also shown in addition to the phylogenetic tree (left). Aberration profiles along phylogenetic paths run from N via A1–7 to P or M1–3. Aberration prototypes are named according to chromosome and positional order of their first change point, for example, 2.2 denotes the second aberration prototype of chromosome 2 (see Methods and Extended Data Fig. 7c).


Extended Data Figure 9 Phylogenetic analysis of metastasis (late divergence).
a, Phylogenetic trees of the top 14 out of 28 primary tumour and matched metastasis samples listed according to latest time point of dissemination. For the first three mice the phylogenetic paths (mid), prototype aberrations (top right) and segmented array CGH profiles (bottom right) are also shown next to the phylogenetic tree (left). See Methods and Extended Data Figs 7, 8. b, Summary table of all phylogenetic analyses indicates the position of the corresponding mouse phylogenetic tree in Extended Data Figs 8 and 9 (EDF8 and EDF9) for each primary tumour–metastasis pair. The two bottom rows indicate the rank and the corresponding relative time point of dissemination as measured by the proportion of aberrations shared between primary tumour and metastasis (PT–M pcab; see Extended Data Fig. 7 and Fig. 4j). Note that only metastases ranked on position 36–44 diverged late. The phylogenetic tree and phylogenetic paths for mouse 3769 are displayed in Fig. 4h, i. In the pos-EDF8 and pos-EDF9 rows the darker colours are samples of which all data, including phylogenetic paths, prototype aberrations, segmented array CGH profiles and phylogenetic trees are shown. Faint colours cells in pos-EDF8 and pos-EDF9 are samples where only phylogenetic trees are shown.


Extended Data Figure 10 PGR, HER2 signalling and dissemination in breast cancer patients.
a, Double staining of a HER2high/PGRhigh human breast cancer sample (PGR, brown, nucleus; HER2, red/pink, membrane). Cells with varying expression levels of HER2 and PGR, as well as negative, single- or double-positive cells can be seen. Scale bar, 100 μm. Arrows indicate, double-positive (DP), double-negative (DN) and single-positive (SP) cells. b, Lack of PGR expression in high-density areas of HER2high/PGRhigh-classified tumour samples (see Fig. 5c) is directly linked to high miR-9-5p and miR-30a-5p expression. Data are mean ± s.d.
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