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ABSTRACT
◥

The significance of the phenotypic plasticity afforded by

epithelial–mesenchymal transition (EMT) for cancer progression

and drug resistance remains to be fully elucidated in the clinic.

We evaluated epithelial–mesenchymal phenotypic characteristics

across a range of tumor histologies using a validated, high-

resolution digital microscopic immunofluorescence assay (IFA)

that incorporates b-catenin detection and cellular morphology to

delineate carcinoma cells from stromal fibroblasts and that quanti-

tates the individual and colocalized expression of the epithelial

marker E-cadherin (E) and the mesenchymal marker vimentin (V)

at subcellular resolution (“EMT-IFA”). We report the discovery of

b-cateninþ cancer cells that coexpress E-cadherin and vimentin in

core-needle biopsies frompatientswith various advancedmetastatic

carcinomas, wherein these cells are transitioning between strongly

epithelial and stronglymesenchymal-like phenotypes. Treatment of

carcinoma models with anticancer drugs that differ in their mech-

anism of action (the tyrosine kinase inhibitor pazopanib in

MKN45 gastric carcinoma xenografts and the combination of

tubulin-targeting agent paclitaxel with the BCR-ABL inhibitor

nilotinib in MDA-MB-468 breast cancer xenografts) caused

changes in the tumor epithelial–mesenchymal character. Moreover,

the appearance of partial EMTormesenchymal-like carcinoma cells

in MDA-MB-468 tumors treated with the paclitaxel–nilotinib

combination resulted in upregulation of cancer stem cell (CSC)

markers and susceptibility to FAK inhibitor. A metastatic prostate

cancer patient treatedwith the PARP inhibitor talazoparib exhibited

similar CSC marker upregulation. Therefore, the phenotypic

plasticity conferred on carcinoma cells by EMT allows for

rapid adaptation to cytotoxic or molecularly targeted therapy and

could create a form of acquired drug resistance that is transient in

nature.

Significance: Despite the role of EMT in metastasis and drug

resistance, no standardized assessment of EMT phenotypic hetero-

geneity in human carcinomas exists; theEMT-IFAallows for clinical

monitoring of tumor adaptation to therapy.

Introduction
The conversion of carcinoma cells from an epithelial to a

mesenchymal-like or partial mesenchymal phenotype (epithelial–

mesenchymal transition or EMT) is of considerable interest due to

its potential role in the promotion of tumor invasiveness, metastasis,

and resistance to chemotherapy (1). The hallmarks of EMT—loss of

intercellular adhesion, actin cytoskeleton remodeling, acquisition of

enhanced motility, and resistance to apoptosis and senescence (2)—

comprise a prometastatic phenotype. Yet, despite extensive preclinical

research linking EMT to cancer progression, histopathologic evidence

of EMT in human cancers remains elusive (3–6), in part because of

the difficulty in distinguishing mesenchymal-like carcinoma cells

from nonneoplastic cells in the tumor stroma. Unlike the bulk of

carcinoma cells in a tumor that exhibits an epithelial phenotype, the

invasive front often contains dedifferentiated mesenchymal-like cells

with increased motility (7, 8). These mesenchymal-like cells have

acquired stem-like properties, making them instrumental to cancer

progression (9–11).

Because EMT involves a complex interplay among the cell micro-

environment, transcriptional regulators, and downstream effec-

tors (3, 12), an abundance of candidate biomarkers exist that could

be conjointly examined to assess the extent of EMT. The Snail protein,

a known inducer of EMT, strongly downregulates E-cadherin in

epithelial cells and consequently decreases cell–cell adhesion in the

early stages of EMT (13). As E-cadherin expression decreases, free

b-catenin, which is normally bound to E-cadherin at the plasma

membrane, accumulates in the cytoplasm and subsequently translo-

cates to the nucleus, where it regulates the expression ofmultiple target

genes, including vimentin (13–15). Because changes in levels of

E-cadherin (E) and vimentin (V) during EMT are inversely related (4),

the ratio of their protein (16–18) or mRNA (19) levels has been

employed as an indicator of phenotypic status.

We developed a quantitative immunofluorescence imaging method

relying on individual or dual expression of these proteins as
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unequivocal markers of epithelial (Eþ), mesenchymal-like (Vþ), and

mixed or hybrid epithelial/mesenchymal (EþVþ) phenotypes (20). For

unbiased and accurate demarcation of carcinoma cells independent of

diagnosis, and to restrict the automated quantitation of the E-cadherin

and vimentin biomarkers to the neoplastic cell population, we eval-

uated b-catenin as a generalized tumor marker. This protein plays a

fundamental role in molecular reprogramming events associated with

EMT (21), and its expression persists during EMT, albeit with changes

in subcellular distribution (8, 21, 22).

Using microscopy with subcellular resolution, we report the dis-

covery of b-cateninþ carcinoma cells that coexpress E-cadherin and

vimentin in core-needle biopsies from patients with various advanced

metastatic carcinomas, providing comprehensive histopathologic

evidence of EMT occurring in human tumors. Furthermore, we have

demonstrated that treatment of xenograft models and patients har-

boring tumors of different histologies with therapeutic agents from

multiple mechanistic classes prompts extensive changes in the distri-

bution of epithelial–mesenchymal phenotypes; these phenotypic con-

versions were in some cases accompanied by the appearance of

carcinoma cells coexpressing relevant cancer stem cell (CSC) markers,

including CD133, CD44v6, and ALDH1, as well as the embryonic

and cancer stem cell transcription factor NANOG (23). Our findings

are consistent with a role for phenotypic plasticity in the adaptive

response of carcinomas to drug therapy and highlight howmonitoring

these phenotypic states during treatment could contribute to the

development of new therapeutic strategies to eliminate populations

of resistant cells.

Materials and Methods
Reagents and cell lines

Detailed descriptions of reagents, cell lines, and drugs used in this

study can be found in Supplementary Methods. Isogenic HCT116 cell

lines CTNNB1þ/� and CTNNB1 (D45/�) were obtained fromHorizon

Discovery; all remaining cell lines were obtained from the Division of

Cancer Treatment and Diagnosis (DCTD) Repository, Frederick

National Laboratory for Cancer Research (FNLCR). Each lot of cells

was authenticated using AmpFLSTR Identifiler (Applied Biosystems)

and limited to 20 passages of growth (lots were generally used within

5 passages). Each cell line stock was tested for Mycoplasma upon

acceptance into the repository and regularly thereafter using the

Mycosensor PCR Kit (Agilent), STAT-Myco testing (IDEXX

BioAnalytics), or a similar PCR-based assay.

Human tumor biopsies

Pairs of 18-gauge needle core biopsies were collected from meta-

static sites up to 15 days prior to drug treatment and again during the

course of treatment in patients with advanced, refractory cancers

enrolled in clinical trials conducted by the NCI DCTD and Center

for Cancer Research at the NIH Clinical Center, Bethesda, MD. All

patients gave written informed consent for study participation. Study

design and conduct complied with all applicable regulations, gui-

dances, and local policies, and the studies were approved by the NCI

Institutional Review Board. Biopsy cores were placed individually in

prechilled cryogenic vials, frozen within 2 minutes of collection, and

stored at � �80�C, until they were thaw-fixed and paraffin blocked

together with a biomarker-positive control tissue for sectioning, using

a newly developed method for preserving labile biomarkers, including

phosphoproteins (24). A summary of the procedures for processing

clinical and preclinical samples can be found in Supplementary Fig. S1

and in StandardOperating Procedures (SOP) 340507, 340550, 340546,

and 340548 published on the NCI/DCTD website (http://dctd.cancer.

gov/ResearchResources/ResearchResources-biomarkers.htm).

IHC

Formalin-fixed paraffin-embedded tissues were cut into 5-mm sec-

tions, placed on slides, and deparaffinized. Staining was performed in a

Bond-max Autostainer (Leica Microsystems). Heat-induced antigen

retrieval and immunohistostaining were performed as indicated below

(see Supplementary Methods and Supplementary Table S1). Human

tissue sections and xenografts were stainedwith hematoxylin and eosin

(H&E), or chromogenic staining was performed using a secondary

amplification with diaminobenzidine (DAB) before counterstaining

with hematoxylin. Specific staining for human tumor markers was

performed using anti-S100 for parotid gland carcinoma, anti-PSA for

prostate tumors, and anti-CEA for colorectal tumors.

EMT immunofluorescence assay

Staining was performed in a Bond-max Autostainer. Heat-induced

antigen retrieval was performed in citrate at pH 6.0 and 100�C for

10 minutes. Monoclonal antibody-fluorescent dye conjugates of

E-cadherin-AF488 (2.0 mg/mL), vimentin-AF647 (4.0 mg/mL), and

b-catenin-AF546 (5.0mg/mL)were used, alongwith 40,6-diamidino-2-

phenylindole (DAPI; 0.25mg/mL) staining of nuclei. Image acquisition

was performed using an Aperio FL Scanner and Spectrum Analysis

software as well as a wide-field fluorescent and confocal microscope

(Nikon 90i Andor Camera, NIS Elements Software). Image segmen-

tation and quantitative multiplex analysis were performed using

Definiens Software (Tissue Studio Architect).

CSC immunofluorescence assay

The CSC multiplex IFA panel consisting of CD44v6, NANOG, and

ALDH1 (panel A) was performed using unconjugated mouse mono-

clonal antibody to CD44v6 (clone 2F10; R&D Systems), unconjugated

rabbit monoclonal antibody to ALDH1 (clone EP1933Y, Abcam), and

unconjugated goat polyclonal antibody to NANOG (cat. #AF1997;

R&D Systems). CSCmultiplex IFA consisting of CD133, CD44v6, and

NANOG (panel B) was performed using unconjugated rabbit mono-

clonal CD133 (47–10) antibody developed by our group (25), mouse

monoclonal anti-CD44v6 antibody, and goat polyclonal antibody to

humanNANOG (AF1997). For both panels, 10 mg/mL of donkey anti-

rabbit-AF647, anti-mouse-AF488, and anti-goat-AF555 (all from Life

Technologies) were used as secondary antibodies.

Quantitative analysis of EMT-IFA–stained slide sections

Flanking 5-mm serial sections were stained with H&E, and whole

slide scans of the H&E slides from paired biopsies as well as those

stained for the EMT-IFA panel along with control tissue were anno-

tated for viable tumor areas by two pathologists. EMT-IFA–stained

sections containing regions of interest (ROI) identified from the

pathologists’ annotated regions of tumor in adjacent H&E-stained

sections were image-extracted as SVS files (JPEG2000) with the four

separate fluorescent layers, and imported into Definiens Tissue Studio

for analysis using a preformulated dax solution file that included

detailed tumor–stroma segmentation using the b-catenin layer in

combination with cellular morphology, nuclear segmentation using

the DAPI layer, and EMT marker thresholding with predetermined

threshold values based on multiple training sets of images taken from

every biopsy ROI analyzed, and subsequently applied to the test set

consisting of the remaining ROI images. These constraints were

applied to generate CSV files containing values for individual EMT

marker areas per ROI, areas of marker overlap, and total number of

EMT in Human Carcinomas

AACRJournals.org Cancer Res; 80(2) January 15, 2020 305

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/8

0
/2

/3
0
4
/2

7
9
5
9
9
6
/3

0
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2

http://dctd.cancer.gov/ResearchResources/ResearchResources-biomarkers.htm
http://dctd.cancer.gov/ResearchResources/ResearchResources-biomarkers.htm
http://dctd.cancer.gov/ResearchResources/ResearchResources-biomarkers.htm


nuclei (or cells) per tumor ROI. The following calculations were then

made per ROI, per slide, and per patient sample: log10(V/E)� SD and

mean EMT marker area (mm2 and as a percent of total tumor area) �

SD, total number of tumor cells (nuclei) per slide, and EMTphenotype

proportions normalized to the number of tumor cells assessed, yielding

an estimate of the total number of tumor cells of each phenotype. A

minimum of 8 ROIs from at least two nonadjacent slide sections of

each patient biopsy were used to generate quantitative data, as this

sampling strategy is typically sufficient to capture the overall distri-

bution of EMT markers within a biopsy specimen (Supplementary

Fig. S2A–S2B). To avoid sample edge artifacts and to obtain sufficient

numbers of tumor cells for analysis, we selected nonadjacent slides

from interior sections with high tumor content that were distal to one

another. For cases in which two nonadjacent slides yielded drastically

different EMTmarker distributions, additional slides were used in the

quantitative analysis.

Therapeutic studies in xenograft models

Athymic nude mice (NCr; Animal Production Program, FNLCR)

were implanted subcutaneously withMKN45 or SNU5 cells.When the

tumors reached approximately 200 mg (study day 1), MKN45- and

SNU5-implanted mice were randomized to receive either pazopanib

(100 mg/kg/day) or the saline vehicle alone by oral gavage daily for 14

(MKN45 xenografts) or 15 (SNU5 xenografts) days. Median tumor

volumes for MKN45 xenografts (n ¼ 12 control; n ¼ 6 pazopanib)

weremeasured with calipers on study days 17, 21, 24, 27, 31, 36, 43, 46,

and 56. SNU5 xenograft tumor volumes (n ¼ 12 control; n ¼ 8

pazopanib) weremeasured on days 12, 20, 22, 27, 30, 36, 42, 48, and 55.

For biomarker studies, separate groups of animals (MKN45: n ¼ 12

control,n¼ 19 pazopanib; SNU5:n¼ 9 control,n¼ 9 pazopanib)were

treated similarly, and whole xenograft tumors for analysis were

collected on treatment day 8. Within 1 minute of excision, specimens

were cut into two to four equal pieces with fine-point scissors or a

single-edge scalpel, which were then individually flash-frozen in liquid

nitrogen-precooled, O-ring sealed, conical bottom screw-capped 1.5-

mL Sarstedt cryovials by touching the specimen to the inside of the

tube. Frozen tissues or cell pellets were fixed in 10% neutral buffered

formalin (Sigma-Aldrich) for 48 and 24 hours, respectively, and then

embedded in paraffin before being sectioned.

For nilotinib-paclitaxel studies, NOD scid gamma (NSG) mice

(Animal Production Program, FNLCR) were implanted subcutane-

ously with MDA-MB-468 cells. When tumors reached approximately

200 mg, MDA-MB-468-implanted mice were randomized to receive

no treatment, nilotinib (daily 75 mg/kg orally for 19 days), paclitaxel

(once weekly 15 mg/kg intravenously for 3 weeks), a combination of

both agents using the same dosage regimens, or saline vehicle. MDA-

MB-468 xenograft tumor volumes (n¼ 15 vehicle, n¼ 5 no treatment,

and n¼ 5 drug treatment groups) weremeasured on study days 33, 39,

47, 56, 61, 69, 77, 83, 90, 97, and 103. For biomarker studies, separate

groups of animals (n ¼ 6 for each group) were treated similarly, and

whole xenograft tumors for analysis were collected on treatment days

1, 8, 15, 19, and 58 and processed as described above. Tumors from

untreated mice were also collected.

In a separate experiment to examine CD44, CD24, and ALDH1

expression after nilotinib-paclitaxel therapy and to test the effects of

focal adhesion kinase (FAK) inhibitor maintenance therapy on tumor

regrowth after nilotinib-paclitaxel treatment, NSG mice bearing

MDA-MB-468 tumors were randomized to receive either vehicle or

the combination of nilotinib (75 mg/kg daily, orally) and paclitaxel

(15 mg/kg once weekly, intravenously, for 3 weeks) for 21 days (study

days 33–53); following 21 days of treatment, a subset of vehicle- or

nilotinib-paclitaxel–treated animals (n ¼ 6 each) were sacrificed for

CSC marker analysis (tumors collected and processed as described

above), whereas the remaining nilotinib-paclitaxel–treated animals

were further randomized to receive either vehicle or the FAK inhibitor

VS-4718 (100mg/kg, orally) twice daily from study days 54 to 132 (n¼

16 per group); in addition, a group of animals treated with vehicle for

days 33 to 53 then received vehicle for days 54 to 132 (n¼ 16). Tumor

volumes weremeasured on days 33, 36, 40, 43, 47, 50, 54, 57, 62, 65, 69,

72, 77, 82, 86, 91, 96, 100, 104, 107, 111, 114, 117, 121, 126, and 132.

Frederick National Laboratory for Cancer Research is accredited by

AAALAC International and follows the Public Health Service Policy

for the Care andUse of LaboratoryAnimals. Animal carewas provided

in accordance with the procedures outlined in the "Guide for Care and

Use of Laboratory Animals" (National Research Council; 1996;

National Academy Press; Washington, DC).

Statistical analysis

Statistical analyses were performed using GraphPad Prism X7

software or Microsoft Excel 2010. Differences between drug- and

vehicle-treated mice were evaluated using the Mann–Whitney test;

significance was defined as �, P < 0.05; ��, P < 0.01; ���, P < 0.001. For

the MDA-MB-468 xenograft experiment with nilotinib-paclitaxel

treatment followed by FAK inhibitor maintenance therapy with

VS-4718 or vehicle, mean log(AUC) [area under the curve] values

for each group were compared using a Mann–Whitney test.

Results
Subcellular coexpression of E-cadherin and vimentin in human

tumor biopsies

We first applied our validated multiplexed EMT-IFA for b-catenin,

E-cadherin, and vimentin (Supplementary Methods and Figs. S3A–

S3B, S4A–S4H, S5, S6A–S6C; reference specimens and calibrators in

Supplementary Fig. S7A–S7D) to a core biopsy fromametastatic site of

a patient with advanced ovarian carcinoma. Pathologists reviewed

H&E-stained sections to define ROIs with high concentrations of

viable tumor cells (Fig. 1A). In an adjacent section, a tumor segmen-

tation algorithm based on b-catenin signal intensity and cellular

morphology (Fig. 1B) was applied to the annotated ROIs, and the

expression ofDAPI, E-cadherin (Eþ), and vimentin (Vþ) was recorded

in each pixel. The overall phenotype of eachROIwas inferred by taking

the log10 of the V
þ area divided by the Eþ area [log10(V/E)] (Fig. 1C).

Log10(V/E) was further validated as an unambiguous phenotypic

indicator by comparison with published, empirically derived gene

signatures associated with epithelial or mesenchymal functions and

phenotypes (Supplementary Fig. S8; ref. 26).

The small imaging pixel size of the IFA (0.25 mm2) relative to the

dimensions of the cross-sectional areas of tumor (ranging from 75 to

500 mm2 in parotid, prostate, colon, and ovarian cancers) allowed us to

quantify individual areas of Vþ and Eþ staining as well as areas of

colocalized EþVþ staining within single cells. The Vþ, Eþ, and EþVþ

colocalized areas could also be normalized to the number of evaluated

cells enumerated with the DAPI nuclear mask and reported as mean

area (mm2) per cell, as seen in Fig. 1D wherein E-cadherin and

vimentin are coexpressed in approximately 10% of the ovarian car-

cinoma cellular area.

Co-occurrence of Eþ, Vþ, and EþVþ cells in core biopsies from

advanced human carcinomas

Core biopsies from metastatic sites in 11 patients diagnosed with

advanced carcinoma contained malignant cells in phenotypic states

Navas et al.
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ranging from almost entirely epithelial to primarily mesenchymal,

as defined by E and V expression, respectively (Fig. 2). Tissue from

4 patients with sarcomas served as mesenchymal phenotype con-

trols. Expression patterns of EMT markers varied widely across the

individual cases, with some areas displaying a fairly homogenous

epithelial (Fig. 2A, prostate 1 case) or mesenchymal (Fig. 2A,

fibrosarcoma 2 case) phenotype, some exhibiting sharp boundaries

between these phenotypes indicative of tumor heterogeneity

(Fig. 2A, colorectal 1 case), and others presenting intermixed or

gradual transitions between epithelial and mesenchymal markers

(Fig. 2A, esophageal and parotid cases). Quantifying the global

phenotype of each biopsy (log10[V/E]; Fig. 2B) further highlighted
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EMT-IFA quantitation of EMT biomarkers in a human ovarian carcinoma biopsy.A, Top, H&E section of a formalin-fixed paraffin-embedded ovarian carcinoma biopsy

pre-annotated by an anatomicpathologist to identify tumor (green outline) or nontumor (cyan outline) areas, including normal or stromal tissues, inflammatory, and/
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the diversity of expression patterns, with colorectal and prostate

cancers occupying the epithelial end of the spectrum, sarcomas

displaying a uniform mesenchymal phenotype, and other carcino-

mas demonstrating a range of different V:E coexpression levels.

Some cases of prostate cancer (prostate 1), esophageal cancer, and

parotid gland carcinoma contained substantial areas of colocalized

EþVþ staining (20%–56% of the tumor area; Fig. 2C). The different

phenotypes measured in biopsies from two different prostate cancer

patients (Fig. 2B and C) demonstrate clinical heterogeneity in

carcinomas with the same histology.

Morphologic characteristics of EþVþ regions

The detection of carcinoma cells coexpressing E-cadherin and

vimentin (EþVþ) is of interest for understanding the EMT process

in malignant cells. EMT-IFA analysis of core biopsies from patients

with parotid gland, colorectal, and prostate carcinomas revealed

heterogeneous cellular phenotypes within the different specimens; in

addition to tumor regions containing cells with distinct epithelial and

mesenchymal phenotypes, tumor cells coexpressing markers for both

phenotypes were also observed (Fig. 3). The biopsy from a patient with

myoepithelial carcinoma of the parotid gland offered an example of a
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Figure 2.

EMT-IFA quantitation of EMTbiomarkers in core biopsies frompatientswith various tumor histologies.A,Representative image fields from sections of formalin-fixed

paraffin-embedded core biopsies collected from themetastases of patients, with various tumor histologies analyzedwith the EMT-IFA. Row 1, H&E-stained sections.

Row 2, raw immunofluorescence image files of an adjacent section analyzed with the EMT-IFA showing E-cadherin and vimentin as green and red, respectively, or

yellow for colocalized signals. Row 3, b-catenin (yellow) fluorescent layer to segment tumor cells. Row 4, marker masks for E-cadherin (green), vimentin (red), or

colocalized (yellow) signals on tumor segmented regions.B, Scatter plots of log10(V/E) ratios from individual ROIs in each biopsy. Each point represents the log10(V/

E) ratio in the segmented tumor regions of anROI,with the bar representing themeanvalue for the biopsy.C,Bar graphs ofmean EMTmarker pixel areas (mm2/cell)�

SD for each tumor biopsy. Eþ, green; Vþ, red; E-cadherin/vimentin colocalized areas, yellow. The total number of analyzedROIs (N) and the total number of evaluated

tumor cells (C � 103) are provided for each biopsy.
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“phenotypic gradient,” characterized by an epithelial–mesenchymal

spectrumprogressing from the top right (Eþ) to the bottom left (Vþ) of

the image (Fig. 3, top row, third column), with the EþVþ coexpressing

cancer cells (yellow) in the center in an apparent transition zone (white

arrows). There were clear morphologic differences across the epithe-

lial–mesenchymal staining spectrum; the cells with higher E-cadherin

staining (yellow arrow) form tubular/myoepithelial nest-like struc-

tures, whereas those with higher vimentin staining (blue arrows)

appear dedifferentiated, with a loss of smooth muscle phenotype. The

Vþ cells expressed the tumor marker S100, but not the myoepithelial

marker proteins a-SMA and p63 (Supplementary Fig. S9), confirming

that normal myoepithelial cells did not confound the analysis even if

they had infiltrated the tumor (27, 28).

The PSAþ prostate cancer specimen (Fig. 3, middle row) contained

cells of all three phenotypes within one nodule: primarily epithelial

(Eþ) staining, mixed staining (EþVþ), and mesenchymal character-

istics (Vþ; white arrow, distinct from Vþ
fibroblasts, which are shown

with a blue arrow). A different pattern was observed in the colorectal

carcinoma specimen (Fig. 3, bottom row), which displayed small foci

of Vþ cells within predominantly Eþ areas. Similar to the patient with

parotid cancer, the tumor samples from the patients with prostate and

colorectal cancers were negative for a-SMA and p63, but positive for

tumor markers PSA and CEA, respectively. Overall, we find that

carcinoma cells exhibiting some expression of vimentin often display

morphologies consistent with increased motility (Fig. 3, parotid gland

carcinoma case), although someVþ cells appear to retain epithelial cell

morphology, thus distinguishing them from the surrounding stroma

and suggesting that these carcinoma cells, while no longer expressing

E-cadherin, may not have completed the full program of EMT (Fig. 3,

colorectal carcinoma case).

Pazopanib-induced changes to epithelial–mesenchymal

phenotype in tumor xenografts

To investigate the therapeutic implications of EMT, we treated

xenograftmodels of human gastric cancer with the pan-tyrosine kinase

inhibitor (TKI) pazopanib, which targets VEGFR1-3, PDGFRa and b,

c-KIT, FGFR1-4, and CSF1R (c-FMS; Fig. 4; Supplementary

Fig. S10A–S10B; Supplementary Table S2; ref. 29). Pazopanib was

administered daily for 14 consecutive days to MKN45 gastric adeno-

carcinoma xenografts and for 15 consecutive days to SNU5 gastric
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Figure 3.

Patterns of phenotypic expression andmorphologic characteristics in EþVþ and Vþ cells derived from human carcinomas. High-resolution images of clinical biopsies

from patients with myoepithelial carcinoma of the parotid gland, prostate tumor, or colorectal carcinoma analyzed by EMT-IFA for b-catenin and DAPI to identify

carcinoma cells and nuclei, respectively (column 2), and E-cadherin and vimentin (column 3), with the identity of tumor cells confirmed by tumor-specific markers

S100, PSA, and CEA (column 4), as well as H&E staining (column 1) of nearby sections from the same tumor biopsy. The EMT-IFA image of the patient with parotid

gland carcinoma shows transitional cells with colocalized cell expression of membranous E-cadherin and cytoplasmic vimentin (white arrows), whereas other tumor

cells were either only epithelial (Eþ; yellow arrow) or mesenchymal (Vþ; blue arrows). Similar transitional cells were found in the tumor sample from the patient with

prostate cancer, whereas the patient with colorectal cancer exhibited areas of tumor heterogeneity (Eþ or Vþ carcinoma cells), but no transitional cells.
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Figure 4.

Evolution of epithelial–mesenchymal phenotypes in pazopanib-treated gastric cancer xenografts. A and B, Representative EMT-IFA images of MKN45 (A)

and SNU5 (B) gastric xenografts treated for 8 days with vehicle or pazopanib (100 mg/kg/day). C, Log10(V/E) measurements for individual tumor ROIs

indicated that pazopanib significantly shifted MKN45 tumors toward a less epithelial phenotype compared with vehicle-treated tumors (mean of �0.79 vs.

�2.44, respectively; �� , P ¼ 0.0023). E, Stacked bar graphs showing the proportion of Vþ, Eþ, and EþVþ area (left) normalized to the total number of tumor

cells assessed (right; � SD error bars) demonstrated a significant decrease in Eþ tumor cells (���, P < 0.001 vs. vehicle), and significant increase in Vþ tumor

cells (�� , P ¼ 0.003 vs. vehicle) and in EþVþ tumor cells (��, P ¼ 0.007 vs. vehicle) for MKN45 xenografts posttreatment. In contrast, SNU5 xenografts treated

with pazopanib did not demonstrate significant changes in log10(V/E) (D) or the proportion (F) of cells with each phenotype (left). The shift toward a

mesenchymal phenotype in MKN45 xenografts after treatment was accompanied by tumor stasis (G), whereas SNU5 xenografts displayed little response to

treatment (H). Gray shaded areas in growth curves (� SD error bars) represent the time course of treatment, and the arrows show the day tumor biopsies

were harvested for analysis. P values from t tests comparing tumor volumes for vehicle versus pazopanib groups (across all time points) are shown. ns,

nonsignificant.
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tumor xenografts (Fig. 4A and B). Human mitochondrial staining

exactly matched b-catenin tumor marker staining, confirming that

murine mesenchymal infiltrate did not confound tumor tissue seg-

mentation. Quantitation of EMT in tumor quarters obtained on day 8

indicated a significant (��, P < 0.01) shift toward a mesenchymal

phenotype in pazopanib-treated MKN45 xenografts compared with

vehicle-treated controls, manifested as significantly increased EþVþ

mixed-phenotype cells andVþ cells with acquiredmesenchymal traits;

in contrast, the baseline mesenchymal phenotype of SNU5 xenografts

was unaffected by treatment (Fig. 4C–F; Supplementary Fig. S10A).

Furthermore, the changes in relative epithelial–mesenchymal pheno-

type of MKN45 xenografts were observed in conjunction with tumor

stasis and delayed regrowth after treatment completion (Fig. 4G;

Supplementary Fig. S10B, left), whereas pazopanib was less effective

in SNU5 xenografts despite an additional day of treatment (Fig. 4H;

Supplementary Fig. S10B, right).

In our gene-expression analyses of pazopanib molecular targets,

only FGFR2 and FGFR3 were significantly expressed at a higher level,

both in vitro and in vivo, in MKN45 compared with SNU5 at baseline,

which may explain the greater pazopanib sensitivity of MKN45

xenograft models (Supplementary Table S2; Supplementary

Fig. S11A–S11B). This greater sensitivity could also be due to the

>40-fold higher expression of OATP1B3 (SLCO1B3), which encodes a

transmembrane receptor capable of facilitating cellular uptake of

pazopanib (30), in MKN45 relative to SNU5 xenograft models

(Supplementary Fig. S11C). These molecular features may account

for intrinsic resistance of SNU5 to pazopanib, consistent with the

mesenchymal-like phenotype of this model.

Further characterization of gene-expression differences between

vehicle- and pazopanib-treated MKN45 xenograft models provided

additional evidence of pazopanib-induced EMT and hinted at early

signs of drug resistance emerging in this model. Just one canonical

EMT transcription factor was significantly differentially expressed

between the two treatment groups; pazopanib induced upregulation

of TWIST1 (Supplementary Fig. S11D). This significant pazopanib-

induced upregulation of TWIST1 but no other EMT TFs might reflect

the transient nature of EMT TF expression. The induction of EMT at

day 8, as indicated by the increased expression of TWIST1 and the

EMT-IFA data, may signify emergence of resistance to pazopanib, in

line with reports linking TWIST1, EMT, FGF signaling, and chemore-

sistance (31, 32). In further support of this hypothesis, among the total

of 36 other genes that were significantly differentially expressed

between the vehicle- and pazopanib-treated MKN45 groups (Supple-

mentary Table S3), we detected pazopanib-induced upregulation of

several genes associated with drug resistance, EMT, migration, inva-

sion, or clinical metastasis, including CYP2C19, TFF3, and PLA2G2A.

Pazopanib treatment also suppressed expression of several negative

regulators of EMT and/or metastasis/invasion, such as EGLN2,

MIR590, LCN2, and TET1 (Supplementary Table S3). These changes,

together with the increased expression of TWIST1 and the increase in

V:E ratio measured by EMT-IFA, indicate a transition toward a more

mesenchymal-like and perhaps pazopanib-resistant phenotype in the

MKN45 model following pazopanib treatment.

In contrast to our in vivo results, when MKN45 cells were exposed

for up to 6 days to pazopanib concentrations ranging from subeffi-

cacious (� 10 mmol/L; ref. 33) to concentrations that caused modest

but observable cell killing (30–100 mmol/L), EMT was not induced

(Supplementary Fig. S12), suggesting that potent tumor cell killing

and/or tumor microenvironment effects are essential to the therapy-

induced perturbation of EMT phenotype observed in vivo. One

potential explanation for the reduced pazopanib sensitivity of MKN45

in vitro versus in vivo may be dampened FGFR signaling in vitro

due to the significantly lower expression of FGF-binding protein 1

(FGFBP1)—a protein that potentiates FGF signaling by mediating

FGF-2 release from the extracellular matrix (34)—thereby rendering

FGFR signaling a less relevant target in vitro (Supplementary

Fig. S11E). This may explain the previously observed insensitivity of

MKN45 cells to pazopanib (IC50 > 10 mmol/L; ref. 33), and this lack of

pazopanib-induced cell killing and cellular stress may in turn account

for the lack of EMT response in vitro.

Pazopanib-induced changes to epithelial–mesenchymal

phenotype in human tumors

To explore the clinical relevance of these phenotypic changes, we

used the EMT-IFA to analyze core tumor biopsies from patients with

advanced malignancies enrolled in clinical trial NCT01468922 at the

NCI (Fig. 5A). After a pretreatment tumor biopsy specimen was

obtained, these patients received single-agent pazopanib (800 mg per

day, oral administration) for 7 days, at which time a second tumor

biopsy was obtained prior to the addition of tivantinib to the thera-

peutic regimen on day 8. Paired biopsies from seven patients were

evaluable; EMT analysis revealed that 4 patients (patients 25, 26, 28,

and 29) had a significant shift toward a mesenchymal phenotype

following 7-day drug treatment, as assessed by the log10(V/E) ratio

and relative changes in the total numbers of tumor cells with Eþ-only,

Vþ-only, and mixed VþEþ phenotypes (Fig. 5B and C). As in the

preclinical experiment, patients who started treatment with a more

epithelial-like tumor phenotype were more likely to experience a

significant shift toward mixed or mesenchymal characteristics after

treatment; patient 25 also experienced a significant mesenchymal shift

despite starting with a marginally mesenchymal-like phenotype.

Effective anticancer treatment targets E-cadherin–expressing

tumor cells

To further explore the relationship between epithelial–

mesenchymal phenotype, conferred stem-like character, and treat-

ment efficacy, we used a breast cancer xenograft model known to

undergo EMT, MDA-MB-468 (35), to densely sample tumors over a

course of treatment and tumor regrowth. Groups of xenograft-bearing

mice were treated with the anti-tubulin agent paclitaxel, alone or in

combination with a daily dose of the BCR-ABL kinase inhibitor

nilotinib, an agent that can potentiate paclitaxel activity (36). Tumor

samples taken from vehicle-treated mice demonstrated a predomi-

nantly epithelial baseline phenotype for this model (mean log10[V/E]

from �0.6 to �0.3; Fig. 6A–C; Supplementary Fig. S13A–S13B).

Nilotinib treatment alone had no effect on the epithelial–

mesenchymal phenotype or tumor growth (Supplementary

Fig. S14A–S14D). By day 8 of treatment with paclitaxel alone or in

combination with nilotinib, there was a significant shift toward

mesenchymal characteristics, which accelerated in the combination

treatment on days 15 and 19 (Fig. 6A–C; Supplementary Fig. S13) and

coincided with a pronounced cell-killing effect (Fig. 6D).

The conversion to predominantly mesenchymal-like or partial-

EMT phenotypes was accompanied by a progressive increase in the

expression of CSC markers CD133, CD44v6, and ALDH1, and the

pronounced appearance of cells expressing all 3 markers by day 19

(Supplementary Fig. S15, white arrows). Upon cessation of paclitaxel

treatment, tumor regrowth began almost immediately (Fig. 6D, left).

The combination resulted in more profound tumor regression and

delayed regrowth for approximately 30 days after completion of

treatment (Fig. 6D, right). Interestingly, tumor regrowth after the

end of either treatment (sampled at day 58) recapitulated the largely
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epithelial phenotype observed before treatment (Fig. 6A–C;

Supplementary Fig. S13). Further evidence of this EMT phenotypic

plasticity in the CSC-like cells remaining after treatment cessation is

the widespread presence of classic breast CSC marker expression—

namely, CD44þCD24� and ALDH1þ (37)—in cells of both Vþ-only

and mixed VþEþ phenotypes after 21 days of combination treatment

in a separate experiment using MDA-MB-468 tumors grown in

NSG mice (Supplementary Fig. S16A–S16C). Finally, to further

N
S

C
L

C

(P
t 
2

9
)

O
v
a

ri
a

n

(P
t 
2

8
)

Postdose
A

Predose

H&E
E-Cadherin

Vimentin H&E
E-Cadherin

Vimentin

R
C

C

(P
t 
2

5
)

B

Log10 (V/E)

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

−2 −1 0 1 2 3 4 5

Pt 23, chondrosarcoma

Pt 24, parotid

Pt 25, RCC

Pt 26, carcinoma

Pt 28, ovarian

Pt 29, NSCLC

Pt 30, esophageal

N.S.

N.S.

***P < 0.0001

***P = 0.0004

***P < 0.0001

**P = 0.0030

N.S.

C

Total # of tumor cells

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

Pre-

Post-

P
t 
2

3
P

t 
2

4
P

t 
2

5
P

t 
2

6
P

t 
2

8
P

t 
2

9
P

t 
3

0

0

5,
00

0

10
,0

00

15
,0

00

20
,0

00

25
,0

00

30
,0

00

Figure 5.

Pazopanib treatment leads to changes in expression of EMTbiomarkers in patient tumor biopsies. Core-needle biopsies of advanced, refractory solid tumors in seven

patients, obtained before and after a 1-week course of treatment with daily pazopanib (800 mg, oral administration), were analyzed by EMT-IFA. A, Representative

image fields from three patients before and after treatment. B,Quantitation of the E-cadherin and vimentin-expressing areas using the log10(V/E) measure showed

that biopsies from4of 7 patients displayed significant shifts toward amoremesenchymal phenotype. Statistical significance: �� ,P<0.01; ��� , P<0.001.C,Stacked bar

graphs showing, for each patient, the proportion of Vþ, Eþ, and EþVþ area normalized to the total number of tumor cells assessed, yielding an estimate of the total

number of tumor cells of each phenotype. N.S., nonsignificant.
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demonstrate the CSC-like character of the tumor cells remaining after

cessation of nilotinib-paclitaxel treatment, we compared tumor

regrowth during subsequent treatment with either vehicle or VS-4718,

a FAK inhibitor that selectively targets cancer stem cells (38).

After 21 days of nilotinib-paclitaxel administration, subsequent

treatment of the tumor-bearing animals with VS-4718 yielded

significantly decreased tumor regrowth compared with the vehicle-

only group (Fig. 6E), suggesting that CSCs remaining after cessation

of nilotinib-paclitaxel treatment promote repopulation of the MDA-

MB-468 tumors.

Drug-induced EMT and cancer stem cell marker expression

To explore whether drug-induced EMT accompanied by increased

expression of CSCmarkers CD44v6, CD133, andALDH1occurs in the

clinic, we analyzed core-needle biopsies of lymph node metastases

from patients with BRCA-mutant prostate or breast cancer before and

after treatment with talazoparib, a PARP inhibitor (clinical trial

NCT01989546). In the case of the prostate cancer patient, who

experienced a partial response to talazoparib, the carcinoma cells in

the pretreatment biopsy displayed a generally epithelial phenotype

with a few EþVþmixed-phenotype cells dispersed among the Eþ cells

0

10,000

20,000

30,000

1 8 15 19 58

NT Treatment day

Day 1

Day 8

Day 15

Day 19

Day 58

Paclitaxel + nilotinib

H&E
E-Cadherin

Vimentin

Paclitaxel

H&E
E-Cadherin

Vimentin

Vehicle

H&E
E-Cadherin

Vimentin

Vehicle

Paclitaxel + nilotinibVehicle

Paclitaxel Paclitaxel + nilotinib

Paclitaxel

B

A

C

D

0

10,000

20,000

30,000

1 8 15 19 58

NT Treatment day

T
o
ta

ll 
#
 o

f 
tu

m
o
r 

c
e
lls

0

10,000

20,000

30,000

1 8 15 19 58

NT Treatment day

E

NT

D1

D8

D15

D19

D58

NT

D1

D8

D15

D19

D58

NT

D1

D8

D15

D19

D58

−1 −0.5 0 0.5 1 −1 −0.5 0 0.5 1 −1 −0.5 0 0.5 1

T
u

m
o
r 

v
o
lu

m
e
 (

m
m

3
)

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)3,000

2,000

1,000

0

3,000

2,000

1,000

0

3,000

2,000

1,000

0
0       20      40      60      80     100 0       20      40      60      80     100 40      60      80     100  120

Vehicle

Paclitaxel

Vehicle
VehiclePaclitaxel + nilotinib
Paclitaxel + nilotinib, then vehicle
Paclitaxel + nilotinib, then FAKi

Days after implantation Days after implantation Days after implantation

Log V:E Log V:E Log V:E

QWx3

Figure 6.

Paclitaxel alone and in combination

with nilotinib yields loss of Eþ cells

and enrichment of residual Vþ cells

with CSC-like characteristics during

treatment, with subsequent repopu-

lation of Eþ cells after cessation of

therapy. A, Representative tumor

field images of MDA-MB-468 xeno-

grafts after the start of treatment

with vehicle, paclitaxel, or paclitaxel

(15 mg/kg) combined with nilotinib

(75 mg/kg), showing adjacent H&E

staining and EMT-masked images

of Eþ (green), Vþ (red), and EþVþ

(yellow) tumor regions. Day 1 tumor

samples were collected 8 hours after

the first treatment. Day 58 tumor

samples were collected 37 days

after the cessation of treatment.

Black arrows in D denote the timing

of xenograft tumor sampling. High-

magnification EMT-IFA images of

these specimens are shown in Sup-

plementary Fig. S13. B, Total number

of Vþ, Eþ, and EþVþ tumor cells

observed for each time point and

treatment group. C, Scatter plots of

log10(V/E). Black bar represents the

mean of individual tumor xenografts

from each treatment groups and

time points. D, Tumor growth curves

(�SD error bars), with treatment

duration represented as gray shaded

areas. Black arrows, xenograft tumor

sampling. E, Tumor growth curves

(�SD error bars) for MDA-MB-468

xenograft models treated for 21 days

with the combination of nilotinib

(75 mg/kg daily) and paclitaxel

(15 mg/kg once weekly), followed by

treatment with either vehicle (red) or

the CSC-targeting FAK inhibitor

(FAKi) VS-4718 (100 mg/kg twice

daily; blue) from study days 54 to

132 (treatment durations are indicat-

ed for each group by colored lines at

the top of the graph). An additional

group was treated with the appropri-

ate vehicle-only throughout the

experiment (black). Asterisks indi-

cate a significant difference in the

mean log(area under the curve),

from days 54 to 132, for the animals

treated with vehicle versus FAK

inhibitor. �� , P ¼ 0.005.

EMT in Human Carcinomas

AACRJournals.org Cancer Res; 80(2) January 15, 2020 313

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/8

0
/2

/3
0
4
/2

7
9
5
9
9
6
/3

0
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



(Fig. 7A and B; Supplementary Fig. S17A), but minimal Vþ-only

expression. By day 8 of treatment, the biopsy specimen for this

responding prostate cancer patient contained significantly fewer Eþ

tumor cells interspersed within a residual population enriched in Vþ

and EþVþ carcinoma cells (Fig. 7B; Supplementary Fig. S17A).

The area of drug-induced EMT was analyzed for NANOG, a key

transcription factor implicated in the control and possibly the coor-

dination of both EMT and cancer stemness (39). NANOGþ cells were

rare in the pretreatment biopsy, even in areas where EþVþ carcinoma

cells were present (Fig. 7A). However, on day 8 of drug treatment, foci

of NANOGþ carcinoma cells were detectable within areas where all 3

phenotypes (Eþ, Vþ, and EþVþ) coincided (Fig. 7). CSC markers

ALDH1,CD44v6, andCD133were absent at baseline, but by day 8, foci

of ALDH1þ carcinoma cells, a few of which colocalized with NANOG

expression, were visible in some areas (Fig. 7A). Consistent with the

presence of NANOGþ cells in this specimen, CD44v6 expression was

also detected, but CD133 was not (Fig. 7A, bottom).

In a biopsy specimen from the breast cancer patient experiencing

stable disease following talazoparib treatment, the majority (60%) of

tumor cells in the pretreatment biopsy were Vþ-only, with approx-

imately 20% each of Eþ-only and EþVþmixed-phenotype tumor cells,

and no substantial changes in EMT phenotype proportions were

detected following talazoparib treatment (Fig. 7; Supplementary

Fig. S17B). In addition to this more mesenchymal-like baseline

phenotype, the breast cancer patient with stable disease also exhibited

substantial baseline expression of NANOG and CD133, whereas the

posttreatment biopsy exhibited NANOG and CD133 expression, as

well as small numbers of ALDH1- and CD44v6-positive tumor cells

(Fig. 7).

Discussion
Clinical studies have shown that prolonged, repeated exposure to

anticancer therapies may select for carcinoma cells with a partial

mesenchymal phenotype, coincident with the emergence of drug

resistance (40, 41). However, this hypothesis has not been decisively

tested due to the absence of a definitive, quantitative tool to evaluate

EMT in clinical tumor specimens (4). Because transcriptional control

of EMT is complex and is regulated by a wide array of transcription

factors, includingNANOG (3, 39, 41, 42), andmicroRNAs (16, 43), the

measurement of downstream protein markers of epithelial and mes-

enchymal expression programs (E-cadherin and vimentin) was our

preferred strategy for direct evaluation of phenotypic state. We

validated b-catenin as a general tumor marker preferentially over-

expressed in carcinoma cells regardless of tumor histology or disease

stage (Supplementary Figs. S4–S6; Supplementary Table S4), provid-

ing a crucial component for the unbiased quantitative image analysis of

EMT markers. The ability to restrict the EMT-IFA analysis to indi-

vidual carcinoma cells using b-catenin masking in combination with

cellular morphology also enables detection of not only intercellular

heterogeneity resulting from EMT, but also overlapping expression of

EMT markers E and V in b-catenin–positive regions at the pixel (i.e.,

subcellular) level, thus pinpointing cells of mixed phenotype resulting

from EMT, or the reverse process, mesenchymal–epithelial transition

(MET).

Our findings directly demonstrate that the high prevalence ofmixed

epithelial/mesenchymal phenotype cells previously observed in xeno-

graft models, patient circulating tumor cells, and select TKI-resistant

lung cancer patient tumors (35, 44–48) is also detected in metastatic

patient tumors across various histologies, as has been suggested by

prior gene-expression analyses (49, 50), but our results also reveal

unexpected patterns of mixed-phenotype cells within tumor speci-

mens. Some patient tumor biopsies displayed large areas of epithelial/

mesenchymalmarker coexpression throughout the tumor tissue rather

than being localized to the invasive front of the tumor (Fig. 3) as has

been previously documented (51, 52). The high proportion of cells with

mixed epithelial/mesenchymal phenotype (Fig. 2) suggests that the

occurrence of tumor cells simultaneously expressing characteristics of

epithelial and mesenchymal states is more widespread in advanced

carcinomas than has been appreciated (20, 44). Unfortunately, it

cannot be determined whether these cells present a stable hybrid

phenotype, or whether they continually undergo dynamic intercon-

versions (EMT and MET) between epithelial and mesenchymal

phenotypes.

Our observation that the TKI pazopanib profoundly perturbs the

epithelial–mesenchymal phenotypic character of xenografted (Fig. 4)

and metastatic human carcinomas (Fig. 5) is evidence that the

plasticity conferred on carcinoma cells by EMT allows for rapid

adaptive response to therapy. Although the MKN45 and SNU5

xenograft models used in the first set of experiments had the same

tissue of origin and diagnosis (33), MKN45 xenografts were strongly

epithelial at baseline, whereas the SNU5 model expressed the mesen-

chymal marker vimentin. The epithelial MKN45 xenografts under-

went a phenotypic shift, with the emergence of EþVþ and Vþ areas

after 2 weeks of treatment (Fig. 4A, C, and E)—phenotypic changes

coinciding with therapeutic efficacy (Fig. 4G). In sharp contrast, the

SNU5 model demonstrated neither efficacy nor phenotypic changes

(Fig. 4B, D, F, and H). Our gene-expression analysis revealed that

pazopanib target genes FGFR2 and FGFR3 are highly expressed in

MKN45 but not SNU5, both in vivo and in vitro (Supplementary

Table S2 and Supplementary Fig. S11), which can account for the

differential pazopanib activity between the 2 xenograft models. Gry-

gielewicz and colleagues described the acquisition of resistance to anti-

FGFR treatment in 3 gastric cancer cell lines following long-term (1-

month) drug exposure, and the concurrent loss of FGFR2 expression

and acquisition of EMT characteristics (53). Though we did not detect

significant loss of FGFR2 mRNA expression at day 8 of pazopanib

treatment in MKN45 xenograft models (Supplementary Fig. S11), it is

possible that FGFR2 activity could be suppressed at the posttranscrip-

tional level or that FGFR2 expression may be downregulated at a later

time point during the development of pazopanib resistance. Although

clinical response to a 1-week course of pazopanib (a similar timeframe

to the preclinical experiments) could not be assessed in our patients,

the treatment was associated with significant mesenchymal shifts in 4

of 7 cases (Fig. 5), further supporting the postulate that EMT may

occur as amechanism of response to pazopanib treatment in the clinic.

To probe the EMT response to drug therapy in a spontaneous EMT

model (35), we performed a detailed time course study in the EGFR-

amplified (54), triple-negative breast cancer model MDA-MB-468. In

addition to the depopulation of Eþ cells, treatment with paclitaxel or

the nilotinib-paclitaxel combination led to an increase in vimentin-

expressing cells due to stress-induced EMT and/or the expansion of

drug-resistant Vþ cells (Fig. 6). However, 5 weeks after the end of

treatment (study day 58), and despite the extent of tumor response to

treatment across the different arms of the study, the xenografts treated

with either single-agent paclitaxel or the nilotinib-paclitaxel combi-

nation demonstrated tumor regrowth that recapitulated the tumor's

original epithelial/mesenchymal phenotype (Figs. 6A–C). For the

combination treatment, where essentially no tumor cells of epithelial

phenotype remained after 19 days of treatment, these results imply

enhanced survival of carcinoma cells with partial mesenchymal prop-

erties followed by a reverse transition—orMET—after the termination

Navas et al.

Cancer Res; 80(2) January 15, 2020 CANCER RESEARCH314

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/8

0
/2

/3
0
4
/2

7
9
5
9
9
6
/3

0
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



A

B

2,446 2,002

8,217
1,510

40,125

3,200

0

10,000

20,000

30,000

40,000

50,000

60,000

Before treatment After treatment

T
o

ta
l 
n

u
m

b
e

r 
o

f 
tu

m
o

r 
c
e

lls
 

T
o

ta
l 
n

u
m

b
e

r 
o

f 
tu

m
o

r 
c
e

lls
 

V+

E+V+

E+

C
D

4
4

v
6

C
D

1
3

3

E
-C

a
d

h
e

ri
n

V
im

e
n

ti
n

N
A

N
O

G

A
L

D
H

1

Slide

25

Breast cancer patient with stable disease Prostate cancer patient with partial response

Slidedeeeeededeeeee

25

Slide 22

Slide 25

Slide 26 Slide 26

Slide 22

Slide 30 Slide 30

Before treatment After treatment

Slide 25 Slide 25

Slide 29 Slide 29

Before treatment After treatment

Slide 25

3,764

2,801

1,262

1,225

1,298

791

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

Before treatment After treatment

V+

E+V+

E+

Breast cancer patient with SDProstate cancer patient with PR

Figure 7.

Changes in epithelial–mesenchymal phenotype and detection of stem-like cells in tumor biopsy specimens from patients treatedwith talazoparib.A,Representative

ROIs in serial sections of baseline and posttreatment (cycle 1, day 8) core-needle tumor biopsies from a patient with BRCA-mutant prostate cancer (cervical lymph

node lesion) who exhibited a partial response (PR) to treatment (left) and a patient with BRCA-mutant breast cancer (supraclavicular lymph node lesion) who had a

best response of stable disease (SD; right) were analyzed for EMT and cancer stem cell markers. For the patient with prostate cancer, a drug-induced shift to amore

mesenchymal phenotype in residual tumor cells remaining after treatment, associatedwith the appearance of cancer stem cell markers, was observed. Masks of EMT

and CSC markers are shown in false colors on multiple costained adjacent/nearby slide sections. Top, EMT markers E-cadherin (green), vimentin (red), and

colocalization of the two (yellow). Middle, EMT/CSCmarker NANOG (green), CSCmarker ALDH1 (red), and colocalization of the two (yellow). Bottom, CSCmarkers

CD44v6 (green) and CD133 (red), and colocalization of the two (yellow). The tumor-segmented area is color-coded black tomore easily visualize the staining of the

CSCmarkers. Scale bars, 50 mm.B,Quantitation of tumor cells and their EMT phenotypes showed a significant decrease in the total number aswell as the proportion

of E-cadherin–expressing and mixed-phenotype cells in the responding prostate cancer patient after treatment, whereas no substantial changes in EMT phenotype

were observed for the breast cancer patient with a best response of stable disease.
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of treatment during tumor repopulation; such MET is reminiscent of

findings from a prior in vivo study (in a spontaneous breast-to-lung

metastasis transgenic mouse model that enables EMT lineage tracing)

demonstrating that injection of exclusively mesenchymal-like tumor

cells gave rise to metastases with a largely epithelial-like phenotype in

the absence of chemotherapy (55). The increased expression (and

colocalization) of CSC markers CD133, CD44v6, and ALDH1 asso-

ciated with the observed increase in Vþ cells in mice treated with the

nilotinib-paclitaxel combination is consistent with this hypothesis

(Supplementary Fig. S15), as is the efficacy of targeting CSCs with

the FAK inhibitor VS-4718 to suppress tumor regrowth following

nilotinib-paclitaxel treatment (Fig. 6E). Further indication of epithe-

lial–mesenchymal phenotypic plasticity in these posttreatment CSC-

like cells is the widespread presence of both CD44þ/CD24� and

ALDH1 CSC marker staining in both Vþ-only and mixed VþEþ cells

after combination treatment (Supplementary Fig. S16). Although this

seems contradictory to previous findings ofCSCs predominantly in the

mixed epithelial/mesenchymal phenotypic state (56, 57), the Vþ-only

cells we observe in these specimens likely represent a strongly mes-

enchymal-like state within the epithelial–mesenchymal spectrum

rather than a fully mesenchymal phenotype, as the latter is thought

to occur very rarely in carcinomas (58). The posttreatment return to

the baseline epithelial–mesenchymal distribution is reminiscent of the

resensitization to targeted and cytotoxic treatments observed in certain

melanoma (59, 60) and triple-negative breast cancer (61) models after

drug holidays. The ability to detect these phenotypic responses will

support further detailed dissection of themolecular pathways involved

in EMT and their involvement in acquired, and likely transient, drug

resistance.

Similarly, our observation that CSCs also arise in areas of residual

tumor that are undergoing treatment-induced changes in epithelial–

mesenchymal phenotype in matched pre- and posttreatment human

tumor biopsies (Fig. 7) implicates this plasticity in the natural course of

treatment-induced tumor cell death, resistance, and regrowth. The

increase in NANOGþ carcinoma cells in the biopsy specimen from the

responding prostate cancer patient indicated that the timing of the on-

treatment biopsy was appropriate for analyzing CSC markers, most

notably CD44v6, a known promoter of NANOG activation, thus

providing a direct molecular link between EMT and cancer cell

stemness (62). Finding CSC markers within a population of carcino-

ma-derived, mixed epithelial/mesenchymal phenotype cells could

signal an adverse prognosis, combining the poorer outcomes of

increased tumor cell motility and stemness; this hypothesis is further

supported by the poorer outcome (stable disease) of the talazoparib-

treated breast cancer patient with high baseline expression of NANOG

and CD133, including within areas rich in mesenchymal- and mixed

epithelial/mesenchymal phenotype cells. A similar subpopulation of

NANOGþ cells postulated to be CSCs has been described in serous

ovarian carcinoma (42). Although the most desirable image analysis

would reveal EMT and CSC marker coexpression, limitations in the

number of image acquisition channels (wavelengths) that can be

simultaneously assessed and in our imaging algorithm prevented us

from quantifying colocalized markers at the individual cell level.

Further characterization of carcinoma cell phenotypes with EMT and

CSC markers will be needed to uncover which phenotype(s) might

confer increased invasiveness and metastatic potential, as well as

transient drug resistance, for the development of improved therapeutic

strategies.

The subset of tumors observed to contain high concentrations of

mixed-phenotype carcinoma-derived cells and the observed cases of

targeted therapy-induced shifts toward more mesenchymal pheno-

types have profound implications. If cancer drugs drive tumor cells

toward a more intermediate or mesenchymal phenotype and/or select

for tumor cells that undergo EMT, new approaches, such as longitu-

dinal monitoring of EMT and simultaneous/sequential targeting of

epithelial, mixed-phenotype, and mesenchymal-like carcinoma-

derived tumor cells, may become important for clinical care. Inte-

grating anEMTdiagnostic component into clinical trials could address

the emergence of drug resistance and its timing by monitoring the

tumor for cells that may be responsible for tumor survival; such

monitoring is warranted not only by our results demonstrating shifts

toward mesenchymal-like phenotypes in tumor cells remaining after

drug treatment, but also by other studies showing that tumor cell EMT

is associated with drug resistance (46–48, 55, 63, 64). Expanding the

multiplex capability of the EMT-IFA will also create a combinatorial

method to study the relationship between stem cells and EMT or the

transcription factors (notably the SNAIL, ZEB, and TWIST families)

linked to EMT initiation and progression, tumor metastasis, and

patient outcome (4, 44). It is important to note that such drug-

induced EMT, and the associated appearance of carcinoma cells

expressing stem cell biomarkers, will not be evident in pretreatment

tumor specimens, such as diagnostic biopsies or baseline biopsies from

clinical trials, but only with tumor sampling during treatment. Fur-

thermore, an EMT response to therapy that promotes the survival of a

small number of carcinoma cells capable of repopulating the tumor's

original phenotypic composition may be the underlying explanation

for clinical reports that some carcinoma patients respond to retreat-

ment with the same agents upon progression (i.e., drug rechallenge;

ref. 65). Thus, the longitudinal assessment of EMT in the clinic could

represent a powerful and potentially transformative strategy for the

practice of precision oncology.
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