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Systemic cancer (the dissemination and subsequent distant outgrowth 
of cells from a solid tumour) occurs in two phases: a clinically latent 
stage of hidden cancer spread, and then manifest metastasis. Manifest 
metastasis remains mostly incurable. The period of clinically unde-
tectable minimal residual disease, defined by disseminated cancer cells 
(DCCs) that are left behind after primary tumour surgery, offers a time 
window to prevent metastasis1,2. However, only circumstantial know-
ledge is available about minimal residual disease, and consequently, 
systemic (adjuvant) therapies improve outcome in only about 20% of 
patients3,4. This situation indicates that our current understanding of 
early systemic cancer is insufficient to prevent metastasis.

The first direct evidence for a characteristic biology of early dis-
seminated cancer and minimal residual disease came from analyses 
of DCCs isolated from bone marrow of patients with breast cancer 
before (M0 stage, according to Union for International Cancer Control 
guidelines) and after (M1 stage) manifestation of metastasis5,6, indi-
cating that M0-DCCs might have disseminated early and evolved 
in parallel with the primary tumour7. Studies in transgenic mouse  
models8�10 and in patients with pre-malignant lesions or in situ  
carcinomas8,11,12 corroborated this concept but the relevance of DCCs 
remains contested13.

We therefore addressed the issue of breast-cancer-cell dissemina-
tion soon after cancer initiation and investigated whether mechanisms 
exist that reduce metastatic seeding from advanced cancers. Finally, we 
investigated whether early DCCs (eDCCs) are able to form metastases.  
We report on a mechanism involving cell density, HER2 and PGR  
signalling that reconciles early and late dissemination models.

PGR and HER2 regulate gene expression in early lesions
In BALB-NeuT mice, dissemination starts shortly after expression of the 
Her2 transgene (also known as Erbb2) at puberty (around 4 weeks of age), 
when the first hyperplastic lesions become apparent8. From 4�9�weeks of 
age, we observed micro-invasion8, and a sharp decline in the ratio of DCCs 
to total tumour area (a measure of cell numbers at risk of dissemination) 
during primary tumour growth (Extended Data Fig. 1a). The genetic 
program governing dissemination from early lesions in microdissected 
tissue samples (Extended Data Fig. 1b and Supplementary Table 1)  
showed a signature gene expression profile compared to healthy mam-
mary glands, primary tumours and lung metastases (Fig. 1a). We defined 
1,278 gene transcripts unique to early lesions of which 300 were highly 
conserved between mouse and human (Supplementary Data 1).

We confirmed differential expression of selected transcripts by quan-
titative PCR (qPCR) (Extended Data Fig. 1c) and analysed transcript 
expression of steroid hormone receptors (strong candidate regulators; 
Supplementary Tables 2, 3), all of which, except Esr1 (also known as 
ERalpha), showed the highest expression in early lesions (Extended 
Data Fig. 1d). When we assessed the expression of Ahnak, Baz2a, 
Nfatc3, Nr3c1 and Nr3c2 genes, which were used as surrogate markers 
of the early lesion signature (Fig. 1b, Supplementary Tables 2, 3 and 
Supplementary Data 1), progesterone was the only steroid hormone 
that activated a similar expression profile (Extended Data Fig. 1e), 
but only in early lesion cells of 9-week-old BALB-NeuT mice, and not 
in wild-type mammary or primary tumour cells (Fig. 1c). Moreover, 
the expression of progesterone receptor B (PGR-B), which is the main 
isoform expressed for mammary gland development14�16, correlated 
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human metastatic dissemination.
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with low to moderate HER2 expression in early lesions and wild-type 
mammary tissue (Extended Data Fig. 1f). We therefore quantified 
HER2 and PGR protein expression in mammary cells displaying 
normal, hyperplastic or advanced tumour morphology. The number 
and staining intensity of HER2� cells steadily increased with advancing  
tumour morphology, in which early lesions had intermediate cell  
numbers and HER2 expression levels. PGR staining intensity was  
constant, but the number of PGR� cells declined from approximately 
40% in normal glands to 0% in primary tumours (Fig. 1d).

The early lesion signature could be activated in 4T1, an MMTV�
HER2-negative mouse tumorigenic cell line (Extended Data Fig. 1g) 
that displays weak endogenous HER2 expression (Extended Data  
Fig. 1h). Furthermore, HER2-negative mouse tumour cells (67NR and 
MM3MG cells) did not express the early lesion signature (Extended 
Data Fig. 1g), but progesterone treatment or transduction of the B 
isoform of PGR (Pgr-B) induced upregulation of HER2 in 4T1 or 
MM3MG cells, respectively (Extended Data Fig. 1h-i). Collectively, 
these results suggested that the genetic program of early lesions depends 
on the combined activation of progesterone and HER2 pathways.

Progesterone induces migration of early lesion cells
Because progesterone mediates branching14 in mammary gland devel-
opment, we investigated the role of the progesterone-induced early 
lesion signature in cancer cell migration. We found that the mRNA 
levels of the progesterone-induced paracrine signals (PIPS) Rankl (also 
known as Tnfsf11) and Wnt4 were upregulated in early lesion samples 
(Extended Data Fig. 2a). Treatment of early-lesion-derived cells with 
PIPS mimicked the effect of progesterone (Extended Data Fig. 2b),  
suggesting that early lesions exploit the mechanisms of mammary 
branching for metastasis. Consistent with this, PGR� cells were 
enriched in distal ducts of normal mammary glands (advancing the 
branching tree away from the nipple during developmental fat pad 
invasion) compared to proximal ducts closer to the origin (more  
differentiated ducts; Extended Data Fig. 2c, d).

Furthermore, progesterone and PIPS induced migration of mam-
mary cells from early-lesion-derived samples (freshly prepared or 
early-lesion-derived mammospheres) and suppressed migration in 
cells from primary tumours (Fig. 2a and Extended Data Fig. 2e, f).

PIPS also activate mammary stem cells during mammary gland 
development17, prompting us to analyse mammosphere formation18. 
Consistent with previous reports on HER2-stimulated stemness19,20 
BALB-NeuT-derived samples generated significantly higher numbers of 
spheres than controls (Fig. 2b). Notably, normal mammary cells derived 
from young (4�9-week-old) mice generated more spheres than cells 
derived from older mice (Fig. 2b). Furthermore, early-lesion-derived 
cells generated higher sphere numbers in response to progesterone and 
PIPS than primary tumour samples (P �​ 0.01; Fig. 2c). Neutralizing 
antibodies against RANKL and a WNT inhibitor abrogated the effect of  
progesterone on early lesion cell migration and sphere formation  
(Fig. 2d).

Migrating early lesion cells (that is, those arriving on the other side of 
the transwell membrane) formed increased sphere numbers in response 
to progesterone (Fig. 2e and Extended Data Fig. 2g). Oestrogen also 
induced migration and sphere formation, however, the progesterone 
inhibitor RU486 inhibited this pro-migratory and pro-sphere-forming  
effect (Extended Data Fig. 2h), possibly because oestrogen acts via transcrip-
tional induction of Pgr21. Together, these results suggested that moderate  
HER2 expression with progesterone or PIPS availability promote 
sphere-formation and migratory responses in mammary epithelial cells.

HER2 expression levels determine cellular responses
We next performed a series of mechanistic in vitro experiments using 
mouse mammary epithelial MM3MG cells (oestrogen receptor (ER�​)- 
negative but expressing low levels of PGR and HER2). MM3MG cells 
transduced with Pgr-B or Her2 were subjected to sphere-formation and 
migration assays (Extended Data Fig. 3). PIPS-responsive cells (in both 
migration and sphere-formation assays) were HER2low/PGR�, whereas 
PGR� cells themselves were not migrating and HER2high cells were 
similar to non-migrating primary tumour cells and showed enhanced 
proliferation.

Cell density regulates HER2 and PGR expression
Notably, individual primary-tumour-derived cells re-expressed Pgr 
mRNA and protein when cultured at low cellular densities (Extended 
Data Fig. 4a, b). We therefore plated the BALB-NeuT primary-tumour- 
derived TUBO cell line at different cell densities and found PGR 
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Figure 1 | Identification of a gene expression signature linked to early 
dissemination. a, Heatmap of genes that were differentially expressed  
in different sample types: normal mammary glands from BALB/c  
(N1�N10), early lesions (EL, A1�A7), primary tumours (PT, P1�P19) 
and lung metastases (Met, M1�M7) from BALB-NeuT mice. Yellow, 
upregulation; blue, downregulation. b, Five-gene surrogate signature 
(qPCR) for the early lesion profile. c, Progesterone (P) activates the 
early lesion signature in vitro. Data are mean �​ s.d. d, TissueFAX 

cytometric quantification of HER2 and PGR protein expression. Images, 
representative staining of HER2 (left) and PGR (right). Scale bars, 100 �​m. 
Mean HER2 staining intensity (red line, left histograms) in arbitrary units 
(a.u.) and percentage of PGR� cells (right histogram) and box plots. Boxes 
show lower quartile, median and upper quartile and whiskers indicate 
minimum and maximum; �​�​�​�​P �​ 0.0001 (t-test and Stouffer�s combined 
probability test (c) and one-way ANOVA(d)).
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expression in 10 �​ 5% (mean �​ s.d.) of cells grown at low density, 
but undetectable PGR expression in cells grown at high density  
(Fig. 3a). Several experiments suggested that there was a soluble factor 
with PGR-suppressing activity in the vesicular fraction of cell culture 
supernatants, and that this activity was conserved between mouse 

and human (Extended Data Fig. 4b�e). To identify this activity, we 
analysed the microRNA (miRNA) profiles of supernatants with and 
without exosomes from TUBO cells and the HER2-overexpressing 
cell line MM3MG�Her2. miRNA sequencing (Supplementary Data 2) 
and bioinformatic prediction of Pgr regulators (Extended Data Fig. 4f)  
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Figure 2 | Progesterone induces migration and sphere formation of 
early lesion cells. a, Early lesion and primary tumour cells respond to 
progesterone or PIPS (WNT4, RANKL) with increased (early lesions)  
or decreased (primary tumours) migration. b, Mammosphere formation 
depends on age and HER2 expression. c, Cells from early lesions and 
primary tumours respond to progesterone or PIPS with increased  

(early lesions) or decreased (primary tumours) sphere formation. 
d, Depletion of PIPS by IWP-2 (WNT inhibitor) or anti-RANKL 
(neutralizing antibody) reduces migration (left) and sphere formation 
(right) of early lesion cells. e, Migrating cells activated by PIPS form 
spheres (see also Extended Data Fig. 2g). Data are mean �​ s.d.; �​P �​ 0.05;  
�​�​P �​ 0.01; �​�​�​P �​ 0.001; �​�​�​�​P �​ 0.0001 (Student�s t-test).

Figure 3 | Cell density regulates PGR expression and early lesion 
phenotype. a, TUBO cells re-express PGR at low cell density. Scale bars, 
50 �​m. b, TUBO cells grown at high density upregulate miR-9-5p.  
c, Expression of miR-9-5p in early lesion and primary tumour samples. 
d, Primary tumour and TUBO cells generate the early lesion signature 
only when grown at low density. e, Migration and sphere-formation of 
four�human cell lines grown at low and high densities and treated with PIPS 
(WNT4 and RANKL) or progesterone (P) (see also Extended Data Fig. 5).  

f, Number of lung macro-metastases (17 weeks after tumour resection) 
after tumour formation from transplanted tumour pieces (1 mm3; high 
density) or 50 spheres in 40 �​l Matrigel (low density) and primary tumour 
surgery (shown are median and individual values). g, Mechanisms of local 
tumour and distant metastasis formation as derived from in vitro and 
in vivo (see Fig. 4) data. �​P �​ 0.05; �​�​�​�​P �​ 0.0001(t-test and Stouffer�s 
combined probability test (d); mean �​ s.d. (b�e); Mann�Whitney  
U-test (f)).
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identified miR-30a-5p and miR-9-5p as abundantly expressed in 
TUBO cells and able to downregulate Pgr in T47D cells (Extended Data  
Fig. 4g, h). miR-30a-5p expression was upregulated by Her2 (Extended 
Data Fig. 4f, i) and miR-9-5p expression was sensitive to cell density 
(Fig. 3b, c).

Low cell density induced early-lesion-like features (such as induction 
of the early lesion signature, and reduced HER2 expression, migra-
tion and sphere formation) in TUBO or primary-tumour-derived cells 
from the BALB-NeuT model (Fig. 3d and Extended Data Fig. 4j�m). 
Notably, several human breast cancer cell lines shared density regula-
tion of HER2- and PGR-regulating miRNAs (Extended Data Fig. 5a�d). 
Moreover, we observed density regulation of migration and sphere 
formation in 10 out of 10 human breast cancer cell lines tested (7 out 
of 10 by PIPS and 3 out of 10 by progesterone induction; Fig. 3e and 
Extended Data Fig. 5e).

To assess the contribution of cell density in vivo, we compared meta-
stasis formation of transplanted primary tumour pieces (very high cell 
density) with primary tumourspheres (50�spheres injected in 40 �​l 
Matrigel, that is, very low density). After primary tumour formation, 
we performed curative surgery and evaluated metastasis formation. 
No difference was found in the percentage of mice with metastases 
(8 out of 19 for tumour pieces compared with 6 out of 16 for spheres), 
however, animals transplanted with primary tumourspheres had 
a higher number of metastases (P �​ 0.05; Fig. 3f). In summary, we 
obtained support for a model of metastatic dissemination regulated 
by cell density, HER2 expression and progesterone signalling (Fig. 3g).

PGR signalling regulates dissemination in vivo
To validate these findings, we analysed physiological conditions of 
reduced (higher age; Extended Data Figs 1f, 2a, 6a, b) and increased 
(pregnancy) PGR signalling. We transplanted spheres generated 
from early lesions and primary tumour samples into young (4�weeks 
of age; PGR-rich) and old (40�weeks of age; PGR-reduced) wild-
type recipients. All mice were killed when the first mice developed 
tumours of 5�10 mm diameter (8�weeks later). Most mice transplanted 

with primary tumours had palpable tumours, but none of the mice 
transplanted with early lesions (Fig. 4a), although these nevertheless 
harboured microscopic early lesions and/or ductal carcinoma in situ 
(DCIS) (Extended Data Fig. 6c, d). Notably, transplantation of spheres 
from early lesions increased the number of animals containing DCCs, 
and resulted in higher numbers of DCCs in bone marrow compared to 
transplantation of primary tumourspheres (Fig. 4b, c).

There was suppressed dissemination and stimulated tumour for-
mation from primary tumourspheres in the PGR-rich microenviron-
ment of young mammary glands (Fig. 4d and Extended Data Fig. 6e) 
as expected. Dissemination from early lesions was not reduced in old 
recipients (Fig. 4d). However, the transplanted early lesions generated  
a PGR-rich microenvironment in old recipients (Extended Data  
Fig. 6d), consistent with the observation that cells from early lesions, 
but not from primary tumours, could generate PGR-positive cells in 
3D culture (Extended Data Fig. 6f, g). Co-transplantation of BALB-
NeuT primary tumourspheres with MM3MG�Pgr-B into 40-week-old 
mice resulted in reduction of dissemination and stimulation of tumour 
formation (Extended Data Fig. 6h, i).

Because progesterone levels are physiologically increased 10- to 
20-fold during pregnancy, we mated female transgenic mice at the age 
when early lesions (week 7) and early tumour formation (week 15)  
occurred. Mice were killed at term, and those mated at the early lesion 
age displayed higher numbers of DCCs (Extended Data Fig. 6j); 
whereas those mated at week 15 formed large tumours within 3�weeks, 
faster than unmated controls (Extended Data Fig. 6k).

To assess metastasis from early lesions and primary tumour lesions, 
we transplanted pieces of mammary glands (gland model) of 4�5-week-
old transgenic mice or from primary tumours (primary tumour model) 
into the cleared mammary fat pad of 4-week-old wild-type recipients 
(Extended Data Fig. 6l, m). Tumour growth to 5�10 mm was fast in 
animals transplanted with primary tumour pieces (indicating their 
high viability) and took longer in animals in the gland model (Fig. 4e).  
After surgical removal of primary tumours (Extended Data Fig. 6l, m),  
more mice displayed metastasis in the gland model (Fig. 4f; P �​ 0.0001), 
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Figure 4 | Progesterone signalling regulates tumour formation and 
dissemination in vivo. a, Tumour formation 8�weeks after transplantation 
of spheres derived from primary tumours or early lesions into mammary 
fat pads of wild-type BALB/c siblings. b, Percentage of mice with 
DCCs (detected by cytokeratin staining) in bone marrow 8�weeks after 
transplantation. c, Number of DCCs in bone marrow of mice 8�weeks after 
transplantation. d, DCC counts in bone marrow in recipients transplanted 
at different ages. e, Time to tumour formation after transplantation of 
mammary glands (from 4-week-old mice; gland model) or tumour pieces 
(from 20�22-week-old mice; tumour model). The red box highlights 
mice from both models with similar tumour growth kinetics, which are 
analysed separately in g and Extended Data Fig. 6o�q. f, Percentage of 
mice with lung macro-metastasis from gland or primary tumour models. 
g, Macro-metastasis formation in recipient mice with similar tumour 

growth kinetics (mice from the red box in e; see Extended Data Fig. 6o).  
h, Example of a phylogenetic tree (mouse 3769). A1�A3, inferred common 
ancestors; M1�M3, metastases 1�3; N, normal cell; P, primary tumour. The 
ordinate indicates the number of aberrations per profile on a square root 
scale. i, Aberration profiles along tree paths from N via A1�A3 to P or  
M1�M3 in terms of aberration prototypes (see Extended Data Figs 7�9).  
j, Distribution of relative time points of dissemination on a genetic 
scale for all 44�primary tumour�metastases pairs. The red line indicates 
dissemination after which 50% of primary tumour changes were acquired 
as an arbitrary threshold for early versus late dissemination; see Extended 
Data Fig. 7d. �​P �​ 0.05; �​�​�​P �​ 0.001; �​�​�​�​P �​ 0.0001; NS, not significant 
(Student�s t-test (a, c, d); Fisher�s exact test (b); � ​2 test (f, g); Mann�Whitney  
U-test (e)). Lines in a, c, d and e denote the median.
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although numbers of metastatic foci were similar in both cases 
(Extended Data Fig. 6n). Since the slower growth of early lesions until 
surgery might have extended the available time for metastasis forma-
tion, assuming dissemination occurred early, we restricted our analysis 
to mice with similar kinetics of primary tumour growth (red box in 
Fig. 4e and Extended Data Fig. 6o). Again, more mice developed lung 
metastases in the gland model (Fig. 4g), although in the analysis of this 
subgroup, follow-up time after tumour surgery was significantly longer 
for mice from the primary tumour model (Extended Data Fig. 6p).  
The number of metastases was similar (Extended Data Fig. 6q). 
Together, the in vivo results are in line with in vitro findings that PIPS 
induce migration and stemness of early lesion cells and proliferation 
of advanced primary tumour cells.

We used the gland model to determine which metastases were 
derived from early rather than late DCCs and performed phylogenetic 
analyses of 28 primary tumours with 1 or more lung metastases in 
the same mouse. Phylogenetic trees were generated from copy-
number alterations, since BALB-NeuT tumours rarely display point 
mutations, similar to human breast cancer22. Total numbers of 
copy-number alterations were indistinguishable between primary 
tumours and metastases (Extended Data Fig. 7a) and no individual  
change was significantly associated with primary tumour or metastasis 
origin (Extended Data Fig. 7b). This suggested that aberrations 
shared between primary tumours and metastases were acquired 
earlier, indicating the time of genetic divergence (Fig. 4h, i). In all 
cases, we observed branching evolution with none or one (single 
metastasis) or several (multiple metastases; Fig. 4i and Extended 
Data Figs 7�9) ancestors. To assign derivation of primary tumours 
and metastases as from early or late DCCs, we assessed the propor-
tion of primary tumour alterations that were already present in the 
last common ancestor. In linear progression, this value would be 1  
(the primary tumour had acquired all mutations before the metastatic 
precursor left the site). Here, we used the very conservative threshold 
of �​0.5 for late dissemination. Notably, we found that for 35 out of  

44 individual primary tumour�metastasis pairs (79.5%), lung 
metastases were derived from eDCCs that disseminated before the 
primary tumour had acquired 50% of its alterations (Fig. 4j).

HER2 and PGR cooperation in human metastasis
The mechanisms of breast cancer dissemination described above can-
not be studied directly in patients, as the event occurs before diagnosis.  
We therefore checked whether human breast cancers could also seed  
relatively fewer bone-marrow DCCs (detected by cytokeratin staining23)  
with growing primary tumour size, as seen in the BALB-NeuT model 
(Extended Data Fig. 1a). Indeed, the percentage of DCC-positive 
patients or DCC numbers in bone marrow of 2,239 patients with 
breast cancer did not increase with tumour diameter (Fig. 5a). We 
then investigated whether DCC numbers were associated with HER2 
and PGR expression and categorized primary tumours according to 
their expression levels of PGR and HER2 (Supplementary Table 4). 
Notably, in breast cancers with a high PGR score, genetic activation 
of HER2 increased the dissemination rate (P �​ 0.05; Fig. 5b), akin to 
early lesions in the BALB-NeuT model. This subgroup of patients 
(HER2amp/PGRhigh) comprised 3.7% of all patients (85 out of 2,239) 
or 24.6% of patients with HER2-amplified tumours (85 out of 345). 
HER2amp/PGRhigh (Supplementary Table 5) primary tumours con-
tained HER2 and PGR single- and double-positive and double-negative 
cells (Extended Data Fig. 10a). Areas of high cell density lacked PGR 
expression and invasive regions of lower density contained strongly 
double-positive cells (Fig. 5c), suggesting density-mediated PGR regu-
lation within the same samples. We therefore analysed the expression of 
PGR-regulatory miRNAs identified in the BALB-NeuT mouse model 
(Supplementary Table 6). HER2amp/PGRhigh tumours displayed lower 
levels of PGR-downregulating miRNAs compared to HER2amp/PGRneg 
tumours (Fig. 5d), similar to the human HER2high/PGRhigh cell lines  
BT474 and T47D (Extended Data Fig. 5a, b). PGR-negative, high-density  
regions from HER2amp/PGRhigh samples (Fig. 5c) displayed strong 
PGR-regulating miRNA overexpression (Extended Data Fig. 10b).
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Figure 5 | PGR and HER2 signalling, and dissemination in patients 
with breast cancer. a, An increase in tumour diameter is not accompanied 
by an increase in DCCs in bone marrow. b, PGR and HER2 expression 
identifies a HER2high/PGRhigh subgroup of patients with the highest 
seeding rates. c, Comparison of HER2high/PGRhigh human breast cancers 
and primary BALB-NeuT mouse tumours for HER2/PGR staining. Top, 
representative images of an early lesion (left) and primary tumour (right) 
from the BALB-NeuT model. Bottom, representative images of two 
patients. High-density regions (strong HER2 and low PGR expression, 
black arrows) and regions of invasive cells (strong PGR and HER2 
expression, blue arrows) are shown. Scale bars, 1 mm (top, bottom right) 
and 200 �​m (bottom left). d, PGR-downregulating miRNAs are repressed 

in HER2high/PGRhigh human mammary carcinomas. e, Copy-number 
alterations in human primary breast cancers (from Progenetix database) 
and DCCs isolated from bone marrow of patients with breast cancer with 
and without metastasis (M0, n �​ 94; M1, n �​ 91). The y axis depicts the 
percentage of samples with aberrations (green,�gain; red,�loss) for each 
chromosomal region. f, Oestrogen receptor (ESR1) and progesterone 
receptor (PGR) transcript expression in human breast cancer DCCs  
(10 out of 26�DCCs from 19�M0 patients are shown; see Supplementary 
Table 8). ACTB, EEF1A1 and GAPDH denote controls for sample quality. 
BT474 single cells are a positive control. �​P �​ 0.05; �​�​P �​ 0.01; NS, not 
significant (� ​2 test (a and b); Mann�Whitney U-test (d)).
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