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ERG induces taxane resistance in
castration-resistant prostate cancer
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Taxanes are the only chemotherapies used to treat patients with metastatic castrationresistant prostate cancer (CRPC). Despite the initial efﬁcacy of taxanes in treating CRPC, all
patients ultimately fail due to the development of drug resistance. In this study, we show that
ERG overexpression in in vitro and in vivo models of CRPC is associated with decreased
sensitivity to taxanes. ERG affects several parameters of microtubule dynamics and inhibits
effective drug-target engagement of docetaxel or cabazitaxel with tubulin. Finally, analysis of
a cohort of 34 men with metastatic CRPC treated with docetaxel chemotherapy reveals that
ERG-overexpressing prostate cancers have twice the chance of docetaxel resistance than
ERG-negative cancers. Our data suggest that ERG plays a role beyond regulating
gene expression and functions outside the nucleus to cooperate with tubulin towards
taxane insensitivity. Determining ERG rearrangement status may aid in patient selection for
docetaxel or cabazitaxel therapy and/or inﬂuence co-targeting approaches.
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axanes are used for the treatment of patients with newly
diagnosed hormone sensitive metastatic prostate cancer
and for ﬁrst or second line treatment of patients with
metastatic castration-resistant prostate cancer (CRPC), especially
for symptomatic patients, and are the only class of chemotherapy
agents shown to improve survival1–3. There is signiﬁcant
heterogeneity in how patients respond to taxane chemotherapy
and most patients with CRPC ultimately become refractory due
to the development of drug resistance. The molecular basis of this
heterogeneity in treatment response remains to be determined.
Taxanes act by binding to the b-tubulin subunit of the
a/b—tubulin heterodimer, which consists of the building block
of microtubules (MTs). cytoskeletal polymers vital for a multitude
of cellular functions including mitotic spindle formation,
intracellular trafﬁcking and cell signalling. One of the chief
characteristics of MTs is their dynamic instability: the stochastic
change from phases of subunit addition (polymerization) and
subunit loss (depolymerization)4. Dysregulation of MT dynamics
leads to a number of deleterious effects, including cellular
mispolarization, aberrant motility5, stalled cell division6 and even
cell death7. Taxane binding to MTs interferes with their dynamic
instability by slowing down the MT polymerization rates,
stabilizing MT polymers and preventing their disassembly,
which results in cell death through apoptosis8. Despite their
widespread use, the major challenge with taxane chemotherapy is
the eventual development of clinical drug resistance9 whose
underlying mechanism is poorly understood.
A recent report of mass spectrometric analysis showed that the
transcription factor ERG interacts with b-tubulin10, but the
biological relevance of this interaction remains uncharacterized.
ERG is overexpressed by 30- to 80-fold in at least 50% of prostate
cancers as a result of recurrent gene fusions, driven by one of
three 50 promoters (that is, TMPRSS2, SLC45A3 and NDRG1)11.
ERG rearrangement represents an early event in prostate cancer
tumorigenesis12, and, although other somatic alterations have
been described in critical pathways (for example, PI3K/PTEN, RB
and RAS/RAF13), ERG rearrangement represents the most
frequent recurrent genetic alteration in prostate cancer. In vivo
and in vitro data support a causal role of ERG in initiating
prostate epithelial transformation (in cooperation with other
molecular alterations) and in increasing cell invasion14,15. Recent
data have shown that ERG contributes genome-wide by
reorganizing the chromatin within the nucleus and facilitating
both the formation of pro-malignancy transcription hubs and
inﬂuencing the development of other genomic alterations16,17.
Herein, we show that ERG overexpression is associated with
decreased taxane sensitivity in prostate cancer cell lines, in vivo
xenograft models, and in ERG-positive CRPC patients. Mechanistically, we show that ERG contributes to taxane resistance by
binding soluble tubulin in the cytoplasm, altering microtubule
dynamics towards increased catastrophe rate, and thereby shifting
the dynamic equilibrium between microtubule polymers (preferred taxane substrate) and soluble tubulin dimers (preferred
substrate for MT-depolymerizing drugs) towards soluble tubulin.
This shift, in turn, renders cells resistant to taxanes but more
sensitive to microtubule depolymerizing drugs. Taken together,
our data support a novel cytoplasmic function of ERG and
suggest that ERG may be a potential predictive biomarker of
taxane response in prostate cancer patients.
Results
ERG overexpression leads to taxane-resistance in vitro. To test
whether ERG expression has an impact on taxane sensitivity, we
used siRNA (siERG) to lower ERG levels in the VCaP cells, which
endogenously express the TMPRSS2-ERG fusion11, and measured
2

cell viability following 72 h of cabazitaxel treatment. Reduced
ERG levels resulted in an increase in cabazitaxel sensitivity
compared with control cells transfected with a scrambled siRNA
molecule (siSCR, Fig. 1a). To extend these observations, we
generated isogenic cell lines with stable14,17 or inducible ERG
expression. Stable ERG overexpression reproducibly resulted
in a markedly lower sensitivity to cabazitaxel in RWPE1
(Supplementary Fig. 1a) and DU145 independent cell clones
while knocking down ERG in the DU145 cells with stable ERG
overexpression (DU145-ERG) using an shRNA restored their
sensitivity (Fig. 1b). Increasing levels of ERG using tetracycline
(TetOn)-inducible DU145 cells led to a dose-dependent
decrease in cabazitaxel sensitivity compared with the same cell
line in the absence of doxycycline or doxycycline-treated TetOnempty vector control cells (Fig. 1c, Supplementary Fig. 1b). In
addition, ERG overexpression in DU145 cells conferred resistance
to cabazitaxel-induced apoptosis, measured by caspase 3/7
activity in a time- and dose-dependent manner (Fig. 1d–f).
Induced ERG overexpression also conferred docetaxel resistance
(Supplementary Fig. 1c,d). Taken together these data show that
ERG overexpression leads to taxane (cabazitaxel and docetaxel)
resistance in vitro, proportional to the amount of ERG expression,
and that ERG knockdown sensitizes cells to taxane treatment.
ERG overexpression leads to taxane resistance in vivo. To
determine whether ERG lowers the sensitivity of tumour cells to
taxanes in vivo, different clonal populations of luciferaseexpressing DU145-ERG cells or control DU145 cells expressing
the empty vector (DU145-GFP) were used to generate xenografts
as previously described18. Tumours were allowed to grow to an
average tumour volume of 150 mm3. For each study, ﬁve tumourbearing mice were randomized to treatment (intraperitoneal
dosing of 12 mg kg  1 cabazitaxel every 6 days for 4 weeks) or
vehicle groups. DU145-ERG xenografts were reproducibly more
resistant to cabazitaxel compared with the cabazitaxel-sensitive
control xenografts based on both tumour volume as measured
using a caliper and tumour cell viability as measured using
bioluminescent imaging (Fig. 2 and Supplementary Fig. 2a,b).
ERG overexpression did not affect tumour growth rate
appreciably compared with control tumours (Supplementary
Fig. 2c). Body weight decreased on average by 8% at week 5 in
mice with control tumours, which was somewhat abrogated in
mice with ERG expressing tumours with a 3% average
(Supplementary Fig. 2d). In summary, these results show that
ERG overexpression leads to taxane resistance in vivo, similar to
what was observed in vitro.
ERG impairs effective drug-target engagement of MTs. Taxanes
bind to and stabilize interphase and mitotic spindle MTs
impairing their normal function and inducing apoptosis19. To
investigate whether ERG overexpression had any effect on the
ability of cabazitaxel to engage its target, we examined the extent
of drug-induced microtubule stabilization in the isogenic ERGnegative and-positive DU145 cells using a cell-based tubulin
polymerization assay. This assay provides a quantitative output
for the dynamic equilibrium between the pool of soluble tubulin
dimers (S) and microtubule polymers (P) in untreated cells as
well as any drug-induced shifts of this equilibrium in cells treated
with MT inhibitors20–22. Cells were treated with cabazitaxel at
either the IC50 concentration (1 nM)—a physiologically relevant
drug concentration corresponding to the steady-state serum levels
of cabazitaxel achieved clinically in CRPC patients- or the supraphysiological 10  IC50 (10 nM) concentration. Treatment of the
DU145-ERG negative cells resulted in a dose-dependent
induction of tubulin polymerization from 17% polymer (P) in
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Figure 1 | ERG overexpression leads to taxane resistance in vitro. (a) Dose–response curves following a 72-h incubation at the indicated dose of
cabazitaxel for VCaP cells with ERG knockdown (siERG) or scramble knockdown (siSCR), as a control. Inset: immunoblot showing ERG protein expression
with GAPDH as a loading control. Dose–response curves following a 48 h incubation at the indicated dose of cabazitaxel for DU145 clones stably
overexpressing ERG (orange) or GFP (blue) (b) or with doxycycline (dox)-inducible ERG expression (TetON-ERG) (c). Insets: immunoblot showing ERG
protein expression with tubulin as a loading control. (d–f) Apoptosis induction (caspase 3/7 activity) at 48 h as a function of cabazitaxel dose (d) or at the
indicated time points (hours) in the presence of either 10 nM (e) or 100 nM cabazitaxel (f) of DU145 cells stably expressing GFP (blue) or ERG (orange).
Values are normalized to vehicle-treated cells at the indicated time point. *(P value o0.01), **(P value o0.005) or ***(P value o0.0002) based on
T-tests. Western blot images have been cropped for presentation. Full-size images are presented in Supplementary Fig. 11.

the control untreated cells to 31% P and 81% P following
treatment with 1 and 10 nM cabazitaxel, respectively (Fig. 3a). In
contrast, treatment of DU145-ERG-positive cells with the IC50
concentration of cabazitaxel had no effect of tubulin
polymerization (10% P in control versus 8% P at 1 nM),
indicating impaired drug-target engagement (DTE). As
expected, this impairment was abrogated following treatment
with the supra-physiological 10 nM dose of cabazitaxel.
This impaired DTE was further conﬁrmed by confocal
microscopy using two additional readouts, MT bundling and
abnormal multipolar spindle formation, both of which represent
hallmarks of cellular taxane activity. The ability of cabazitaxel to
induce microtubule bundling (Fig. 3b, dashed arrows) and/or
aberrant mitotic arrest (Fig. 3b, solid arrows) was signiﬁcantly
compromised in ERG-positive cells, as compared with the extent
of DTE observed in ERG-negative cells (Fig. 3b and
Supplementary Fig. 3a). Furthermore, we did not detect any
ERG-speciﬁc signiﬁcant differences in b-tubulin isotype expression or post-translational modiﬁcations associated with microtubule stability, such as acetylation, tyrosination and
glutamylation23–25, between ERG-negative and ERG-positive
cells (Fig. 3c and Supplementary Fig. 3b).
Finally, to ensure that there was no reduction in the
intracellular accumulation of cabazitaxel in ERG þ cells due to
overexpression of the cell surface efﬂux pump P-glycoprotein

(P-gp)26–28, we quantitatively assessed P-gp protein expression by
ﬂow cytometry. No P-gp was detected in ERG þ or ERG  cells,
indicating that this mechanism is not involved in the observed
taxane resistance phenotype (Supplementary Fig. 4a). In addition,
to rule out other potential mechanisms of active drug transport,
we performed drug accumulation assays using radiolabelled 14Ccabazitaxel and found no difference in the intracellular drug
accumulation between the ERG þ and ERG  cells
(Supplementary Fig. 4b). Taken together, these results indicate
that ERG overexpression in prostate cancer cells renders MTs less
responsive to taxane treatment suggesting that the drug–tubulin
interaction might be compromised under these conditions.
Dynamic MTs are critical for cell division, intracellular
transport and cell signalling, and it has been shown that taxane
treatment causes signiﬁcant perturbation of microtubule
dynamics in vitro and in vivo19. To test whether ERG
expression interferes with microtubule dynamics in prostate
cancer cells, we measured MT dynamics in living cells
ﬂuorescently tagged EB1 (end-binding protein 1), a protein that
binds only to the growing tip of the polymerizing MT and is used
as a marker for the direct visualization of MT polymerization
dynamics29,30. We obtained time-lapse images of untreated or
docetaxel-treated cells using high-resolution confocal microscopy
(Supplementary Videos 1–4) and performed computational
analysis of MT dynamics using an automated motion-tracking
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Figure 2 | ERG overexpression leads to taxane resistance in vivo. DU145ERG (orange) or DU145-GFP (blue) tumour xenograft volume assessment
(average±s.e.m.) before, during (red line) and after treatment with
48 mg kg  1 cabazitaxel (Cab, solid lines) or vehicle (Veh, dashed lines) at
the indicated week following cell subcutaneous injection (n ¼ 5 mice/
group). All values were normalized to the average tumour size per group at
the time that the mice were randomized into the indicated groups.
Images are representative of tumours at week 10 from each of
the four groups ( þ /  ERG and treated with cabazitaxel or vehicle).
*(P value ¼ 0.07) and ***(P value ¼ 0.006) based on T-tests comparing
DU145-ERG cabazitaxel-treated group with DU145-GFP cabazitaxel treated.

algorithm31. We analysed over 10,000 MT growth tracks across
multiple cells from each condition and obtained quantitative
readouts of 12 different parameters of MT dynamics
(Supplementary Tables 1 and 2). This analysis revealed that
MTs in ERG expressing cells are less responsive to the stabilizing
effects of docetaxel as compared with MTs in ERG-negative cells
across multiple parameters of MT dynamics (for example, growth
track, gap/pause, shrinkage and growth segment speeds (Fig. 4,
Supplementary Fig. 5 and Supplementary Table 1). Importantly,
ERG overexpression signiﬁcantly reduced three parameters of
MT dynamics in untreated cells (Supplementary Table 1), all of
which signify increased catastrophe frequency in ERG-positive
cells. Together, these results show that ERG expression affects
microtubule homeostasis and dynamics at baseline inﬂuencing
their responsiveness to taxane treatment.
ERG directly interacts with tubulin. Although ERG is primarily
a nuclear protein32, it has also been detected in the cytoplasm in a
subset of prostate cancer cells (Supplementary Fig. 6a). In
addition, a recent report of mass spectrometric analysis of
ERG-interacting proteins showed that ERG interacts with
b-tubulin10. Thus, to investigate whether ERG affected MT
dynamics, indirectly by altering gene transcription or more
directly by physically interacting with tubulin in the cytoplasm,
we performed co-immunoprecipitation (co-IP) and MT cosedimentation assays in ERG þ and ERG– cells. We found that
tubulin was speciﬁcally co-precipitated with ERG in VCaP
(endogenous ERG) or DU145-ERG (exogenous ERG) cells
(Fig. 5). The speciﬁcity of this interaction was conﬁrmed
following reverse co-IP using an antibody against a-tubulin
(DM1a). These data suggest that ERG-induced taxane resistance
and altered MT dynamics may be resultant, in part, of a direct
interaction between ERG and tubulin. To identify the ERG
domain mediating the tubulin association, we performed
ERG/tubulin co-IP in DU145-GFP cells transiently transfected
4

with ﬂag-tagged ERG expression vectors encoding either wildtype TMPRSS2-ERG (encoding truncated ERG) or tiling deletion
mutants10 that are devoid of key functional domains (for
example, pointed (PNT), CAE/CD, transactivating or ETS
DNA binding33,34, Fig. 5b). These exogenously introduced ERG
variants were lacking the following domains: N terminus
(aa 47–115, predicted molecular weight 44.6 kDa, DN); PNT
domain (aa 115–197, 43.4 kDa, DP); the middle amino acids that
correspond to the CAE/CD domain (197–310, 41.6 kDa, DM); the
ETS (aa 310–393, 43.7 kDa, DE) or the transactivating C terminus
(aa 393–479, 43.6 kDa, DC) (Fig. 5b). Using the Flag antibody to
precipitate each of the variants, we found that tubulin was coimmunoprecipitated with all of the ERG mutant variants except
the one lacking the PNT domain (DP), suggesting that this
domain is essential for the ERG–tubulin interaction (Fig. 5c). We
found no interaction between wild-type ERG or any of the ERG
variants and other abundant structural and non-structural cytoplasmic proteins (for example, keratins, GAPDH, Supplementary
Fig. 6c). Importantly, the lack of the ERG–tubulin interaction in
DP expressing cells restored sensitivity to taxanes (Fig. 5e).
ERG interacts with soluble tubulin dimers. Several proteins
interact with tubulin either in its soluble form of ab-heterodimers
(for example, stathmin35) or in its polymerized form of
microtubule ﬁlaments (for example, androgen receptor,
p53)36,37. To evaluate whether ERG interacts with soluble
tubulin or MTs, we performed a microtubule co-sedimentation
assay, in which cell lysates are incubated with puriﬁed tubulin,
GTP and paclitaxel and are subjected to a cycle of polymerization
at 37 °C. Following ultracentrifugation, the MT polymers and all
cellular proteins with afﬁnity for them sediment together in the
same fraction as the polymerized tubulin (WP), while the soluble
pool of tubulin dimers remains in the supernatant (WS).
Figure 5d shows the results of the MT co-sedimentation assay
performed using either cells expressing endogenous ERG (VCaP)
or DU145 cells transiently transfected with exogenous wild-type
ERG. Immunoblot analysis revealed that, although the majority of
tubulin was found in the polymer fraction as expected under the
assay conditions, ERG protein was detected predominantly in the
supernatant (WS fraction), indicating that ERG predominantly
interacts with tubulin dimers as opposed to MT polymers
(Fig. 5d).
ERG impairs taxane binding ability to MTs. To evaluate whether ERG overexpression interferes with taxane binding to MTs,
we treated live ERG-positive and ERG-negative DU-145 cells with
ﬂuorescently labelled paclitaxel (Flutax) and monitored the extent
and stability of Flutax binding to the microtubule network38. We
found that the ERG-positive DU145 cells had signiﬁcantly fewer
MTs labelled with Flutax as compared with ERG-negative cells, in
which Flutax labelled an extensive and intricate microtubule
network throughout the cell cytoplasm (Supplementary Fig. 7a,b).
Importantly, in ERG-positive cells, Flutax labelled only a few
short MTs emanating from the centrosome, site of microtubule
nucleation, while there was very sparse if any microtubule
labelling towards the cell periphery (Supplementary Fig. 7c (see
yellow trace of cellular outline)). Furthermore, the ability of
Flutax to change its ﬂuorescent intensity and anisotropy as a
result of microtubule binding makes it an outstanding tool to
monitor binding afﬁnity and has been extensively used in
microtubule binding kinetics and afﬁnity studies39. Thus, to test
whether ERG overexpression had any effect on the kinetics of
Flutax binding to cellular MTs, we monitored the dissociation
kinetics of Flutax in a time course drug-wash out experiment.
Our results showed that Flutax’s labelling of MTs in ERG-positive
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cells was both signiﬁcantly lower across time points (Fig. 6a,c),
as well as less durable in comparison with ERG-negative
cells (Fig. 6b). Together these results indicate impaired and
transient binding of Flutax to MTs in the presence of ERG
overexpression.

ERG is associated with taxane resistance in CRPC patients. To
test whether clinical ERG overexpression affects the response of
prostate cancer patients to standard of care taxane chemotherapy,
we assessed the expression of the TMPRSS2-ERG translocation
by FISH and ERG protein by IHC in a cohort of men with
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co-sedimentation assay of DU145 cells transiently expressing ERG-WT (wt) or Vcap cells expressing endogenous ERG protein. One mg of precleared cell
lysate from each condition (HSS) was supplemented with exogenous puriﬁed tubulin and subjected to a cycle of polymerization in presence of GTP and
paclitaxel at 37 °C. The samples were centrifuged at 100,000  g to separate the microtubule polymers (WP) from the soluble tubulin dimers (WS),
resolved by SDS–PAGE and immunoblotted for ERG and tubulin. HSP ¼ high-speed pellet (containing cellular debris and nonspeciﬁc protein aggregates);
HSS ¼ high-speed supernatant (precleared cell lysate); WP ¼ warm pellet containing microtubule polymers; WS ¼ warm supernatant containing soluble
tubulin dimers. (e) Cell viability assay of the indicated DU145 cells transiently expressing each of the ERG deletion mutants as in (c) in response to 48 h
treatment with cabazitaxel. Western blot images have been cropped for presentation. Full-size images are presented in Supplementary Fig. 12.

metastatic castrate-resistant prostate cancer treated with docetaxel chemotherapy. A strong association (95.7% sensitivity and
96.5% speciﬁcity) between ERG gene rearrangement and truncated ERG protein product expression has previously been
shown32. While ERG status was assessed in the primary tumour,
6

it has been shown that ERG is expressed at comparable levels in
ERG-rearranged hormone-naive prostate cancer and CRPC14,40
including the initial index case11 and in circulating tumour cells
(CTCs)41. Moreover, a recent study found a 97% concordance of
ETS status between primary prostate cancer and matched
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Live cell FITC-Taxol imaging
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Figure 6 | ERG impairs taxane binding ability to microtubules. (a) Live cell FITC-Taxol immunoﬂuorescence. Live ERG-positive and ERG-negative
DU145 cells were permeabilized with 0.5% Triton X-100 and treated with 1 mM FITC-labelled paclitaxel for 5 min. Images of live cells were subsequently
acquired with confocal microscope (  63/1.4NA objective, Zeiss, Germany) after 0, 15 and 30 min from the treatment. Representative images are shown
for each condition. Scale bar, 10 mM. (b,c) Graphic representation of quantiﬁcation of ﬂuorescence intensity from (a); quantiﬁcation of ﬂuorescence
intensity of an average of 30 cells per condition was done using MetaMorph image analysis software (Molecular Device, CA, USA).

metastatic site42. Of the 34 cases, 11 were TMPRSS2 ERG-positive
(Table 1, Supplementary Fig. 8a). In the overall cohort, 23/28
(68%) showed PSA response according to PCWG2 criteria
(Table 1 and Supplementary Table 3). Of the patients who were
TMPRSS2 ERG-positive, 45% showed PSA response to docetaxel
therapy compared with 79% in TMPRSS2 ERG-negative patients
(P ¼ 0.056, odds ratio ¼ 0.23 (0.05–1.09 95% conﬁdence interval),
X2-test) (Table 1 and Supplementary Table 3), which can be
appreciated in the waterfall plot of the greatest percent change in
serum PSA during docetaxel treatment (Supplementary Fig. 8b).
Although these differences did not quite reach statistical
signiﬁcance due to the small numbers, they suggest that

docetaxel resistance is twice as likely in TMPRSS2 ERG-positive
CRPC than in TMPRSS2 ERG-negative prostate cancers.
ERG impairs taxane engagement in CTCs. To further evaluate
the potential role of ERG in diminishing taxane engagement in
clinical samples, we isolated CTCs from patients with metastatic
CRPC using the geometrically enhanced differential immunocapture (GEDI) microﬂuidic device43. Viable CTCs captured
using this GEDI device can be treated ex vivo with taxanes to
assess effective DTE based on the presence of microtubule
bundling as hallmark of taxane on-target stabilizing activity. The
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presence of bundling strongly correlates with patient clinical
response to taxane-based chemotherapy43. Here, we isolated
viable CTCs from two CRPC patients whose primary tumours
had conﬁrmed positive or negative ERG rearrangement status.
The isolated CTCs were treated ex vivo with each of the two
clinically used taxanes, docetaxel or cabazitaxel, and processed for
DTE assessment following multiplex confocal microscopy
(Supplementary Fig. 9). In CTCs captured from the ERGnegative patient, we observed robust DTE in 41 of the 66 captured
CTCs (62%) and in 82 of the 105 captured CTCs (78%) following
docetaxel and cabazitaxel treatment, respectively. In contrast, in
the CTCs isolated from the ERG-positive patient, there was no
increase in microtubule bundling with either treatment. Although
antibody-based CTC approaches are limited in that they enrich
for only those cells that express the antigen of choice44, these
results show that CTCs isolated from mCRPC patients show
differential taxane response according to ERG expression. In
summary, these results extend our clinical observations in the
retrospective clinical analyses (Table 1 and Supplementary
Table 3) and support a new role of ERG protein expression as
a biomarker predictive of clinical resistance to taxane-based

chemotherapy in CRPC patients, especially given that ERG
expression is maintained in following ADT14,40.
Discussion
Work from multiple independent investigations have shown that
ERG plays a driving role in cell invasion14,15,45–47, prostate
tumorigenesis15,45,46,48–50, altered AR signalling48,51, DNA
repair10, chromatin topology17 and is associated with a speciﬁc
translocation pattern52,53. Here we show, for the ﬁrst time, that
ERG overexpression is directly associated with decreased
sensitivity to taxane chemotherapy in vitro and in vivo
providing new data related to molecular changes that may
underlie the clinical variability seen among prostate cancer
patients’ response to taxane chemotherapy. These data are
particularly timely based on recent ﬁndings from the NIHsupported randomized controlled clinical trial (E3805,
CHAARTED: ChemoHormonal Therapy Versus Androgen
Ablation Randomized Trial for Extensive Disease in Prostate
Cancer)54. This study demonstrated that men with hormonesensitive metastatic prostate cancer who received docetaxel
chemotherapy given at the time of standard androgen
deprivation (ADT) therapy lived more than a year longer than
patients who received hormone therapy alone. This median
difference in overall survival of greater than a year is signiﬁcantly
longer than any previous randomized phase III trial with any
therapy and further validates the beneﬁt of docetaxel in advanced
prostate cancer.
Taxanes inhibit MT dynamics and alter the spatial organization of the MT network, thereby inhibiting intracellular
trafﬁcking and signalling pathways critical for tumour survival.
We found that ERG affects microtubule dynamics, binds to the
soluble pool of ab-tubulin dimers and shifts the MT polymer,
dimer equilibrium towards the soluble pool of tubulin dimers
(Fig. 7). As the MT polymer is the preferred substrate for taxane
binding, ERG expression confers drug resistance by reducing the

Table 1 | The proportion of metastatic CRPC patients
showing maximal PCWG2 PSA response to docetaxel.
Proportion of patients showing
maximal PCWG2 PSA response
Overall cohort (n ¼ 34)
23 (68%)
TMPRSS2-ERG positive (n ¼ 11)
5/11 (45%) P ¼ 0.056, OR ¼ 0.23
(0.05–1.09, 95% CI)
TMPRSS2-ERG negative (n ¼ 23) 18/23 (79%)
PCWG2 criteria is based on this reference70 and P-value was calculated from a X2 test with
odds ratio (OR) and 95% conﬁdence interval (95% CI) shown.
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presence of available substrate binding sites. Similarly, the ERGinduced increase in tubulin dimers renders cells sensitive to the
effects of microtubule depolymerizing drugs, known to bind
preferentially to the tubulin dimer (Fig. 7). Indeed, treatment with
the depolymerizing drugs nocodazole or Eribulin55 revealed lack
of resistance or even enhanced sensitivity in ERG-positive cells as
compared with their ERG-negative counterparts (Supplementary
Fig. 10). Treatment with the DNA-damaging drug cisplatin did
not show any signiﬁcant difference in drug sensitivity as a
function of ERG status, while increasing levels of ERG protein
expression using the tetracycline (TetOn)-inducible DU145
cells led to a dose-dependent increase in nocodazole sensitivity
(Supplementary Fig. 10c) which is the exact opposite result
compared with that obtained with cabazitaxel treatment. Taken
together these data support a new role for ERG as a microtubuledestabilizing MAP, similar to stathmin35, but with important
therapeutic implications for prostate cancer treatment. Similar to
our own ﬁndings with ERG expression, stathmin increases the
catastrophe rate of MTs by binding to tubulin heterodimers
sequestering them away from the MT, thereby acting as a
prominent MT destabilizer. In addition, stathmin overexpression
has been clearly associated with increased local invasion and
metastasis formation, increased cell motility and cancer
progression across many different tumour types56. Importantly,
several studies have shown that stathmin expression mediates
taxane resistance, while conferring sensitivity to vinca alkaloids
as stathmin binding to tubulin dimers increases signiﬁcantly
the vinblastine binding afﬁnity for tubulin57. Similarly, mutations
identiﬁed in the MT-associated protein TEKT4 in a cohort
of breast cancer patients were shown reduced MT stability
and were associated with shorter disease-free survival and
overall survival in patients undergoing taxane-based
chemotherapy58.
Our ﬁndings on ERG together with the published literature on
the effects of various MAPs affecting MT homeostasis and
stability highlight the need to better understand cellular factors
and pathways affecting MT integrity, dynamics and function to
rationally customize chemotherapy to the individual. Our working model (Fig. 7) suggests that patients with ERG-positive
prostate cancer would respond better to a MT-depolymerizing
drug, such as a vinca alkaloid or Eribulin, both of which are FDA
approved for other cancer indications, than to the MT, stabilizing
taxanes, which are currently used as the standard of care. The role
of ERG in decreasing taxane sensitivity is also supported by our
results from ex vivo treatment of CTCs in which the presence of
ERG (conﬁrmed in CTCs and in the primary tumor) results in a
lack of MT response to taxanes.
Tiling mutant co-immunoprecipitation revealed that the PNT
domain of ERG—initially identiﬁed in the Drosophila melanogaster protein pointed (Pnt), and conserved among multiple ETSdomain proteins59— mediates tubulin binding. The PNT domain
is important for ETS-domain protein homo-oligomerization60
and heterodimerization61. Interestingly, we showed that removal
of the PNT domain (ERG-DP) restores taxane sensitivity,
suggesting that the physical association between ERG and
tubulin is required for the resistant phenotype.
The ETS domain is important for protein–DNA interactions
required for transcriptional regulation. For ERG, both the PNT
and the ETS domains are essential for homo- and heterodimeric
complex formation33. In addition, in TMPRSS2 ERG-positive
prostate cancer cells the ETS domain is essential for the
interactions between ERG and DNA repair proteins (for
example, DNA-PKcs, Ku70, Ku80 and PARP1 (ref. 10)) or
AR51. Our data showed that, although the ETS domain was not
essential for the ERG–tubulin interaction, its removal resulted in
enhanced taxane sensitivity suggesting that ERG dimerization or

a domain-speciﬁc transcriptional mechanism contributes to the
overall ERG-mediated taxane resistance.
Finally, the association between ERG and taxane resistance
may also lead to enhanced androgen signalling in the context of
taxane chemotherapy. We and others have shown that taxanes
inhibit AR trafﬁcking to the nucleus and AR signalling36,61,62,
downstream of drug-induced MT stabilization. Interestingly, we
have also shown that ERG cooperates with AR to regulate genes
important for cell invasion and dedifferentiation in prostate
cancer14. Herein, we show that ERG expression affects the ability
of taxanes to target MTs, suggesting that AR inhibition that
occurs downstream of MT stabilization should be impaired in the
presence of ERG. These data suggest that ERG acts upstream of
AR inhibition, further contributing to the taxane resistant
phenotype. ERG rearrangement status was initially associated
with response to the androgen biosynthesis inhibitor abiraterone
acetate in a phase II clinical trial41, but this association was not
conﬁrmed in another study63. Future studies characterizing AR
localization and function in the context of taxane treatment and
ERG expression are required to resolve the interplay between
ERG, MTs and AR, each of which representing an important
target for prostate cancer treatment and all three together a novel
actionable axis.
In summary, our work identiﬁes a new biological role for ERG,
the product of the most common ETS gene rearrangement in
prostate cancer, in taxane resistance. The identiﬁcation of ERG as
a biomarker predictive of response to MT inhibitors provides
clinical rationale for treatment decisions and for patient selection
for appropriate therapies, a step towards improving patient
survival. Prospective clinical studies testing the concepts provided
herein are warranted to transform these biological ﬁndings into
clinical gains.
Methods
Drug Treatment in vitro and in vivo. Cabazitaxel was obtained from Sanoﬁ in
powder form. Prostate cell lines for this study were obtained from the American
Type Culture Collection (Manassas, VA). RWPE (20  103 per well), DU145
(5  103 per well) and VCaP (20  103 per well) cells were seeded on 96-well tissue
culture plates. To generate stable ERG overexpressing DU145 cells, the truncated
ERG open reading frame was subcloned into a retroviral virus expression vector
(pBABE; a kind gift from Dr William Hahn from the Broad Institute and the Dana
Farber Cancer Center), which is equipped with an IRES-driving green ﬂuorescent
protein (GFP) expression14. Cell lines were treated with vehicle (0.5% ethanol) or
escalating doses of cabazitaxel or docetaxel viability were assessed for cell viability
(Cell Titer-Glo luminescent assay (Promega Corporation, Madison, WI) following
the manufacturer’s protocol by incubating cells in a 96-well format in 1:1 v/v media
to luminescent reagent for 10 min or apoptosis (caspase 3/7 activity (Caspase-Glo
3/7 Assay kit from Promega (Madison, WI) according to the manufacturer’s
instructions. Cell viability dose response data were ﬁrst normalized to data using
the vehicle-treated control and then analysed using nonlinear regression in which
the log (inhibitor) versus normalized response curves were generated and the IC50
doses were calculated (GraphPad Software, San Diego California USA,
www.graphpad.com). Statistical signiﬁcance of apoptosis data was determined
using T-tests (Holm-Sidak method) provided by GraphPad Software. Xenografts
were prepared by injecting 1 million DU145-ERG or DU145-GFP cells
subcutaneously into 5-week male NU/J mice (Jackson Laboratories, Bar Harbor,
Maine), and tumour volume was measured over an 8-week period (Weill Cornell
Medical College Institutional Animal Care and Use Committee-approved protocol
(#2008-0019). Two different studies were then performed using different clonal
populations of DU145-ERG cells or DU145-GFP each. Tumours were allowed to
grow to an average tumour volume of 150 mm3. For each study ﬁve mice bearing
tumours from each cell type were randomized to treatment with cabazitaxel
intraperitoneal dosing of 12 mg kg  1 or vehicle (5%ethanol/%PS80/glucose) every
6 days for 4 weeks. Body weight, tumour volume and cell viability based on caliper
measurements (0.5236  length  width) and bioluminescent imaging, respectively,
were performed every 4 days to evaluate primary tumour growth. Cells were
engineered to express luciferase using a transposable element vector (kind gift from
John Ohlfest, University of Minnesota Medical School, Minneapolis, MN) as
described previously64. On the day of imaging, we injected (intraperitoneal) 100 ml
of D-Luciferin (75 mg kg  1) into anaesthetized mice. Ten minutes later the mice
were placed on their ventral side and bioluminescence images were acquired with
the IVIS Imaging System (Xenogen). Analysis was performed using LivingImage
software (Xenogen). Images were acquired and analysed using LivingImage
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software (Xenogen) by measurement of the average photon ﬂux (measured in
photons s  1 cm  2 steradian  1) within a region of interest18. Mice were killed on
week 10 (5 weeks after the ﬁrst treatment and 1 week after the ﬁnal treatment) and
resected tumours were weighed, bisected and either immediately frozen in liquid
nitrogen or prepared for formalin ﬁxation and parafﬁn embedding (FFPE).
Immunohistochemistry. FFPE tissue sections were de-parafﬁnized and endogenous peroxidase was inactivated. Antigen retrieval was accomplished by heat/
pressure cook using the Bond Epitope Retrieval Solution 1 (ER1) at 99–100 °C for
30 min (Leica Microsystems). Following retrieval, the sections were incubated
sequentially with the primary antibody for 25 min, post-primary for 15 min and
polymer for 25 min ending with colorimetric development with diaminobenzidine
(DAB) for 10 min (Bond Polymer Reﬁne Detection; Leica Microsystems). Antibodies used were ERG (1:100 Epitomics #28051), and ERG status was assessed as
previously described32. In brief, subjective evaluation of ERG protein expression
determined for each tumour core using a four-tier grading system: negative (0),
weakly positive (1 þ ), moderately positive (2 þ ) and strongly positive (3 þ ) in
target cells above background (see Supplementary Table).
Fluorescent in situ hybridization. ERG rearrangement was assessed using dualcolor break-apart interphase FISH assay as described previously11,65, which
involves labelling two probes that span the telomeric and centromeric
neighbouring regions of the ERG locus. A nucleus that lacks ERG rearrangement
demonstrates two pairs of juxtaposed red and green signals (which can form yellow
signals). A nucleus with ERG rearrangement shows either split of one red-green
(yellow) signal pair (indicating rearrangement through insertion) or one single red
signal for the rearranged allele (indicating rearrangement through deletion).
Transfection. siRNA transfection was performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) following the manufacturer’s recommended protocol.
For the knockdown experiments, we used siERG (siGENOME Human ERG
(2078)) or 100 nM control nonsilencing siGENOME siRNA (Thermo Scientiﬁc,
Waltham, MA). For CLU mRNA knockdown, we used siCLU targeting the
initiation site in exon II of human clusterin (50 -GCAGCAGAGUCUUCAU
CAU-30 ) and siSCR (50 -CAGCGCUGACAACAGUUUCAU-30 ) for a control as
previously described66. Following the indicated time, RNA was extracted and
quantitative RT-PCR was performed. All experiments were performed in triplicate.
Stable DU145 cells expressing ERG are described above and as previously
described17. We generated inducible (tetracycline (Tet)-on) stable cell lines DU145
cells in which the level and timing of ERG expression is tightly controlled67 using
the pHERMES vector (kind gift of Dr William Hahn, The Broad Institute,
Cambridge, MA) that were adapted with truncated ERG described in reference 14
(ref. 14) and that contain a non-leaky tetracycline response element-minimal CMV
promoter together with the CMV-driven tetracycline controlled transactivator
TetOn gene. The retroviral construct was transfected into 293FT cells with
Lipofectamine 2000 according to the manufacturer’s instructions. The virus was
harvested 72 h later and used to infect DU145 cells. GFP-positive cells (ERG overexpressing or empty vector) were enriched using GFP-based cell sorting using a
FACS Aria-II Sorter. The different Flag-tagged ERG protein constructs have been
previously described10 and were a kind gift of Dr J. Chad Brenner (University of
Michigan).
Immunoblot analysis. Protein lysates were prepared in the RIPA buffer (radioimmunoprecipitation assay lysis buffer) supplemented with protease inhibitor
cocktail and phosphatase inhibitors (Thermo Scientiﬁc, Waltham, MA). The total
protein concentration of the soluble extract was determined using the BCA protein
assay Kit (Thermo Scientiﬁc). Each protein sample (30mg) was resolved to SDS–
polyacrylamide gel electrophoresis (SDS–PAGE), transferred onto a polyvinylidene
diﬂuoride membrane (Millipore) and incubated overnight at 4 °C with primary
antibodies. The antibodies used were ERG (1:2,000 Abcam, #ab133264); JUN
(1:1,000 Santa Cruz, sc-1694X); rabbit anti-FLAG (1:1,000 Sigma, F7425); pancytokeratin (1:1,000 BioLegend, clone C-11 cat # 628602 and Lot # B181240);
atubulin (1:1,000 Sigma, #T6199) and GAPDH (1:10,000 Abcam, sb-75834).
Following three washes with TBS-T, the blot was incubated with a horseradish
peroxidase-conjugated secondary antibody and immune complexes were visualized
by enhanced chemiluminescence detection (ECL plus kit, GE Healthcare, UK). The
blot was reprobed with a monoclonal antibody against beta-actin (1:10,000 Sigma).
Total protein was extracted and separated by gel electrophoresis. Protein was then
transferred to nitrocellulose membranes and probed overnight using the appropriate primary antibodies.
Tubulin polymerization assay. Tubulin polymerization assay was performed as
described before20. In brief, cells were plated in 24-well plates and then treated with
different concentrations of either docetaxel or cabazitaxel overnight; after the
treatment, cells were washed with warm phosphate buffered saline and lysed at
37 °C for 10 min with 100 ml of hypotonic buffer (1 mM MgCl2, 2 mM EGTA, 0.5%
Nonidet P-40) supplemented with 7  protease inhibitor cocktail (Roche
Diagnostics). The lysates were transferred to an Eppendorf tube and spun down at
10

14,000 r.p.m. for 10 min at room temperature; the supernatants containing soluble
tubulin (cytosolic) were transferred to another tube, separating them from the
pellets containing polymerized tubulin (cytoskeletal). The cytosolic and cytoskeletal
components were resuspended into SDS sample buffer and boiled for 5 min.
Twenty microlitres of each sample was separated via electrophoresis, and proteins
were transferred onto polyvinylidene diﬂuoride membranes; anti a-tubulin
antibody (Sigma) was used as a primary antibody and an antibody compatible with
the Odyssey Imaging System from LICOR Biosciences (Lincoln, NE) was used as a
secondary antibody. Densitometry was performed with Image J software (National
Institute of Health, Bethesda, MD, USA).
Immunoﬂuorescence. Cells were plated on 1.5 mm coverslips (Electron Microscopy Services, Hatﬁelds, PA, USA); after the drug treatment, cells were ﬁxed with
Phemo buffer (68 mM PIPES, 25 mM HEPES, 15 mM EGTA, 3 mM MgCl2, 10%
DMSO) supplemented with 3.7% formaldehyde, 0.05% glutaraldehyde and 0.5%
Triton X-100 and subsequently blocked with 10% Normal Goat Serum (Jackson
ImmunoResearch, PA, USA). An anti a-tubulin antibody (Sigma) was used as a
primary antibody followed by an anti-mouse Alexa 568 secondary antibody; DAPI
was used for nuclear counterstain. For ﬂuorescently labelled paclitaxel, live cells
were permeabilized with 0.5% triton X-100 for 60 s, followed by incubation with
Flutax-2 (kind gift of Dr Diaz) for 5 min. Images were acquired using Yokogawa
CSU-X1 spinning disk confocal microscope under a  100 objective (Zeiss,
Germany).
Flow cytometry. Live cells were collected and incubated with an anti-P-gp primary antibody (MRK16, Enzo Live Science) for 1 h at 4 °C, followed by 30 min
incubation with an Alexa Fluor 488 anti mouse secondary antibody. Data were
acquired with LSR II system (BD Biosciences, San Jose, CA, USA) and results
were analysed with FlowJo ﬂow cytometry analysis software (TreeStar, Ashland,
OR, USA).
Drug accumulation assay. Cells were plated in a 24-well plate and treated with
100 nM C-14-labelled cabazitaxel; after the treatment, cells were washed with cold
PBS and collected, and the cell suspension was then diluted 1/10 in scintillation
cocktail (Ecoscint A, National Diagnostics). The amount of intracellular radio
labelled drug was detected with Scintillation Counter (LS650 Multipurpose scintillation counter, Beckman Coulter) and measured as count per minute (CPM) and
normalized over cell number (CPM/100,000 cells).
Microtubule co-sedimentation assay. In brief, 1 mg of total cell lysate was ﬁrst
precleared by high-speed centrifugation. The pellet (HSP) containing mostly
insoluble cell debris was discarded after loading a small amount on the gel to
identify whether there was a signiﬁcant loss of androgen receptor in the cell debris,
whereas the supernatant (HSS) was supplemented with exogenous puriﬁed bovine
brain tubulin (Cytoskeleton) reconstituted at a ﬁnal concentration of 10 mmol l  1
in the presence of 1 mmol l  1 GTP and 20 mmol l  1 paclitaxel (PTX) and subjected to a cycle of polymerization for 30 min at 37 °C. Samples were centrifuged at
100,000  g for 30 min at room temperature, and the warm supernatant (WS) was
separated from the warm pellet (WP), which was resuspended in an equal volume
of PEM buffer. Equal volumes from each respective fraction were loaded onto a
SDS-PAGE and transferred and immunoblotted with antibodies against ERG or
tubulin.
EB comet imaging assays. Tetracycline-inducible ERG overexpressing DU145
cells were plated on 3 cm dishes and infected with GFP-EB1DC lentiviral particles.
EB1DC (referred to throughout the manuscript as EB1 for simplicity) is an EB1
construct truncated at amino acid 248 that does not interact with other þ TIP
proteins68. This construct had a better signal-to-noise ratio than full-length EB1, as
determined empirically. The cells were imaged 2 days post infection to measure the
dynamicity of MT ends labelled with GFP-EB1DC. Cells were pretreated with
vehicle (DMSO) or Docetaxel for 1 h at 37 °C before imaging. Images were
acquired every 0.5 s for a total of 1 min for each time-lapse movie.
Computational analysis of MT dynamics using EBs. All image analysis was
performed using ClusterTrack, an algorithm that has been described in detail
previously31,69. In brief, this approach can track thousands of EB-EGFP comets
that are visible in images within a time-lapse sequence. Imaging these comets
allows the detection of spatial patterns of MT dynamics. The algorithm uses
spatiotemporal clustering of EB-EGFP growth tracks to infer MT behaviours
during phases of pausing and shortening. Parameters in ClusterTrack were as
follows: s1 ¼ 1.25, s2 ¼ 3.5, k1 ¼ 3.5, k2 ¼ 1, search radius ¼ 6 pixels. Remaining
conditions were set to defaults. Accuracy of comet tracking was veriﬁed by visual
inspection of time-lapse movies. All parameters were calculated per cell. For each
condition, 10 or more videos containing one or two cells are acquired. For
statistical analysis, we used a permutation t-test (200 repetitions) to compare
differences in the mean parameter values69.
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Metastatic castrate-resistant prostate cancer cohort. The cohort consisted of
34 men with mCRPC, who were treated with docetaxel chemotherapy either at
Royal Prince Alfred and Concord Hospitals (n ¼ 28) or New York Presbyterian
Hospital, Weill Cornell Medical College (n ¼ 6). Patients were administered with
docetaxel 75 mg m  2 3-weekly by the treating medical oncologist. They were
seen every 3 weeks and had a serum PSA level performed. Consent was obtained
for the collection of their archival formalin-ﬁxed parafﬁn-embedded tissue from
original diagnostic specimens. These tissues came from transrectal biopsies,
trans-urethral resection of prostate, radical prostatectomy, bone biopsy and cell
blocks from ﬁne needle aspiration biopsy from metastases. The H&E slides were
reviewed by a prostate cancer pathologist (J.K.) for evidence of representative
cancer and were then stained according to standard protocols for ERG by immunohistochemistry32 and/or TMPRSS2-ERG re-arrangement by FISH32. The ERG
immunohistochemistry was scored by two observers one of whom was a
pathologist. Both were blinded to clinical outcomes. Staining was predominantly
nuclear with grade 1 intensity cytoplasmic expression seen in all positive cases.
Cases were deemed positive if 450% of nuclei expressed ERG, however, of the
eight ERG-positive cases, seven cases had 95% of nuclei positive for ERG and the
remaining case was 60% nuclear positive. One case from a cytology cell block was
positive for a TMPRSS2-ERG rearrangement, but negative on ERG
immunohistochemistry most likely due to poor tissue quality. Response to
docetaxel chemotherapy was measured by PSA criteria using PCWG2 criteria70.
PCWG2 deﬁnes progressive disease as an increase of Z25% (at least 2 ng ml  1)
over the baseline value after 12 weeks of treatment, conﬁrmed by a second PSA
value at least 3 weeks later. Given that the PCWG2 criteria also suggest the
assessment of PSA as a continuum, a waterfall plot was also used to illustrate the
distribution of PSA changes over the course of docetaxel treatment against
expression of TMPRSS2-ERG. All patients provided written informed consent, and
the study was approved by human research ethics review committees at all
participating institutions and was registered on the Australian New Zealand
Clinical Trials Registry.
Circulating tumour cells capture and ex vivo treatment assay. Following
written informed consent, peripheral blood from CRPC patients was collected in
sodium citrate tubes (Greiner Bio-one, Monroe, NC, USA) and the Geometrically
Enhanced Differential Immunocapture (GEDI) microﬂuidic device was used for
CTCs isolation as previously described43,71. In brief, a total volume of 3 ml of
peripheral blood was obtained from each of the patients evaluated; after chemical
functionalization, each device was coated with a biotinylated anti PSMA antibody
(clone J591, provided by Dr Neil Bander, Weill Cornell Medical College, NY, USA)
and 1 ml of peripheral blood was processed through each of three separate GEDI
devices. After CTC capture, the microﬂuidic devices were treated ex vivo with
either Docetaxel 100 nM or Cabazitaxel 10 nM or DMSO as control for 24 h at
37 °C. After the treatment, the still viable CTCs were ﬁxed with 2% formaldehyde
in 50% Phem buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2),
permeabilized with 0.25% Triton X-100 (Sigma) and stained for our panel of
markers: CD-45 (mouse anti CD-45 directly conjugated with Qdot 800,
Invitrogen), ERG (rabbit anti ERG, Epitomics, followed by AlexaFluor 488 labelled
goat anti rabbit secondary antibody), tyrosinated tubulin (rat tyr-tubulin, Millipore,
followed by AlexaFluor 647 labelled goat anti rat secondary antibody) and
cytokeratin (mouse anti pan-cytokeratin, Biolegend directly conjugated with
CF594, Biotium); DAPI was used for DNA counterstain. High-resolution images
were acquired using Yokogawa CSU-X1 confocal microscope with  100 objective
(Zeiss, Germany). CTCs were identiﬁed as DAPI þ , CK þ , CD-45  cells and all
CTCs were evaluated for evidence of DTE, identiﬁed as MT bundling.
Co-immunopreciptiation. Cell lysates were prepared by lysing cells in buffer
containing 50 mM Tris (pH 7.5), 120 mM NaCl, 0.5% NP-40, 5 mM EDTA and
protease and phosphatase inhibitors (Thermo Scientiﬁc), as previously described18.
Five hundred micrograms of total protein extract was incubated with 5 mg of antiERG (Abcam, #ab133264), DM1a (tubulin, Sigma, #T6199), Flag (Sigma #F7425)
or control IgG (Epitomics, #ISO-5115) overnight and precipitated protein was
analysed using western blot analyses for the indicated proteins. An aliquot of cell
lysate before immunoprecipitation was used for the input sample.

References
1. de Bono, J. S. et al. Prednisone plus cabazitaxel or mitoxantrone for metastatic
castration-resistant prostate cancer progressing after docetaxel treatment: a
randomised open-label trial. Lancet 376, 1147–1154 (2010).
2. Petrylak, D. P. et al. Docetaxel and estramustine compared with mitoxantrone
and prednisone for advanced refractory prostate cancer. New Engl. J. Med. 351,
1513–1520 (2004).
3. Tannock, I. F. et al. Docetaxel plus prednisone or mitoxantrone plus prednisone
for advanced prostate cancer. New Engl. J. Med. 351, 1502–1512 (2004).
4. Mitchison, T. & Kirschner, M. Dynamic instability of microtubule growth.
Nature 312, 237–242 (1984).
5. Waterman-Storer, C. M., Worthylake, R. A., Liu, B. P., Burridge, K. & Salmon,
E. D. Microtubule growth activates Rac1 to promote lamellipodial protrusion in
ﬁbroblasts. Nat. Cell Biol. 1, 45–50 (1999).

6. Rusan, N. M., Fagerstrom, C. J., Yvon, A. M. & Wadsworth, P. Cell cycledependent changes in microtubule dynamics in living cells expressing green
ﬂuorescent protein-alpha tubulin. Mol. Biol. Cell 12, 971–980 (2001).
7. Esteve, M. A. et al. Severe acute toxicity associated with high-dose methotrexate
(MTX) therapy: use of therapeutic drug monitoring and test-dose to guide
carboxypeptidase G2 rescue and MTX continuation. Eur. J. Clin. Pharmacol.
63, 39–42 (2007).
8. Nogales, E., Wolf, S. G. & Downing, K. H. Structure of the alpha beta tubulin
dimer by electron crystallography. Nature 391, 199–203 (1998).
9. Kavallaris, M. Microtubules and resistance to tubulin-binding agents. Nat. Rev.
Cancer 10, 194–204 (2010).
10. Brenner, J. C. et al. Mechanistic rationale for inhibition of Poly(ADP-Ribose)
polymerase in ETS gene fusion-positive prostate cancer. Cancer Cell 19,
664–678 (2011).
11. Tomlins, S. A. et al. Recurrent fusion of TMPRSS2 and ETS transcription factor
genes in prostate cancer. Science 310, 644–648 (2005).
12. Perner, S. et al. TMPRSS2-ERG fusion prostate cancer: an early molecular event
associated with invasion. Am. J. Surg. Pathol. 31, 882–888 (2007).
13. Barbieri, C. E. et al. The mutational landscape of prostate cancer. Eur. Urol. 64,
567–576 (2013).
14. Rickman, D. S. et al. ERG cooperates with androgen receptor in regulating
trefoil factor 3 in prostate cancer disease progression. Neoplasia 12, 1031–1040
(2010).
15. Tomlins, S. A. et al. Role of the TMPRSS2-ERG gene fusion in prostate cancer.
Neoplasia 10, 177–188 (2008).
16. Elemento, O., Rubin, M. A. & Rickman, D. S. Oncogenic transcription factors
as master regulators of chromatin topology: A new role for ERG in prostate
cancer. Cell Cycle 11, 3380–3383 (2012).
17. Rickman, D. S. et al. Oncogene-mediated alterations in chromatin
conformation. Proc. Natl Acad. Sci. USA 109, 9083–9088 (2012).
18. Beltran, H. et al. Molecular characterization of neuroendocrine prostate
cancer and identiﬁcation of new drug targets. Cancer Discov. 1, 487–495 (2011).
19. Jordan, M. A. & Wilson, L. Microtubules as a target for anticancer drugs. Nat.
Rev. Cancer 4, 253–265 (2004).
20. Giannakakou, P. et al. Paclitaxel-resistant human ovarian cancer cells have
mutant beta-tubulins that exhibit impaired paclitaxel-driven polymerization.
J. Biol. Chem. 272, 17118–17125 (1997).
21. Thomas, S. L. et al. EF24, a novel curcumin analog, disrupts the microtubule
cytoskeleton and inhibits HIF-1. Cell Cycle 7, 2409–2417 (2008).
22. Giannakakou, P. et al. A common pharmacophore for epothilone and taxanes:
molecular basis for drug resistance conferred by tubulin mutations in human
cancer cells. Proc. Natl. Acad. Sci. USA 97, 2904–2909 (2000).
23. Janke, C. & Bulinski, J. C. Post-translational regulation of the microtubule
cytoskeleton: mechanisms and functions. Nat. Rev. Mol. Cell Biol. 12, 773–786
(2011).
24. Verhey, K. J. & Gaertig, J. The tubulin code. Cell Cycle 6, 2152–2160 (2007).
25. Saba, N. F. et al. Acetylated tubulin (AT) as a prognostic marker in squamous
cell carcinoma of the head and neck. Head Neck Pathol. 8, 66–72 (2014).
26. Gottesman, M. M. & Pastan, I. Biochemistry of multidrug resistance mediated
by the multidrug transporter. Annu. Rev. Biochem. 62, 385–427 (1993).
27. Rogan, A. M., Hamilton, T. C., Young, R. C., Klecker, Jr R. W. & Ozols, R. F.
Reversal of adriamycin resistance by verapamil in human ovarian cancer.
Science 224, 994–996 (1984).
28. Ueda, K., Cardarelli, C., Gottesman, M. M. & Pastan, I. Expression of a fulllength cDNA for the human ‘MDR1’ gene confers resistance to colchicine,
doxorubicin, and vinblastine. Proc. Natl Acad. Sci. USA 84, 3004–3008 (1987).
29. Bieling, P. et al. Reconstitution of a microtubule plus-end tracking system
in vitro. Nature 450, 1100–1105 (2007).
30. Slep, K. C. & Vale, R. D. Structural basis of microtubule plus end tracking by
XMAP215, CLIP-170, and EB1. Mol. Cell 27, 976–991 (2007).
31. Matov, A. et al. Analysis of microtubule dynamic instability using a plus-end
growth marker. Nat. Methods 7, 761–768 (2010).
32. Park, K. et al. Antibody-based detection of ERG rearrangement-positive
prostate cancer. Neoplasia 12, 590–598 (2010).
33. Carrere, S., Verger, A., Flourens, A., Stehelin, D. & Duterque-Coquillaud, M. Erg
proteins, transcription factors of the Ets family, form homo, heterodimers and
ternary complexes via two distinct domains. Oncogene 16, 3261–3268 (1998).
34. Sharrocks, A. D. The ETS-domain transcription factor family. Nat. Rev. Mol.
Cell Biol. 2, 827–837 (2001).
35. Belmont, L. D. & Mitchison, T. J. Identiﬁcation of a protein that interacts
with tubulin dimers and increases the catastrophe rate of microtubules. Cell 84,
623–631 (1996).
36. Darshan, M. S. et al. Taxane-induced blockade to nuclear accumulation of the
androgen receptor predicts clinical responses in metastatic prostate cancer.
Cancer Res. 71, 6019–6029 (2011).
37. Giannakakou, P. et al. Enhanced microtubule-dependent trafﬁcking and p53
nuclear accumulation by suppression of microtubule dynamics. Proc. Natl
Acad. Sci. USA 99, 10855–10860 (2002).

NATURE COMMUNICATIONS | 5:5548 | DOI: 10.1038/ncomms6548 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

11

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6548

38. Barasoain, I., Diaz, J. F. & Andreu, J. M. Fluorescent taxoid probes for
microtubule research. Methods Cell Biol. 95, 353–372 (2010).
39. Diaz, J. F., Barasoain, I. & Andreu, J. M. Fast kinetics of Taxol binding to
microtubules. Effects of solution variables and microtubule-associated proteins.
J. Biol. Chem. 278, 8407–8419 (2003).
40. Cai, C., Wang, H., Xu, Y., Chen, S. & Balk, S. P. Reactivation of androgen
receptor-regulated TMPRSS2:ERG gene expression in castration-resistant
prostate cancer. Cancer Res. 69, 6027–6032 (2009).
41. Attard, G. et al. Characterization of ERG, AR and PTEN gene status in
circulating tumor cells from patients with castration-resistant prostate cancer.
Cancer Res. 69, 2912–2918 (2009).
42. Kunju, L. K. et al. Concordance of ETS fusion status of matched metastatic
castration-resistant prostate cancer and primary prostate cancer: Data from
NCI 9012, a randomized ETS fusion-stratiﬁed phase II trial. J. Clin. Oncol. 32
(2014).
43. Kirby, B. J. et al. Functional characterization of circulating tumor cells with a
prostate-cancer-speciﬁc microﬂuidic device. PLoS ONE 7, e35976 (2012).
44. Miyamoto, D. T. et al. Androgen receptor signaling in circulating tumor cells as
a marker of hormonally responsive prostate cancer. Cancer Discov. 2, 995–1003
(2012).
45. Carver, B. S. et al. Aberrant ERG expression cooperates with loss of PTEN to
promote cancer progression in the prostate. Nat. Genet. 41, 619–624 (2009).
46. Hollenhorst, P. C. et al. Oncogenic ETS proteins mimic activated RAS/MAPK
signaling in prostate cells. Genes Dev. 25, 2147–2157 (2011).
47. Wang, J. et al. Pleiotropic biological activities of alternatively spliced TMPRSS2/
ERG fusion gene transcripts. Cancer. Res. 68, 8516–8524 (2008).
48. Chen, Y. et al. ETS factors reprogram the androgen receptor cistrome and
prime prostate tumorigenesis in response to PTEN loss. Nat. Med. 19,
1023–1029 (2013).
49. King, J. C. et al. Cooperativity of TMPRSS2-ERG with PI3-kinase pathway
activation in prostate oncogenesis. Nat. Genet. 41, 524–526 (2009).
50. Zong, Y. et al. ETS family transcription factors collaborate with alternative
signaling pathways to induce carcinoma from adult murine prostate cells. Proc.
Natl Acad. Sci. USA 106, 12465–12470 (2009).
51. Yu, J. et al. An integrated network of androgen receptor, polycomb, and
TMPRSS2-ERG gene fusions in prostate cancer progression. Cancer Cell 17,
443–454 (2010).
52. Baca, S. C. et al. Punctuated evolution of prostate cancer genomes. Cell 153,
666–677 (2013).
53. Berger, M. F. et al. The genomic complexity of primary human prostate cancer.
Nature 470, 214–220 (2011).
54. Sweeney, C. et al. Impact on overall survival (OS) with chemohormonal therapy
versus hormonal therapy for hormone-sensitive newly metastatic prostate cancer
(mPrCa): An ECOG-led phase III randomized trial. J. Clin. Oncol. 32 (2014).
55. Jain, S. & Vahdat, L. T. Eribulin mesylate. Clin. Cancer Res. 17, 6615–6622
(2011).
56. Belletti, B. & Baldassarre, G. Stathmin: a protein with many tasks. New
biomarker and potential target in cancer. Expert Opin. Ther. Targets 15,
1249–1266 (2011).
57. Devred, F. et al. Stathmin/Op18 is a novel mediator of vinblastine activity. FEBS
Lett. 582, 2484–2488 (2008).
58. Jiang, Y. Z. et al. Enriched variations in TEKT4 and breast cancer resistance to
paclitaxel. Nat. Commun. 5, 3802 (2014).
59. Klambt, C. The Drosophila gene pointed encodes two ETS-like proteins which
are involved in the development of the midline glial cells. Development 117,
163–176 (1993).
60. Lacronique, V. et al. A TEL-JAK2 fusion protein with constitutive kinase
activity in human leukemia. Science 278, 1309–1312 (1997).
61. Baker, D. A., Mille-Baker, B., Wainwright, S. M., Ish-Horowicz, D. & Dibb, N. J.
Mae mediates MAP kinase phosphorylation of Ets transcription factors in
Drosophila. Nature 411, 330–334 (2001).
62. Zhu, M. L. et al. Tubulin-targeting chemotherapy impairs androgen receptor
activity in prostate cancer. Cancer Res. 70, 7992–8002 (2010).
63. Danila, D. C. et al. TMPRSS2-ERG status in circulating tumor cells as a
predictive biomarker of sensitivity in castration-resistant prostate cancer
patients treated with abiraterone acetate. Eur. Urol. 60, 897–904 (2011).
64. Wu, A. et al. Transposon-based interferon gamma gene transfer overcomes
limitations of episomal plasmid for immunogene therapy of glioblastoma.
Cancer Gene. Ther. 14, 550–560 (2007).

12

65. Perner, S. et al. TMPRSS2:ERG fusion-associated deletions provide insight into
the heterogeneity of prostate cancer. Cancer Res. 66, 8337–8341 (2006).
66. Sowery, R. D. et al. Clusterin knockdown using the antisense oligonucleotide
OGX-011 re-sensitizes docetaxel-refractory prostate cancer PC-3 cells to
chemotherapy. BJU. Int. 102, 389–397 (2008).
67. Baron, U. & Bujard, H. Tet repressor-based system for regulated gene
expression in eukaryotic cells: principles and advances. Methods Enzymol. 327,
401–421 (2000).
68. Gierke, S. & Wittmann, T. EB1-recruited microtubule þ TIP complexes
coordinate protrusion dynamics during 3D epithelial remodeling. Curr. Biol.
22, 753–762 (2012).
69. Thoma, C. R. et al. Quantitative image analysis identiﬁes pVHL as a key
regulator of microtubule dynamic instability. J. Cell Biol. 190, 991–1003 (2010).
70. Scher, H. I. et al. Design and end points of clinical trials for patients with
progressive prostate cancer and castrate levels of testosterone:
recommendations of the Prostate Cancer Clinical Trials Working Group.
J. Clin. Oncol. 26, 1148–1159 (2008).
71. Gleghorn, J. P. et al. Capture of circulating tumor cells from whole blood of
prostate cancer patients using geometrically enhanced differential
immunocapture (GEDI) and a prostate-speciﬁc antibody. Lab. Chip. 10, 27–29
(2010).

Acknowledgements
This work was supported by grants from the U.S. NIH (R21 CA143496-01, D.S. Rickman; R01 CA137020 and U54 CA143876-01, P. Giannakakou; R01 CA179100-01, D.S.
Rickman and P. Giannakakou), the NIH Physical Sciences Oncology Center at Cornell
(P. Giannakakou and D.M. Nanus), Department of Defense New Investigator Award
(D.S. Rickman), Sanoﬁ Aventis (P. Giannakakou and H. Beltran), the Prostate Cancer
Foundation (P. Giannakakou and D.M. Nanus), NCI F32CA177104 (A. Matov), Clinical
and Translation Science Center at Weill Cornell NCATS UL1TR000457 (A. Matov) and
NIH T32 CA062948 (M. Sung), Cancer Institute NSW (10/TPG/1-04) (LGH, JGK, SOT)
and Cancer Council NSW (PG 10-01) (LGH). Additional support was received from the
Weill Cornell Clinical and Translational Science Center (D.M. Nanus and P. Giannakakou), the Genitourinary Oncology Research Fund (D.M. Nanus), the Manhasset
Women’s Coalition against Breast cancer MWCABC (P. Giannakakou and G. Galletti),
Eisai (P. Giannakakou) and the Ann Moore Breast Cancer Fund (P. Giannakakou). S.T.T.
has received research funding and has served as a consultant to Sanoﬁ-Aventis.

Author contributions
G.G., A.M., P.G. and D.S.R. designed and performed the majority of the experiments and
analysed data. G.G., A.M., H.B., M.A.R., P.G. and D.S.R. co-wrote the paper; M.S., C.C.,
S.S.C., T.Y.M. and J.F. performed experiments, A.M. and D.K. performed computational
analysis of microtubule dynamics; L.G.H., S.O’T. and J.G.K. provided the docetaxeltreated mCRPC cohort and performed IHC and FISH for ERG; D.S.R. and C.C. performed all xenograft studies; H.B., J.M.M. and M.A.R. designed and analysed prostate
cancer patient data for the CTC analysis; G.G., A.M., M.S. and P.G. performed the CTC
analysis; S.T.L. and D.M.N. contributed patients to the study for CTC analysis.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Galletti, G. et al. ERG induces taxane resistance in
castration-resistant prostate cancer. Nat. Commun. 5:5548 doi: 10.1038/ncomms6548
(2014).
This work is licensed under a Creative Commons AttributionNonCommercial-NoDerivs 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicated otherwise in the credit line; if the material is not included under
the Creative Commons license, users will need to obtain permission from the license
holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/

NATURE COMMUNICATIONS | 5:5548 | DOI: 10.1038/ncomms6548 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

