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Figure 1. Immunofluorescent co-staining for EpCAM, Vimentin and CD24 identifies the EMT stem cell state. (A–D) Immunofluorescent staining 
for EpCAM, Vimentin and CD24 (A, B) and pan-keratin, Vimentin and CD24 (C, D) in the CA1 cell line (A, C) and the EMT-stem CA1 sub-line (B, 
D). (E) Quantification of the percentage of EpCAM+Vim+CD24+ and pan-keratin+Vim+CD24+ cells in the CA1 cell line and EMT-stem sub-line. Significance 
is obtained from a two-tailed student t-test. The graph shows mean +/-95% confidence interval. n=3. (F) Detection of EpCAM+Vim+CD24+ cells in the 
stroma surrounding an oral cancer tumour specimen. The white arrow highlights an EpCAM+Vim+CD24+ cell in the stroma. The red arrow highlights an 
EpCAM+Vim+CD24- cell in the stroma. DAPI nuclear stain is blue. Below inset; enlargement of the highlighted cells for each marker. Scale bars = 100 µm.
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Figure 1—figure supplement 1. EpCAM, Vimentin and CD24 immunofluorescent staining in the CA1 OSCC cell line (left), normal keratinocytes 
(centre) and oral cancer associate fibroblasts (right). Yellow = Vimentin, Red = EpCAM, Green = CD24.
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Figure 2. Enrichment of EpCAM+Vim+CD24+ cells in the stroma surrounding metastatic tumours. (A–C) Immunofluorescent four-colour staining of 
oral tumour specimens for EpCAM (yellow), Vimentin (red) and CD24 (green) with DAPI nuclear stain (blue). Representative imaging fields from a 
normal epithelial region (A), a non-metastatic tumour (B) and a metastatic tumour (C). (D) Staining of a metastatic tumour for pan-keratin, Vimentin 
and CD24. (E) Image segmentation was performed, with generation of an ‘EpCAM dense cloud’ to distinguish the tumour body from the stroma. Grey 
level intensities for EpCAM, Vimentin and CD24 were obtained for every nucleated cell in each imaging field. (F) Quantification of the percentage of 
EpCAM+Vim+CD24+, EpCAM+Vim+CD24- and pan-keratin+Vim+CD24+ cells in normal region (epithelium distant from the tumour), tumour body, and 
stromal region from metastatic and non-metastatic tumours in the first cohort of specimens. A student t-test was performed comparing the mean 
percentage of EpCAM+Vim+CD24+ co-expressing cells in the metastatic stroma compared to the other fractions. *** signifies p<0.001. The graph shows 
mean +/-95% confidence interval. (G) Immunofluorescent four-colour staining of oral tumours from the second cohort of specimens, showing tumours 
with a range of invasive front presentations. White arrows highlight single EpCAM+Vim+CD24+ cells in the stroma. Scale bars = 100 µm.
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Figure 2—figure supplement 1. The metastatic tumour fields from Figure 2G, shown with separate channels at the top and the merge below. The 
separate channels are Vimentin (left, red), EpCAM (centre, yellow) and CD24 (right, green). All include DAPI nuclear stain. In the merge, white arrows 
highlight individual EpCAM + Vim + CD24 + cells.
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Figure 2—figure supplement 2. The non-metastatic tumour fields from Figure 2G, shown with separate channels at the top and the merge below. The 
separate channels are Vimentin (left, red), EpCAM (centre, yellow), and CD24 (right, green). All include DAPI nuclear stain.
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Figure 2—figure supplement 3. Enrichment of EpCAM+Vim+CD24+ cells in the stroma surrounding metastatic tumours in the second cohort of 
specimens. (A) Tiling of a stained and imaged slide into 20 x fields of view and selection of a single field of view for segmentation. (B) Segmentation 
into single nucleated cells using DAPI staining. (C) Segmentation of cells in the stromal region using co-localisation of Vimentin and DAPI staining. 
(D) This segmentation pipeline separates tumour body from stroma in image analysis. (E) Cell identity measurements in the second cohort of specimens. 

Figure 2—figure supplement 3 continued on next page
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Quantification of the percentage of EpCAM+Vim+CD24+ and EpCAM+Vim+CD24- cells in normal region (epithelium distant from the tumour), tumour 
body, and stromal region from metastatic and non-metastatic tumours. Recorded as the total percentage across the entire manually curated selection 
from the cohort (tumour-stroma interface and normal region fields of view), rather than the average percentage per field of view (as shown in Figure 2F 
for the first cohort).

Figure 2—figure supplement 3 continued
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Figure 2—figure supplement 4. Analysis of EpCAM, CD24, and Vimentin expression in a published head and neck cancer scRNAseq dataset (Puram 
et al., 2017). (A) Percentage of the cancer cells (excluding non-cancer cells) expressing each possible combination of EpCAM, CD24, and Vimentin, 
shown as a pie chart (left) and table (right). (B) The percentage of EpCAM+Vim+CD24+ cells within the whole dataset that are annotated as cancer (blue 
bar on bar chart) and non-cancer/stromal (orange bar on bar chart), shown as a bar chart (left) and table (right).
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Figure 3. Predicting metastasis using EpCAM, Vimentin and CD24 immunofluorescent staining and a supervised machine learning approach. 
(A) Pipeline for machine learning based on grey level intensities for the three markers in tumour cohort 1. The training tiles were classified as coming 
from a metastatic or non-metastatic tumour. (B, C) Performance of EpCAM, Vimentin and CD24 (B) and pan-keratin, Vimentin and CD24 (C) in the 
supervised learning task on tumour cohort 1. The tables show the 10-fold cross-validation F1 scores of different machine learning classification 

Figure 3 continued on next page
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algorithms. To the right of each table is a receiver-of-operator curve (ROC) showing the area under the curve (AUC) of the artificial neural network (ANN) 
classifier. (D) Performance of EpCAM, Vimentin and CD24 in the supervised learning task on tumour cohort 2. An ANN classifier was trained and tested 
on cohort 2, independently of tumour cohort 1. Accuracy and loss scores are displayed for the training set (green and blue lines) and the validation set 
(red and yellow lines) drawn from within this cohort, for 14 training epochs on the ANN classifier. (E) ROCs comparing accuracy of the image-trained 
ANN (red line) with ANNs trained using the number of EpCAM+Vim+CD24+ cells for each field of view from the tumour stroma (green line) and tumour 
body (yellow line). Training with random gaussian signals provided a baseline (blue line).

Figure 3 continued
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