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Introduction
Breast cancer is the most common cancer among women world-
wide and the second leading cause of cancer related deaths (1). 
Like many other cancers, breast cancer has been shown to be 
extremely heterogenous. The presence of multiple clones with-
in a single tumor is common and may be functionally important 
(2–5). Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit α (PIK3CA) and Erb-B2 receptor tyrosine kinase/human 
epidermal growth factor receptor 2 (ERBB2/HER2) are altered in 
approximately 30% and 20% of breast cancers, respectively (6, 7). 
In some patients, PIK3CA mutations have been shown to cooccur 
with HER2 alterations, either with amplification/overexpression 
of WT HER2 or less commonly with HER2 somatic mutations (3, 
8, 9). Prior studies have shown that PIK3CA and HER2 missense 
mutations within the same cell cooperate and lead to increased 
biochemical signaling (10). Additionally, past reports have demon-
strated that in some human breast cancers, subclonal populations 
with genetic alterations in PIK3CA or HER2 are present in sepa-
rate cancer cells (3). Other studies have suggested that intercellu-

lar interactions between distinct tumor cells may lead to growth 
advantage for the tumor as an overall mass. However, common 
human breast cancer mutations were not queried in these studies 
and soluble mediators of signaling were implicated as possible 
mechanisms (11–17). We hypothesized that gene-specific interac-
tions between cells carrying a PIK3CA mutation and those carry-
ing a HER2 mutation could result in phenotypic transformations 
and may have important implications for tumor evolution.

Results
Clonal dynamics of HER2:PIK3CA cocultures. To test this hypothesis, 
we used MCF-10A, a spontaneously immortalized nontumorigenic 
breast epithelial cell line, which is hormone receptor and HER2 recep-
tor negative and epidermal growth factor–dependent (EGF-depen-
dent) for proliferation (18). Our lab has previously demonstrated that 
isogenic incorporation of PIK3CA mutations into MCF-10A results 
in EGF growth independence, a property that is associated with 
increased malignant potential (Supplemental Table 1; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI143557DS1) (19, 20). Conversely, MCF-10A cells with an isogenic 
HER2 L755S missense mutation retain the parental characteristic of 
EGF dependence (10). These properties allowed us to design a sys-
tem in which we could evaluate interactions between 2 genetically 
distinct subclones — one that is quiescent in the absence of exoge-
nous growth factor and one that proliferates in the same conditions.

To study these interactions, we cocultured MCF-10A cells 
containing a HER2 L755S mutation with isogenic cells harboring 
a PIK3CA E545K mutation in the absence of exogenous EGF, as 
described in the experimental design (Supplemental Figure 1). 
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Figure 1. Interactions between HER2 and PIK3CA mutant cells result in altered, nonrandom growth dynamics. (A) Coculture of MCF-10A cells con-
taining a HER2 mutation and those containing a PIK3CA mutation. Genomic DNA was collected upon confluency for analysis by ddPCR. Artificial mix-
es were obtained as described in Supplemental Figure 1. The fraction of HER2 cells was plotted as the mean ± SEM (n = 3). (B) Coculture of MCF-10A 
WT cells and those containing a PIK3CA mutation carried out as described in A. (C) Representative images of cocultures using fluorescently labeled 
HER2 mutants (red) and PIK3CA mutants (green) and (D) cocultures using fluorescently labeled MCF-10A WT cell (red) and PIK3CA mutants (green). 
Top image is early passage (approximately 10 days) and bottom image is late passage (approximately 40 days for MCF-10A and 25 days for MCF-7). 
Scale bars: 400 μM. (E) Coculture assays of MCF-7 background cells containing a HER2 mutation or (F) corrected WT MCF-7 cells, as performed in A. 
(G) Representative images of cocultures using fluorescently labeled MCF-7 HER2 mutants (red) and PIK3CA mutants (green) and (H) cocultures using 
fluorescently labeled MCF-7 WT cells (red) and PIK3CA mutants (green). Scale bars: 400 μM. (I) Cocultures of HER2 and PIK3CA mutant cells with 
skewed starting ratios in the MCF-10A and (J) MCF-7 backgrounds. Cellular fractions were determined by ddPCR (mean ± SEM, n = 2). (K) Xenograft 
study of MCF-7 panel (WT, HER2, and PIK3CA mutation). Subcutaneous injection of athymic nude mice with estrogen supplementation. Cells were 
inoculated individually (n = 5) and in coinoculations of HER2:PIK3CA or WT:PIK3CA (n = 10). ***P < 0.001 by 2-way ANOVA followed by Bonferroni 
multiple comparisons test. (L) Representative fluorescence images of cryosectioned coinoculated tumors. Left, WT (red) and PIK3CA mutant (green); 
right, HER2 mutant (red) and PIK3CA mutant (green). Scale bars: 400 μM.
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G1 cell-cycle arrest in the absence of EGF, actively divided when 
cocultured with the PIK3CA mutant cells. Intriguingly, with con-
tinued passage HER2 cells outgrew their PIK3CA counterparts and 
became the dominant population in coculture despite the absence 
of EGF. This effect appeared gene specific, as neither WT MCF-

Both the HER2 L755S and PIK3CA E545K variants are activating 
mutations that have oncogenic properties in the absence of ampli-
fication. Droplet digital PCR (ddPCR) and stable integration of flu-
orescent proteins were used to quantify and visualize the differenc-
es in growth patterns. HER2 mutant cells, which normally undergo 

Figure 2. A contact-mediated mechanism involving fibronectin drives interactions between HER2 and PIK3CA mutant cells. (A) Representative 
images taken in 12-hour intervals from time-lapse imaging of HER2 (red) and PIK3CA (green) cocultures in MCF-10A background using the IncuCyte 
live-cell analysis system. White triangles indicate dividing HER2 mutant cells, yellow triangles indicate quiescent HER2 mutant cells. Scale bars: 300 
μM. Full video available in Supplemental Video 1. (B) Expression levels of FN1 in HER2 mutants, PIK3CA mutants and in coculture as determined by 
microarray. For full expression data, see Supplemental Figure 6. n = 4. ***P < 0.001 by 1-way ANOVA followed by Bonferroni multiple comparisons 
test. (C) Relative growth of WT, HER2 mutants, and PIK3CA mutants in the absence of EGF ± fibronectin (5 μg/mL). Cell culture plates were coated 
with fibronectin or vehicle and cell counts were performed after 6–8 days. n = 4. ***P < 0.001 by 1-way ANOVA followed by Bonferroni multiple com-
parisons test. (D) HER2:PIK3CA cocultures were treated with vehicle or an RGDS competitive inhibitor of fibronectin/integrin binding. Cellular fraction 
was determined by ddPCR. n = 3. **P < 0.01 by 1-way ANOVA followed by Bonferroni multiple comparisons test. (E) Representative images from each 
condition are shown (HER2, red; PIK3CA, green).
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We sought to validate these findings and examine the HER2: 
PIK3CA clonal dynamics in vivo by using MCF-7, a tumorigenic 
hormone receptor–positive, HER2-negative human breast can-
cer epithelial cell line (23) that natively harbors a PIK3CA E545K 
mutation. To create an analogous system to the MCF-10A cell line, 
the HER2 L755S mutation was incorporated into an isogenical-
ly PIK3CA corrected MCF-7 cell line (WT for PIK3CA) (24). The 
MCF-7 cells are not growth factor dependent, therefore the HER2 
and PIK3CA mutant cells proliferate at similar rates in all growth 
conditions. However, consistent with the MCF-10A cells, the 
HER2 mutant cells showed increased proliferation and became 
the predominant population in coculture when grown with paren-
tal MCF-7 cells containing the PIK3CA mutation. This was in stark 

10As control cell lines carrying a silent mutation (21), nor AKT1 
E17K mutants, another EGF-dependent cell line (22), gained EGF 
independence when cocultured with the PIK3CA mutants (Figure 
1, A–D and Supplemental Figure 2A). Similarly, MCF-10As contain-
ing the NOTCH1 P448fs mutation, which has also been shown to 
lead to EGF independence (our unpublished observations), failed 
to induce EGF independence in the HER2 mutants (Supplemental 
Figure 2B). Strikingly, this phenomenon was also observed when 
skewing coculture seeding ratios in favor of, or against, the HER2 
mutant cells (90% or 10%, respectively, Figure 1I). These results 
suggest that subclonal architecture is nonrandom and selective 
pressures on a heterogenous population of cancer cells will estab-
lish a consistent hierarchy of genetic subclones.

Figure 3. ECM protein fibronectin is a necessary mediator of HER2:PIK3CA clonal dynamics in coculture. (A and B) Sanger sequencing traces and West-
ern blots demonstrating the knockout of FN1 in PIK3CA mutants in (A) MCF-10A and (B) MCF-7 backgrounds. Red arrows indicate alterations. (C) Imaging 
of MCF-10A PIK3CA mutant cells with knocked-out fibronectin and HER2 mutant cells with WT fibronectin in coculture demonstrating differences in cellu-
lar morphology in the absence of FN1. Identification of HER2 versus PIK3CA cells was accomplished using fluorescence imaging of HER2 cells tagged with 
tdTomato (inset). Scale bars: 150 μM. (D) Coculture of HER2 mutant cells with FN1 knockout PIK3CA mutants in the MCF-10A and (E) MCF-7 backgrounds. 
Cellular fraction determined by ddPCR. n = 2. Representative fluorescence images at early and late passage are shown (HER2, red; FN1 knockout PIK3CA, 
untagged). Early and late passages indicate 7 and 45 days, respectively, for MCF-10As and 16 and 24 days for MCF-7s. Scale bars: 800 μM.
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In pursuit of identifying the molecular agent mediating these 
subclonal interactions, we performed a transcriptome-wide 
analysis on the HER2 and PIK3CA mutant cells grown in isola-
tion and in coculture. Genes that were differentially regulated 
when comparing the coculture to the HER2 mutant controls were 
investigated further (Supplemental Figure 6). FN1, coding for the 
extracellular matrix glycoprotein fibronectin, was the most upreg-
ulated gene independently and when normalized to controls (Fig-
ure 2B). Unlike other genes, whose differential expression could 
be attributed to the presence of PIK3CA cells in the bulk cocul-
ture, the expression of FN1 was elevated to an even greater extent 
in the coculture than in either control cell line. Elevated expres-
sion of fibronectin in HER2:PIK3CA cocultures was confirmed by 
immunofluorescence (Supplemental Figure 7). These alterations 
suggested that fibronectin could be playing an important role in 
facilitating the observed coculture phenotype.

To study the effect of extracellular fibronectin on the growth 
of the HER2 mutant cells, we plated WT, HER2, and PIK3CA 
mutant cells onto uncoated and fibronectin-coated plates in the 
absence of EGF. HER2 mutant cells showed a significant (> 2.5 
fold) increase when plated onto fibronectin. The PIK3CA mutants 
and WT cells did not display any significant change in growth rate 
(Figure 2C). To further substantiate this finding, we transiently 
inhibited the cellular binding of fibronectin in cocultures by com-
petitive inhibition of fibronectin-integrin interactions using a syn-
thetic Arg-Gly-Asp-Ser (RGDS) peptide (25, 26). ddPCR analysis 
and fluorescence imaging revealed a 15% reduction (P < 0.01) in 
the fraction of HER2 mutant cells in cocultures that were subject 
to the RGDS peptide treatment (Figure 2, D and E). It is important 
to note that the modest, although statistically significant, reduc-
tion in the growth of HER2 mutants may be attributed to the short 
duration of the RGDS peptide treatment.

In order to definitively evaluate the role of fibronectin, we 
used the CRISPR-Cas 9 system to knock out FN1 in both the MCF-
10A and the MCF-7 PIK3CA mutant cells. Western blots con-

contrast to the corrected PIK3CA WT MCF-7 cells, which showed 
similar patterns of growth in coculture or in isolation (Figure 1, 
E–H). Consistent with prior results, regardless of initial seeding 
ratios, the HER2 mutants evolved as the predominant population 
when cocultured with mutant PIK3CA cells (Figure 1J).

In order to evaluate these interactions in vivo, mice were inoc-
ulated with each cell line separately or coinoculated with an equal 
number of either the HER2:PIK3CA mutants or the WT:PIK3CA 
mutants. Coinoculums of both HER2:PIK3CA and WT:PIK3CA 
grew better than respective HER2 and WT controls that were 
grown in isolation. The overall tumor volume for the PIK3CA 
mutant control exceeded those of the other groups (Figure 1K). On 
average, the WT:PIK3CA tumors were composed predominantly 
of PIK3CA mutant cells. Conversely, the HER2:PIK3CA coinocu-
lated tumors were predominately HER2 mutant cells (Supplemen-
tal Figure 3). Fluorescence imaging of the tumors validated these 
findings (Figure 1L). These in vivo results provided additional evi-
dence that corroborated our in vitro findings.

Cell contact interactions mediated by fibronectin. We next 
addressed how mechanistically these 2 subclonal populations 
interacted on a cellular level. Live-cell fluorescence time-lapse 
imaging was used to provide an initial understanding. The videos 
(Supplemental Video 1) and representative images (Figure 2A) 
revealed the requirement of cell-cell contact for this phenomenon 
to occur. HER2 mutant cells (labeled red) that were in contact with 
the PIK3CA mutant cells (labeled green) underwent cell division 
(white triangles), while those devoid of contact remained quies-
cent (yellow triangles) despite being within a few microns of the 
nearest PIK3CA mutant cells. We observed similar findings when 
cells were cultured in 3D basement membrane (Supplemental Fig-
ure 4 and Supplemental Video 2). Consistent with these results, 
we did not find significant contributions from paracrine factors in 
trans-well coculture experiments (Supplemental Figure 5). This 
suggested that the mechanism driving this phenotype required 
extremely close proximity or direct contact between cells.

Figure 4. Clinical data from patients with breast cancer corroborate HER2:PIK3CA clonal dynamics. (A) Schematic of the patient selection criteria for 
the cBioPortal-based analysis of the GENIE cohort v7.0. (B) Allelic frequencies of HER2 (red) and PIK3CA (green) in breast tumors that had a cooccurrence 
of HER2 and PIK3CA mutations, sorted by HER2 allele frequency. The gray box indicates patients with HER2 allele frequency less than 0.5. For further 
information on patient samples, see Supplemental Table 2.
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firmed the absence of fibronectin in both cell lines (Figure 3, A and 
B). Disruption of FN1 did not affect the growth or morphology of 
the PIK3CA mutants (Supplemental Figure 8). Microscopic images 
showed an occasional absence of contiguous membrane contact in 
cells that lacked fibronectin in comparison with cells that retained 
expression in coculture (Figure 3C), confirming the necessity of 
FN1 for mediating this phenotype. Importantly, FN1-null PIK3CA 
mutants did not support the growth of HER2 mutants in coculture. 
Both MCF-10A (Figure 3D) and MCF-7 (Figure 3E) HER2 mutant 
cells exhibited a reversal of the growth induction phenotype when 
cocultured with FN1 knockout cells. These results confirmed that 
fibronectin is an essential component of HER2:PIK3CA interac-
tions that lead to the observed phenotype of clonal hierarchy.

Fibronectin is known to interact with integrin α5β1 (27). 
Fibronectin-integrin interactions have been shown to stimulate the 
activity of MAP kinases like ERK1 and ERK2 downstream (28, 29).  

ERK activation, in turn, is known to induce cyclin D1 expression 
leading to cell cycle progression (30, 31). To test if this could be 
the potential downstream signaling that leads to the HER2 mutant 
growth in coculture, we flow sorted the HER2 mutants that were 
grown in coculture with the PIK3CA mutants and performed a gene 
expression analysis using a PCR Array (Supplemental Figure 9). In 
comparison to the HER2 mutants grown by themselves, those in 
coculture showed a significant increase in MAP2K1, which encodes 
a mitogen-activated protein kinase kinase known to activate ERK1 
and ERK2. Additionally, they also showed a significant upregulation 
in the expression of CCND1, which encodes for cyclin D1. Taken 
together, this suggests that a MAP kinase–mediated induction of 
cyclin D1 results in the growth of the HER2 mutants in coculture.

Clinical evidence of clonal dynamics and the role of fibronectin. 
To determine the clinical relevance of this phenomenon, we ret-
rospectively analyzed data from targeted sequencing of breast 

Figure 5. Clinical data from patients with breast cancer corroborate the role of fibronectin. (A) Immunohistochemical staining of small patient cohort 
for fibronectin in human breast tumors with and without PIK3CA alterations. Tumors with alterations in PIK3CA are shown in blue and those with high 
fibronectin are shown in red. Unaltered tumors are shown in gray. (B) Representative images of fibronectin IHC in human breast tumors with a PIK3CA 
(left) alteration and without a PIK3CA alteration (right). Scale bars: 100 μM. (C) Schematic of patient selection and analysis of the METABRIC data set 
using cBioPortal. (D) Quantification of PIK3CA alterations and alterations in other genes involved in the PI3K pathway, in breast tumors with increased 
fibronectin as analyzed by cBioPortal using the METABRIC data set.
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tumors (GENIE cohort v7.0) using cBioPortal (32). From a total of 
9998 patients, those that had a cooccurrence of HER2 and PIK-
3CA mutations (n = 119 patients/124 samples) were selected and 
the allele frequencies of HER2 and PIK3CA were obtained (Figure 
4A). Our analysis showed that all tumors with high HER2 allele 
frequencies (> 0.5), except one, had a PIK3CA subclonal popula-
tion with dramatically lower allele frequencies (n = 12 patients/12 
samples), mirroring the trend observed in our cocultures (Figure 
4B and Supplemental Table 2). Additionally, patient samples 3 
and 14 are serial samples obtained from the same patient (Supple-
mental Table 2). Sample 14 was obtained at an earlier time point 
and had a HER2 allele fraction of 0.49, whereas sample 3 was 
obtained from the same tumor at a later time point and showed a 
higher HER2 allele fraction of 0.88. There was also a correspond-
ing, although minor, decrease in the PIK3CA allele fraction. These 
changes further mirror the dynamics seen in our in vitro system. 
Second, tumor tissue obtained from a cohort of patients with stage 
I to stage III ER-positive/HER2-negative breast cancer was ana-
lyzed for fibronectin expression (33). Of 22 tumors with a PIK3CA 
alteration, 2 showed robust fibronectin expression, while none of 
the tumors that were WT for PIK3CA had fibronectin expression 
(Figure 5, A and B). To expand on this finding, we retrospectively 
analyzed data from targeted sequencing of a large cohort of breast 
tumors (cBioPortal, METABRIC; Figure 5C) (34, 35). A total of 82 
tumors had increased FN1 expression. Forty-six percent (n = 38) of 
these tumors contained a PIK3CA alteration, while an additional 
22% (n = 18) had alterations in one or more other genes involved 
in PI3K pathway (Figure 5D). Taken together, these data provide 
clinical relevance to our in vitro and in vivo findings.

Discussion
Tumor subclones have been portrayed as self-interested competi-
tors, but theoretical hypotheses suggesting a role for subclonal inter-
actions have gained experimental support in recent years (11–17, 36). 
We believe the system described herein is a powerful model to study 
interactions between genetically distinct subclones and allows for 
focused interrogation of specific subclonal contributions to clonal 
dynamics and heterogeneity in human cells. Our results show that 
interaction between subclonal populations can lead to unexpected 
but consistent patterns in subclonal architecture in vitro, in vivo, and 
across different cancerous and noncancerous human cell lines.

The vast majority of studies examining subclonal interactions 
have implicated paracrine factors such as TGF-α and -β, WNT, 
amphiregulin, and various cytokines as mediators (11–17). Our 
findings, however, demonstrate a contact-mediated mechanism 
involving fibronectin as the primary mediator of subclonal growth 
in mutant HER2 and mutant PIK3CA cocultures. Prior studies 
have shown that fibronectin is upregulated during breast cancer 
development (37–39), and previous work using the PIK3CA E545K 
mutant MCF-10A cells used in this study demonstrated that these 
cells produce increased fibronectin (40). Altogether, our results 
consistently indicate that fibronectin can drive the proliferation of 
HER2 cells and that there may be cooperative subclonal remodel-
ing of the microenvironment.

Improving our understanding of tumor evolution is a criti-
cal need to advance cancer diagnosis, therapy, and personalized 
medicine. Here, we demonstrate that fibronectin-mediated 

interactions between genetically distinct subclones can result 
in a consistent clonal hierarchy. In the era of clinical tumor 
sequencing, deciphering these subclonal interactions has the 
potential to positively impact the management of tumors with 
varying degrees of heterogeneity.

Methods
Cell culture. The MCF-10A cell line (18) and its derivatives were main-
tained in DMEM/F12 (1:1) (Thermo Fisher Scientific) supplemented 
with 5% horse serum (Life Technologies), 20 ng/mL EGF (Sigma-Al-
drich), 10 μg/mL insulin (Life Technologies), 0.5 μg/mL hydrocorti-
sone (Sigma-Aldrich), 0.1 μg/mL cholera toxin (Sigma-Aldrich), and 
1% penicillin-streptomycin (Life Technologies). The exception was 
the MCF-10A–derived PIK3CA E545K mutant cell line, which was 
maintained on the same media described above, but without supple-
mental EGF. All assays using MCF-10A background cells were done in 
DMEM/F12 (1:1) media containing 1% charcoal dextran–stripped FBS 
(Life Technologies) supplemented with insulin, hydrocortisone, chol-
era toxin, penicillin-streptomycin, and lacking EGF. MCF-10A paren-
tal cells were purchased from ATCC. PIK3CA E545K knockins were 
created in a previous study (19), as were the HER2 L755S mutant (10) 
and SF3B1 R702R silent substitution cells (21). The MCF-7 cell line (23) 
was purchased from ATCC. Parental MCF-7 cells and its derivatives 
were maintained in phenol red–free DMEM/F12 (1:1) supplemented 
with 5% FBS (Life Technologies) and 1% penicillin-streptomycin. The 
same media was used for any assays involving these cells. The PIK3CA 
WT MCF-7 cells and the HER2 L755S knockins were previously devel-
oped in our lab (10, 24). The MCF-10A FN1 knockouts were main-
tained in the same medium as the parental with an addition of 1 μg/mL 
of puromycin (Thermo Fisher Scientific). The MCF-7 FN1 knockouts 
were maintained in DMEM/F12 (1:1) supplemented with 5% FBS (Life 
Technologies), 1% penicillin-streptomycin, and 2 μg/mL puromycin. 
Assays involving the knockouts were performed in the same assay 
media used for their corresponding parental cell line. MCF-10A and 
MCF-7 cell lines were verified by STR profiling.

Cocultures. Cells were plated at the indicated ratio into T25 flasks 
(Corning) as shown in Supplemental Figure 1. The cocultures were 
grown to near confluency and then split at a 1:10 ratio. Genomic DNA 
(gDNA) was extracted at each split for analysis by droplet digital PCR 
(ddPCR). Control cultures were allowed to grow until the flasks of one 
of the controls (e.g., HER2 or PIK3CA) reached confluency. At this 
point, cells from each control were mixed with equal volumes to yield 
the artificial mixes.

Droplet digital PCR. gDNA used for ddPCR was extracted using 
the QIAamp DNA Blood Mini Kit (Qiagen) and then digested using 
CviQI (New England Biolabs) restriction enzyme. The digested DNA 
was purified using the QIAquick PCR Purification Kit (Qiagen). ddPCR 
reactions were performed using the BioRad QX200 system (BioRad) 
according to the manufacturer’s protocol. Sequences of the primers 
and probes used in this study are listed in Supplemental Table 3. In the 
case of the dual-mutant assay, the FAM-tagged probe was designed to 
detect the mutant allele of one gene and the HEX-tagged probe was 
designed to detect the mutant allele of the other gene of interest. For 
dual-mutant reactions, forward and reverse primers were added for 
both loci. The working concentrations of the primers were doubled, 
and their volumes halved to maintain the same concentrations as rec-
ommended in the manufacturer protocol. Positive droplets for each 
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Fibronectin coating. Fibronectin from human plasma (Sigma-Al-
drich) was dissolved to 1 mg/mL in sterile water by placing in 37°C 
for 30 minutes. The soluble fibronectin was then diluted in a min-
imal volume of HBSS and applied to each plate at a concentration 
of 5 μg/cm. Plates were left to air-dry for at least 45 minutes before 
cells were added.

CRISPR Cas-9 system. The CRISPR-Cas 9 system was used to 
knockout FN1 in the MCF-10A and the MCF-7 PIK3CA mutants. 
Guide RNA sequences were chosen from the GeCKov2 library pool 
(41). Vectors were created by cloning the guide RNAs into the len-
tiCRISPR v2 single-vector system backbone. Each vector was then 
cotransfected with lentiviral packaging plasmids CMV dR8.91 and 
VSVG into HEK293T cells. The harvested virus was used to infect 
the PIK3CA mutants in confluent 6-well plates for 24 hours. After 
infection, the transduced cells were recovered for 4 hours following 
which they were selected using puromycin for 3 days (1 μg/mL for 
MCF-10As and 2 μg/mL for MCF-7). After selection, the cells were 
single-cell diluted and individual colonies were sequenced at the 
locus to identify clones with insertions/deletions at the cut site. The 
selected clones were further analyzed by Western blot to verify com-
plete knockout of FN1.

Western blot analysis. MCF-10A cells were seeded in 6-well 
plates in DMEM/F12 (1:1) media containing 1% charcoal dex-
tran–stripped FBS (Life Technologies) supplemented with insu-
lin, hydrocortisone, cholera toxin, and penicillin-streptomycin. 
The MCF-7 cells were plated in DMEM/F12 (1:1) supplemented 
with 1% charcoal dextran stripped FBS (Life Technologies) and 
1% penicillin-streptomycin. For lysate preparation, the cells were 
washed thoroughly with PBS to avoid serum cross-reactivity with 
the FN1 antibody, following which they were scrapped in PBS and 
centrifuged to remove any residual serum. The supernatant was 
discarded and the cell pellet was resuspended in Laemmli buffer. 
The lysates were resolved by SDS-PAGE using NuPAGE gels (Invi-
trogen). Since fibronectin is a high-molecular-weight protein, the 
gels were incubated in 20% ethanol at room temperature for 5–10 
minutes prior to transfer. The proteins were transferred onto PVDF 
membranes using iBlot 2 (Invitrogen) and the membranes were 
probed with anti-fibronectin antibody (ab2413, Abcam) diluted 
in primary antibody dilution buffer (R2004, Kwikquant). TBST 
was replaced with clean wash buffer (R2001) in all steps. Images 
were acquired according to the manufacturer’s protocol using the 
Kwikquant Imager (Kindle Biosciences, LLC).

Flow sorting for PCR array. HER2 mutants (MCF-10A back-
ground) were cocultured with the PIK3CA mutants in MCF-10A 
assay media in the absence of phenol red for 5 days. HER2 mutants 
grown in isolation were used as control. The control and cocultured 
cells were trypsinized and centrifuged at 200g for 5 minutes. The cell 
pellets were resuspended in PBS with 3% charcoal dextran–stripped 
FBS. Flow sorting was carried out at the Vanderbilt Flow Cytometry 
Shared Resource using the 100 μM flow nozzle. RFP-tagged HER2 
mutants were separated using assay media with 20% charcoal dex-
tran–stripped FBS as catch buffer.

PCR array. Total RNA was extracted from controls and cocultures 
using the RNeasy Mini Kit (Qiagen). The RNA was reverse transcribed 
using the RT2 First Strand Kit (Qiagen) according to the manufactur-
er’s protocol. The expression of a total of 84 genes was tested using 
the RT2 Profiler PCR Array Human Kit EGF/PDGF Signaling Path-

channel were identified using the QuantaSoft program (BioRad) and 
the fraction of each cell in the coculture was calculated according to 
the calculations shown in the Supplemental Methods.

Lentivirus-mediated stable integration of fluorescence proteins. Len-
tiviral vectors containing fluorescence proteins (#20131202, Takara 
Bio USA) were used to transduce cells according to the manufacturer’s 
protocol. Plasmid sequences were rLV-EF1a-tdTomato-IRES-Puro-
WPRE for red cells, and rLV-EF1a-ZsGreen1-IRES-Puro-WPRE for 
green cells. Briefly, cells were seeded at subconfluent concentra-
tions and infected after 24 hours with a mixture of the viral particles 
in media and polybrene (800 μg/mL). Following an overnight incu-
bation, the cells were recovered by replacing the transduction media 
with normal maintenance media. Fluorescence was assessed 48 hours 
after recovery and the cells were then single-cell diluted to isolate 
individual clones. The isolated clones were then evaluated for fluores-
cence and their growth rates were compared with that of the parental 
using crystal violet staining (data not shown). Clones that most closely 
resembled the parental growth rates and expressed the fluorescence 
protein were selected. Fluorescence imaging was performed using the 
EVOS M7000 system (Thermo Fisher Scientific).

Xenograft assays. A total of 35 female athymic nude mice with 
supplemental estrogen pellets (Harlan Laboratories) were assigned to 
a total of 5 groups: 5 mice times 3 control groups and 10 mice times 
2 coinoculation groups. Cells (2 × 106) were resuspended in Geltrex 
LDEV-Free Reduced Growth Factor Basement Membrane Matrix 
(Thermo Fisher Scientific) and subcutaneously injected. Coinocula-
tions were accomplished by mixing equal number of cells from each 
cell line prior to resuspension in Geltrex. Tumor volumes were period-
ically assessed using calipers to measure the length, width, and height 
for each tumor.

Xenograft processing. Tumors were harvested upon reaching a 
predetermined threshold (1.5 cm3) or at the termination of the exper-
iment. Upon extraction, each tumor was placed in 10% formalin for 1 
hour and then 30% sucrose in PBS overnight. The tumors were then 
cut into 2 halves. One half was used for genomic DNA extraction 
using the DNeasy Blood & Tissue Kit (Qiagen) for ddPCR analysis. 
The other half was prepared for fluorescence imaging. In order to pre-
serve the endogenous fluorescence of the xenograft cells, tumors were 
preserved in OCT (Thermo Fisher Scientific) and stored at –80°C. 
Cryosectioning was performed by the Johns Hopkins Oncology Tis-
sue Services Core. Cryosectioned slides were stained with DAPI and 
mounted using a mixture of 20 mM Tris, pH 8.0, 0.5% N-propyl gal-
late, and 90% glycerol.

Time-lapse imaging. Cells were plated in isolation or in coculture 
and were allowed to grow for 24 hours. They were then transferred to 
the incubator of the IncuCyte (Essen BioScience), which was kept at 
37°C and 5% CO2. Periodic phase and fluorescence images were taken 
at ×10 magnification using the IncuCyte’s internal camera.

Microarray. RNA was extracted from controls and cocultures in 
quadruplicate using the RNeasy and QiaShredder kits (Qiagen). Sam-
ples were sent to the Johns Hopkins Deep Sequencing & Microarray 
Core, which performed quality control measures and subjected the 
RNA to the Affymetrix Clariom S Array. Downstream analysis was 
performed using the Transcriptome Analysis Console (TAC) Soft-
ware (Thermo Fisher Scientific). Transcriptome data were deposited 
in NCBI’s Gene Expression Omnibus (GEO) and is accessible through 
GEO series accession number GSE165065.
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Basement Membrane Matrix (Thermo Fisher Scientific) and assay 
media as previously described (42). Cells were grown for 12 days and 
then imaged. Images were taken using a Nikon C1 Confocal Micro-
scope and image processing was performed using ImageJ (https://
imagej.nih.gov/ij/).

Statistics. Statistical analyses were performed using the GraphPad 
Prism 5 software (GraphPad Software). Unpaired t test, 1-way ANOVA, 
and 2-way ANOVA functions were used in the appropriate contexts to 
analyze our results. All statistical tests were 2-tailed. All averages and 
error bars represent the mean and SEM of each group. *P < 0.05, **P < 
0.01, and ***P < 0.001.

Study approval. All animal care and experimental protocols were 
approved by the IACUC of The Johns Hopkins University. All human 
samples were obtained from prior studies conducted in accordance 
with the IRB of Vanderbilt University Medical Center.
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way Sampler (GeneGlobe ID PAHS-040Z). The data were analyzed 
using the GeneGlobe data analysis center from Qiagen according 
to the manufacturer’s instructions. The average of 5 housekeeping 
genes (ACTB, B2M, GAPDH, HPRT1, RPLP0) was used for normaliza-
tion. The data generated in this array were deposited in NCBI’s Gene 
Expression Omnibus (GEO) and are accessible through GEO series 
accession number GSE165150.

Immunohistochemical staining of patient tumors. Patient tis-
sue, from stage 1 to stage III operable ER-positive/HER2-negative 
breast tumors from postmenopausal patients who received 15 to 21 
days of letrozole prior to surgery were obtained from a prior Van-
derbilt Ingram-Cancer center trial (BRE0776) (33). Since fibronec-
tin is widely expressed by different cell types and is a part of the 
extracellular matrix, we were unable to use the matched normal 
tissue from the tissue microarray as a negative control. Therefore, 
cell pellets from the FN1 knockouts and the corresponding FN1+ 
parentals created in our lab for this paper were used as negative 
and positive controls, respectively. Pellets were sectioned by the 
Translational Pathology Shared Resource at Vanderbilt University. 
The tissues and sectioned pellet controls were stained with ab2413 
anti-fibronectin primary (Abcam) and 26836 Fibronectin/FN1 
(E5H6X) Rabbit mAb (Cell Signaling).

cBioPortal data analysis. Information for in silico data analyses 
were obtained using the METABRIC and GENIE databases and ana-
lyzed using cBioPortal (https://www.cbioportal.org). Genomic pro-
files, including mutations, allelic frequencies, and mRNA expression z 
scores, were obtained and analyzed further using the GraphPad prism. 
In the METABRIC data set, samples were filtered based on increased 
FN1 expression (FN1: EXP > 2) prior to analysis of genetic alterations 
in PIK3CA, AKT1, AKT2, AKT3, PIK3C2B, and PTEN genes. In the 
GENIE data set (breast cancer cohort), samples with cooccurrence of 
HER2 (searched using the genetic nomenclature of ERBB2 in cBioPor-
tal) and PIK3CA mutations were selected. Within the selected subset, 
samples which had both the HER2 and PIK3CA allele frequency data 
were separated and analyzed.

Transwell assays. PIK3CA mutant cells were seeded into the wells 
of transwell plates (VWR). Meanwhile, HER2 or WT cells were seed-
ed onto transwell inserts with a pore size of 0.4 μM. After allowing 
the cells on the insert to settle, the inserts were transferred into the 
transwell plates. Assay media was added such that cells on the insert 
were covered on the apical and basolateral sides. Media was replen-
ished periodically. After 7–10 days, inserts were removed and both the 
inserts and the plated cells were trypsinized and counted using a Beck-
man Coulter counter.

Immunofluorescence staining of in vitro cocultures. A 1:1 mixture 
of fluorescence HER2 cells (described above) and nonfluorescence 
PIK3CA cells (MCF-10A background) were plated onto Nunc Lab-Tek 
Chamber Slides (Thermo Fisher Scientific). Cocultures were grown 
for 7 days. Slides were fixed with 4% paraformaldehyde and stained 
using ab2413 anti-fibronectin primary (Abcam) and donkey anti-rab-
bit Alexa Fluor 405 secondary (Abcam). Prior to imaging, Fluores-
cence Mounting Media were added to each slide (https://nic.med.
harvard.edu/resources/media/). Images were taken using a Nikon C1 
Confocal Microscope.

3D matrigel assay and imaging. Fluorescence HER2 and PIK3CA 
MCF-10A background cells (described above) were plated into multi-
well plates containing Geltrex LDEV-Free Reduced Growth Factor 
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