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Glucocorticoid receptor-induced non-muscle caldesmon
regulates metastasis in castration-resistant prostate cancer
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Lethal prostate cancer (PCa) is characterized by the presence of metastases and development of resistance to therapies. Metastases
form in a multi-step process enabled by dynamic cytoskeleton remodeling. An actin cytoskeleton regulating gene, CALD1, encodes
a protein caldesmon (CaD). Its isoform, low-molecular-weight CaD (l-CaD), operates in non-muscle cells, supporting the function of
filaments involved in force production and mechanosensing. Several factors, including glucocorticoid receptor (GR), have been
identified as regulators of l-CaD in different cell types, but the regulation of l-CaD in PCa has not been defined. PCa develops
resistance in response to therapeutic inhibition of androgen signaling by multiple strategies. Known strategies include androgen
receptor (AR) alterations, modified steroid synthesis, and bypassing AR signaling, for example, by GR upregulation. Here, we report
that in vitro downregulation of l-CaD promotes epithelial phenotype and reduces spheroid growth in 3D, which is reflected in vivo
in reduced formation of metastases in zebrafish PCa xenografts. In accordance, CALD1 mRNA expression correlates with epithelial-
to-mesenchymal transition (EMT) transcripts in PCa patients. We also show that CALD1 is highly co-expressed with GR in multiple
PCa data sets, and GR activation upregulates l-CaD in vitro. Moreover, GR upregulation associates with increased l-CaD expression
after the development of resistance to antiandrogen therapy in PCa xenograft mouse models. In summary, GR-regulated l-CaD
plays a role in forming PCa metastases, being clinically relevant when antiandrogen resistance is attained by the means of
bypassing AR signaling by GR upregulation.
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INTRODUCTION
PCa is globally the second most common cancer in men [1]. While
a substantial part of local PCa tumors are indolent, a subset of
them are aggressive and cannot be curatively treated. Some
patients are also diagnosed primarily with metastatic disease. In
metastatic PCa, androgen deprivation therapy (ADT) and anti-
androgens are used to inhibit the single most important driver of
PCa progression—AR signaling. Although most of the patients
respond initially, the cancer cells eventually adapt and develop
resistance to therapies targeting AR signaling. Resistance to
antiandrogens in PCa is currently understood to be attainable by
mechanisms leading to restored AR signaling, such as AR
amplifications, and other AR-targeting mutations or changes in
the adrenal and intratumoral steroid synthesis; AR bypass
signaling, such as GR upregulation; and complete AR indepen-
dence [2]. Further knowledge of these mechanisms is of clinical
importance and may uncover potential targets to address
antiandrogen resistance in PCa.
Regulation of actin cytoskeleton has a central role in the

formation of metastases [3]. CALD1-gene encodes two major
molecular weight isoforms that regulate actin cytoskeleton by
direct actin-binding: high-molecular-weight CaD (h-CaD,

120–150 kDa) and l-CaD (70–80 kDa) [4, 5]. Both isoforms
produced by alternative splicing share the currently known
functional regions, including regions for binding actin, tropomyo-
sin, calmodulin, myosin, and phospholipids [6, 7]. h-CaD, also
known as smooth muscle CaD, is a contractility regulator highly
expressed in smooth muscle cells [8]. h-CaD is also expressed in
the prostatic stroma, including vascular endothelial cells [9]. l-CaD,
on the other hand, is a ubiquitously expressed protein localized in
membrane ruffles and lamellipodial extensions of migrating cells
and associates with the regulation of microfilaments by actomyo-
sin cross-linking and actin polymerization [5, 10–13]. The effect of
l-CaD on contractility and migration, however, seems to be two-
fold, as both the loss of and increased levels of l-CaD are reported
to result in dysfunctional migration or reduced contractile
function [14–16]. In vivo CaD knockout and mutant mouse
homozygotes die perinatally, whereas a homozygous loss
restricted to h-CaD is not lethal [15, 17–19]. Further, a xenopus
morpholino l-CaD knockdown model shows reduced neural crest
migration [20]. Additionally, vascular and heart developmental
defects are present in a zebrafish morpholino CaD knockdown
model; however, similar defects are not reported in other known
in vivo models [15, 17–22].
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Fig. 1 l-CaD is expressed in PCa cell lines, and CALD1 co-expresses with positive regulators of EMT in PCa patient data sets. A Western
blot depicting l-CaD protein expression in commercial PCa cell lines. B Barplots representing CALD1 mRNA expression data in PCa cell lines
acquired from Cancer Cell Line Encyclopedia. C Frequency of CALD1 alterations in publicly available PCa patient data sets containing CALD1
mutation and copy number alteration data [67–78]. D Representative Western blot depicting l-CaD expression and barplot depicting pooled
densitometry of Western blot bands from three biological repeats after 72 h of 5% CSS culture and 24 h DHT treatment. E Venn diagram
showing the concordance of top 1000 mRNAs co-expressed with CALD1 between PCa patient data sets available on cBioPortal. F List of
concordant hits of mRNA co-expression with CALD1. G MSigDB (version 7.5) hallmark gene sets that significantly overlap and ten MSigDB
GO:BP gene sets with the highest percentage of overlap with the list of mRNA concordantly co-expressed with CALD1.
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Published data on the role of l-CaD in cancer are, in part,
conflicting and suggest that CALD1 acts both as a tumor
suppressor or as an oncogene. Some preclinical studies suggest
that l-CaD suppresses cancer cell migration in vitro [23–28].
However, conversely, in vitro data from both older and more
recent studies also suggest that l-CaD promotes migration and

invasion of cancer cells [29–33]. Studies based on patient samples
suggest that higher l-CaD expression associates with worse
prognosis (oral squamous cell carcinoma, gastric cancer, and
bladder cancer), higher histopathological grade (glioblastoma and
bladder cancer), increased immune infiltrates (gastric cancer and
bladder cancer), and metastases (oral squamous cell carcinoma)
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[31, 32, 34–36]. Additionally, upregulated l-CaD expression
associates with therapy resistance to the estrogen receptor
modulator tamoxifen in breast cancer and with resistance to
chemoradiotherapy in rectal cancer [37, 38]. The regulation of
l-CaD expression in cancer is likely yet to be fully uncovered, but
several factors, including p53, GR, and Cdk5, are implicated to
have a role in specific contexts [24, 30, 39–46].
Here, we have characterized the role of l-CaD in PCa by

analyzing co-expression data from the largest PCa patient data
sets and experimentally by using monolayer- and 3D-cultured PCa
cells, zebrafish PCa xenograft models, and castration-resistant
VCaP xenograft mouse models. We show that l-CaD associates
with EMT, GR-mediated antiandrogen resistance, and the forma-
tion of metastases in PCa. We conclude that l-CaD is critical in
forming metastases in PCa and is upregulated in PCa cells that
acquire therapy resistance by GR upregulation.

RESULTS
l-CaD is expressed in PCa cell lines and is strongly
downregulated during steroid hormone deprivation
To examine which CaD isoforms were expressed in PCa, we
performed a Western blot to analyze the protein expression from a
variety of commercial PCa cell lines cultured in recommended
growth conditions (Fig. 1A). All the tested cell lines solely expressed
the non-muscle isoform l-CaD (70–80 kDa). No bands were detected
in the 120–150 kDa range where the smooth muscle-associated
isoform h-CaD migrates. The protein expression levels detected
were in line with mRNA data from the Cancer Cell Line Encyclopedia
(Fig. 1B). Notably, no differences in expression between androgen-
sensitive and androgen-independent cell lines were observed.
Next, we examined published PCa patient data sets with both

mutation and copy number alteration data available to study the
frequency of alterations in the CALD1 gene (Fig. 1C). Overall,
CALD1 alterations in tumors were not particularly common, but
interestingly, amplifications were the most common alteration
observed, and deletion was the least frequent type of alteration.
The data sets with the highest frequency of amplifications were
data sets of metastatic or locally advanced tumors. Comparing
survival between altered and unaltered patients in the metastatic
data sets, we observed a significantly decreased overall survival in
a data set of 48 cases of metastatic and high-grade localized PCa,
while differences in other data sets were not significant
(Supplementary Fig. S1A, B).

To study whether l-CaD was regulated by AR signaling—the
major driver of PCa progression—we looked at l-CaD expression in
androgen-sensitive VCaP cells in conditions altering the AR
activation status. We observed a substantial reduction of l-CaD
expression in VCaP cells cultured in charcoal-stripped serum (CSS)
media, while the expression levels were increased upon the
addition of dihydrotestosterone (DHT) to the cells (Fig. 1D). Next,
we wanted to study whether l-CaD associated with AR expression
in PCa but found no correlation between AR and CALD1 mRNA
expression by examining the published PCa patient data sets,
including TCGA (Supplementary Fig. S1C). Taken together, these
data suggested that l-CaD expressed in PCa cells strongly
responded to steroid hormone deprivation in androgen-sensitive
cell lines, but the expression was also retained even in AR-
negative cells, and CALD1 did not correlate with AR expression in
PCa.

CALD1 expression in PCa is associated with the expression of
positive regulators of EMT and known markers of the
mesenchymal phenotype
To assess in an unbiased manner which transcripts were
associated with CALD1 in PCa, we performed an integrative
analysis of co-expression data from seven PCa data sets (Fig. 1E).
We found 38 transcripts that were among the top 1000 positively
co-expressed mRNAs in all data sets (Fig. 1F). To this list of 38
transcripts, we performed Molecular Signatures Database
(MSigDB) analysis comparing the list with hallmark gene sets
and gene ontology gene sets of biological processes (Fig. 1G).
Interestingly, the identified list shared transcripts with EMT, cell
migration, and locomotion gene sets. The identified EMT-
associated transcripts were either involved in the positive
regulation of EMT or commonly expressed in the mesenchymal
phenotype. Other interrelated gene sets were circulatory system
development and vasculature development, suggesting CALD1
may also be involved in angiogenesis. Identified transcripts were
also associated with three muscle-related gene sets.
We further explored CALD1 co-expression with regulators of

cancer hallmarks, actin-related processes, and relevant signaling
pathways based on curated sets of positive and negative
regulators separately (Gene Ontology: Biological Processes) on
mRNA level in the largest single PCa patient data set (PCa subset
of the PanCancer TCGA data set) by producing CALD1 co-
expression heatmaps. The percentages of positively and nega-
tively co-expressed (determined in our analysis by cutoff at

Fig. 2 Loss of l-CaD impairs metastasis and invasion of PCa cells. A Barplot representing viability in PC3 cells transfected with siNeg1,
siNeg2, siCaD-1, or siCaD-2. The mean and standard deviation (SD) of three experiments are shown (ns = not significant and *p < 0.05 as
determined by the Mann–Whitney–Wilcoxon two-sided test). B Violin plot of relative spheroid size in PC3 cells (n= 160) transfected with
siNeg1, siNeg2, siCaD-1, or siCaD-2 and grown in 3D basement membrane matrix culture. Boxplot indicates median and whiskers indicate 1.5
times interquartile range pooled from three experiments (ns = not significant, **p < 0.01, and ***p < 0.001 as determined by t-test). C Violin
plot of relative spheroid size in DU145 cells (n= 527) transfected with siNeg1, siNeg2, siCaD-1, or siCaD-2 and grown in 3D basement
membrane matrix culture. Boxplot indicates median and whiskers indicate 1.5 times interquartile range pooled from three experiments (ns =
not significant, **p < 0.01, and ***p < 0.001 as determined by t-test). D Representative fluorescent merge images of zebrafish embryos 4 days
after yolk sac microinjection of mCherry PC3 cells transfected with siNeg1 or siCaD-1. The injection site is highlighted in white. Metastases are
indicated with arrows. E Pie chart showing the percentage of zebrafish embryos with visible metastases 4 days after injection pooled from
three experiments (*p < 0.05 as analyzed by Fisher’s exact test). F Western blot depicting expression levels of l-CaD in mCherry PC3 cells
transfected with siNeg1, siNeg2, siCaD-1, or siCaD-2 48 h after transfection. G Representative violin plots of relative change in primary tumor
size (size 4 days after injection / size 1 day after injection). The tumor area was measured from fluorescent images of zebrafish. Boxplot
indicates median, and whiskers indicate 1.5 times interquartile range (ns = not significant as determined by t-test). H Representative
fluorescent images of zebrafish embryos 4 days after pericardial microinjection of CellTracker Green labeled DU145 cells transfected with
siNeg1 or siCaD-1. The primary tumor is highlighted in white. Metastases are indicated with arrows. I Pie chart showing the percentage of
zebrafish embryos with visible metastases 4 days after injection to the pericardial cavity (**p < 0.01 as analyzed by Fisher’s exact test).
J Western blot depicting expression levels of l-CaD in DU145 cells transfected with siNeg1 or siCaD-1 48 h after transfection. K Violin plots of
relative change in primary tumor size (size 4 days after injection/size 1 day after injection). The tumor area was measured from fluorescent
images of zebrafish. Boxplot indicates median, and whiskers indicate 1.5 times interquartile range (ns = not significant as determined by t-
test). L Representative brightfield and fluorescent merge images of zebrafish embryos 1 day after microinjection of CellTracker Green labeled
DU145 cells transfected with siNeg1 or siCaD-1 to the common cardinal vein. Metastases are indicated with arrows. M Box and jitter plots
depicting the number of metastases in zebrafish embryos (n= 96). Boxplot indicates median, and whiskers indicate 1.5 times interquartile
range (****p < 0.0001 as determined by t-test).
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Spearman’s rank correlation coefficient ≥0.3 and ≤−0.3, respec-
tively) regulators were evaluated (Supplementary Table 1).
Positively co-expressed regulators were most common within
the gene set of positive regulators of EMT (52.1% of regulators in
the gene set) (Supplementary Fig. S2C and Supplementary Table
1). Other evaluated positive regulators of cancer hallmarks that

showed high co-expression were regulators of angiogenesis
(38.1%) and proliferation (32.6%) (Supplementary Fig. S2A, S2B,
and Supplementary Table 1). Co-expression appeared to be, to
some extent, present in both negative and positive regulators in
analyzed processes, with the exception of anoikis, which was
interestingly observed to have an almost exclusively negative
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association with CALD1 (Supplementary Fig. S2F and Supplemen-
tary Table 1). To further investigate the association between
CALD1 and EMT using co-expression data in an alternative
approach, we generated a custom gene set of epithelial and
mesenchymal markers in which we observed predominantly
positive co-expression between CALD1 and the mesenchymal
markers (Supplementary Fig. S2D).

l-CaD enhances growth in organotypic culture while
knockdown of l-CaD does not change proliferation in 2D
culture
Next, we experimentally investigated in vitro whether l-CaD
played a role in regulating viability corresponding to our in silico
analysis suggesting a positive correlation with proliferation. We
did not observe any significant change in PC3 cell viability after
l-CaD knockdown with siRNAs as measured by an MTS assay
(Fig. 2A). In accordance, no significant effect on viability was found
either after l-CaD knockdown in androgen-sensitive VCaP cells
(Supplementary Fig. S3A). We then continued to study the role of
l-CaD in the regulation of PCa growth using an organotypic
basement membrane matrix culture, and the results showed that
the knockdown of l-CaD reduced growth in 3D cultures (Fig. 2B, C,
and Supplementary Fig. S3B). These data suggested that l-CaD was
beneficial for the PCa cells in organotypic growth in 3D, although
downregulation did not significantly affect viability in monolayer
culture.

Knockdown of l-CaD impairs the formation of metastases in
PCa xenograft zebrafish
Our co-expression analysis (Fig. 1G–I) suggested that CALD1 was
co-expressed with transcripts involved in the regulation of EMT
and associated with cell migration and locomotion. To study the
role of l-CaD in cancer cell migration and invasion in vivo, we
injected mCherry PC3 cells transfected with siRNAs targeting l-CaD
or non-targeting siRNAs into zebrafish larvae yolk sacs and
assessed the formation of metastases after four days (Fig. 2D, E).
The zebrafish assays were performed in parallel with viability
assessments by monolayer culture MTS and with organotypic 3D
culture growth area analysis, as well as with the knockdown
verification at protein level by Western blotting (Fig. 2F). We
observed that the rate of metastases in the xenografted zebrafish
was reduced to less than one-third upon siRNA knockdown of
CALD1 (Fig. 2E). The size of the primary tumor was not changed
after l-CaD knockdown, suggesting a specific effect pertaining to
the metastasis process (Fig. 2G). As with non-mCherry PC3 cells,
viability was not affected by l-CaD knockdown in mCherry PC3
cells (Supplementary Fig. S3C). While remaining viable, and
producing spheroids in basement membrane matrix, the mCherry
PC3 cells exhibited reduced growth after l-CaD knockdown similar
to non-mCherry PC3 cells (Supplementary Fig. S3D, E). Similar
results were observed in two DU145 cell xenograft models,
wherein l-CaD knockdown led to a lower rate of metastasis and a
reduced number of metastases after the cells were microinjected
into pericardial cavity or common cardinal vein (Fig. 2H–M). These

data suggested that when l-CaD expression was downregulated,
aggressive PCa cells exhibited decreased capability to metastasize
while remaining otherwise viable, indicating that l-CaD was
specifically involved in metastasis and invasion.

l-CaD is upregulated upon GR activation in PCa in vitro
After establishing the anti-tumorigenic effect of l-CaD knockdown,
we extended our analysis of patient samples to investigate
possible regulators of l-CaD in PCa. Among the concordant hits of
co-expression with CALD1 between seven patient data sets
(Fig. 1F), there were two transcription factors, GR (NR3C1) and
melanocyte inducing transcription factor (MITF), that could directly
regulate l-CaD expression. Due to the known connection of GR to
PCa, we focused further on characterizing the GR–CaD interplay in
PCa. To confirm that the significant co-expression was not caused
by stromal h-CaD mRNA in the patient samples, we analyzed a
published data set of patient-derived organoids lacking stroma
and found a strong correlation between CALD1 and GR expression
(Fig. 3A).
We observed that GR was expressed in commercial PCa cell

lines except for LNCaP cells which also have a CaD mutation
(Fig. 3B). We performed zebrafish xenograft assay also with LNCaP
cells microinjecting them into common cardinal vein and found
that l-CaD knockdown reduced the number of metastases despite
LNCaP cells being AR-positive and lacking GR expression
(Supplementary Fig. S4A–C). To further understand the role of
AR and GR in the regulation of l-CaD, we examined ReMap ChIP-
seq tracks for AR and GR in the UCSC genome browser, and found
that both receptors displayed peaks in the putative promoter and
enhancer sites at CALD1 (Fig. 3C). Next, we investigated the effect
of GR activation on the expression of l-CaD in PCa cells. We
observed that GR-expressing PC3 cells responded to a GR activator
dexamethasone (Dex) with l-CaD upregulation at 24 or 48 hours
(Fig. 3B, D). Similarly, in DU145 cells, treatment with Dex and
prednisolone resulted in the upregulation of l-CaD expression
after 48 hours of treatment (Fig. 3E, F). Dex stimulation improved
spheroid growth of PC3 cells in basement membrane matrix
cultures unless the l-CaD expression was knocked down using
siRNA prior to the Dex treatment (Fig. 3G, H). These data
suggested that l-CaD was upregulated by GR activation in AR-
negative PCa.

Knockdown of l-CaD shifts the phenotype away from the
mesenchymal cell state in PCa in organotypic culture
After associating CALD1 with the expression of positive EMT
regulators and mesenchymal markers in the patient data (Fig. 1),
we wanted to see if these same markers could be observed in
the models used to demonstrate that l-CaD silencing leads to
diminished invasiveness. l-CaD colocalized with actin in PC3 cell
filopodia (Fig. 4A). Staining PC3 cell spheroids cultured in
basement membrane matrix showed downregulated expression
of the mesenchymal cell state-associated N-cadherin after l-CaD
knockdown (Fig. 4B, C), whereas no difference in the expression
of E-cadherin was observed upon l-CaD knockdown

Fig. 3 l-CaD expression is upregulated by GR activation promoting growth in organotypic cell culture. A Correlation between GR and
CALD1 mRNA in patient-derived organoids (cBioPortal) [79]. B Western blot depicting GR expression in commercial PCa cell lines. C UCSC
genome browser visualization of ReMap ChIP-seq tracks for AR and GR in CALD1 with ENCODE candidate promoter-like signatures highlighted
in red and enhancer-like signatures highlighted in yellow and orange. D Barplots depicting l-CaD protein expression in PC3 cells treated with
Dex (0.1 µM, 1 µM, or 10 µM) after 24 or 48 hours. The mean and SD of three experiments are shown (ns = not significant, *p < 0.05, and
****p < 0.0001 as determined by t-test). E Barplots depicting l-CaD protein expression in DU145 cells treated with Dex (0.1 µM, 1 µM, or 10 µM)
after 24 or 48 hours. The mean and SD of three experiments are shown (ns = not significant, *p < 0.05, and ****p < 0.0001 as determined by
t-test). F Barplots depicting l-CaD protein expression in DU145 cells treated with prednisolone (0.1 µM, 1 µM, or 10 µM) after 48 hours. The
mean and SD of three experiments are shown (ns = not significant and *p < 0.05 as determined by t-test). G Violin plots of relative spheroid
size in PC3 cells transfected with siNeg1 or siCaD-1 and grown in the presence or absence of 1 µM Dex in basement membrane matrix.
Boxplot indicates median and whiskers indicate 1.5 times interquartile range pooled form three experiments (ns = not significant, *p < 0.05,
and **p < 0.01 as determined by t-test). H Representative brightfield image of day 5 organotypic culture of PC3 cells treated with siNeg-1 or
siCaD-1 and exposed to 1 µM Dex or vehicle (DMSO) on day 3 of culture in basement membrane matrix.
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(Supplementary Fig. S5A, B). Furthermore, DU145 cell spheroids
were similarly observed having downregulated N-cadherin and
ZEB1 expression after l-CaD knockdown (Fig. 4D–G). By staining
the zebrafish used in the in vivo xenograft model studying
metastases, we confirmed the lack of l-CaD and reduced

N-cadherin expression in the PC3 mCherry cells after l-CaD
knockdown with siRNA (Supplementary Fig. S5C). These data
taken together with the patient co-expression analyses,
provided evidence supporting the role of l-CaD in promoting
EMT in PCa.
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GR upregulation in enzalutamide resistance leads to
upregulated l-CaD expression in vivo
To study l-CaD during the development of resistance to AR-
targeting therapies, we used androgen-sensitive PCa cells. To
overcome interference to GR signaling by AR activation, we used
a lead-in treatment with an antiandrogen (enzalutamide) in VCaP
cells and observed that l-CaD expression was upregulated by
Dex, while also slightly increasing in response to Dex in the
absence of prior antiandrogen (Fig. 5A). As an in vivo model of
castration resistance, we re-analyzed subcutaneous VCaP xeno-
graft tumors grown in nude mice [47, 48]. Mice with castration-
resistant tumors were treated with an antiandrogen (enzaluta-
mide) and sacrificed either when tumors were still responding to
antiandrogen or after the eventual appearance of resistance to
antiandrogen. We re-analyzed RNA-Seq data of the subcuta-
neous tumors and observed GR having a positive correlation with
CALD1 (Fig. 5B). To examine l-CaD and GR at protein levels and to
distinguish between stromal and tumor CaD, we performed IHC
on the xenograft tumors. We observed the appearance of islands
of cells with upregulated l-CaD expression by IHC in resistant
tumors when compared with tumors from mice sacrificed during
antiandrogen response (Fig. 5C). Notably, one mouse in the
response group with exceptionally high PSA (9.462 ng ml−1 vs.
an average of 2.037 ng ml−1 in the rest of the response group),
which likely reflects incomplete response, was observed to have
areas of l-CaD expression similar to that of the resistant group.
Staining of the samples with an antibody recognizing GR showed
a similar pattern of spotted upregulation in the resistant samples,
whereas a lower baseline expression was observed in the
response group (Fig. 5D). We also stained adjacent slides of an
orthotopic VCaP xenograft mouse model [49] and observed
similar islands of l-CaD upregulation in tumors treated with the
antiandrogen (apalutamide) within the same regions that
presented GR upregulation (Fig. 5E). Moreover, we re-analyzed
previously generated RNA-seq data of reported orthotopic
xenografts and found similar positive correlation between GR
and CALD1 in the resistant tumors (Fig. 5F). Western blot analysis
of tumor homogenates from the orthotopic VCaP xenografts also
showed a trend of increase in both GR and l-CaD expression in
the tumors treated with the antiandrogen (apalutamide),
although the expressions were heterogeneous as expected
based on our IHC analyses (Fig. 5G). Thus, l-CaD upregulation
was associated in vivo with areas of GR upregulation after
resistance to antiandrogens.

GR expression correlates with CALD1 expression, while KRT8
expression is negatively correlated with CALD1 in vivo
After establishing the connection between GR and l-CaD in the
VCaP xenograft mouse models, we used RNA-Seq analysis to study
the association with EMT-related transcripts. We observed CALD1
having a negative correlation with KRT8 in both the subcutaneous
and the orthotopic xenografts (Fig. 5B, F). In line with our in silico
analyses from patient data (Fig. 1) and our analysis of

immunofluorescence in PC3 cell spheroids (Supplementary Fig.
S5A, B), CALD1 and CDH1 (encodes E-cadherin) expressions were
non-correlating in the subcutaneous xenografts (Supplementary
Fig. S6A). Fitting the VCaP model being non-metastatic, markers
for mesenchymal phenotype were commonly undetectable or
lowly expressed in VCaP xenografts (Supplementary Table 2).
None of the correlation analyses with CALD1 and mesenchymal
markers reached statistical significance in the subcutaneous
xenografts, which again is likely due to the VCaP model being
non-metastatic (Supplementary Fig. S6A). However, some positive
EMT-related correlations in the orthotopic model were significant
(SNAI1 in the apalutamide resistance and TWIST2 in the
enzalutamide resistance), despite the VCaP model being non-
metastatic (Supplementary Fig. S6B). Using IHC staining of
vimentin in the subcutaneous tumors we observed no expression
in the samples of the resistant group (Supplementary Fig. S6C). In
conclusion, using the VCaP xenograft mouse models, we were
able to verify our initial observations from PCa patient data sets
showing the association between CALD1 and KRT8 and GR.

DISCUSSION
Despite the initial response to the therapeutic targeting of AR
signaling, aggressive PCa eventually develops castration resistance
and progresses to lethal metastatic PCa. Here, we have
characterized one critical mechanism involved in antiandrogen
therapy-resistant PCa. We report that l-CaD is expressed in PCa cell
lines and that CALD1 amplifications are more common in
metastatic or locally advanced than primary tumor PCa patient
data sets. In a co-expression analysis of the largest PCa patient
data sets, we find CALD1 to correlate with EMT markers and GR.
The knockdown of l-CaD in vitro limits organotypic growth and
downregulates EMT marker expression but has no effect on
monolayer growth. Finally, we experimentally show in vivo that
l-CaD induces EMT, promotes metastasis, and is upregulated in
antiandrogen-resistant PCa together with GR.
Several previous studies have described an upregulation of GR

as one important mechanism in antiandrogen-resistant PCa
[50–55]. We show that l-CaD is upregulated by GR activation in
AR-negative PCa cell lines and after AR inhibition in AR-positive
cells. Moreover, CALD1 expression correlates with GR expression in
PCa patient samples and patient-derived organoids, and by IHC,
we show that l-CaD and GR are upregulated in antiandrogen-
resistant VCaP xenograft mouse models. The detailed mechanism
for GR-induced upregulation in PCa is not known, but interestingly
previous work shows that activated GR binds to CALD1 promoter
in lung cancer cells, providing a mechanism for l-CaD upregulation
by GR [24]. In accordance, our analysis of the published ChIP-seq
data available on the UCSC genome browser also support that GR
may directly contribute to l-CaD expression regulation. With a
myriad of identified regulators for CaD, modulators other than GR
could also play a part in pushing l-CaD expression in PCa
[30, 39–46]. Additionally, calmodulin binding and the regulation of

Fig. 4 l-CaD colocalizes with actin in filopodia, and the knockdown of l-CaD downregulates N-cadherin. A Representative fluorescent
merge images of PC3 cells transfected with siNeg1 or siCaD-1 and stained with antibodies recognizing actin and l-CaD. The lower row shows
separate images of actin, l-CaD, and merge in a close-up of the upper siNeg1 image. B Representative fluorescent images of PC3 spheroids
transfected with siNeg1, siNeg2, or siCaD-1, stained with N-cadherin, and counterstained with DAPI. C Barplots depicting N-cadherin protein
intensity in spheroids formed by transfected PC3 cells shown in B. Average was calculated from multiple individual spheroids (N= 22)
measured for mean intensity. The mean and SD are shown (ns = not significant, *p < 0.05, and **p < 0.01 as determined by t-test).
D Representative fluorescent images of DU145 spheroids transfected with siNeg1, siNeg2, siCaD-1, or siCaD-2 stained against N-cadherin.
E Barplots depicting N-cadherin protein intensity in spheroids formed by transfected DU145 cells shown in D. Average was calculated from
multiple individual spheroids (N= 30) measured for mean intensity. The mean and SD shown (ns = not significant, ***p < 0.001, and
****p < 0.0001 as determined by t-test). F Representative fluorescent images of DU145 spheroids transfected with siNeg1, siNeg2, siCaD-1, or
siCaD-2 stained against ZEB1. G Barplots depicting ZEB1 protein intensity in spheroids formed by transfected DU145 cells shown in F. Average
was calculated from multiple individual spheroids (N= 58) measured for mean intensity. The mean and SD shown (ns = not significant,
**p < 0.001, ***p < 0.001, and ****p < 0.0001 as determined by t-test).
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l-CaD phosphorylation by CDK1, Erk, p38 MAPK, isoforms of s100,
and p21-activated kinases (PAK) 1 and 2 may further enhance
l-CaD effects in PCa [29, 40, 56–59].
In our analyses, l-CaD shows no association with the common

PCa driver AR, but, interestingly, a few CALD1 amplifications were

already present in primary tumor patients, adding to the
possibility of l-CaD having a role in PCa progression outside
antiandrogen-resistance via AR bypassing by GR upregulation. GR
signaling in PCa is also a complex entity as glucocorticoids act as
partial antiandrogens in the presence of androgens, lower steroid
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levels by inducing balancing feedback in the pituitary, and
effectively alleviate the side effects of utilized therapies. The
presence of AR seems to complicate the acute response to GR
ligands which may, in part, be explained by AR signaling
regulating GR negatively [53]. Our experiments with VCaP cells
show that l-CaD is upregulated by GR activation when stimulation
is preceded by antiandrogen treatment. Thus, the GR-dependent
upregulation of l-CaD in AR-expressing cells seems to be
enhanced by AR inhibition. Our analysis of the published ChIP-
seq data suggest that, in addition to GR, also AR may contribute to
l-CaD regulation. Furhermore, it is probable that the regulation is
also modulated variously during different phases of PCa progres-
sion and if direct, it is likely further influenced by co-factor
binding. Taken together, our results display the complexity of the
interconnected AR and GR signaling in therapy resistant PCa and
suggest that GR activation upregulates l-CaD in the absence of
active AR signaling in PCa.
Using PCa cells injected into zebrafish larvae as a model, we

now show that l-CaD expression is critical for PCa metastasis
in vivo. Silencing l-CaD reduces the rate of metastases in the
PC3 xenograft zebrafish by two-thirds and leads to an even
more pronounced reduction in the rate of metastasis in the
DU145 xenograft zebrafish. Importantly, viability is unaffected
by the silencing of l-CaD, supporting a specific role in
metastasis. Notably, our results in the zebrafish metastasis
assay with AR-positive and GR-negative LNCaP cells, suggest a
more general role for l-CaD in promoting metastasis in PCa cells
independently of AR or GR status. Interestingly, the silencing of
l-CaD also reduces spheroid size when cells are grown in
basement membrane matrix. The discrepancy between the
results observed in plastic 2D and 3D basement membrane
matrix gel is possibly attributable to the latter model not only
measuring proliferation capacity but more closely resembling
in vivo environment and also characteristics involved in
metastasis. Moreover, 3D culture may also represent the
microenvironment more accurately when compared to the
traditional invasion and migration assays. Previous preclinical
studies in vitro show an increase in migration and invasion after
l-CaD knockdown in lung cancer, gastric cancer, breast cancer,
hepatocellular carcinoma, and PCa cells in contrast to our
results [24–28]. However, supporting our findings, a positive
correlation of l-CaD expression with in vitro migration and
invasion is reported in myoblasts, HeLa, bladder cancer, and
osteosarcoma cells [29–31, 33]. Similarly, previous reports on
the role of GR in migration and invasion in vitro are contrasting
[60, 61]. Previous work on the role of GR signaling in radial
migration of neurons interestingly suggests that an appropriate
l-CaD level is critical for optimal migration in vivo [14]. In
conclusion, by providing for the first time in vivo data of
metastatic zebrafish xenografts, our results add to the evidence
supporting that l-CaD promotes invasion and migration and,
further, the formation of metastases.
Cancer cell plasticity is a requirement for the formation of

metastases, which cells can obtain to different extents by
undergoing EMT [62]. VCaP xenograft mouse models we use are

not metastatic, which is reflected in the low expression of
mesenchymal markers in the tumor data. However, we show that
epithelial marker expression is negatively correlated with CALD1 in
the xenografts, and two mesenchymal marker-expressing PCa cell
lines have reduced N-cadherin expression after silencing l-CaD in
3D culture. Additionally, we show high co-expression with several
EMT regulators and mesenchymal markers and CALD1 in PCa
TCGA and combined analysis of six other PCa patient data sets.
Notably, the common epithelial marker E-cadherin does not
correlate with l-CaD in the patient data sets and does not show
differential expression upon silencing l-CaD in 3D culture.
Retained E-cadherin expression may suggest that l-CaD induces
partial EMT, which is interestingly associated with calmodulin, a
known interactor of l-CaD [62, 63].
It is important to acknowledge limitations associated with

specific cell lines used to study PCa. While PC3 and DU145 cells are
among the most widely utilized PCa cell lines alongside LNCaP
cells, they do not express significant levels of AR protein in
contrast to LNCaP and VCaP cells [64]. Given that the majority of
PCa express AR, it is important to avoid generalizing the findings
obtained with AR-negative cell lines. Instead, PC3 and DU145 cells
may be considered representative of AR low or negative PCa
subtypes, which, including neuroendocrine PCa, may make up
one-fifth of castration-resistant PCa cases [65, 66].
Our results describe a new mechanism that promotes EMT and

metastasis in GR-upregulated antiandrogen-resistant PCa. In
summary, our data suggest that antiandrogen resistance may
give rise to colonies of GR-upregulated PCa cells within the tumor
where l-CaD expression is induced in response to GR activation in
the absence of AR signaling. The induction of l-CaD promotes EMT
in the PCa cells and may eventually stimulate the dissemination of
the colony. In conclusion, our study demonstrates that l-CaD is
involved in facilitating metastasis in PCa. Herein described, l-CaD
upregulation is potentially one specific target to prevent
metastases in therapy resistant PCa.

MATERIALS AND METHODS
Available in Supplementary information.

DATA AVAILABILITY
Data are available upon reasonable request.
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