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Twist1l-Induced Epithelial Dissemination Requires Prkd1
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Dissemination is an essential early step in metastasis but its
molecular basis remains incompletely understood. To define the
essential targetable effectors of this process, we developed a 3D
mammary epithelial culture model, in which dissemination is
induced by overexpression of the transcription factor Twistl.
Transcriptomic analysis and ChIP-PCR together demonstrated
that protein kinase D1 (Prkd1) is a direct transcriptional target of
Twistl and is not expressed in the normal mammary epithelium.
Pharmacologic and genetic inhibition of Prkdl in the Twistl-
induced dissemination model demonstrated that Prkdl was
required for cells to initiate extracellular matrix (ECM)-directed
protrusions, release from the epithelium, and migrate through
the ECM. Antibody-based protein profiling revealed that Prkdl
induced broad phosphorylation changes, including an inactivat-
ing phosphorylation of B-catenin and two microtubule depoly-
merizing phosphorylations of Tau, potentially explaining the
release of cell-cell contacts and persistent activation of Prkdl.
In patients with breast cancer, TWISTI and PRKDI expression
correlated with metastatic recurrence, particularly in basal breast
cancer. Prkdl knockdown was sufficient to block dissemination
of both murine and human mammary tumor organoids. Finally,

Introduction

Metastasis is the major driver of mortality across cancer sites (1).
Metastasis requires cancer cells to escape the primary tumor and
disseminate into the stroma (2), enter the systemic circulation, and
colonize distant organs (3). Dissemination can be triggered by expres-
sion of transcription factors, such as Twistl, via an epithelial-to-
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Prkdl knockdown in vivo blocked primary tumor invasion and
distant metastasis in a mouse model of basal breast cancer.
Collectively, these data identify Prkdl as a novel and targetable
signaling node downstream of Twistl that is required for epi-
thelial invasion and dissemination.

Significance: Twistl is a known regulator of metastatic cell
behaviors but not directly targetable. This study provides a
molecular explanation for how Twistl-induced dissemination
works and demonstrates that it can be targeted.

Graphical Abstract: http://cancerres.aacrjournals.org/content/
canres/80/2/204/F1 ]arge.jpg.
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mesenchymal transition (4). However, Twistl can also induce the
dissemination of epithelial phenotype cells that retain cytokeratins and
E-cadherin (5, 6). The concept of dissemination of epithelial pheno-
type cancer cells has clinical support, as most breast tumors are
invasive ductal carcinomas and retain E-cadherin expression in pri-
mary tumors and metastases (7, 8). Circulating tumor cells can also
express Twist]l and epithelial markers (9), with or without broader
induction of mesenchymal markers (10). Clinical and experimental
studies therefore support a mechanism for dissemination and metas-
tasis by cells without a complete EMT. We set out to define the
targetable molecular effectors of this mechanism.

We use Tet-inducible Twistl expressing mammary organoids as a
model system for dissemination, as Twistl is not expressed in
adult epithelia (11) but is highly expressed in diverse invasive can-
cers (4, 12, 13) and correlates with poor patient outcomes (14-16).
We build on those differential expression results to identify novel
transcriptional and signaling mechanisms that are required for epi-
thelial dissemination. We first used pharmacologic inhibitors to
test the requirement for various Twist1-upregulated genes, eventually
focusing on protein kinase D1 (Prkdl). Prkdl (originally PKCy;
ref. 17) is a serine/threonine kinase and the founding member
of the Prkd family, which includes Prkd2 and Prkd3 (18). At the
signaling level, activators of Prkdl include Prkc and microtubule
depolymerization (19, 20). Accordingly, we assessed the involvement
of Prkc and microtubule dynamics in the dissemination of
Twistl*/Prkd1™ epithelial cells. We also used antibody-based protein
profiling to characterize Prkd1-dependent downstream signaling with
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the goal of explaining the regulation of distinct dissemination steps.
Finally, we demonstrated Prkdl's requirement for dissemination of
murine and human mammary tumor organoids in culture, and for
both primary tumor invasion and distant metastasis in a basal breast
cancer model in vivo.

Materials and Methods
Mice

All mice used in this study were backcrossed onto and maintained
on the FVB/n background, in a specific pathogen-free facility. Animal
procedures were conducted in accordance with protocols approved by
the Johns Hopkins Animal Care and Use Committee. The CMV:rtTA;
TetO-Twistl (Twistl-inducible) mouse strain was obtained as
described previously (5, 6). The MMTV-PyMT [FVB/N-Tg
(MMTV-PyVT)634Mul/J; ref. 21], C3(1)-TAg [FVB-Tg(C3-1-TAg)
cJeg/Jeg; ref. 22], and mTmG (23) mouse lines were obtained from
The Jackson Laboratory. The C3(1)TAgmTmG was obtained by
crossing the C3(1)-TAg and mTmG lines.

Isolation and 3D culture of murine mammary tissues

Murine Twistl-inducible (CMV:rtTA;TetO-Twistl) and tumor
[MMTV-PyMT and C3(1)-TAg] organoids were isolated and cultured
following the protocol for wild-type mouse mammary gland culture
(detailed protocol in ref. 24). Briefly, mammary glands or tumors were
harvested from 8- to 24-week-old mice, fragmented into epithelial
organoids by mechanical disruption and collagenase/trypsin digestion,
then separated from single cells by three differential centrifugations (3
seconds, 430 x g). Twistl-inducible organoids were embedded in
growth factor reduced Matrigel (Corning 354230). Tumor organoids
were embedded in fibrillar type I rat tail collagen gels (Corning 354236;
ref. 24). Organoid-matrix suspensions (1-2 organoids/UL) were seed-
ed in 24-well coverslip bottom plates (Greiner Bio One 662892) and
supplemented with media as detailed in ref. 24. For activation of Twist1
expression in CMV:rtTA;TetO-Twist]l organoids, culture medium
was supplemented with 5 pug/mL doxycycline (Shanghai RenYoung
Pharmaceutical Co., Ltd) and replaced every 48 hours. For Supple-
mentary Fig. S1, soluble recombinant TGFB1 (PeproTech 100-21) was
used at 2.5 ng/mL.

Isolation and 3D culture of fresh primary human tumors

Primary breast tumors were acquired from the Cooperative Human
Tissue Network in accordance with a study protocol (NA_00077976)
that was acknowledged as exempt/not human subjects research by the
Johns Hopkins School of Medicine Institutional Review Board. In
brief, each tumor sample was deidentified by the CHTN prior to
shipment with limited prespecified clinical information provided with
the sample. Tumor samples were shipped in DMEM or RPMI. Upon
receipt, each tumor sample was washed in antibiotic and fungizone,
then minced, and digested in collagenase (Sigma-Aldrich C2139;
ref. 25). Tumor organoids were then purified and embedded in
collagen following the protocols for murine tumor organoids (see
previous paragraph). After collagen polymerization, medium
containing insulin, EGF, hydrocortisone, and cholera toxin was
added (25). Human tumor organoid cultures were maintained for 3
to 4 days.

RNA sequencing dataset

The dataset was obtained from ref. 5 and is publicly available
(Sequence Read Archive accession no. SRP033275). In the current
study, we utilized the list of 106 Twistl-upregulated transcripts
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(excluding Twistl itself) that were differentially expressed at
genome-wide significance (5).

Twistl-induced dissemination assay

Twistl-inducible organoids were cultured for 7 days in organoid
culture medium supplemented with doxycycline to induce Twistl
expression (5, 6). For the small-molecule inhibition assay in Fig. 1A
and Supplementary Fig. S2, organoids were treated with individual
drugs at 5 doses (0, 10 nmol/L, 100 nmol/L, 1 umol/L, 10 pmol/L),
starting from day 0 (Supplementary Table S1). Equal concentrations of
the universal vehicle, DMSO, were maintained across all drug dose
conditions. Media (including drug and doxycycline) were replenished
every 48 hours, as doxycycline is labile. Endpoint (day 7) images were
collected for 20 to 40 organoids per condition across biological
replicates. For each drug, at least 3 biological replicates were used,
consisting of organoid cultures from independent mice. The number
of disseminated cells per organoid was counted manually using Fiji.
Normalized dissemination (%) for each organoid within a biological
replicate was obtained by dividing the number of disseminated cells by
the median in the 0 nmol/L (vehicle control) condition. Normalized
dissemination values were pooled across biological replicates and
curve-fitted using the “log(inhibitor) versus normalized response -
variable slope” function in Prism 7 (GraphPad) according to the
following formula: Y = 100/(1+102((LogICso-X)*HillSlope)), where
Y = log(drug concentration) and X = normalized dissemination. No
constraints were applied to the Hill slope or any other variable in
the curve fit. This allowed the calculation of the ICs, for each drug.
When a drug treatment did not reduce dissemination, curve fits were
impossible to generate and drugs were indicated in Fig. 1B (top right
corner; “No inhibition” box). Multi-drug comparison (Fig. 1B)
was performed by plotting ICs, and dissemination at 1 pmol/L for
individual drugs. Drugs were considered as potent inhibitors of
dissemination if ICso < 1 mol/L and dissemination at 1 mol/L was
<33% (Fig. 1B').

Organoid growth assay

In Fig. 2E-F' and Supplementary Fig. S1E, Twist1-inducible orga-
noids were cultured for 7 days without addition of doxycycline, that is,
in the Twist1-Off condition, equivalent to wild-type mammary orga-
noids. Paired images for each organoid were acquired on day 0, day 3
(optional), and day 7 of culture. For each organoid, the contour at each
time point was determined manually in Fiji, and a growth fold change
was calculated as the ratio of projected surface areas from a given time
point over that of day 0.

Early invasion and dissemination in Twistl-inducible organoids

In Fig. 3A and B, Twistl-inducible organoids were imaged using
time-lapse DIC microscopy at 20-minute intervals for the first 60 hours
immediately following doxycycline (for Twistl induction) and vehicle
(DMSO) or Go-6976 (330 nmol/L or 3.3 umol/L). Image analysis was
performed with Fiji. Organoids with cells extending visible ECM-
directed protrusions at the final time point were considered invasive
and scored as a percentage of total organoids imaged. Cells that
detached from organoids across the entire 60 h interval were consid-
ered disseminating.

Cell migration in Twist1-inducible organoids

In Fig. 3E and F, Twistl-inducible organoids were imaged using
time-lapse DIC microscopy for a total of 140 hours at 20-minute time
intervals. For the first 70 hours, all organoids were treated with
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Figure 1.

Identification of targetable molecular requirements for Twistl-induced epithelial dissemination. A, Schematic representation of our experimental pipeline. Mammary
organoids from Twistl-inducible transgenic mice were cultured without (Twist1-Off) or with (Twist1-On) doxycycline to induce Tet-activated Twistl expression.
Differential RNA-seq of these organoids identified Twist1-upregulated (red) and downregulated (blue) genes, represented here as a volcano plot, where the reported
P value was corrected for multiple testing (dataset, P values and fold changes obtained from ref. 5). The Twist1-upregulated gene set was prioritized for functional
investigation (full list of small molecules and corresponding targets can be found in Supplementary Table S1). Each small molecule was tested at 5 concentrations (O,
10,100,1,000, and 10,000 nmol/L) in Twist1-On organoids. For each dose, the number of disseminated cells per organoid was normalized to that of the vehicle control
(0 nmol/L), then curve-fitted with a Hill dose-response function. B, Plot representing ICso and dissemination at 1 umol/L for individual small molecules (and
corresponding target proteins) used in the Twistl-induced dissemination assay (A). For each compound, n > 20 organoids per mouse per dose, r = 3 mice, Tested
molecules include Twistl-predicted inhibitors (red) and non-Twist1-predicted inhibitors (black; detailed in Supplementary Table S1). *, FDA-approved drugs. ¥, data
values from ref. 6. Error bars, SEM. To the left of the y-axis, representative DIC micrographs display the range of dissemination inhibition. Red arrowheads,
disseminated cells. Scale bars, 50 um. B’, Potent inhibitors with ICso < 1,000 nmol/L and dissemination at 1 umol/L < 33.3% (yellow box).

doxycycline to induce Twistl expression. Doxycycline-containing
organoid media was replenished and supplemented with either vehicle
(DMSO) or G6-6976 (330 nmol/L or 3.3 pmol/L) either at 0 hours
(Fig. 3A and B) or at 70 hours (Fig. 3E and F) of culture. Single-cell
tracking and speed velocity calculations were performed using the
MTrack] plugin in Fiji as described previously (26). For each tracked
cell, average cell velocities from the first 70-hour period (pretreatment)
and the second 70-hour period (treatment) were represented as paired
measurements. In Supplementary Fig. S3, the migration distance of

206 Cancer Res; 80(2) January 15, 2020

disseminated cells was measured as the direct line between the cell and
the closest point on the organoid periphery at the endpoint (96 hours).

Tumor organoid invasion and dissemination

DIC images of human and murine tumor organoids cultured in 3D
fibrillar collagen I were acquired on days 3 or 4 of culture. Organoids
were scored as invasive if they had 2 or more strands of cells migrating
into the 3D collagen matrix. Organoids were scored as disseminative if
they had 3 or more disseminating cells in the field of view.
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Figure 2.

Prkd1 is selectively required in Twistl-induced dissemination. A, Volcano plot showing differential expression of Prkc and Prkd gene family members in Twist1-On
relative to Twist1-Off organoids (from dataset shown in Fig. 1A and previously published in ref. 5). B, Western blots showing Prkd1, Prkd2, Prkca, Pkrcb]1, Twist1, and
B-tubulin protein expression in Twist1-Off and Twist1-On organoids. B’ and B”, Bar graphs (mean + SEM) showing protein expression fold change for Prkdl (n =5
mice) and Twist1 (n = 6 mice), respectively, in Twist1-Off and Twist1-On organoids. Statistical test: Mann-Whitney. **, P < 0.01. € and C’, Confocal micrographs
of Prkdl immunofluorescence staining in Twist1-Off and Twist1-On organoids, respectively. Scale bar, 20 um. €”, Dot plot (with median) showing Prkd1
expression levels in Twist1-Off organoids, and Twist1-On organoids and disseminated cells. For Twist1-Off, r = 2 mice; n = 3 organoids. For Twist1-On, r = 2
mice; n = 11 organoids (52 disseminated cells). Statistical test: Kruskal-Wallis. *, P < 0.01; ****, P < 0.0001. D, Bar graph (mean + SEM) showing enrichment of
Twist1 ChIP region in the Prkdl gene quantified using gPCR. Data are represented as fold change over input (non-IP) control. E and F, DIC micrographs of
Twist1-Off organoids cultured for 7 days and treated with different doses of G6-6976 or sorafenib. Scale bars, 50 um. E’ and F’, Paired dot plots showing fold
change in projected surface area of organoids in E and F, respectively. For each drug, r = 3 mice; n = 25-105 organoids per dose. Statistical test: Kruskal-
Wallis. ns, nonsignificant, P> 0.05; ****, P<0.0001. G, DIC micrographs of Twist1-On organoids lentivirally transduced with nontarget (NT, control) shRNA and
Prkd1 shRNA clones #1 or #2. Red arrowheads, disseminated cells. Scale bar, 50 um. H, Western blot and bar graph (mean + SEM) showing Prkd1 protein
expression in control (NT) or Prkd1 knockdown (sh#1, sh#2) Twist1-On organoids represented in G. Data are collected from r = 2 experiments. I, Whisker plot
(Tukey method) showing dissemination in control (NT) or Prkd1 knockdown (sh#1, sh#2) Twist1-On organoids represented in G. Data are collected fromr=3
mice; n = 65 organoids (NT), 39 organoids (sh#1), 22 organoids (sh#2). Statistical test: Kruskal-Wallis. *, P < 0.05; ****, P < 0.0001. J, Whisker plot (10th-90th
percentile) showing projected organoid surface area in control (NT) or knockdown (sh#1, sh#2) Twist1-On organoids represented in G. Data collected from r =
3 mice; n = 20 organoids (NT), 14 organoids (sh#1), 17 organoids (sh#2) Statistical test: Kruskal-Wallis. ns, nonsignificant, P > 0.05.
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Western blotting

Organoids were extracted from 3D Matrigel by pipetting in cold
PBS-EDTA buffer, comprised of: PBS (Life Technologies 10010-023),
20 mmol/L ethylenediaminetetraacetic acid (EDTA), and 1 x protease
inhibitor cocktail (Sigma-Aldrich 11873580001). The solubilized
matrix—-organoid mix was centrifuged for 5 minutes at 400 x g, 4°C,
then washed twice by resuspension in cold PBS-EDTA and centrifuged
for 5 minutes at 400 x g, 4°C. Cell lysis was performed in RIPA buffer
(Millipore 20-188) with 5% glycerol, 0.2% SDS, and protease inhibitor
cocktail. Electrophoresis, transfer, immunodetection, and scanning
were performed using the Mini-Protean system (Bio-Rad 1658004)
and Li-cor Fluorescence Odyssey System (Li-cor). Protein quantifi-
cation was done in Fiji. Full blots are provided as a Supplementary File.
Primary antibodies are listed in Supplementary Table S2.

Chromatin immunoprecipitation PCR

Genomic DNA was isolated from Twist1-On organoids, crosslinked,
fragmented, and reverse-crosslinked using the truChIP Ultra-Low
Chromatin Shearing Kit (Covaris PN520158), following the manufac-
turer's protocol. Immunoprecipitation and chromatin enrichment
were performed per the Furlong lab protocol (http://furlonglab.
embl.de/labData/protocols/ChIP-Seq.pdf). Two washing conditions,
soft wash (without LiCl buffer) and hard wash (with LiCL buffer), were
used to detect enrichment of Twistl-bound fragments. qPCR was
performed using primers CTCACTAGGTCTTACTGTGTTGATA
(forward) and TGTCTGGCTGGAGGTTTG (reverse) flanking a dou-
ble E-box motif (CannTGnnnnnCAnnTG) in the PrkdI gene.

Lentiviral transduction

On day 0, 800 organoids were suspended in 50 UL organoid
media including 3 uL of Viromag R/L magnetic particles (OZ
Biosciences RL40200) and an adequate volume of viral particles for
transduction at a multiplicity of infection of 8 viral particles per cell.
The organoid-virus mix was then seeded in one well of cell-repellent
96-well plates (Greiner Bio-One 655970) and left to rest on top of a
magnetic plate (OZ Biosciences, MF10000) for 2 hours at 37°C, 5%
CO,. Organoids were then incubated overnight at 37°C, 5% CO,. On
day 1, organoids were washed twice with organoid medium and
incubated for 2 days. On day 3, culture medium was replenished and
puromycin (2 pg/mL) was added for selection. On day 7, infected
organoids were separated from single/dead cells using differential
centrifugation (400 x g, 3 seconds, room temperature), embedded in
3D Matrigel (see previous section), and induced to express Twist1 with
doxycycline-supplemented organoid media for 7 days.

Phospho-antibody microarray
Twist1-inducible organoids were collected from four 9.4-week-
old littermates and cultured in 3D Matrigel for 5 days in 4 parallel

Twist1-Induced Dissemination Requires Prkd1

experimental conditions: (i) Twist1-Off treated with vehicle control
(DMSO); (ii) Twistl-On treated with vehicle control; (iii) Twistl-
On treated with 1 umol/L kb-NB142-70; (iv) Twistl-On treated
with 1 pmol/L G6-6976. Organoid media with vehicle, drug, and/or
doxycycline were replenished every 48 hours. On day 5, organoids
were extracted from Matrigel and lysed in ice-cold Kinexus Lysis
Buffer (Kinexus Bioinformatics Corporation) supplemented with
protease inhibitor cocktail (Sigma-Aldrich 11873580001) and Phos-
STOP (Sigma-Aldrich 4906845001). Total protein extract from each
sample was then chemically cleaved; protein was labeled with a
fluorescent dye and then run on Kinexus KAM-880 Antibody
Microarray (Kinexus, KAM-880 Kit) chips following the manufac-
turer's protocol. For analysis, individual phospho-antibody signal
from each antibody spot was normalized to the intrasample median
(for global signal normalization/chip) and to intersample average
(to allow comparison of a specific phosphorylation between sam-
ples; Supplementary Table S3). After normalization, and to identify
the set of phosphorylation upregulated in Twistl-On organoids
but downregulated by either of the Prkdl inhibitors, the following
cutoff was applied for each phospho antibody: Intersample SD >
1.15, and fold change (Twist1-On/any other sample) > 0.1. At this
cutoff, 81 protein phosphorylations were identified out of 359 total
phosphorylations probed (Supplementary Table S3). Graphic repre-
sentation of the data was generated using Prism 7 (GraphPad).

Gene coexpression in human breast tumors

TWIST1 and PRKDI mRNA coexpression analysis was assayed
using the Targeted Correlation module in bc-GenExMiner v4.2 (http://
begenex.centregauducheau.fr/BC-GEM/GEM-Accueil. php?js=1).

Patient distant metastasis-free survival

To obtain distant metastasis-free survival (DMFS) based on
TWISTI and PRKDI mRNA expression (from gene chip microarrays)
in patients with breast cancer, we utilized the open-source database
Kaplan-Meier Plotter (kmplot.com). The following search parameters
were applied: Survival, DMFS; User selected probe set, only JetSet;
Auto selected best cutoff, yes; Use earlier release of the database, all;
Use following dataset for the analysis: all. For the basal breast cancer
population, we utilized the search parameter: Intrinsic subtype, basal.

Orthotopic transplantation of C3(1)-TAg organoids and analysis
of tumor invasion and metastasis in vivo

Organoids from C3(1)-TAgimTmG tumors were transduced with
Prkdl or control (nontarget) shRNA lentivectors, as described in
the lentiviral transduction section. Fifty organoids were resus-
pended in 40 pL of a 50:50 DMEM:Matrigel solution and trans-
planted orthotopically into 3-week-old, female, NSG mice in a
sterile hood. Host mice were anesthetized with 2.5% isoflurane and

Figure 3.

Prkd1 expression and activity are required for epithelial invasion, loss of cell-cell adhesion, and persistent migration. A and B, DIC micrographs from time-lapse imaging of
Twist1-On organoids treated with vehicle (A) or G6-6976 (B). Zoomed insets are presented for Ain A’ and A” and for Bin B’ and B”. Magenta and cyan arrowheads indicate
ECM-invading cells and early disseminated cells, respectively. Scale bars, 50 um. C, Stacked bar graph (mean with 95% confidence interval) showing quantification of the
percentage of organoids with (magenta) or without (white) ECM-invading cells from A and B. D, Whisker plot (min to max) showing quantification of the number of
disseminated cells per organoid from time-lapse movies represented in A and B. Data for C and D were collected from r = 3 mice, n = 47 (Veh), 33 (G6-6976, 330 nmol/L),
31(G6-6976, 3.3 umol/L) organoids. E and F, DIC micrographs and zoomed insets from time-lapse imaging of Twist-induced organoids during a 70-hour interval without
treatment (E' and E”; F" and F”), then a 70-hour interval with treatment with vehicle (E” and E"") or G6-6976 (F” and F”’). Green, complete cell migration tracks for the
70-hour untreated phase. Full cell migration tracks for the 70-hour vehicle-treated or G6-6976-treated phase are represented in yellow and red, respectively. Scale bars,
50 um. G, Paired dot plot showing mean cell velocities of individual disseminating cells before or after treatment with vehicle or G6-6976, for data represented in Eand F.
Data were collected from r = 3 mice, n = 60 cells (Veh), 30 cells (330 nmol/L), 18 cells (3.3 umol/L). Statistical test: Kruskal-Wallis. ns, nonsignificant, P> 0.05; ***, P <
0.0071; ****, P< 0.0001. H, Whisker plot (min-max) showing quantification of the number of disseminated cells per organoid in the 70-hour interval following treatment
with vehicle or G6-6976 (F' and F”). Statistical test: Kruskal-Wallis. ****, P < 0.0001.
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immobilized on a sterile surface. On each side of the mouse, the #4
mammary glands were exposed by two small incisions and the
gland's lymph-proximal side was excised. Approximately 50 orga-
noids (in 40 uL) were loaded into a microsyringe (Hamilton,
702RN-7636-01) and injected per residual gland on each side. The
wounds received bupivicaine (Sigma, B5274), were closed using
autoclips (BD Biosciences, 427631), and then treated with triple
antibiotic ointment. Primary tumors and lungs were harvested 6 to
8 weeks posttransplantation, when maximum tumor diameter
reached 20 mm. Primary mammary tumors were sectioned, stained
with DAPI or anti-Twistl, and scanned using the Axio Scan.Z1
microscope (Zeiss) to assess invasion. Lungs were examined for
metastases under the dissection microscope using lentiviral eGFP
fluorescence and representative images were acquired with an
iPhone XS. GFP™ foci were counted as metastases using Image].

Statistical analysis

Statistical analysis was performed and graphs were plotted in Prism
7 (GraphPad). We utilized the D’Agostino-Pearson omnibus test to
assess normality. When data were not normally distributed, we used
the two-tailed Mann-Whitney test to compare two datasets, or the
Kruskal-Wallis test (with Dunn correction for multiple comparisons)
to compare three or more datasets. Statistical significance was con-
sidered starting from P < 0.05. The underlying data used to generate
quantitative elements of the figures are provided at the following link:
https://github.com/EwaldLab/2019_Prkd1/.

Additional materials, instrumentation, and methods pertaining to
microscopy and constructs are detailed in Supplementary Methods.

Results

Identifying targetable molecular effectors of Twistl-induced
dissemination

We first tested the requirement for genes upregulated by Twistl
during dissemination, based on previous RNA-seq profiling of Twist1-
On versus Twist1-Off mammary organoids (106 transcripts; CMV::
rtTA-TetO:Twistl mouse; ref. 5). From this list, we identified 8 genes
(Prkd1, Tgfbr2, Duspl, Sphkl, Cxcl12, Ccl2, Mme, Cacnalc) for which
small-molecule inhibitors or receptor antagonists were available
(Fig. 1A; Supplementary Table S1). In addition to RNA-seq-
predicted inhibitors (Fig. 1B, red symbols), we tested inhibitors of
matrix degradation (Batimastat, GM6001; ref. 6), adhesion (RGD
peptide), cell proliferation (aphidicolin; ref. 6), clinically approved
drugs (sorafenib, taxol), and inhibitors for the off-targets (JAK, Trk,
Prke) of Twistl-predicted drugs (Fig. 1B, black symbols; Supplemen-
tary Table S1). For each compound, we characterized the dose
dependence of inhibition of dissemination in 3D-cultured Twistl-
On organoids. Dissemination was visualized using differential

Figure 4.

Identification of Twistl-upregulated and Prkdl-maintained phosphorylations in
disseminating organoids. A, Experimental outline showing Twistl-inducible
organoids utilized for phospho-antibody microarray. Four culture conditions
were tested: Twist1-Off vehicle-treated organoids (undergo branching morpho-
genesis), Twist1-On organoids (undergo dissemination), and Twist1-On orga-
noids treated with either kb-NB142-70 (1 umol/L) or G6-6976 (1 pumol/L;
dissemination inhibited). B, Linear plot showing 81 protein phosphorylations
(out of 359 tested) identified by phospho-antibody microarray to be increased in
Twist1-On compared with Twist1-Off organoids (red arrow) and decreased in
Prkdl-inhibited compared with vehicle-treated Twistl-On organoids (blue
arrows). B’, Heatmap of the protein phosphorylations identified in B. Color
scale bar, fold change.
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Twistlinduces Prkdl1-dependent phosphorylation of Tau and B-catenin. A, DIC micrographs of Twist1-On organoids treated with vehicle, G6-6976, kb-NB142-70, and
G06-6983, taxol, and nocodazole alone or in combinations (as specified). Red arrowheads, disseminated cells. Scale bars, 100 um. B, Whisker plot (Tukey method)
showing dissemination quantification of Twist1-On organoids represented in A. Data are collected from r = 3 mice, n = 581 (Veh), and 38-155 organoids (drug
treatment). Statistical test: Kruskal-Wallis. ns, nonsignificant, P> 0.05; ***, P< 0.001; ****, P< 0.0001. C, Confocal micrographs of fluorescently labeled total B-catenin
(magenta), nonphosphorylated S33/S37/T41 (non-pS33/S37/T41) B-catenin (white), and F-actin (red) in organoids treated as indicated in A. Dotted lines outline
organoid-matrix border (yellow), or disseminated cell contour (green). Scale bars, 5 um. €’ and C”, Whisker plots (min-max) showing relative fluorescence intensity
of total B-catenin (C") and non-pS33/S37/T41 B-catenin (C”) from micrographs represented in C. Data are collected from n = 3 mice, r = 6-8 organoids per condition.

Statistical test: Kruskal-Wallis. ns, nonsignificant, P > 0.05; **, P < 0.01.

interference contrast (DIC) microscopy and we calculated both the
ICsq and the dissemination level at 1 pumol/L, normalized to vehicle
control (Fig. 1B). Two clinically approved drugs (sorafenib, taxol), and
three RNA-seq-predicted compounds (targeting Prkd1 or TGFBR-2)
were potent inhibitors of dissemination, with an ICsy < 1 umol/L and
dissemination at 1 pmol/L < 33.3% (Fig. 1B'). These results reveal that
Prkdl and TGFJ signaling are targetable and essential effectors of
Twistl-induced dissemination.

AACRJournals.org

TGFp signaling is known to induce EMT (27, 28) and its identi-
fication validates our approach. Consistent with the cooperative
requirement for TGFPBR-1 and -2 (27, 28), treatment with a
TGFpBR-1 inhibitor phenocopied the TGFPR1/2 inhibitor (Fig. 1B).
We next stimulated TGFf signaling by treating organoids with
recombinant TGFB1. TGFB1 addition prevented branching morpho-
genesis but did not induce dissemination in Twist1-Off organoids; in
contrast, TGFB1 increased dissemination of Twistl-On organoids
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Figure 6.

Prkd1is required for mammary tumor organoid invasion and correlates with metastatic outcome in patients. A, Experimental outline for mammary organoid culture
from the Twistl-inducible model and the two breast cancer models MMTV-PyMT and C3(1)-TAg. A’, Western blots showing Prkd1 protein expression (and B-tubulin as
a control) in organoids from mouse models shown in A. B, DIC micrographs showing C3(1)-TAg tumor organoids treated with vehicle or G6-6976 (1 umol/L). Blue
brackets, invasion strands; red arrowheads, disseminated cells. Scale bars, 100 um.  (Continued on the following page.)
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without reducing protein levels of E-cadherin, B-catenin, or oE-
catenin (Supplementary Fig. SIA-S1G). We conclude that Twistl-
induced dissemination requires downstream TGF signaling and that
combined stimulation with Twistl and TGFp1 is not sufficient to
eliminate epithelial gene expression in primary mammary cells.

The two lowest ICsps in our dissemination assay corresponded to
inhibitors of Prkd1: kb-NB142-70 (IC5q = 106.9 nmol/L, dissemina-
tion at 1 umol/L = 31%), which targets Prkd1/2/3 (29) and G6-6976
(ICso =11.49 nmol/L, dissemination at 1 pmol/L = 0%), which targets
Prkca/Prkcb1/Prkdl (Fig. 1B; Supplementary Fig. S2A and S2B';
refs. 30, 31). As G6-6976 affects Prkc in addition to Prkd, we assayed
two more selective Prkc inhibitors, G6-6983 and Ro 32-0432 hydro-
chloride, and observed minimal effects on dissemination (G06-6983:
ICsq 1043 nmol/L, dissemination at 1 pmol/L 52.2%; Ro 32-0432
hydrochloride: no inhibition, curve fit was not possible; Fig. 1B). These
data suggest that Prkdl, not Prkg, is the critical target of G6-6976 and
kb-NB142-70 in Twist1-On organoids, and that Prkc signaling is not
essential for Twist1-induced dissemination. However, effectively inhi-
biting dissemination by targeting Prkdl requires potent inhibitors
with low in vitro ICses as CID-755673, a weak inhibitor with reported
9.1- and 6.5-fold lower in vitro ICsos compared with G6-6976 and kb-
NB142-70, respectively (29, 32), did not affect dissemination. Fur-
thermore, inhibition of Prkd2 and Prkd3 (but not Prkdl) by CID-
2011756 (33) did not affect dissemination, supporting the concept that
the effect of G6-6976 is through selective inhibition of Prkd1 (Fig. 1B).
Taken together, our results suggest that Prkd1 is a required effector of
Twistl-induced dissemination and that its targeting requires potent
selective inhibitors such as G6-6976 and kb-NB142-70.

Prkd1 is the only Prkc/Prkd gene differentially expressed and it
is required for Twistl-induced dissemination

We next assayed for differential expression of Prkc and Prkd gene
family members in Twistl-On versus Twistl-Off organoids and
observed that Twistl induced Prkdl expression at RNA (Fig. 2A)
and protein (Fig. 2B-B”) levels. Other Prkd or Prkc genes were not
differentially expressed by Twistl (Fig. 2A and B). Immunofluores-
cence revealed increased protein levels and chiefly membrane local-
ization of Prkdl protein in Twistl" cells (Fig. 2C-C"). We next
used chromatin immunoprecipitation (ChIP) with an anti-Twistl
antibody followed by qPCR to establish that Twistl protein directly
binds the Prkdl gene (Fig. 2D). Normal mammary organoids do not
express Prkdl and treatment with G6-6976 did not significantly
affect their growth or branching morphogenesis (Fig. 2C, E and E').
In contrast, normal organoids treated with sorafenib exhibited sig-
nificant growth inhibition starting from 1 umol/L (Fig. 2F and F').
Finally, we tested whether shRNA knockdown of Prkdl would phe-
nocopy G6-6976 treatment. Transduction of Twistl-On organoids
with lentiviral shRNA targeting Prkdl significantly reduced dissem-
ination (Fig. 2G-I) without affecting growth (Fig. 2G and J). Our
findings reveal that Prkd1 is directly and selectively induced by Twist1,
is required for dissemination, and can be pharmacologically targeted
with minimal effect on normal cells.

Twist1-Induced Dissemination Requires Prkd1

Prkd1 is required for invasion, loss of adhesion, and migration

We next evaluated the temporal requirement for Prkd1 by imaging
Twist1-On organoids while inhibiting Prkd1 either simultaneously with
(Fig. 3A-D) or 70 hours after (Fig. 3E-H) Twistl induction with
doxycycline. Twist1 induction led to invasive phenotypes (defined as the
presence of ECM-directed protrusions and disseminated cells) in 85% of
vehicle-treated organoids, while treatment with G6-6976 at 330 nmol/L
or 3.3 umol/L reduced the frequency of invasive phenotypes to 36% and
25%, respectively, and completely blocked cell detachment (Fig. 3A-D;
Supplementary Movie S1). We conclude that both initial ECM invasion
and loss of cell-cell adhesion require Prkdl activity.

We next tested the requirement for Prkd1 for migration by tracking
the motility of disseminated single cells before and after treatment with
vehicle or Go-6976 (Fig. 3E-H). Vehicle treatment did not alter
migration speed, while treatment with G6-6976 abrogated cell motility
(Fig. 3E-F” and G; Supplementary Movie S2). We observed an
analogous reduction in disseminated cell displacement in Prkdl-
knockdown organoids (Supplementary Fig. S3A-S3A"). Prkdl activity
is, therefore, also required to sustain cell migration after dissemination.
Furthermore, treatment with G6-6976 significantly reduced new
dissemination events at late timepoints, relative to vehicle control
(Fig. 3H).

Identification of downstream effectors of Prkd1
phosphosignaling during dissemination

We then tested the requirement for Prkd1's kinase activity by over-
expressing a kinase-dead mutant (K612W; ref. 34). We observed a
significant reduction of dissemination, suggesting that this construct acts
as a dominant negative and that Prkdl kinase activity is required
(Supplementary Fig. S3B and S3B’). We next sought to identify Prkd1's
signaling consequences systematically using antibody microarrays mea-
suring phospho-protein levels. We compared the following conditions:
Twist1-Off (Prkdl not detectable), Twistl-On (Prkdl expressed), and
Twistl-On treated with either kb-NB142-70 or Go6-6976 (Prkdl
expressed and inhibited; (Fig. 4A). We identified 81 protein phosphor-
ylations that increased when Prkdl was active and decreased when
Prkd1 was inhibited (Fig. 4B, red vs. blue arrows). Among these were
several regulators of tumor progression (e.g., Brca, PTEN, Rb, p53,
VEGEFR, EGFR, Met) as well as components of the MAP kinase (e.g.,
MEK1/2/4/6, ERK1/4, Erb3, MKK3, p38d, MAPKAPK2, JNK1/2/3, Jun,
Rsk1/2) and NF-kB (e.g., p65, relB) pathways (Fig. 4B').

Given that dissemination involves cytoskeletal remodeling, we
focused on microtubule and actin-related proteins. There were two
Prkd1-dependent phosphorylations on the microtubule-associated
protein Tau (T231 and S$396; Fig. 4B’), both of which can promote
microtubule disassembly (35, 36). We therefore assessed the cor-
egulation of Prkdl and microtubule dynamics during dissemina-
tion. We treated Twistl-induced organoids with taxol (microtubule
stabilizer) or nocodazole (microtubule destabilizer) in combination
with either a Prkdl inhibitor (G6-6976 or kb-NB142-70) or a
Prkc inhibitor (Go-6983; Fig. 5A and B). Taxol alone significantly
reduced dissemination compared with vehicle control, while Prkd1

(Continued.) B’ and B”, Bar graphs (mean + SEM) showing quantification of the number of invasive strands (B") and disseminated cells (B”) per organoid. Data are
collected from r =3 mice; n = 39-57 organoids per dose. Statistical test: Kruskal-Wallis. ns, nonsignificant, P> 0.05; **, P< 0.01; ****, P< 0.0001. C, Heatmap showing
mMRNA coexpression of TWISTT with either PRKD1, PRKCA, or PRKCB in human breast tumors (data from bc-GenExMiner). The color scale indicates Pearson r, and the
exact value is indicated in each box. D, Experimental outline for organotypic culture of surgically isolated human breast tumors. E, Representative DIC micrographs
of human tumor organoids treated with G6-6976, kb-NB142-70, or G6-6983. Yellow outline, organoid. Red arrowheads, disseminated cells. Scale bar, 100 um. E/, Bar
graph (median + interguartile range) showing quantified dissemination of human tumor organoids treated with increasing doses of drugs used in E. Statistical test:
Kruskal-Wallis. ns, nonsignificant, P> 0.05; ****, P< 0.0001. F-H, Kaplan-Meier plots showing DMFS in a general population of 1,746 patients with breast cancer andin
a subset of 232 patients with basal breast cancer (F/, G, and H’). Patient groups were separated based on TWISTT and/or PRKDI mRNA expression.
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inhibitors alone or in combination with taxol potently blocked
dissemination (Fig. 5A and B). Treatment with nocodazole alone
did not affect dissemination but, interestingly, combining nocoda-
zole with a Prkd1 inhibitor partially rescued dissemination from the
suppressive effects of G6-6976 and kb-NB142-70 (Fig. 5A and B).
However, combining nocodazole with Prkc inhibitor G6-6983 did
not modify the partial effect of G6-6983 alone (Fig. 5A and B).
Live/dead staining of treated organoids revealed >95% cell viability
across all conditions, suggesting that the effects were target specific
and not due to general toxicity (Supplementary Fig. S4A and S4B).
Our data demonstrate a requirement for microtubule dynamics in
Twistl-induced dissemination and suggest that microtubule insta-
bility is essential to the prodisseminative function of Prkdl.

To investigate whether Twistl regulates the adherens junction, we
focused on the Prkdl-dependent S33 phosphorylation of B-catenin
(Fig. 4B’), a modification linked to its ubiquitination and degrada-
tion (37, 38). Immunofluorescence and Western blotting revealed that
total B-catenin levels and localization were stable after Twistl expres-
sion (Supplementary Figs. S1G and S5A-S5B). We next evaluated the
subcellular localization of pS33 B-catenin via coimmunostaining for
total and S33/S37/T41 nonphosphorylated 3-catenin. In Twist1-Off
organoids, total P-catenin and S33/S37/T41 nonphosphorylated
[-catenin were both localized to the plasma membrane, suggesting
a highly expressed and poorly phosphorylated B-catenin that is likely
competent for cell adhesion (Fig. 5C). In Twist1-On organoids, total
[-catenin remains membrane localized but $33/S37/T41 nonpho-
sphorylated B-catenin signal decreased in the organoid bulk and
disappeared in disseminated cells (Fig. 5C-C"). These staining pat-
terns suggest a Twistl-dependent mechanism for release of cell-cell
adhesion through B-catenin phosphorylation. Finally, inhibition of
Prkdl with kb-NB142-70 (1 umol/L) or G6-6976 (1 umol/L) restored
normal levels of non-pS33/837/T41 B-catenin without affecting total
[-catenin level (Fig. 5C-C"). We did not observe nuclear translocation
of B-catenin in any condition. Our results reveal that S33 B-catenin
phosphorylation is regulated by Twist1 expression and Prkdl activity,
and that it correlates with dissemination.

Prkd1 is required for tumor invasion and metastasis

To assess the role of Prkdl in breast cancer, we assayed Prkdl
expression in genetically engineered mouse models of luminal,
MMTV-PyMT (21), and basal, C3(1)-TAg, breast cancer (Fig. 6A;
ref. 22). We focused on the C3(1)-TAg model, as MMTV-PyMT cells
did not express Prkdl, while C3(1)-TAg cells express high levels of
Prkdl in culture and Twistl in vivo (Fig. 6A’; Supplementary
Fig. S6A). Treatment of C3(1)-TAg organoids with the Prkdl inhib-
itor, G0-6976, reduced the number of invasion strands and dissem-
inated cells (Fig. 6B-B"). The significance of Prkdl in breast cancer
was further supported by gene expression analysis in human tumors,
which showed a strong correlation of TWIST1 with PRKDI (but not
PRKCA or PRKCB). This coexpression increases in basal breast cancer
(Fig. 6C). This result prompted us to assay the impact of Prkdl
inhibition on the invasion and dissemination of freshly isolated
primary human breast tumors organoids (Fig. 6D; ref. 2). Strikingly,
G6-6976 dose dependently decreased invasion and dissemination
across organoids from 6 patients (Supplementary Fig. S6B-S6B”). We
then compared the effect of equal doses of G6-6976, kb-NB142-70, and
G06-6993 on organoids isolated from an independent cohort of 3
patients and found that only the Prkdl inhibitors (G6-6976 and
kb-NB142-70) blocked dissemination (Fig. 6E and E’). These inhibi-
tors did not cause significant toxicity in human tumor organoids
(Supplementary Fig. S6C-S6C"’). Taken together, these results dem-
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onstrate that Prkdl is selectively required for dissemination in human
breast tumors. We next examined the correlation between DMFS of
patients with breast cancer and their expression of TWISTI or PRKDI.
In a cohort of 1,746 patients representing all types of breast cancers
(dataset from KMplot.com), we found that high TWISTI and PRKDI
mRNA expression associates with a statistically significant decrease in
DMES (Fig. 6F-H). In a cohort of patients with basal breast cancer, we
found a stronger association with poor DMFS than in the general
breast cancer population (Fig. 6F -H').

To assay the requirement for Prkdl in local tumor invasion and
distant metastasis in basal breast cancer in vivo, we knocked down
Prkdl in C3(1)-TAg organoids and transplanted these into pre-
cleared fat pads of recipient NSG mice (Fig. 7A and B). We found
that PrkdI knockdown reduced invasiveness at the tumor-stroma
border (Fig. 7C and D’) and that Prkdl-knockdown tumors
yielded significantly fewer lung metastases (Fig. 7E-G). Taken
together, our findings support the conclusion that Prkdl activity
promotes cancer invasion and metastasis in a mouse model of basal
breast cancer and that PRKDI expression correlates with poor
outcomes in patients.

Discussion

We sought to identify the transcriptional and signaling mechanisms
utilized during Twist1-induced epithelial dissemination. Starting from
differential RNA-seq data (5), we tested the requirement for the
protein products of eight genes that are transcriptionally upregulated
by Twistl. Inhibitors of Cacnalc, Duspl, Mme, Sphkl, and the
chemokine receptors CXCR4 and CCR4 had little to no effect on
dissemination. In contrast, inhibition of TGFBR1/2 or Prkdl effec-
tively inhibited dissemination. Given TGFf's known role in dissem-
ination (27, 28), its identification validates our approach. We focused
on Prkdl as its role downstream of Twist1 was not previously known.
Prkdl was the only member of the Prkc or Prkd families to be
transcriptionally upregulated by Twistl and we observed minimal
effect from pharmacologic inhibition of Prkc, suggesting a selective
role for Prkdl during dissemination.

Once activated, Prkd1 regulates diverse cellular processes including
gene expression, protein transport, apoptosis, proliferation, and cell
motility (18). Among the phosphoregulated proteins downstream of
Prkdl, we found regulators of tumor progression including Brca,
PTEN, Rb, p53, VEGFR, EGFR, and Met. We also identified two
Prkd1-dependent phosphorylations of Tau (T231 and S$396) known
for promoting microtubule depolymerization (35, 36), suggesting that
Prkdl can induce invasion by promoting microtubule instability.
Consistent with this concept, stabilization of microtubules by taxol
potently blocked dissemination and induction of microtubule insta-
bility by nocodazole partially rescued the effects of Prkdl inhibition.
Further supporting this link, prior studies found that microtubule
depolymerization can activate Prkdl (19, 20). Our data suggest that
Prkd1 contributes to sustaining its own activation by promoting Tau
phosphorylation (19, 20).

Twistl-induced cells disseminate while maintaining expression
and membrane localization of E-cadherin, [-catenin, oE-catenin
(5), raising the question of how they release from an epithelial tissue.
A potential mechanism is suggested by our observation of a strong
positive correlation between Prkdl activity, phosphorylation of
[3-catenin at S33, and dissemination. Although B-catenin has previ-
ously been shown to be directly phosphorylated by Prkd1 on T112 and
T120 (39), its phosphorylation on S$33 is more likely mediated by
GSK3-f (40). We also identified Prkd1-dependent phosphorylations
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Prkd1is required for C3(1)-TAg tumor invasion and metastasis in vivo. A, Experimental outline for lentiviral sShRNA transduction in C3(1)-TAg;mTmG tumor organoids
followed by their transplantation into recipient NSG mice with precleared mammary fat pads. B, Western blot validating Prkd1 knockdown in C3(1)-TAg;mTmG tumor
organoids prior to orthotopic transplantation. C and D, Micrographs of transplanted C3(1)-TAg;mTmG tumor cryosections from A with DAPI-stained nuclei (blue).
Red, tumor cell membranes expressing mT (membrane Tomato). Scale bar, 100 um. €’ and D', Zoomed insets of micrographs in € and D showing tumor-stroma
border (yellow line). E and F, Macrographs of whole lungs of tumor-receiving mice, with GFP displaying metastatic colonies. Scale bar, 500 um. E' and F’, Zoomed
insets from E and F, with metastatic colonies indicated by yellow arrowheads. G, Dot plot (with median bar) showing the quantification of lung metastases as
represented in E and F. **, P < 0.01.
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on LIMK and Src, which could promote invasive motility. LIMK
phosphorylation on T508 could be mediated by Rock and promote
migration by local stimulation of the cofilin activation-inactivation
cycle (41, 42). Src phosphorylation on Y529 primes its binding
to integrins without activating integrin signaling (43), thus suggesting
a stand-by role of integrin-mediated adhesion during Twist1-induced
dissemination. Indeed, blocking integrin anchorage with soluble
RGD peptide did not affect dissemination. In addition, matrix deg-
radation assisted but was not required for Twistl-induced cells
to disseminate (6). Collectively, these results suggest that Twistl
induces an amoeboid migration mode (44) in disseminating mammary
epithelial cells.

EMT is a major model for dissemination and metastasis and so it is
worth considering how our data fit with prior studies. Using 3D culture
and in vivo methods based on EMT-dependent cell lines (e.g., MDA-
MB-231, NMuMG), previous publications found an EMT-suppressing
role of Prkdl (45-47). Furthermore, possibly due to genetic drift or
differences in experimental strategies, the same cell line yielded varied
conclusions on the role of Prkd1 in tumor progression. For example, in
MDA-MB-231 cells, Prkd1 was found to be promoting invadopodia
formation (48) or suppressing invasion by preventing EMT (46). In
MCEF-7 cells, Prkdl promoted (49) and inhibited (46) distinct
aspects of tumor progression. These inconsistencies motivated
investigators to ask how the anti-EMT, anti-invasive role of Prkd1l
in breast cancer can be reconciled with its proinvasive role in other
cancers (e.g., pancreatic and prostate; ref. 50). Our study identified a
proinvasive, prodisseminative role for Prkdl by using primary
mammary organoids from a Twistl-expressing mouse model and
by validating in both a metastatic mouse model for breast cancer
and in primary patient tumor tissue.

We found that Prkdl expression correlates with Twistl expression
and, consistent with prior work (51, 52), increased metastatic burden
in patients. These correlations were more pronounced in the basal
breast cancer subtype. In human tumor organoids, Prkdl inhibition
led to decreased invasion and dissemination. We then used a Twist1*,
Prkd1™ basal breast cancer model [C3(1)-Tag] to demonstrate a
requirement for Prkdl in invasion and dissemination in 3D culture
and also during primary tumor invasion and distant metastasis in vivo.
Our findings suggest a novel molecular framework whereby Twist1
directly drives the transcriptional upregulation of Prkd1, whose activ-
ity promotes ECM-directed invasion, loss of cell-cell adhesion, per-
sistent migration, and metastasis, all without loss of epithelial identity
(Supplementary Fig. S7). This framework is consistent with multiple
clinical observations, including that the majority of breast cancers
(invasive ductal carcinomas) invade and metastasize without loss of
epithelial identity (7) and that circulating tumor cells can coexpress
epithelial markers and Twistl (9).

From a therapeutic perspective, we speculate that the antidisse-
minative effect of taxol in our dissemination assay can partially
explain its clinical benefit in preventing metastatic recurrence.
Indeed, combining taxol with nontaxane antimitotic drugs reduces
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