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Protein kinase D3 (PKD3) is upregulated in triple-negative breast cancer (TNBC) and associated with cell proliferation and

metastasis development but its precise pro-oncogenic function is unknown. Here we show that PKD3 is required for the

maintenance of the TNBC stem cell population. The depletion of PKD3 in MDA-MB-231 cells reduced the cancer stem cell

frequency in vitro and tumor initiation potential in vivo. We further provide evidence that the RhoGEF GEF-H1 is upstream of

PKD3 activation in TNBC stem cells. Most importantly, pharmacological PKD inhibition in combination with paclitaxel

synergistically decreased oncosphere and colony formation efficiency in vitro and tumor recurrence in vivo. Based on our

results we propose that targeting the GEF-H1/PKD3 signaling pathway in combination with chemotherapy might provide an

effective therapeutic option for TNBC.

Introduction
Despite improved early detection and the development of novel
therapeutics, triple-negative breast cancer (TNBC) still is associ-
ated with a high mortality rate. TNBC accounts for 15–20% of
all breast carcinomas and is characterized by the lack of estrogen
and progesterone receptors (ER/PR) and HER2 overexpression.1

Compared to HER2 and ER/PR positive breast cancers TNBC is
associated with an increased risk for metastasis and lower 5-year
survival.2–4 TNBC treatment is mainly based on chemotherapeu-
tics such as anthracyclines and taxanes, however, many TNBCs
rapidly develop resistance to these drugs.5 Notably, after the
treatment with taxanes an expansion of CD44+/CD24− and alde-
hyde dehydrogenase 1 (ALDH)-positive TNBC cells was

observed.6–8 Expression of these markers is characteristic of can-
cer stem cells (CSC), a small subpopulation of undifferentiated
cells within the tumor mass. The presence of CSC is linked to
early metastases, faster tumor recurrence and worse overall
survival.9–12 Moreover, apart from infinite proliferation and self-
renewal, CSCs have the capability to initiate tumor formation.13

Understanding the mechanisms that underlie the self-renewal
behavior and survival of CSCs is thus critical for developing
novel therapeutic strategies that also target CSCs.

The protein kinase D (PKD) family comprising PKD1, PKD2
and PKD3 is best known for controlling vesicle fission at the Golgi
complex and actin remodeling during cell migration (reviewed in
Refs. 14 and 15). In normal breast tissue, PKD1 is the predomi-
nant isoform but its gene expression is suppressed during cancer
progression by epigenetic silencing.16 In TNBC, an isoform switch
toward high PKD3 expression occurs, resulting from the lack of
ER, a repressor of PKD3 gene expression.17,18 Elevated PKD3
levels are associated with increased proliferation and cell motility,
metastatic progression, as well as poor prognosis, supporting a
pro-oncogenic role for PKD3 in TNBC.17,19,20 However, molecular
pathways controlling the activity of PKD3 and its precise pro-
oncogenic function in TNBC have remained elusive.

By targeted cell surface screening, we have discovered a
novel function for PKD3 in the maintenance of CSCs. We
show that the loss of PKD3 in TNBC cell lines reduced the
stem cell frequency in vitro and decreased the tumor initiation
potential of implanted MDA-MB-231 cells in vivo. We further
provide evidence that the function of PKD3 in the mainte-
nance of CSCs requires upstream activation by the Rho gua-
nine nucleotide exchange factor 2 (GEF-H1). Significantly, the
combinatorial treatment with the pharmacological PKD
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inhibitor CRT0066101 and the chemotherapeutic paclitaxel
was superior in reducing oncosphere formation in vitro and
tumor recurrence in vivo when compared to monotherapy.
Our results thus demonstrate the importance of
PKD3-mediated CSC regulation and provide a rationale for
targeting the GEF-H1/PKD3 signaling pathway to eliminate
the tumor-initiating cell population in TNBC.

Materials and Methods
Cell culture and cell line authentication
MDA-MB-231 cells (CLS, RRID:CVCL_0062) and MDA-MB-
231-based knockdown cell lines (shNon_CTRL, shPKD3_1,
shPKD3_217) were cultured in DMEM low glucose. MDA-MB-
436 cells (Dr. Margarete Fischer-Bosch Institute of Clinical
Pharmacology, Stuttgart, RRID:CVCL_0623) were cultured in
DMEM high glucose. MDA-MB-468 (CLS, RRID:CVCL_0419),
BT-549 (CLS, RRID:CVCL_1092), HCC1806 (ATCC, RRID:
CVCL_1258), SKBR3 (CLS, RRID:CVCL_0033), T47D
(Dr. Margarete Fischer-Bosch Institute of Clinical Pharmacology,
Stuttgart, RRID:CVCL_055) and MCF7 (Dr. Margarete Fischer-
Bosch Institute of Clinical Pharmacology, Stuttgart, RRID:
CVCL_0031) cells were cultured in RPMI-1640. All media were
supplemented with 10% fetal bovine serum (PAA Laboratories,
Waltham, MA). MCF10A_EcoR_PKD3WT-EGFP (generated in
our study) and MCF10A cells (Department of Biomedicine,
University of Basel, RRID:CVCL_0598) were cultured in
DMEM/F12 GlutaMAX supplemented with 5% horse serum,
20 ng/ml EGF, 0.5 μg/ml hydrocortisone, 100 ng/ml cholera
toxin and 10 μg/ml insulin. All cell lines were cultured at 37�C in
a humidified chamber with 5% CO2, tested negative for Myco-
plasma (Lonza, LT07-318) and were authenticated within the last
3 years by SNP profiling (Multiplexion GmbH).

Cell surface protein screen
LEGENDScreen kit was used according to the manufacturer’s
instructions. In brief, cells were detached with accutase and seeded
(3 × 104 cells) into 96-well plates containing the prediluted PE-
labeled antibodies. After 40 min of incubation at 4�C, cells were
fixed for 10 min at RT, washed and analyzed by flow cytometry
using MACSQuant® Analyzer 10 (Miltenyi Biotec, Bergisch
Gladbach, Germany). Data were evaluated using FlowJo. Relative
mean fluorescence intensities (rel. MFI) were calculated as follows:
rel. MFI = [MFIsample – (MFIisotype – MFIcells)]/MFIcells. Rel MFI
values <1.5 were not considered. After normalizing to
shNon_CTRL, surface proteins in the shPKD3_1 cells with values

≤0.9 were considered to be downregulated, those with values ≥1.1
were considered to be upregulated.

Sphere formation assays
For extreme limiting dilution assays (ELDA), cells were
trypsinized, singularized using a 27G needle and 1, 10 or 100 cells
were seeded onto Poly(2-hydroxyethyl methacrylate)-(pHEMA)-
treated 96-well plates, respectively. Cells were cultured in 300 μl
sphere formation medium containing DMEM/F12 GlutaMAX
supplemented with 10 μg/ml insulin, 20 ng/ml EGF, 1 μg/ml
hydrocortisone and 1x B27-supplement. Twenty technical repli-
cates per condition were cultured for 10 days. Only wells positive
for spheres, no matter the actual number, were regarded as a
positive. Multiple group comparison and estimated stem cell
frequency were analyzed using the ELDA software.21

For primary sphere formation assays, cells were trypsinized,
singularized using a 27G needle, seeded onto pHEMA-treated
plates in sphere formation medium and cultured for 5 days. For
secondary sphere formation assays, primary spheres were col-
lected, trypsinized, singularized and cultured as described above.
shNon, shPKD3_1, shPKD3_2, MDA-MB-231, MDA-MB-468,
MDA-MB-436, HCC1806 and MCF7 cells were seeded onto
12-well plates (primary assay: 3 × 103 cells; secondary assay:
1 × 103 cells) in 1.5 ml sphere formation medium. BT-549 cells
were seeded onto six-well plates (primary/ secondary assay:
5 × 103 cells) in 3 ml sphere formation medium. MCF10A_
EcoR_PKD3WT-EGFP cells were pretreated with doxycycline
(Dox) for 24 hr before the cells were singularized and seeded
(5 × 103 cells) onto six-well plates in 3 ml sphere formation
medium. Subsequently, the sphere formation medium was sup-
plemented with Dox and cells were cultured for 5 days. Spheres
were imaged and the sphere area was analyzed using ImageJ.
Only spheres larger than 2,500 μm2 were taken into consider-
ation. Data are presented as sphere area (mm2) or sphere forma-
tion efficiency (SFE; spheres formed per 1,000 cells seeded).

ALDH activity assay
For the ALDH assay, 1 × 105 singularized cells were diluted in
100 μl Assay Buffer containing 1.5 μl of activated ALDEFLUOR
Reagent. Subsequently, 50 μl were removed and mixed with
1.5 μl DEAB Reagent (control). Control and test samples were
incubated at 37�C for 30 min, followed by flow cytometry analy-
sis using MACSQuant Analyzer 10 (Miltenyi Biotec). Data were
evaluated using FlowJo. DEAB treated samples served as inter-
nal controls.

What’s new?
The serine-threonine kinase PKD3 is upregulated in triple-negative breast cancer (TNBC) and associated with cell proliferation

and metastasis. The mechanisms underlying PKD3 pro-oncogenic function remain unclear, however. Here, the authors reveal a

critical role for PKD3 in the maintenance and propagation of TNBC stem cells in vitro and in vivo. The function of PKD3 in the

maintenance of cancer stem cells requires upstream activation by GEF-H1. Importantly, the PKD inhibitor CRT0066101 and

paclitaxel synergistically decrease TNBC stem cell prevalence and tumor recurrence in vivo. The results provide a rationale for

targeting PKD3 to eliminate the tumor-initiating cell population in TNBC.
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Orthotopic tumor models
Animal experiments were approved by state authorities and
carried out according to federal guidelines. For the ELDA,
8-week-old female SCID mice were injected with 5 × 105 or
5 × 104 MDA-MB-231 shNon_CTRL or shPKD3_1 cells in
100 μl PBS into the right fat pad of the 4th nipple. Tumor
growth was analyzed by caliper measurements. Mice were
sacrificed after 8 weeks. Multiple group comparisons and
estimated stem cell frequency were analyzed using the ELDA
software.21 Tumors were imaged, dissociated according to the
manufacturer’s instructions and processed for oncosphere
formation assays and ALDH analysis.

For combined paclitaxel and CRT0066101 treatment,
8-week-old female SCID mice were injected with 2 × 106

MDA-MB-231 cells in 100 μl PBS into the right fat pad of the
4th nipple. Tumor growth was analyzed by caliper measure-
ments ((length × width2)/2). After the tumors had reached
100 mm3 mice were assigned to control and three treatment
groups (n = 7 mice per group). During the following
treatment-phase (21 days), mice were treated with either (i)
CRT0066101 (peroral, 80 mg/kg diluted in a 5% dextrose saline
solution), (ii) paclitaxel (intraperitoneal injection, 10 mg/kg
body weight diluted in a 10% polysorbate PBS solution), (iii)
CRT0066101 in combination with paclitaxel or (iv) the combi-
nation of the respective carriers (control). Paclitaxel was
injected on Day 23, 30, 37 and 44. CRT0066101 was given once
daily from Day 23 to Day 43. After the treatment-phase, tumor
growth was monitored for 20 additional days.

Statistical analysis
Data are presented as mean � SEM. Significance between
multiple groups was determined by one-way or two-way
ANOVA and Bonferroni’s test for multiple comparison.
Significance between the two groups was determined by t-test.
Data were analyzed using GraphPad Prism 7. p values:
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****).
Combination index (CI) values were calculated using Webb’s
fractional product method. CI < 1 indicates synergism,
1 ≤ CI≤1.09 addition and CI > 1.09 antagonism.

Additional material and methods can be found in the
Supporting Information Materials and Methods.

Data availability
The data that support the findings of our study are available
from the corresponding author upon reasonable request.

Results
PKD3 depletion decreases CSC-like properties in
MDA-MB-231 cells
It is well established that PKD3 controls vesicular traffic to the
plasma membrane thereby modulating the expression of cell sur-
face proteins.22 To analyze how PKD3 controls the cell surface
phenotype of breast cancer cells, we used the TNBC cell line
MDA-MB-231 stably depleted of PKD3 (shPKD3_1)17 and

performed a flow cytometry-based screening of 332 molecules
(Fig. 1a). MDA-MB-231 cells stably expressing a scrambled
shRNA were used as control (shNon_CTRL; Supporting Infor-
mation Figs. S1a and S1b). About 102 cell surfaces proteins were
above the detection threshold (Supporting Information
Table S1). In the PKD3 deficient cells, 68 proteins displayed
dysregulated surface levels with respect to the control
(24 upregulated and 44 downregulated). Several of the proteins
with decreased cell surface expression have been associated with
the maintenance of breast CSCs, such as CD44, CD184, CD61,
NOTCH2, NOTCH4 and CD3046,7,23–27 (Fig. 1b, Supporting
Information Figs. S1c–S1h, Table S1). This prompted us to mea-
sure the stem cell frequency of the stable MDA-MB-231 cell lines
by performing extreme limiting dilution assays (ELDA; Fig. 1c).
Indeed, the estimated stem cell frequency was significantly
decreased in PKD3 depleted cells when compared to the stem
cell frequency of the control cells (Fig. 1d). We then analyzed the
gene expression of a panel of breast cancer stemness markers
including SOX2, OCT3/4, NANOG, NOTCH4, CD44, SNAI1
and ALDH1 in monolayer (2D)-cultured shPKD3_1 and
shNon_CTRL cells.11,28 Compared to the control cells, we
observed a significant downregulation of the corresponding
genes in shPKD3_1 cells (Fig. 1e). Enhanced ALDH activity is
considered a hallmark of breast CSCs.29,30 When comparing
MDA-MB-231 shPKD3_1 cells with shNon_CTRL cells, we
observed that PKD3 depletion caused a significant decrease in
ALDH activity as measured by aldefluor assay (Fig. 1f ), which
further substantiated a potential role of the kinase in stem cell
regulation. Finally, we investigated the formation of primary and
secondary oncospheres as a measure of CSC activity.31 Here, the
depletion of PKD3 caused an up to 70% decrease in primary and
secondary sphere-forming efficiency (SFE) (Fig. 1g) in compari-
son to the control. Remarkably, the knockdown of PKD3 neither
changed the size of the oncospheres (Fig. 1h), nor did it
induce cell death by anoikis, excluding antiproliferative and
proapoptotic effects (Supporting Information Figs. S1i and S1j).

In an independent MDA-MB-231 PKD3 knockdown cell line,
shPKD3_2,17 we could confirm the significant downregulation of
stemness-related marker gene expression (Supporting Informa-
tion Fig. S1k), ALDH activity (Supporting Information Fig. S1l)
and oncosphere forming efficiency (Supporting Information
Figs. S1m and S1n) upon loss of PKD3 expression. Activation of
YAP (yes-associated protein)/YAZ (transcriptional co-activator
with PDZ-binding motif) and Notch signaling are required to
sustain self-renewal and tumor-initiation capacities in breast
CSCs.27,32 Indeed, in both PKD3 knockdown cell lines, decreased
expression of the YAP/TAZ and Notch target genes CTGF and
HES1/HEY1, respectively, indicated impaired signaling through
these pathways (Supporting Information Fig. S1o). We further
observed downregulation of ABCG2, which contributes to drug
resistance in breast CSCs (Supporting Information Fig. S1o)8 and
the bona fide EMT marker gene SLUG (Supporting Information
Fig. S1o). These results were confirmed in BT549 cells in which
the depletion of PKD3 significantly increased CDH1 levels while
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SNAI1 and SLUG levels were reduced (Supporting Information
Fig. S1p). Thus, our results univocally show that MDA-MB-231
cells require PKD3 for CSC maintenance in vitro.

PKD3 knockdown decreases the tumor initiation potential
in vivo
To prove that PKD3 is also important for maintaining the
tumor initiation potential in vivo, we implanted four different
concentrations of MDA-MB-231 shPKD3_1 and shNon_CTRL

cells into the fourth mammary fat pad of immunocompromised
mice (Fig. 2a). Strikingly, shPKD3_1 Cells exhibited a strongly
diminished tumor initiation potential compared to shNon_
CTRL cells (Figs. 2b and 2c). In line with the reduced tumor
initiation potential, the estimated stem cell frequency of PKD3
deficient tumor cells was significantly lower (Fig. 2c). Apart
from the lowest cell concentration injected, shNon_CTRL and
shPKD3_1 tumors did not differ in size (Fig. 2d). We next sin-
gularized the tumor cells, analyzed ALDH activity (Fig. 2e) and

Figure 1. Loss of PKD3 reduces stemness in MDA-MB-231 cells. (a) Cell surface screen workflow. (b) Flow cytometry-based surface protein
screening. Data are presented as relative mean fluorescence intensity (rel. MFI) normalized to shNon_CTRL, n = 2. (c) ELDA, analysis of 20 wells
of a 96-well plate per condition. Only sphere-positive wells were considered. Data are presented as mean � SEM, n = 3. Statistical comparison
by ELDA multiple group analysis. (d) ELDA-based estimated stem cell frequency. Data are presented as mean estimated stem cell frequency
normalized to shNon_CTRL, n = 3. Statistical comparison by t-test. (e) qPCR analysis of stemness markers. Data are presented as mean mRNA
expression normalized to shNon_CTRL, n = 4. Statistical comparison by t-test. (f ) Left: flow cytometry-based ALDH activity analysis. Data are
presented as mean ALDHhigh population normalized to shNon_CTRL, n = 4. Statistical comparison by t-test. Right: Dot plot of ALDH
measurements. (g) Mean SFE of primary and secondary oncosphere assays, n = 4. Statistical comparison by one-way ANOVA and Bonferroni
test. (h) Left: mean sphere area of primary and secondary oncospheres, n = 4. Right: representative oncosphere pictures. Scale bar: 200 μm.
[Color figure can be viewed at wileyonlinelibrary.com]
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primary as well as secondary oncosphere formation (Figs. 2f and
2g). In agreement with the decreased stem cell frequency, ALDH
activity and SFE were significantly reduced in PKD3 deficient
MDA-MB-231 tumor cells. Our data thus confirm a role for
PKD3 in promoting stemness and tumor-initiating capacity of
MDA-MB-231 cells.

PKD3-mediated TNBC stem cell regulation is dependent on
GEF-H1
We recently reported that GEF-H1 is an upstream activator of
PKD at the Golgi complex in HeLa cells33 (Fig. 3a). Therefore,

we analyzed whether GEF-H1 is required for PKD3 to promote
TNBC cell stemness. To drive Rho-dependent PKD activation
we treated MDA-MB-231 cells with nocodazole33 and detected
PKD activity by activation loop phosphorylation (pS744/748),
which is conserved in all PKD isoforms. Treatment with
PMA, a potent inducer of PKD activity,14 served as a
positive control. Nocodazole strongly increased PKD activity
and this was fully abrogated by PKD3 depletion despite the
presence of PKD2. Importantly, nocodazole failed to induce
PKD activity in the absence of GEF-H1, proving that PKD3,
but not PKD2, is activated by GEF-H1 in MDA-MB-231 cells
(Fig. 3b).

Figure 2. In vivo tumor initiation potential is decreased in PKD3-depleted TNBC cells. (a) Representative picture of orthotopic tumor
formation. (b) Tumors of mice injected with 5 × 105 and 5 × 104 MDA-MB-231 cells expressing the indicated shRNAs. (c) ELDA, six mice per
condition. Data are presented as tumor-bearing mice per injected cell concentration and estimated stem cell frequency. Statistical
comparison by ELDA multiple group analysis. (d) Tumor size at Week 8, n = 2–6. Statistical comparison by one-way ANOVA and Bonferroni-
test. (e) Left: flow cytometry-based ALDH activity analysis of singularized tumor cells. Data are presented as mean ALDHhigh population of
shPKD3_1 normalized to shNon_CTRL, n = 3. Statistical comparison by t-test. Right: Dot plot of ALDH measurements. (f ) Mean SFE of primary
and secondary oncosphere assays, n = 3. Statistical comparison by t-test. (g) Left: mean sphere area of primary and secondary oncospheres,
n = 3. Right: representative oncosphere pictures. Scale bar: 100 μm.
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Figure 3. GEF-H1-mediated activation of PKD3 is crucial for mammosphere formation. (a) Scheme showing the GEF-H1/PKD3 signaling
pathway. (b) Western blot of MDA-MB-231 cells treated with nocodazole (Noc; 5 μg/ml, 1 hr), phorbol 12-myristate 13-acetate (PMA; 1 μM,
15 min) or DMSO. Before treatment, MDA-MB-231 cells were transiently transfected with smartpool (sp) siRNAs as indicated. Membranes
were probed with specific antibodies as indicated. α-tubulin was used as loading control. (c) Western blot of TNBC and non-TNBC cell lines.
Membranes were probed with specific antibodies as indicated. GAPDH was used as loading control. (d) GEF-H1 mRNA expression levels
within PKD3 high and low expression groups in tumor samples from the TCGA-BRCA project. The samples were divided according to PKD3
expression by tertile separation, where “PKD3 low” is represented by the lower tertile (quantile <0.33, n = 403) and “PKD3 high” by the upper
tertile (quantile >0.67, n = 312), normal tissue samples excluded. GEF-H1 expression is visualized as log2[GEF-H1 expression (FPKM) + 0.01].
(e, f ) Western blot of (e) MDA-MB-231 and (f ) MDA-MB-468 cells, comparing monolayer-cultured cells (2D) with oncospheres (3D).
Immunoblotting was conducted, and membranes were probed with specific antibodies as indicated. GAPDH was used as loading control. (g)
Western blot of MDA-MB-231 and MDA-MB-468 oncospheres. 24 hr prior to seeding, MDA-MB-231 and MDA-MB-468 cells were transiently
transfected with smartpool (sp) siRNAs as indicated. Membranes were probed with specific antibodies as indicated. GAPDH was used as
loading control. (h) Quantification of data shown in (g ), using densitometry analysis. Data are presented as mean line density of spGEF-H1
normalized to spNon, n = 2–3. Statistical comparison by t-test. (i) Workflow: Oncosphere formation assay of transfected cells. ( j,k) Left: Mean
SFE of primary oncosphere assays of ( j) MDA-MB-231 and (k) MDA-MB-468 cells. Then, 24 hr prior to seeding, MDA-MB-231 and MDA-MB-468
cells were transiently transfected with smartpool (sp) siRNAs as indicated, n = 3–4. Statistical comparison by one-way ANOVA and Bonferroni
test. Right: representative oncosphere pictures. Scale bar: 200 μm.
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We next analyzed the correlation of GEF-H1 and PKD3
expression in a panel of breast cancer cell lines. In general,
TNBC cell lines with elevated PKD3 expression19 also expressed
higher GEF-H1 levels whereas low PKD3 and GEF-H1 expres-
sion were observed in the non-TNBC cell lines (Fig. 3c). To ver-
ify these findings in clinical patient data, we analyzed PKD3 and
GEF-H1 mRNA levels in human breast cancers from the TCGA
database. In accordance with the cell line data, significantly
higher GEF-H1 expression was observed in the tumor samples
belonging to the high PKD3 expression group (Fig. 3d). We next
addressed the functional relevance of GEF-H1 and PKD3
expression in primary oncospheres (3D) obtained from two

independent TNBC cell lines (Figs. 3e and 3f ). In both MDA-
MB-231 and MDA-MB-468 cell lines, GEF-H1, as well as PKD3
expression, was upregulated in oncospheres compared to the
monolayer culture (2D). To validate a potential functional link
between GEF-H1 and PKD3 in CSCs, we performed a transient
GEF-H1 knockdown using two independent siRNAs prior to
seeding of the cells into the primary oncosphere assay and then
analyzed PKD3 activity. Remarkably, the depletion of GEF-H1
in MDA-MB-231 and MDA-MB-468 cells strongly reduced the
activation loop phosphorylation of PKD3 and phosphorylation
of its downstream target S6K119 in oncospheres (Figs. 3g and
3h, Supporting Information Fig. S2l). In line with these results,

Figure 4. PKD3 overexpression-induced sphere formation is dependent on GEF-H1. (a) Western blot of MCF10A-EcoR-PKD3WT cells. Cells were
treated with doxycycline (+Dox) for 48 hr. Water served as control (−Dox). Membranes were probed with specific antibodies as indicated.
GAPDH was used as loading control. (b) Mean SFE of primary oncosphere formation assays of MCF10A-EcoR-PKD3WT-EGFP cells. Then, 24 hr
prior to and directly after seeding cells into the oncosphere assay the medium was supplemented with Dox and spheres were grown for
5 days, n = 3. Statistical comparison by t-test. (c) Left: mean sphere area of primary oncospheres, n = 3. Statistical comparison by t-test.
Right: representative oncosphere pictures. Bar represents 100 μm. (d) qPCR analysis of stemness markers. Data are presented as mean
mRNA expression of Dox-treated cells normalized to untreated control, n = 3. Statistical comparison by t-test. (e–f ) 48 hr prior to seeding
MCF10A-EcoR-PKD3WT-EGFP cells were transiently transfected with smartpool (sp) siRNAs as indicated. Then, 24 hr prior to and directly after
seeding into the oncosphere assay, cells were treated with Dox. (e) Mean SFE of primary oncosphere assay. Data were normalized to
untreated spNon, n = 3. Statistical comparison by one-way ANOVA and Bonferroni test. (f ) Left: mean sphere area of primary spheres, n = 3.
Right: representative pictures of transiently transfected and Dox-treated (continuously for 6 days) MCF10A-PKD3-EGFP cells after 5 days in the
oncosphere formation assay. Scale bar: 100 μm.
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we observed that the transient knockdown of PKD3 or GEF-H1
(Fig. 3I) significantly decreased SFE in the TNBC cell lines
MDA-MB-231, MDA-MB-468, MDA-MB-436, BT-549 and
HCC1806 but not in the luminal A breast cancer cell line MCF7
(Figs. 3j and 3k, Supporting Information Figs. S2a–S2h, j). Our
data thus show that GEF-H1 activates PKD3 to promote stem
cell maintenance.

PKD3 overexpression increases CSC-like properties
We next explored whether ectopic expression of PKD3 is suf-
ficient to drive oncosphere formation in nontumorigenic
breast epithelial MCF10A cells. Therefore, we generated a
doxycycline (Dox)-inducible PKD3 (PKD3-EGFP) MCF10A
cell line (Fig. 4a) and analyzed stem cell activity and marker
gene expression. Indeed, the induction of PKD3-EGFP

Figure 5. Legend on next page.
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expression in MCF10A cells significantly increased SFE
(Fig. 4b), without affecting the sphere area (Fig. 4c). Addition-
ally, PKD3-EGFP increased the mRNA expression of stemness
markers, such as SOX2 and OCT3/428,34 (Fig. 4d). To verify
that GEF-H1 is required for PKD3-mediated stem cell mainte-
nance also in the MCF10A model, we depleted GEF-H1 prior
to inducing PKD3-EGFP expression and subjected the cells to
a sphere formation assay. Strikingly, the depletion of GEF-H1
completely blocked the increase in sphere formation mediated
by PKD3 (Figs. 4e and 4f ), indicating that PKD3-mediated
oncosphere formation is strictly dependent on GEF-H1.

Combined paclitaxel treatment and PKD3 inhibition
synergistically decreases TNBC stem cell-mediated
oncosphere and colony formation
Loss-of-function by stable or transient knockdown of PKD3 in
TNBC cell lines revealed a crucial role for the kinase in CSC
maintenance. We thus explored whether pharmacological inhi-
bition of kinase activity using the selective pan-PKD inhibitor
CRT006610117 would mimic the loss of PKD3 gene expression.
First, we tested the efficacy of the inhibitor in oncosphere for-
mation assays. Equally to PKD3 depletion, CRT0066101 treat-
ment of MDA-MB-231, MDA-MB-468, MDA-MB-436 and
BT-549 TNBC cells significantly reduced the number of primary
and secondary oncospheres without affecting the respective
sphere area (Figs. 5a and 5b, Supporting Information Figs. S3a–
S3d). The chemotherapeutic paclitaxel is widely used in the clin-
ical setting.35 We therefore asked whether PKD inhibition sensi-
tized TNBC cells to paclitaxel treatment. First, we tested the
response behavior of MDA-MB-231 and MDA-MB-468 cells to
the combination of paclitaxel and CRT0066101 in a 3D viability
assay. Especially low, clinically relevant paclitaxel concentra-
tions36 as well as low micromolar CRT0066101 concentrations
showed synergistic or additive effects (Supporting Information
Figs. S3e and S3f ). In line with these results, we further observed
that shPKD3_1 cells were significantly more sensitive when
treated with increasing concentrations of paclitaxel compared to
shNon_CTRL cells (Supporting Information Fig. S3g). Next, we
addressed potential synergistic effects of the combinatorial treat-
ment on TNBC stem cells and analyzed ALDH activity as well

as sphere-forming efficiency. We first performed a primary
oncosphere formation assay to enrich for TNBC stem cells
(Fig. 5c). These oncospheres were singularized, reseeded into a
secondary oncosphere formation assay and immediately treated
with either CRT0066101, paclitaxel or the combination of both.
Both single and combination treatments reduced ALDH activity
in MDA-MB-231 and MDA-MB-468 cells (Figs. 5d and 5e).
Regarding SFE, the combination was highly synergistic in
MDA-MB-231, MDA-MB-468, MDA-MB-436, BT-549 and
HCC1806 TNBC cell lines (Figs. 5f and 5g, Supporting Informa-
tion Fig. S4). Because clonogenic activity is a sensitive marker of
undifferentiated CSCs,37 we tested the combination treatment of
CRT0066101 and paclitaxel in a colony formation assay. In
line with our previous results, the combinatorial treatment
synergistically decreased the clonogenic activity in MDA-MB-
231, MDA-MB-468, MDA-MB-436 and BT-549 TNBC cells
(Figs. 6a and 6b, Supporting Information Fig. S5). Thus, com-
bining paclitaxel with CRT0066101 was superior to the single
treatments and synergistically reduced the prevalence of CSCs
in these TNBC cell lines.

The combination of CRT0066101 and paclitaxel is superior
in decreasing tumor recurrence in vivo
Finally, we used an orthotopic xenograft mouse model to inves-
tigate the growth and recurrence of MDA-MB-231 tumors after
treatment with paclitaxel, CRT0066101 or the combination of
both. The cells were transplanted into SCID mice and allowed
to form tumors with a size of �100 mm3. Compared to the con-
trol (vehicle only) CRT0066101 had only little effect on tumor
growth. Accordingly, tumor-bearing mice belonging to the con-
trol and CRT0066101 groups had to be removed from the study
shortly after the end of the treatment period. In contrast, pacli-
taxel caused an initial inhibition of tumor growth, which was
further enhanced by CRT0066101. Upon therapy termination,
paclitaxel-treated tumors displayed a strong regrowth. More
importantly, in the posttreatment period, animals that had
received the combination treatment showed a significant reduc-
tion in tumor regrowth compared to paclitaxel treated animals
(Figs. 6c and 6d), providing support for the superior targeting of

Figure 5. The combination of paclitaxel and CRT0066101 synergistically reduces sphere formation in vitro. (a, b) Counting of primary and
secondary oncospheres of (a) MDA-MB-231 and (b) MDA-MB-468 cells. Cells were treated with 1 μM CRT0066101 directly after seeding into
the respective oncosphere assay. Data are presented as mean sphere formation efficiency (SFE), n = 3. Statistical comparison by one-way
ANOVA and Bonferroni test. (c) Workflow of paclitaxel and CRT0066101 oncosphere treatment. (d, e) Left panel: Flow cytometry-based
stemness analysis of (d) MDA-MB-231 or (e) MDA-MB-468 cells via ALDEFLUOR™. Directly after seeding into the secondary oncosphere assay,
cells were treated with paclitaxel (5 nM) or CRT0066101 (MDA-MB-231: 1 μM; MDA-MB-468: 0.5 μM), or in combination. DMSO served as
control. Data is presented as mean ALDHhigh population normalized to DMSO control, n = 3–4. Statistical comparison by one-way ANOVA and
Bonferroni test. Combination index (CI) values were calculated via Webb’s fractional product method using the respective mean of %
ALDHhigh populations. CI < 1 indicates synergism. Right panels: Dot plot of ALDEFLUOR measurements. DEAB-treated samples served as
internal control. (f, g) Counting of secondary oncospheres of (f ) MDA-MB-231 and (g) MDA-MB-468 cells. Directly after seeding into the
secondary oncosphere assay, cells were treated with paclitaxel (5 nM) or CRT0066101 (MDA-MB-231: 1 μM; MDA-MB-468: 0.5 μM), or in
combination. DMSO served as control. Data are presented as mean sphere formation efficiency (SFE), n = 3–4. Statistical comparison by one-
way ANOVA and Bonferroni-test. Combination index (CI) values were calculated using Webb’s fractional product method. CI < 1 indicates
synergism. [Color figure can be viewed at wileyonlinelibrary.com]
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drug-resistant cancer cell subpopulations by paclitaxel plus
CRT0066101.

Discussion
PKD3 has been associated with TNBC progression17,19 but so
far, a specific role for PKD3 in CSC stemness has not been
described. In our study, we have defined a critical role for
PKD3 in the maintenance and propagation of TNBC stem cells
in vitro and in vivo. The PKD inhibitor CRT0066101 demon-
strated strong efficacy in eliminating TNBC stem cells in vitro.
More importantly, CRT0066101 synergistically increased the
response to paclitaxel in vitro and in vivo. These findings are of
high clinical relevance as taxanes have shown to increase the
TNBC stem cell population.6,7,38 Thus, inhibiting PKD3 in
combination with paclitaxel has a dual effect by targeting differ-
entiated cancer cells and at the same time eradicating the cell
population responsible for chemoresistance and tumor
recurrence.

The role of PKD3 in cancer stemness was specific for TNBC
cell lines as in luminal A MCF7 cells with only marginal PKD3
expression depletion of the kinase did not affect oncosphere
formation (Supporting Information Fig. S2h). Our findings

further support the postulated isoform switch from PKD1 to
PKD3 in breast tumor progression. While PKD1 is a negative
regulator of cell motility and invasion and contributes to the
maintenance of the epithelial phenotype of breast cells, PKD3
drives cell proliferation and invasion17 and, as shown in our
study, CSC maintenance.

Taxanes were shown to increase the CSC population in
patients with invasive breast cancer.6,7,9 Moreover, paclitaxel
increased the ALDH-positive population in MDA-MB-231 cells
by enhancing SOX2, ABCG2 and TWIST1 expression,
unraveling an interconnected pluripotency–chemoresistance–
EMT (epithelial to mesenchymal transition) axis.8 EMT is linked
to breast CSC regulation, and exposing TNBC cells to the EMT
inducer transforming growth factor-beta (TGF-β) increased
oncosphere formation and the CD44+/CD24− stem cell signa-
ture.39 Interestingly, PKD3 has also been connected with EMT,
as treating MDA-MB-231 cells with CRT0066101 reduced the
expression of the EMT transcription factor SNAI1.40 Strikingly,
PKD3 depletion in MDA-MB-231 cells decreased SOX2,
ABCG2, SLUG and SNAI1 expression (Fig. 1e, Supporting
Information Figs. S2k and S2o) and increased CDH1 expression
in BT549 cells (Supporting Information Fig. S2p). PKD3

Figure 6. The combination of paclitaxel and CRT0066101 synergistically reduces colony formation in vitro as well as tumor recurrence in vivo.
(a,b) Left panels: colony formation of (a) MDA-MB-231 and (b) MDA-MB-468 cells. 24 hr after seeding into six-well culture dishes, MDA-MB-
231 and MDA-MB-468 cells were treated for 48 hr with paclitaxel (1 nM) or CRT0066101 (MDA-MB-231: 1 μM; MDA-MB-468: 0.1 μM), or the
combination of both. DMSO served as control. Afterward, cells were further cultured for 2 weeks and analyzed using the Odyssey imaging
system. Data are presented as mean area covered. DMSO control was set to 100%, n = 4–5. Statistical comparison by one-way ANOVA and
Bonferroni test. Combination index (CI) values were calculated using Webb’s fractional product method. CI < 1 indicates synergism. Right
panels: Representative pictures of the respective colony formation assays. (c) Eight-week-old female SCID mice were injected with 2 × 106

MDA-MB-231 cells into the right fat pad of the fourth nipple. After the tumors had reached 100 mm3 mice were treated with either
CRT0066101, paclitaxel or the combination of both. The combination of the respective carriers served as control. Data are presented as
tumor volume (mm3), mean � SEM, n = 7. Statistical comparison by two-way ANOVA and Bonferroni test. (d) Representative pictures of
animals from the respective treatment groups. Tumors are indicated by dotted circles.
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inhibition thus likely counteracts the paclitaxel-induced
upregulation of EMT genes. Breaking up the pluripotency–
chemoresistance–EMT axis might contribute to the strong
response to combined CRT0066101 and paclitaxel treatment
in vivo.

We further identified GEF-H1 to be upstream of PKD3
activity in oncosphere formation, in support of the proposed
contribution of GEF-H1/Rho signaling to breast cancer metas-
tasis.41 However, how does GEF-H1/PKD3 signaling contrib-
ute to the maintenance of TNBC stem cells? Recently, we
showed that a GEF-H1-RhoA-PLCε-PKD pathway regulates
the fission of exocytic vesicles at the Golgi complex.33 The
changes in surface protein expression upon PKD3 depletion
could thus stem from deregulated exocytosis. Various secreted
factors derived from the bulk tumor and CSC population, act-
ing in paracrine and autocrine manners, are required for the
CSC survival. For example, in basal-like breast cancer, the
mesenchymal-like tumor cells were reported to produce
WNT2, CXCL12 and IL6, which drive the self-renewal of the
CSCs.42 Furthermore, TGF-β together with autocrine canoni-
cal and noncanonical WNT signaling controls migratory and
self-renewal ability of breast CSCs by promoting the expres-
sion of EMT-associated transcription factors.43 By promoting
the secretion of paracrine and/or autocrine survival factors
PKD3 signaling might positively regulate the expression of
EMT-associated transcription factors to maintain the CSC
state. In support of our hypothesis, Zeng et al.44 reported that
the mesenchymal stem cell marker CD146 promotes EMT

through RhoA-induced upregulation of SLUG thereby con-
tributing to the maintenance of CSC-like cells in breast can-
cer. Our data further indicate that PKD3 depletion reduces
YAP/TAZ signaling (Supporting Information Fig. S1o), con-
gruent with the reported regulation of YAP/TAZ signaling by
PKD in pancreatic cancer cells.45 EMT induces and requires
YAP/TAZ for triggering breast cancer stemness and metasta-
sis32 and vice versa, YAP/TAZ are active inducers of EMT.46,47

This suggests that several positive and negative feedback loops
are in place to sustain the maintenance of CSCs.

TNBC patients have a high probability of tumor recurrence
within the first 5 years after the end of treatment, which is
largely driven by CSC activity.30,48,49 The development of new
therapeutic strategies targeting TNBC stem cells has thus been
intensified over the last years.50 For example, the kinase inhib-
itor Dasatinib and TGF-β pathway inhibition, respectively,
were shown to enhance the responsiveness to paclitaxel treat-
ment in preclinical models of TNBC.51 Thus, these studies
and our results demonstrate that combining paclitaxel with
therapeutic antibodies or small molecule inhibitors such as
CRT0066101 has great clinical potential by targeting more
effectively the TNBC bulk tumor and stem cell populations.
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