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Detection	of	minor,	genetically	distinct	subpopulations	within	
tumors	is	a	key	challenge	in	cancer	genomics.	Here	we	report	
STAR-FISH	(specific-to-allele	PCR–FISH),	a	novel	method	
for	the	combined	detection	of	single-nucleotide	and	copy	
number	alterations	in	single	cells	in	intact	archived	tissues.	
Using	this	method,	we	assessed	the	clinical	impact	of	changes	
in	the	frequency	and	topology	of	PIK3CA	mutation	and	HER2	
(ERBB2)	amplification	within	HER2-positive	breast	cancer	
during	neoadjuvant	therapy.	We	found	that	these	two	genetic	
events	are	not	always	present	in	the	same	cells.	Chemotherapy	
selects	for	PIK3CA-mutant	cells,	a	minor	subpopulation	in	
nearly	all	treatment-naive	samples,	and	modulates	genetic	
diversity	within	tumors.	Treatment-associated	changes	in	the	
spatial	distribution	of	cellular	genetic	diversity	correlated	
with	poor	long-term	outcome	following	adjuvant	therapy	
with	trastuzumab.	Our	findings	support	the	use	of	in situ	
single	cell–based	methods	in	cancer	genomics	and	imply	that	
chemotherapy	before	HER2-targeted	therapy	may	promote	
treatment	resistance.

Cancer is a genetic disease, and the identification of somatic genetic 
alterations in tumors thus has been the focus of clinical oncology. 
Cancer genome sequencing studies have traditionally been performed 
on bulk tumor samples, limiting their ability to detect minor sub-
clones, which commonly drive therapy resistance1,2. Sequencing of 
bulk tumor samples also cannot accurately predict which mutations 
are present in the same or in different cells. Sequencing of single 
cancer cells overcomes these limitations3,4 but is currently still labo-
rious, expensive and prone to error as a result of the inefficiencies of 
whole-genome amplification; it is thus not yet suitable for the analysis 

of large patient cohorts. We have developed a novel methodology, 
termed STAR-FISH, based on the combination of in situ PCR5–7 and 
FISH8–10 to enable the simultaneous detection of point mutations 
and copy number variations at the single-cell level in intact formalin-
fixed, paraffin-embedded tissue samples.

We designed STAR-FISH for several commonly mutated genes in 
breast cancer, focusing on clinically relevant mutational hotspots. 
PIK3CA is one of the most commonly mutated genes in breast cancer11. 
Mutations in PIK3CA12, predominantly occurring at two hotspots 
(p.Glu542Lys (c.1624G>A) and p.His1047Arg (c.3140A>G)), are 
present in about 20% of all breast tumors and in up to 40% of cancers 
in the HER2-positive subtype. The phosphoinositide 3-kinase (PI3K)-
AKT pathway has been identified as a major determinant of resistance to 
trastuzumab, an antibody targeting HER2 (also known as ERBB2)13–19,  
implying that PIK3CA mutation might be used as a predictor of  
resistance. However, the substantial heterogeneity for PIK3CA muta-
tion, both within different regions of the same tumor and between 
different lesions in the same patient20,21, make its accurate detection 
challenging. We applied STAR-FISH to assess changes in intratumoral 
cellular heterogeneity for HER2 amplification and the PIK3CA muta-
tion encoding p.His1047Arg in a cohort of patients with HER2-positive  
breast cancer subjected to neoadjuvant chemotherapy followed by 
adjuvant therapy with trastuzumab and correlated these changes with 
long-term clinical outcome.

RESULTS
STAR-FISH	development	and	validation
The first step of STAR-FISH is an in situ PCR reaction using  
mismatched primers designed to specifically amplify mutant and wild-
type alleles (Fig. 1a, Supplementary Fig. 1a, Supplementary Table 1  
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and Supplementary Note). The primers contain a 5′ overhang con-
stituting a unique sequence not found in the human genome, which 
serves as a priming site in the second round of PCR. The use of a few 
amplification cycles in the first round of PCR and 30 amplification 
cycles in the second round of PCR ensures proper amplification of 
the product with high specificity. PCR products are visualized by 
hybridization with fluorescently labeled probe complementary 
to the 5′ overhang (Fig. 1a). The specificity of the primers for the 
PIK3CA mutation encoding p.His1047Arg was first evaluated by 
PCR using genomic DNA isolated from human breast cancer cell 
lines with known PIK3CA mutation status (Fig. 1b). The sensitivity 
of the assay was tested by performing PCR on defined mixtures of 
DNA from the MDA-MB-231 (PIK3CA wild type) and SUM-185PE 
(homozygous for the PIK3CA mutation encoding p.His1047Arg) cell 
lines (Supplementary Figs. 1b and 2). Primers for the second round 
of PCR were tested in the same manner (data not shown). We also 

developed PCR assays for two other commonly occurring mutations 
in breast cancer, PIK3CA mutation encoding p.Glu542Lys and TP53 
mutation encoding p.Arg175His (Supplementary Fig. 1c,d).

Next, we performed in situ PCR on formalin-fixed, paraffin-embedded  
tissue slides of xenografts derived from the MDA-MB-231 and T-47D  
breast cancer cell lines in mice (Fig. 1c and Supplementary Fig. 1e) 
followed by testing of primary human breast tumors with known 
status for the PIK3CA mutation encoding p.His1047Arg (Fig. 1d).  
Signal for wild-type and mutant PIK3CA was robustly detected in 
cancer cells, whereas only wild-type signal was visible in surrounding 
stromal cells (Fig. 1d). The false discovery rate (FDR) for PIK3CA 
mutation detection was equal to 1 in 976 cells (FDR = 0.001), on the 
basis of analysis of xenografts derived from the MDA-MB-231 cell 
line (PIK3CA wild type). No signal was detected when the polymerase 
was omitted in the first round of PCR, confirming the specificity of 
the in situ PCR step (Fig. 1d). Similarly, we performed in situ PCR for 
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Figure 1 Outline of the STAR-FISH method and its validation. (a) Schematic of the STAR-FISH protocol performed on a cell heterozygous for a 
mutation. In steps 1 and 2, in situ PCR with a mixture of primers to the wild-type (WT; green) and mutant (MUT; red) gene is performed. Red and 
green dots represent the mutation site. In step 3, hybridization of fluorescently labeled probes specific for the wild-type and mutant PCR products is 
combined with hybridization of BAC (magenta) and CEP (blue) probes for the detection of genomic copy number variation. (b) PCR to test the specificity 
of the primers for the PIK3CA His1047 codon using genomic DNA from breast cancer cell lines with known mutation status. MDA-MB-231, PIK3CA 
wild type; T-47D, heterozygous for the PIK3CA mutation encoding p.His1047Arg; SUM-185PE, homozygous for the PIK3CA mutation encoding 
p.His1047Arg. (c) In situ PCR testing the specificity of the primers for wild-type and mutant (p.His1047Arg) PIK3CA on T-47D breast cancer cell line 
xenografts. Top, only primers to the mutant allele were used in the first round of PCR, and both primer sets were used in the second round of PCR. 
Bottom, primers to both the wild-type and mutant alleles were used in both rounds of PCR. (d) In situ PCR for wild-type and mutant (p.His1047Arg) 
PIK3CA on a human primary breast tumor sample with known status for the PIK3CA mutation encoding p.His1047Arg. Top, the complete in situ PCR 
reaction. Bottom, in situ PCR without the polymerase (Pol) in the first round of PCR. The dashed lines show the tumor-stroma border. (e) STAR-FISH for 
wild-type (green) and mutant (His1047Arg; red) PIK3CA in combination with FISH with the 11q13x BAC probe (magenta) on a xenograft derived from 
the T-47D cell line. Scale bars in c–e, 75 µm; insets are magnified 4.5× from the original images.
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the PIK3CA mutation encoding p.Glu542Lys and the TP53 mutation 
encoding p.Arg175His on BT-483 cells in HistoGel and xenografts 
derived from AU565 cells, respectively, which are known to contain 
these mutations (Supplementary Fig. 1f,g).

To validate the sensitivity and specificity of the PIK3CA in situ PCR, 
we compared it to three independent methods: FACS, immunofluo-
rescence and mass spectrometry22. For the comparisons with FACS 
and immunofluorescence, we used xenografts derived from defined 
mixtures of wild-type and mutant cell lines expressing fluorescent 
tags. The mutant cell fraction determined by STAR-FISH was in 
accordance with the FACS and immunofluorescence results, and the 
variance between replicates was not significantly different between 
the various methods (Supplementary Fig. 3a–d). For comparison 
with mass spectrometry, we performed in situ PCR for the PIK3CA 
mutation encoding p.His1047Arg on a cohort of breast tumors previ-
ously genotyped for this mutation by Sequenom MassARRAY23,24. We 
observed a strong correlation (linear regression y = 1.013x, P < 0.0001; 
R2 = 0.9037, P < 0.0001) between the two methods (Supplementary 
Fig. 4a–c). Interestingly, even in samples where MassARRAY did not 
detect any mutant PIK3CA alleles, with STAR-FISH, we identified rare 
mutant cells below a frequency of 8%.

Lastly, we combined in situ PCR for the PIK3CA mutation encoding 
p.His1047Arg with FISH for a chromosomal region commonly gained 
in breast cancer and validated this method on a xenograft derived from 
the T-47D cell line, which is heterozygous for the PIK3CA mutation 
encoding p.His1047Arg and has an amplification at 11q13 (Fig. 1e).  
We were able to detect clear signals for 11q13 amplification and both 
wild-type and mutant PIK3CA alleles in individual cancer cells. These 
results confirmed the high specificity and sensitivity of the STAR-
FISH assay for the in situ detection of single-nucleotide mutations in 
combination with genomic copy number variation.

STAR-FISH	analysis	of	HER2-positive	breast	tumor	samples
We applied STAR-FISH for the analysis of PIK3CA mutation encod-
ing p.His1047Arg and HER2 amplification status in a cohort of 22 
patients with HER2-positive breast cancer 
undergoing neoadjuvant chemotherapy fol-
lowed by adjuvant treatment with trastuzumab 
(Supplementary Fig. 5 and Supplementary 
Table 2). For each patient, we analyzed a 
treatment-naive biopsy sample and surgical  
excision of the residual tumor after neo-
adjuvant treatment. In each tissue sample, 
we evaluated 3–5 distinct areas of the tumor 
to account for regional heterogeneity. Using 

STAR-FISH, we quantified copy numbers for HER2 and chromosome 17  
centromeric (CEP17) probes and PIK3CA wild-type and mutant  
signal in individual nuclei (on average, 289 nuclei per area; Fig. 2a,b). 
Cells with nuclei having <200 pixels in the images were excluded as they 
likely correspond to infiltrating leukocytes. HER2 amplification was 
defined using HER2/CEP17 ratio ≥2.0 as the cutoff25. To facilitate fur-
ther statistical and intratumoral diversity analyses based on these single- 
cell measurements, each cell with evaluable signal was assigned to one 
of the following categories: WT, a cell with wild-type PIK3CA signal 
and no HER2 amplification; WT + AMP, a cell with wild-type PIK3CA 
signal and HER2 amplification; MUT, a cell with mutant PIK3CA 
signal and no HER2 amplification; MUT + AMP, a cell with mutant 
PIK3CA signal and HER2 amplification; AMP, a cell with no PIK3CA 
signal and HER2 amplification (Fig. 2c and Supplementary Table 3). 
A subset of cells with no detectable signal for any of the four probes 
analyzed (NA) and cells with no PIK3CA signal and no HER2 ampli-
fication (HER2noAmp) were excluded from further analyses, as these 
cells likely represent non-specific technical outliers (Supplementary  
Fig. 6, Supplementary Table 4 and Supplementary Note).

Analyzing the frequency of these cell types in all cases demonstrated 
that the majority of the untreated tumors were composed of cells with 
HER2 amplification and wild-type PIK3CA, with very small fractions 
of cells with mutant PIK3CA (Fig. 3a and Supplementary Figs. 7 and 
8a). In contrast, the residual tumors after neoadjuvant therapy showed 
a dramatic increase in the relative frequency of PIK3CA-mutant cells 
and a less pronounced decrease in the fraction of cells with HER2 
amplification (Fig. 3a and Supplementary Figs. 7 and 8a,b). These 
results demonstrate that cells with PIK3CA mutation exist in HER2-
positive tumors before therapy but represent a minor population. 
The high sensitivity of STAR-FISH is reflected in our ability to detect 
these cells in almost all (20/22) of the untreated biopsy samples. In 
The Cancer Genome Atlas (TCGA) breast cancer study12, PIK3CA 
mutation encoding p.His1047Arg was only detected in 17% of HER2-
positive tumors. This seeming discrepancy can be explained by the 
fact that, in 17 of 22 (77.3%) cases, the cells with PIK3CA mutation  
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cancer. (a) STAR-FISH performed on a HER2-
positive tumor before and after neoadjuvant 
chemotherapy. Green, wild-type PIK3CA; red, 
mutant PIK3CA; blue, CEP17; magenta, HER2; 
gray, nuclear stain (To-Pro-3). (b) Automated 
quantification of STAR-FISH signal in single 
cells. Images represent tumor topology before 
and after chemotherapy based on computational 
segmentation of confocal images of the nuclei. 
Each nuclear outline present was used as a 
region of interest (single nucleus) in which STAR-
FISH signals were quantified. Scale bars in a and b,  
75 µm; insets in a are magnified 1.9× from 
the original images (c) The graph depicts the 
frequency of cells in each of the five defined cell 
categories (‘species’) before and after treatment. 
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encoding p.His1047Arg constituted less 
than 5% of all cells in the tumor and there-
fore would not be detected by bulk tumor 
sequencing at the depths of coverage attained 
in the TCGA breast cancer study. To validate 
our STAR-FISH results by an independent, 
highly sensitive mutation detection method, 
we performed droplet digital PCR26,27 using DNA extracted from  
formalin-fixed, paraffin-embedded slides adjacent to the ones used for 
STAR-FISH (Supplementary Fig. 9a–d and Supplementary Note). 
PIK3CA-mutant cell detection with the two methods was highly con-
cordant for samples with more than 20% tumor cell content (linear 
regression y = 0.6835x, P < 0.0001; correlation R2 = 0.901, P = 0.0003). 
These results confirm that STAR-FISH allows for the detection of rare 
mutant cells with high specificity (FDR = 0.001), which is critical for 
the identification of probable resistance-conferring mechanisms.

Our single-cell analysis of the frequency of cells with HER2 ampli-
fication by STAR-FISH found substantial heterogeneity and changes 
due to treatment, in line with the results of previous studies28–39. In 
pretreatment samples, only 32.5 ± 18% of all cells contained HER2 
amplification, and this frequency decreased to an average of 23.5 ± 
23.4% after neoadjuvant therapy, with considerable variation among 
patients. Assuming that the heterogeneity of the primary tumor is 
reflective of that of the disseminated cancer cells targeted by adjuvant 
therapy, the decrease in the frequency of HER2-amplified cells after 
neoadjuvant therapy may contribute to the suboptimal efficacy of 
HER2-targeted therapies in some patients. Our results also imply that 
it would be beneficial to reevaluate tumors after recurrence and design 
subsequent therapies on the basis of the resulting knowledge.

Changes	in	intratumoral	heterogeneity	after	chemotherapy
Neoadjuvant chemotherapy appears to enrich for PIK3CA-mutant 
cells, potentially increasing the risk of resistance to subsequent  

HER2-targeted adjuvant therapies, conferred by the PIK3CA muta-
tion but also by enrichment for cells lacking the HER2 amplicon. 
Analysis of each individual tumor area (Fig. 3b) showed an overall 
increase in the diversity of cellular subpopulations, as the majority 
of treatment-naive samples were composed of only three cell popu-
lations whereas post-treatment tumors often contained all five cell 
types (Supplementary Figs. 7 and 8a). Moreover, in many samples, 
there was also substantial variation among different areas of the same 
tumor, and this variance increased in many cases after chemotherapy 
(Supplementary Fig. 7). These results demonstrate that neoadjuvant 
chemotherapy changes the relative frequencies of genetically distinct 
cell populations in treatment-resistant residual tumors and suggest 
that some of these changes may have an unfavorable impact on the 
efficacy of subsequent adjuvant HER2-targeted therapies.

To further investigate global changes in intratumoral cellular genetic 
heterogeneity for PIK3CA and HER2, we calculated Shannon and 
Simpson’s indices40 in each sample before and after neoadjuvant treat-
ment. These diversity measures allow for the characterization of each sam-
ple by a single value that reflects the relative abundance of cells in each of 
the five categories. The diversity index was significantly different between 
samples before and after treatment (Fig. 3c and Supplementary Fig. 8c,d). 
This significant (P = 0.014) shift in diversity was also present when we 
compared different areas of the same tumor (Fig. 3d). These results imply 
that neoadjuvant treatment influences intratumoral cellular genetic diver-
sity, not only as a result of changes in the frequencies of cell populations 
but also by increasing regional heterogeneity within tumors.
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Figure 3 Changes in intratumoral heterogeneity 
and patient outcomes. (a) Frequency of each 
cell type before and after treatment. Rows show 
single areas of a tumor (numbers are patient 
IDs). Columns show cell types (supplementary  
table 3). Samples are clustered on the basis 
of the frequencies of the cell types in the 
pretreatment samples. Color intensity indicates 
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(Post) therapy. The graph depicts the mean 
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bootstrap resampling. The global difference 
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grouped on the basis of changes in diversity  
after treatment. **P = 0.0178, *P = 0.0596; 
NS, (not significant) P = 0.359. P values were 
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Three of the patients received targeted therapy, trastuzumab, in 
addition to chemotherapy in the neoadjuvant setting (patients 20, 21 
and 22). Interestingly, two of these cases had a decrease in diversity 
after neoadjuvant therapy, suggesting the presence of and selection for 
a preexisting subpopulation resistant to treatment (Supplementary 
Fig. 10). However, a larger number of samples will be necessary to 
demonstrate the generality of this finding.

Because PIK3CA mutations are thought to be associated with treat-
ment resistance in HER2-positive tumors15–19 and the changes in 
intratumoral diversity were in part due to variations in the fraction 
of PIK3CA-mutant cells, we analyzed potential associations between 
changes in diversity and patient outcome. Interestingly, the difference 
in cellular diversity between samples before and after neoadjuvant  
chemotherapy did not affect disease-free survival following adjuvant  
treatment with trastuzumab (Fig. 3e). Similarly, changes in the  
fraction of PIK3CA-mutant cells were not by themselves predic-
tive of recurrence (data not shown). However, when the diversity 
index was calculated on the basis of the cell type frequencies across 
different areas of the same tumor, a significant change in diversity 
was associated with shorter disease-free survival (Fig. 3f). Because 
long-term survival is largely defined by progression to metastatic 
disease, our results imply a potential role for regional differences in  
the primary tumor microenvironment in selecting for treatment-
resistant cancer cells capable of migration and metastatic dissemina-
tion. Surprisingly, both an increase and a decrease in the diversity of 
cell populations across different areas of the same tumor were associ-
ated with shorter disease-free survival (the decrease in diversity did 
not reach significance, likely owing to the low sample number, n = 2).  
Both patients showing a decrease in diversity across tumor areas after 
treatment received trastuzumab, a HER2-targeting therapy, in the 
neoadjuvant setting in addition to receiving it in the adjuvant setting 
(Supplementary Fig. 4). Cell type frequency plots in patients treated 
with neoadjuvant chemotherapy and trastuzumab (patients 20, 21 
and 22) showed that the decrease in post-treatment diversity was due 
to the high similarity among the areas tested, with all five cell types 
present in similar proportions. Thus, including trastuzumab in neo-
adjuvant treatment seems to promote spatial homogeneity, but it does 
not prevent an increase in post-treatment cellular heterogeneity in 
patients who do not achieve a complete pathological response. Taken 
together, these results demonstrate that heterogeneity within primary 
tumors is an important determinant of long-term clinical outcome 
and that therapeutic resistance may be associated with changes both 
in cellular genetic and regional heterogeneity. These results also high-
light the need to analyze tumors at the single-cell level in situ and 

the high clinical value of assessing primary tumors before and after 
neoadjuvant therapy and designing follow-up therapies on the basis 
of the resulting knowledge.

Co-occurrence	of	PIK3CA	mutation	and	HER2	amplification
STAR-FISH allows for the detection of genetic alterations in single 
cells and thus can be used to investigate the co-occurrence of two 
or more genetic events. The frequency of cells with single or com-
bined genetic alterations can be used to predict the relative order of 
these changes to decipher the probable course of tumor evolution41.  
Thus, we used our STAR-FISH data to explore the relative order of 
HER2 amplification and PIK3CA mutation. If the two genetic events 
arise independently, then the probability of having both events 
present in the same cell is equal to the product of the probabilities for  
each individual event (see the Online Methods for details). Thus, if  
co-occurrence is favored, the probability of having both events 
is higher than expected by chance. We found that the observed  
frequency of co-occurrence for PIK3CA mutation and HER2 ampli-
fication in the same cell was higher than expected in the samples 
both before and after treatment (Fig. 4a), implying higher fitness for 
cells with both alterations in comparison to cells with each individu-
ally. Co-occurrence of the PIK3CA mutation encoding p.His1047Arg 
with HER2 amplification within the same tumor has previously been 
reported12,39. However, whether these two genetic alterations are in the 
same cancer cell or in different subpopulations has not been defined 
conclusively. Our results indicate that most cells with PIK3CA muta-
tion encoding p.His1047Arg do not have HER2 amplification. Yet, the 
frequency of cells with both genetic events is significantly (P = 3.02 ×  
10–6) higher than expected by chance. These results suggest that 
PIK3CA mutation encoding p.His1047Arg and HER2 amplification are  
independent genetic events and that cells with both events have  
a fitness advantage over others. Our results are in line with data in 
animal models, which show that the combination of PIK3CA muta-
tion encoding p.His1047Arg with HER2 amplification accelerates 
tumor formation and metastatic progression and confers resistance 
to HER2-targeted therapies42.

Model	of	the	relative	order	of	genetic	events
Next, we examined the relative order of PIK3CA mutation and HER2 
amplification during tumor progression. To determine the time during  
tumor progression at which these genetic events arose, a mathematical 
model was constructed on the basis of STAR-FISH–derived numbers 
of cells with PIK3CA mutation and with HER2 amplification and the 
cell death and proliferation rates of cells with these genetic alterations, 
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individually and in combination, in a transgenic model of HER2-
positive breast cancer42, assuming that the characteristics of human 
and mouse mammary tumor cells with PIK3CA mutation encoding 
p.His1047Arg and HER2 amplification are similar (see the Online 
Methods for details). This model suggested that HER2 amplification 
arises first and that PIK3CA mutation is acquired at later stages of 
tumor progression (Fig. 4b). Although with the current data it is 
not possible to predict whether the observed diversity for PIK3CA 
mutation and HER2 amplification is a result of the parallel evolu-
tion of two independent cell populations or diversification at a later  
stage, our mathematical modeling of the temporal order of events 
supports the notion that HER2 amplification is an early event in breast 
tumor evolution.

Spatial	distribution	of	genetically	distinct	subpopulations
Our data showing associations between intratumoral diversity across 
different areas of the same tumor and long-term clinical outcome 
(Fig. 3f) raised the possibility of local microenvironments within 
primary tumors favoring the expansion of genetically distinct cell 
populations. To investigate this possibility further, we asked whether 
different cell types within the tumor were distributed randomly or 
there was any spatial clustering of cell types. Although we found no 

significant correlation of the presence of any two individual cell types 
in the same sample, there was a trend for the co-occurrence of cells 
with PIK3CA mutation alone (MUT) and cells with both PIK3CA 
mutation and HER2 amplification (MUT +AMP) (Fig. 5a).

To further investigate potential relationships between the intratu-
moral localizations of different cell types, we performed spatial dis-
tribution analyses. Kernel density and counts of cell type densities 
were calculated for each cell type (Fig. 5b; see the Online Methods 
for details). These measurements were used to assess whether cells of 
a certain type tended to cluster together or be randomly distributed 
across the investigated area. k-means clustering43 showed that cells 
with PIK3CA mutation, irrespectively of their HER2 amplification 
status, tended to form clusters in situ (Fig. 5b). Cells with wild-type 
PIK3CA and no HER2 amplification had the lowest clustering score, 
and this remained unchanged after treatment (Fig. 5c). Neoadjuvant 
therapy seemed to have opposing effects on MUT and MUT + AMP 
cells in comparison to WT and WT + AMP cells: for cells with PIK3CA 
mutation, the clustering score after treatment was decreased to the 
level of WT cells (cells were more dispersed after treatment), whereas 
for AMP and WT + AMP cells the clustering score was increased (cells 
were less dispersed after treatment). These results suggest that WT 
cells are most likely non-malignant stromal cells, as their distribution 
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within tumors neither showed any specific pattern nor was affected 
by treatment. In contrast, the increased dispersion of cancer cells with 
PIK3CA mutation after treatment implies that these cells might be 
more migratory. Indeed, PIK3CA mutations were shown to increase 
cell motility42,44, supporting our hypothesis.

DISCUSSION
The STAR-FISH method we describe here is relatively inexpensive 
and the results are easy to interpret. It is also much more sensitive than 
sequencing or mass spectrometry–based45 methods, as even a single 
mutant cell can be detected among thousands of cells analyzed with 
FDR = 0.001. Other methods, such as padlock-probe rolling-circle 
amplification, can be used to detect mutations in situ on the basis of 
mRNA46. However, mRNA levels can be affected by tissue handling, 
the nature of the mutation (for example, some result in nonsense-
mediated decay47) and cancer treatment. Thus, methods based on 
DNA detection such as STAR-FISH are more suited for clinical stud-
ies; STAR-FISH in particular is useful for these studies because it 
utilizes standard formalin-fixed, paraffin-embedded samples that are 
routinely available. Because intratumoral heterogeneity is one of the 
main drivers of disease progression and therapy resistance, including 
STAR-FISH analysis in clinical practice could improve patient stratifi-
cation and the design of optimal individualized therapies. Owing to its 
high sensitivity and specificity in detecting mutant cells, STAR-FISH 
could especially be useful for guiding the design of targeted thera-
pies with known genetic resistance mechanisms. The limitations of 
STAR-FISH include the need for a priori knowledge of the mutation 
to be analyzed and the number of fluorophores that can be applied 
to detect in situ PCR products and chromosomal regions. The ability 
to increase multiplexing by combining STAR-FISH with other detec-
tion methods such as FISSEQ48 or CyTOF-based approaches49 can 
transform this novel method into an exceptionally powerful diag-
nostic pathology assay for single-cell mutation detection and genetic 
heterogeneity analysis.

In summary, we applied a novel in situ technique to assess the 
clinical impact of changes in intratumoral heterogeneity during 
neoadjuvant therapy. STAR-FISH detected mutant cells with high 
sensitivity and did so in intact tissues, enabling mapping of the spa-
tial distribution of subpopulations of cancer cells. Our results show 
that chemotherapy affects both the frequency and topology of these 
subpopulations. Changes in diversity across different areas of the 
same tumor proved to be more significant clinically than changes in 
overall diversity. This finding suggests that the application of in situ 
techniques might be key for the design of more effective therapies for 
heterogeneous tumors.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE	METHODS
Human breast cancer samples. Archival formalin-fixed, paraffin-embedded 
HER2-positive breast tumor samples were obtained for matched biopsies and 
tumors following neoadjuvant treatment for patients from Seoul National 
University Bundang Hospital. The institutional review boards of Seoul 
National University Bundang Hospital and the Dana-Farber/Harvard Cancer 
Center approved the protocol and waived the informed consent requirement. 
Samples were deidentified before analysis. Tumor histology and expression of 
standard biomarkers (estrogen receptor (ER), progesterone receptor (PR) and 
HER2) were evaluated at the time of diagnosis according to ASCO/CAP guide-
lines50,51. For the comparison of STAR-FISH and Sequenom MassARRAY, 
invasive ductal carcinoma (IDC) and adjacent  ductal carcinoma in situ (DCIS) 
formalin-fixed, paraffin-embedded tissue slides were obtained following 
approval from the institutional review board at the Memorial Sloan Kettering 
Cancer Center; the informed consent requirement was waived. Tumor histol-
ogy and marker analysis were performed as previously described23.

Cell lines and HistoGel embedding. The breast cancer cell lines MDA-
MB-231, T-47D, AU565 and BT-483 were obtained from the American Type 
Culture Collection (ATCC), and SUM-185PE cells were obtained from S. Ethier 
(University of Michigan). Cells were cultured in the media recommended by 
the provider. The identity of the cell lines was confirmed by short–tandem 
repeat (STR) analysis. Tests for mycoplasma contamination were performed 
regularly. For HistoGel embedding, BT-483 cells were fixed in 4% parafor-
maldehyde for 20 min, dehydrated in a series of increasing concentrations 
of ethanol and resuspended in 2 volumes of HistoGel (Thermo Scientific), 
prewarmed to 55 °C. Once solidified, the HistoGel was kept in 70% ethanol 
and processed into a paraffin block.

Xenograft assays. All animal procedures were approved by the Dana-Farber 
Cancer Institute Animal Care and Use Committee (ACUC) and followed US 
National Institutes of Health guidelines. Bilateral mammary fat pad injection 
of 1 × 106 cells resuspended in 50% Matrigel (BD Biosciences) per transplant 
were performed on 4- to 5-week-old female NCRNU-F mice (Taconic). Tumor 
volumes were monitored by biweekly caliper measurements until a volume of  
1.2 cm3 was reached. Tumors were then excised and processed into formalin-
fixed, paraffin-embedded blocks. For xenograft assays with mixed cell lines, 
MDA-MB-231 and SUM-185PE cells expressing mCherry and GFP, respectively, 
were generated by lentiviral infection, as previously described52. Cells were col-
lected, mixed at different ratios (total cell number of 2 × 106), mixed with 50% 
Matrigel and injected into the mammary fat pad of NCRNU-F mice. Tumors were 
removed when they reached 1 cm in diameter and cut into two equal pieces—one 
for formalin-fixed, paraffin-embedded processing and one for FACS analysis.

FACS for GFP- and mCherry-labeled cells. Tumor tissue was digested  
with 2 mg/ml collageanse I (Worthington Biochemical Corporation) and  
2 mg/ml hyaluronidase (Sigma-Aldrich). Following dissociation, the sample 
was passed through a 40-µm cell strainer (BD Biosciences), washed in PBS 
with 0.5 mM EDTA and 5% BSA, and analyzed on a BD LSRFortessa analyzer. 
The gating for forward scatter and side scatter was set to exclude dead cells 
and doublets.

Immunofluorescence analyses. After deparaffininzation and rehydration, 
slides were subjected to antigen retrieval in citrate buffer (pH 6; Dako) for  
20 min in a steamer. Blocking solution (10% FCS in PBST) was applied for 10 min.  
Incubation with primary antibody in PBS was held overnight at 4 °C in a moist 
chamber. Secondary antibody was applied for 45 min at room temperature. 
Samples were mounted with VectaShield HardSet Antifade Mounting Medium 
with DAPI (Vector Laboratories). Imaging was performed on a Leica SP5 con-
focal microscope. The antibodies used52 included monoclonal antibody to GFP 
(sc-9996, mouse monoclonal IgG2a, Santa Cruz Biotechnology; 1:50 dilution),  
goat antibody to rabbit conjugated to Alexa Fluor 488 (Life Technologies; 
1:100 dilution) and mouse monoclonal antibody to SMA (M085101, clone 
1A4, mouse monoclonal IgG2a, Dako; 1:250 dilution).

STAR-FISH in situ PCR conditions. The first round of in situ PCR for the 
PIK3CA mutation encoding p.His1047Arg was performed with 2 mM MgCl2,  

200 µM dNTPs, 250 nM primers (for primer design, see the Supplementary Note)  
and 0.1 U/µl Platinum Taq Polymerase (Life Technologies) in 10× Platinum 
Taq Buffer (without MgCl2; Life Technologies). A total of nine cycles were 
performed, in three steps of three cycles each with annealing temperatures at 
45 °C, 52 °C and 58 °C. All cycling steps were 30 s long. The second round of 
PCR for the PIK3CA mutation encoding p.His1047Arg was performed with 
3.5 mM MgCl2, 200 µM dNTPs, 250 nM primers and 0.1 U/µl Platinum Taq 
Polymerase in 10× Platinum Taq Buffer (without MgCl2). A total of 30 cycles 
were performed, 5 cycles with the annealing temperature at 45 °C, 5 cycles with 
the annealing temperature at 52 °C and 20 cycles with the annealing tempera-
ture at 58 °C. All cycling steps were 30 s long. The first round of PCR for the 
PIK3CA mutation encoding p.Glu542Lys was performed with 4 mM MgCl2, 
150 µM dNTPs, 250 nM primers and 0.1 U/µl Platinum Taq Polymerase in  
10× Platinum Taq Buffer (without MgCl2). A total of nine cycles were per-
formed, with the annealing temperature at 56 °C; the cycling steps were 30 s 
long. The second round of PCR for the PIK3CA mutation encoding p.Glu542Lys 
was performed as for the PIK3CA mutation encoding p.His1047Arg, with  
4 mM MgCl2 and 150 µM dNTPs. For the TP53 mutation encoding 
p.Arg175His, 2 mM MgCl2 and 200 µM dNTPs were used in both PCR rounds. 
Because the amplicon resides in a GC-rich region, deoxy-7-deazaguanosine 
triphosphate (dc7GTP) was added and a slowdown PCR program was used, 
as described before53. The second round of PCR was performed as for the 
PIK3CA mutation encoding p.His1047Arg.

STAR-FISH. Formalin-fixed, paraffin-embedded tissue sections (5 µm 
thick) on silylated glass slides were baked overnight at 70 °C, dewaxed in 
xylene (Leica Microsystems), washed in 100%, 70% and 50% ethanol (Leica 
Microsystems), rinsed with water and air dried for 1 h. After baking at 105 °C  
for 2 min, the samples were treated with 20 µg/ml proteinase K in PBS 
(Ambion) at 37 °C for 12 min (xenografts) or 18–20 min (human tumors). 
To increase the signal-to-noise ratio, the slides were then rinsed in water and 
treated with 100 µg/ml RNase in 2× SSC buffer (Fisher Scientific) for 1 h  
at 37 °C. Next, a 5-min wash in 5% Chelex beads (Bio-Rad) in water with 
agitation was applied and followed by two more washes with water. Excess 
water was drained, frame-seal incubation chambers (Bio-Rad) were applied 
to the slides, the master mix for the first round of PCR was pipetted on top 
of the tissue, the chambers were sealed and the slides were placed in the  
in situ PCR machine (Bio-Rad DNA Engine with Slide Tower). The first round 
of PCR was run for nine cycles. The frames were removed, excess remain-
ing reagents were drained and new frames were applied before the addition 
of the master mix for the second round of PCR. The second round of PCR 
was run for 30 cycles. After removal of the frames, the slides were washed in 
water, dehydrated in increasing concentrations of ethanol (50%, 70%, 85% 
and 100%) and air dried. FISH probe mix, containing custom-designed probes 
recognizing wild-type and mutant PCR products (labeled with dFluorescein 
and TYE, respectively; Exiqon), HER2 BAC probe (RP11-94L15; kindly 
provided by H. Russness and I. Rye; labeled with Spectrum Orange dUTP  
by Nick-Translation kit (Abbott Molecular)) and CEP17Aqua probe (Abbott 
Molecular), was then added to the slides, and coverslips were applied and 
sealed with rubber cement. Hybridization was performed for 7 min at 75 °C 
followed by overnight incubation at 37 °C in a humid chamber. The slides 
were then washed in 0.4× SSC with 0.3% NP-40 for 2 min at room temperature 
and 0.4× SSC with 0.3% NP-40 for 2 min at 74 °C followed by rinses in 2× SSC 
with 0.1% NP-40, 2× SSC and PBS. Nuclear counterstaining was performed 
by incubation for 10 min at room temperature with 1 µM To-Pro-3 in PBS 
(Molecular Probes, Life Technologies). After two additional washes in PBS 
and one wash in water, the slides were dried and mounted with VectaShield 
Mounting Medium (Vector Laboratories), covered with coverslips and stored 
overnight to 3 d at −20 °C.

Image acquisition and quantification of STAR-FISH signal. STAR-FISH 
images were acquired in z stacks (0.25 µm thick per slice, average of seven 
slices per image) with a Leica SP5X laser-scanning confocal microscope with 
a white-light laser and 63× Plan Apo objective. Image resolution was set at 
1,024 × 1,024 pixels, and the scanning speed was set at 400 Hz. All images were 
acquired in sequential mode to avoid fluorophore crosstalk. For each sample, 
3–5 images of different regions were collected to account for intratumoral 
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heterogeneity. Analysis of the images was conducted using ImageJ software. 
Maximum projection from the z stack was used to facilitate quantification of 
the FISH signal. Automated counting of STAR-FISH signal in each individual 
nucleus was performed with a custom macro in ImageJ (code available upon 
request). An outline was created for each nucleus, which was then applied 
as the region of interest for particle analysis for all STAR-FISH channels. As 
a result, for each image, a table was generated containing the cell index and 
measurements of the STAR-FISH particles found in each nucleus. The size of 
the nuclei was restricted to filter out stromal cells, which usually have smaller 
nuclei than tumor cells.

Droplet digital PCR. Tissue from three deparaffinized formalin-fixed, paraffin- 
embedded slides was scraped into an Eppendorf tube and resuspended in 
LowTE buffer with 1% SDS containing 10 µg/ml proteinase K and 10 µg/ml 
RNase. Samples were incubated at 56 °C for 48 h; proteinase K and RNase were 
added to final concentrations of 10 µg/ml every 12 h. DNA was extracted using 
TE-buffered phenol-chloroform (pH 8) (Fisher Scientific) according to the 
standard protocol. For control cell lines, MDA-MB-231 (PIK3CA wild type) 
and SUM-185PE (homozygous for PIK3CA mutation encoding p.His1047Arg), 
DNA was prepared in the same way, except for HCT116 cells (heterozygous 
for PIK3CA mutation encoding p.His1047Arg), for which a QIAamp DNA 
Mini kit (Qiagen) was used. PCR reactions (25 µl) that comprised ddPCR 
Supermix for Probes, custom TaqMan primer and probe mix (for primer and 
probe sequences, see Supplementary Table 1) and appropriate DNA template 
were prepared in a 96-well PCR plate and subsequently transferred to the 
sample wells of a digital droplet PCR cartridge. After Droplet Generator Oil 
(70 µl) was pipetted into the oil wells, the cartridge was loaded into the Droplet 
Generator. The emulsified droplets were then transferred to a new 96-well PCR 
plate, and DNA was amplified by PCR. The cycling conditions were as follows: 
10 min at 95 °C followed by 40 cycles of a 2-step thermal profile of 15 s at 94 °C  
for denaturation and 60 s at 59 °C. The 96-well plate was then loaded onto 
and read by a QX100 Droplet Reader (Bio-Rad). Data analysis was performed 
using QuantaSoft software (v.1.6.6). The genomic populations of the PIK3CA 
alleles encoding histidine (wild type) and arginine (mutant) at codon 1047 
in the template were determined by Poisson distribution fit. The assay was 
validated with cell line DNA (data not shown).

Sequenom MassARRAY. DCIS samples and their adjacent invasive  
breast carcinomas were microdissected with a sterile needle under a ster-
eomicroscope and subjected to DNA extraction. DNA samples from DCIS 
and invasive breast carcinoma samples, when present, were subjected to 
Sequenom MassARRAY analysis to detect PIK3CA hotspot mutations  
as previously described23,24. The multiplexed assays were designed using 
Assay Design 3.1 Sequenom software, as previously reported23. In brief, 
amplification before PCR was performed using the same primers employed 
for Sequenom, before the iPLEX Gold genotyping assay. The purified primer 
extension reaction (7 nl) was loaded on the matrix pad of a SpectroCHIP 
(Sequenom) and measured by laser desorption/ionization time-of-flight mass 
spectrometry. The allelic fractions were estimated by calculating the ratio 
of the area of the raw spectra for the mutant allele to that for its wild-type 
counterpart23,54.

Statistical and mathematical analyses. Diversity index calculation. For patient 
i, where i = 1, 2, …, 22, denote the number of samples at diagnosis by ni1 and 
the number of samples obtained after the completion of treatment by ni2. We 
had a total of n1 = 101 samples at diagnosis and n2 = 82 samples after treat-
ment and a combined number of n = n1 + n2 = 183 samples. From the raw 
data, for each sample, we obtained the following numbers of cells identified 
by a particular mutation pattern: ma cells with wild-type PIK3CA with neither 
PIK3CA mutation nor HER2 amplification (WT), mb cells with PIK3CA muta-
tion without HER2 amplification (MUT), mc cells with PIK3CA mutation and 
HER2 amplification (MUT + AMP), md cells with HER2 amplification with 
neither HER2 wild-type signal nor PIK3CA mutation (AMP) and me cells with 
PIK3CA wild-type signal without PIK3CA mutation but with HER2 amplifica-
tion (WT + AMP). We had a total of ma + mb + mc + md + me = m cells, for 
each m from the 183 samples at 2 time points. We also obtained ps = ms/m 
for each cell type s from types {a,b,c,d,e}. Using these data, we then calculated  

an integrative Shannon index for each patient as follows where Pijts is the pro-
portion of the sth species in the jth sample for the ith patient at time point t:

H H p lnpit ijt ijts ijts
S

= − = −∏ ∑
j j∈ ∈∈{1, 2, ..., t } {a,b,c,d,e}{i 11, 2, ..., t }i

∏

Analysis of changes in diversity. To make an inference on whether the diver-
sity of cells within each patient changed significantly during treatment, we 
exploited a nonparametric bootstrap approach55. For sample j of patient i at 
time t, suppose that there are mijt cells. We then sampled a new set of mijt cells 
with replacement from those mijt cells and recalculated Hit

b   for b = 1, 2, …, B,  
where b indexes the bootstrap sample. In our analyses, we chose B = 1,000. 
Subsequently, the standard deviation from the bootstrapped integrative 
Shannon indices was calculated to generate 95% confidence intervals. If the 
confidence intervals of the pretreatment and post-treatment Shannon indices 
did not overlap, we deduced that the diversity of cell types within this patient 
changed significantly during treatment. The direction of change was subse-
quently determined by the sign of Hi2 – Hi1.

Co-occurrence analyses of PIK3CA mutation and HER2 amplification. We 
then sought to investigate whether cells with PIK3CA mutation were more or 
less likely to contain HER2 amplification as compared to cells with wild-type 
PIK3CA. To this end, we determined the following quantities for each sample: 
(i) the total number of cells in the sample, n; (ii) the number of cells with 
PIK3CA mutation, np; (iii) the number of cells with HER2 amplification, nh; 
and (iv) the number of cells with both HER2 amplification and PIK3CA muta-
tion, nhp. If the two events are independent, then we should have Proportionhp 
~Proportionh Proportionp. Thus, the binomial test was adopted to test the null 
hypothesis that PIK3CA mutation and HER2 amplification emerge independ-
ently, where np/n is the background probability of HER2 amplification, which 
is compared to a binomial distribution with nhp realizations and nh totals.

Inferring temporal ordering for PIK3CA mutation and HER2 amplification. 
We then sought to determine whether PIK3CA mutation or HER2 amplification 
arose first within a cell. We considered that cells grow according to an exponen-
tial growth model. The numbers of cells with PIK3CA mutation or HER2 ampli-
fication (assuming independence) over time was then modeled as follows:

n t n e
t

p p p
p p p( ) ( )

( )
=

−
0

l m
 

n t n e t
h h h h h h( ) ( ) ( )= −0 l m

The parameters λ* and µ* denote the birth and death rates of each cell type, 
respectively, with the subscript indicating either of the two cell types. We used 
the subscript p to denote parameters for cells carrying a PIK3CA point muta-
tion and the subscript h to denote parameters for cells carrying a HER2 ampli-
fication. To estimate λ* and µ*, we used previously published measurements 
obtained from a mouse model42. Using these data (Fig. S2B from Hanker  
et al.42), we found that the death rates for both cell types were lower than 0.1,  
and the estimates for λp and λh were around 0.9 and 0.75, respectively.  
Then, assuming that initially there is one cell of each type, the time it takes  
to reach np or nh cells is given by:

t
n t

p
p p

p
=

−
log ( )
l mp

t n t
h

h h
h

=
−

log ( )
l mh

The indicator z = I(th < tp) then provides us with the temporal order of the two 
types of mutations: if z = 1, then HER2 amplification is the first event and, if 
otherwise, it is the second event. For each patient, we used the number of cells 
carrying HER2 amplification at the pretreatment time point as nh(th) and the 
number of cells carrying a PIK3CA point mutation as np(tp). Because the birth 
rates and death rates were measured in a mouse model and these parameters 
might differ from the rates in human cells, sensitivity analyses were performed 
to investigate the robustness of the identified temporal order to perturbations 
in the parameter values. First, we changed the birth rate for HER2-amplified 
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cells to the following values: 0.5, 0.55, …, 0.9, in increments of 0.05. We found 
that the model using any of these values predicted that HER2 amplification was 
the first event. Second, we changed the death rate for HER2-amplified cells to 
the following values: 0.06, 0.10, 0.14, 0.18 and 0.22. Similarly, we found that 
HER2 amplification was the first event in all these scenarios. Thus, we con-
clude that HER2 amplification is very likely the first event, followed by PIK3CA 
mutation, even taking into account the uncertainty in parameter estimation 
and differences in estimates between human and mouse cells. To perform a 
more detailed analysis of the evolutionary dynamics of the acquisition of these 
mutations, additional data from human cells are necessary.

Spatial analyses. We then sought to determine whether there was any spa-
tial clustering of the cell types within samples. For each sample, we obtained 
a 1,024 × 1,024 pixel square image to display the spatial distribution of each 
measured cell. For each sample and each mutation type, we performed  
k-means clustering43 with k = 3. We then calculated the ratio of between-cluster  
sums of squares versus the total sums of squares to quantify the random-
ness in localization for each mutation species. When this ratio is larger, k = 3  
is sufficient to cluster the spatial data, whereas when this ratio is lower the  

spatial data might form smaller clusters and k = 3 is insufficient, with  
cells more sporadically distributed. Finally, we used the Wilcoxon rank-sum test 
to determine whether there was any significant difference in the distribution  
of this ratio between pretreatment and post-treatment samples.
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