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ABSTRACT

Steroidogenic enzymes are crucial in prostate cancer (PCa) progression. 17B-Hydroxysteroid dehydrogenase
type 4 (HSD17B4), encoded by HSD17B4, lacks catalytic capacity in androgen metabolism. Now the detailed
role and molecular mechanism of PCa development are largely unknown. Here we showed that the
expression of HSD17B4 was increased in PCa tissues compared to paired paratumor tissues. HSD17B4
knockdown in PCa cells significantly suppressed its proliferation, migration and invasion, while
overexpressing HSD17B4 had opposite effects. Mechanistically, we found that the protein level of HSD17B4
was regulated by its acetylation at lysine 669(K669). Dihydroxytestosterone (DHT) treatment increased
HSD17B4 acetylation and then promoted its degradation via chaperone-mediated autophagy (CMA). SIRT3
directly interacted with HSD17B4 to inhibit its acetylation and enhance its stability. In addition, we identified
CREBBP as a regulator of the K669 acetylation and degradation of HSD17B4, affecting PC cell proliferation,
migration and invasion. Notably, in PCa tissues and paired paratumor tissues, the level of HSD17B4 was
negatively correlated with its K669 acetylation. Taken together, this study identified a novel role of HSD17B4
in PCa progression and suggested that HSD17B4 and its upstream regulators may be potential therapeutic
targets for PCa intervention.

INTRODUCTION Steroidogenic enzymes that accelerate potent androgen

synthesis have been studied in-depth as they relate to
Prostate cancer (PCa) is one of the most common and driving PCa progression and treatment resistance [3].
lethal malignant tumors in men worldwide [1]. CYP17A is the rate-limiting enzyme for cholesterol to
Steroidogenic enzymes are essential biomarkers for dehydroepiandrosterone (DHEA) metabolism, providing
disease diagnosis or potential therapy targets for PCa androgen precursor for PCa. Abiraterone, an inhibitor
treatment [2]. of CYP17A, is wused for castration-resistant PCa
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(CRPC) treatment [4]. 3BHSD1 converts DHEA to
dihydrotestosterone (DHT). One SNP in 3BHSDI1
prolongs its protein half-life and leads to a poorer response
to clinical therapy [5]. Ectopic expression of HSD17B5
has been reported as a mechanism of drug resistance [6].
Thus, steroidogenic enzymes promoting active androgen
synthesis play oncogenic roles in PCa development.

However, steroidogenic enzymes involved in inactivating
androgen have not been thoroughly exploited thus far.
Isoform 2 of the HSD17B4 enzyme catalyzes the reverse
reaction of HSD17BS [7]. It catalyzes 173-OH to 17-
keto, resulting in androgen inactivation [8]. However, the
full-length HSD17B4 has lost its enzyme activity in
androgen metabolism [7]. The function and regulatory
mechanism of HSD17B4 in PCa are elusive.

HSD17B4 is overexpressed in various cancers, including
breast cancer, hepatocellular carcinoma, colonic cancer
and ovarian cancer [9-12]. Elevated HSD17B4 levels have
been correlated with poor prognosis and resistance to
chemotherapy and radiation therapy in many solid tumors.
However, little is known about the role of HSD17B4 in
PCa. Although some studies demonstrated that HSD17B4
is involved in PCa progression, and the regulation of
HSD17B4 expression has been studied at the
transcriptional level, its posttranslational regulation in PCa
remains unknown.

Covalent lysine acetylation has been identified as an
evolutionarily conserved modification in metabolic
enzymes and plays critical roles in the regulation of
multiple enzymes [13-16]. In this study, we demonstrate
that HSD17B4 is acetylated at lysine residue 669 in
response to DHT and that K669 acetylation promoted
the degradation of HSD17B4 via CMA [4, 10].
Explaining the perplexing link between HSD17B4
acetylation and the development of PCa can provide new
insights into disease surveillance, therapeutic control,
and, ultimately, an efficient treatment for advanced PCa.

RESULTS

The expression of HSD17B4 is increased in PCa
development

Previous results have reported that HSD17B4 is a
multiple-function enzyme involved in the progression of
various cancers, including PCa [9, 17]. To elucidate the
role of HSD17B4 in PCa pathogenesis, we analyzed
HSD17B4 mRNA levels in published profiles from PCa
patients and found that HSD17B4 was upregulated in PCa
samples (498 cases) compared with levels in adjacent
normal tissue samples (52 cases) (P < 0.001) (Figure 1A
and Supplementary Table 2). Furthermore, we found that
the expression of HSD17B4 in a total of 52 paired PCa

tissues was significantly higher compared with that in
their adjacent normal tissues (P < 0.01) by TCGA dataset
analysis (Figure 1B). Then, we examined the HSD17B4
protein level in human PCa tissues. We collected 10 pairs
of paraffin-embedded human PCa samples with adjacent
normal tissues for immunohistochemistry. The results
showed that, compared with the matched normal prostate
tissues, 10 pairs of samples showed a significant increase
(P < 0.001) in total HSD17B4 protein in cancerous tissues
(Figure 1C and Supplementary Table 1). Then, we
collected several PCa cells (LNCaP, VVCaP, DU145, and
PC3) and a nonmalignant human prostate epithelial cell
line (RWPE-1). HSD17B4 protein levels were examined
by western blotting. The results showed that the level of
HSD17B4 was higher in malignant PCa cells than that in
normal cells (Figure 1D, left panel), and statistical
analysis revealed the difference in HSD17B4 protein
expression in those prostate cells (P < 0.001) (Figure 1D,
right panel). Furthermore, we collected 20 pairs of human
PCa tissues with adjacent normal prostate tissues for
direct immunaoblotting. In most samples, the levels of total
HSD17B4 protein were higher in the tumor tissues
compared with levels in the normal prostate tissues
(Figure 1E and Supplementary Figure 1). Taken together,
these data imply an important role of HSD17B4 in PCa
and indicate a prospective application of using HSD17B4
as a potential biomarker for PCa diagnosis.

HSD17B4 enhances malignant phenotypes in PCa cells

To explore the function of HSD17B4 in cancer cells, we
knocked down endogenous HSD17B4 by shRNA or
overexpressed exogenous Flag-HSD17B4 in PCa cells
(Figure 2A and Supplementary Figure 2A) and detected a
significant difference in the proliferating velocity and
colony formation (Figure 2B-2C and Supplementary
Figure 2B). Ki-67 is a nuclear nonhistone protein that is
universally expressed among proliferating cells and absent
in quiescent cells [18, 19]. Research studies have shown
that high levels of Ki-67 are associated with poor
malignant cancer survival [20, 21]. The finding that
HSD17B4 can increase PCa cell proliferation prompted us
to examine both HSD17B4 and Ki-67 protein in human
PCa tissues. We collected a total of 10 primary human
PCa samples and 10 adjacent normal prostate samples and
determined the levels of both HSD17B4 and Ki-67
protein by immunohistochemistry in paraffin-embedded
tissues. In most samples, the levels of both HSD17B4 and
Ki-67 protein were higher in the tumor tissues compared
with levels in the normal prostate tissues (Figure 2D).
Statistical analysis of quantified images indicated that the
differences in HSD17B4 protein levels (P < 0.001) and in
Ki-67 protein levels (P < 0.001) between tumor and
normal tissues are all significant (Figure 2E). These data
indicate that HSD17B4 may be a potential biomarker
together with Ki-67 in predicting proliferative PCa.
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Figure 1. Expression of HSD17B4 is increased as PCa develops. (A) The expression of HSD17B4 was frequently upregulated in 498 PCa
tissues (Tumor) compared with 52 adjacent normal prostate tissue samples (Paratumor) in the TCGA profile. (B) HSD17B4 expression was
markedly increased in 52 paired PCa tissues (Tumor) and their adjacent normal tissues (Paratumor) in the TCGA profile. (C)
Immunohistochemical staining of total HSD17B4 protein in tumor and adjacent tissues. A total of 10 PCa tissues and 10 adjacent normal
prostate tissues were analyzed. Quantitative analysis of total HSD17B4 expression was performed by Imagel. (D) Characterization of total
HSD17B4 protein levels in PCa cell lines. Equal amounts of protein (20 ug) were immunoblotted for HSD17B4 and ACTB (loading control), as
shown in the left panel. The intensities of total HSD17B4 protein are quantified in the right panel. (E) HSD17B4 is overexpressed in PCa tissues
compared to expression in adjacent tissues. Human PCa samples each paired with cancerous tissue (designated as T) and adjacent normal
tissue (designated as N) were lysed and directly subjected to western blotting. Ten pairs of samples clearly exhibited HSD17B4
overexpression in PCa tissues. Data are shown as the mean + SD (n = 3) or typical photographs of one representative experiment. Similar
results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p <0.001.
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Figure 2. HSD17B4 promotes the proliferation of PCa cells. (A) Verification of LNCaP stable cell lines. The transfection efficiencies of
shHSD17B4 and Flag-HSD17B4 were determined by western blotting. (B) HSD17B4 knockdown inhibited LNCaP cell growth, while HSD17B4
overexpression promoted cell growth. The CCK-8 assay showed that the growth of LNCaP cells characterized in (A) was affected by HSD17B4
knockdown or overexpression. The data shown are representative of three independent experiments. (C) HSD17B4 promotes the
proliferation of PCa cells. PCa cells were transfected with shHSD17B4 or Flag-HSD17B4 plasmids as indicated and analyzed by a colony
formation assay (left panel). Quantitative analysis of the colony was performed by Imagel. **denotes P < 0.01; ***denotes P< 0.001. Error
bars represent +SD of triplicate experiments (right panel). (D—E) Immunohistochemical staining of Ki-67 and total HSD17B4 protein in tumor
and adjacent tissues. Examples are shown in (D), and the statistical analysis of all samples is shown in (E). Scale bars: 100 um. The intensities
of the HSD17B4 and Ki-67 proteins in 10 PCa tissues (upper panel) and 10 adjacent normal prostate tissues (lower panel) were quantified,
followed by statistical analysis. The mean value of multiple samples and the standard deviation are presented. Data are shown as the mean +
SD (n = 3) or typical photographs of one representative experiment. Similar results were obtained in three independent experiments. *p <
0.05, **p < 0.01, ***p <0.001.
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Next, we performed migration assays in 24-well
chambers and found that HSD17B4 knockdown
significantly suppressed the migration of PCa cells,
while overexpression of HSD17B4 promoted the
number of migrating cells (Figure 3A-3B). The wound-
healing assay obtained a similar result in which
HSD17B4 regulated the migration of PCa cells (Figure
3C). EMT means that cells transit from an epithelial
phenotype to mesenchymal properties. CDH1 is
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decreasing while CDH2 and Vimentin are increasing
during EMT, and then cells lose their polarity and
adhesiveness and subsequently migrate faster.
Interestingly, we knocked down HSD17B4 in LNCaP
cells and found an increase in CDH1 but a decrease in
CDH2 and Vimentin. However, the overexpression of
HSD17B4 plays an opposite role (Figure 3D). These
findings demonstrate that HSD17B4 plays important
roles in enhancing the malignant capacities of PCa cells.
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Figure 3. HSD17B4 promotes the migration of PCa cells. (A-B) Knockdown of HSD17B4 inhibits the migration of PCa cells, while
HSD17B4 overexpression promotes cell migration. LNCaP, DU145 and PC3 stable cells were treated as indicated and analyzed by migration
assays in 24-well chambers without Matrigel. Quantitative analysis of cell migration was performed by ImagelJ. (C) Knockdown of HSD17B4
inhibits migration of PCa cells, while HSD17B4 overexpression promoted cell migration. LNCaP, DU145 and PC3 stable cells treated as
indicated were analyzed by a wound-healing assay. Scale bars: 200 um. Quantitative analysis of the wound healing area was performed by
Imagel. (D) Knockdown of HSD17B4 increases CDH1 but decreases CDH2 and VIM in LNCaP cells, while HSD17B4 overexpression induces the
inverse results (left panel). Protein levels of CDH1, CDH2, VIM and HSD17B4 were normalized against ACTB, *denotes P<0.05, **denotes P <
0.01. Error bars represent £SD of triplicate experiments (right panel). Data are shown as the mean £ SD (n = 3) or typical photographs of one
representative experiment. Similar results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p <0.001.
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K669 acetylation of HSD17B4 promotes its cells under hormone-deprived conditions for 24 h,

degradation in PCa cells followed by treating the cells with DHT at different
concentrations for another 24 h, and found that 10 nM
We further investigated the molecular mechanism of extracellular DHT dramatically decreased the protein
HSD17B4 in PCa. To determine whether DHT can level of HSD17B4 (Figure 4A). Further results
serve as a physiological signal and dynamically regulate indicated that DHT promoted HSD17B4 degradation in
HSD17B4 protein levels in PCa, we cultured LNCaP a time-dependent manner (Figure 4B). The degradation
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Figure 4. K669 acetylation of HSD17B4 promotes its degradation in PCa cells. (A) DHT treatment increases HSD17B4 K669
acetylation levels but decreases endogenous HSD17B4 protein levels in a dose-dependent manner. LNCaP cells were either untreated or
treated with DHT at different concentrations as indicated. The K669 acetylation level and the protein steady-state level of HSD17B4 were
determined by western blotting and normalized against ACTB (upper panel). The relative K669 protein level compared with the HSD17B4
level (middle panel) and relative HSD17B4 protein level compared with the ACTB level (lower panel) were quantified. *denotes P < 0.05,
**denotes P<0.01. Error bars represent +SD for triplicate experiments. (B) DHT treatment increases HSD17B4 K669 acetylation while
decreasing its protein in a time-dependent manner. The HSD17B4 acetylation level and protein level were determined by western blotting
after treatment with DHT for different lengths of time, as indicated in LNCaP cells (upper panel). The relative K669 protein level compared
with the HSD17B4 level (middle panel) and relative HSD17B4 protein compared with the ACTB level (lower panel) were quantified. *denotes P
< 0.05, *"denotes P < 0.01, ***denotes P<0.001. Error bars represent +SD for triplicate experiments. (C) HSD17B4 is not degraded by the
ubiquitin proteasome system (UPS). LNCaP cells were treated as indicated, and HSD17B4 protein levels were analyzed by western blotting
(upper panel). Relative HSD17B4 protein compared with the ACTB level was quantified. “denotes P < 0.05. Error bars represent +SD for
triplicate experiments (lower panel). (D) The lysosome inhibitor chloroquine (CLQ) restores HSD17B4 protein that was reduced by DHT
treatment. LNCaP cells were treated with the lysosome inhibitor CLQ, and the HSD17B4 protein level was analyzed by western blotting
(upper panel). The relative HSD17B4 protein compared with the ACTB level was quantified. *“denotes P < 0.01, NS, no significance. Error bars
represent SD for triplicate experiments (lower panel). Data are shown as the mean + SD (n = 3) or typical photographs of one representative
experiment. Similar results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p <0.001.
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of HSD17B4 triggered by DHT also suggests a negative
feedback mechanism. A previous study showed that
K669 acetylation promotes HSD17B4 degradation
through CMA [22]. We then examined the K669
acetylation level and found that 10 nM DHT increased
the K669 acetylation level in both a time-dependent and
dose-dependent manner (Figure 4A-4B). Our data
demonstrate that K669 acetylation can promote the
degradation of HSD17B4 in PCa cells. In order to verify
which mechanism is responsible for HSD17B4
degradation, we treated LNCaP cells with the ubiquitin
proteasome inhibitor MG132 and the Ilysosomal
inhibitor chloroquine (CLQ). Then, we determined the
levels of total HSD17B4 protein by western blotting.
The results showed that CLQ, but not MG132, restored
the HSD17B4 protein level, which was reduced by
physiological signal treatment (Figure 4C-4D),
indicating that the degradation of HSD17B4 is
independent of the proteasome pathway. Thus, we
speculated that the lysosome system may participate in
the degradation of HSD17B4.

The degradation of HSD17B4 requires CMA

There are three classic lysosomal autophagy
mechanisms, namely, macroautophagy, microautophagy
and CMA, that participate in the degradation of multiple
proteins [23]. In the CMA pathway, the Heat Shock
Protein Family A Member 8 (HSC70) carries target
proteins to the lysosomal receptor LAMP2A. Then,
LAMP2A translocates the target proteins into
lysosomes for degradation [24]. To identify which
mechanism is responsible for HSD17B4 degradation,
we knocked down HSC70 and LAMP2A in LNCaP cells
and observed a significant increase in HSD17B4 protein
(Figure 5A-5B). Moreover, extracellular DHT not only
exclusively increased the interaction between HSC70
and HSD17B4 but also the interaction between
HSD17B4 and LAMP2A (Figure 5C). Consistently,
costaining of HSD17B4 and the lysosomal marker
LAMP2A also indicates that DHT promotes the
colocalization of HSD17B4 and LAMP2A (Figure 5D),
consistent with a promoting role of DHT in HSD17B4
degradation through CMA. These data implied the
involvement of CMA in HSD17B4 degradation.

As previously mentioned, substrates of CMA are
recognized by the molecular chaperone HSC70. CMA
targets various misfolded cytosolic proteins, especially
those containing the KFERQ pentapeptide sequence [25].
The KFERQ motif usually consists of a critical glutamine
(Q), followed by four amino acids consisting of a basic
(R or K), an acidic (E or D), or a bulky hydrophobic
residue (I, L, V, or F) [26]. However, the binding motif
of HSD17B4 with HSC70 remains unclear. Based on this
information, we found three potential HSC70 binding

motifs: 26 VRQK??, SQTKVQES?, and
821K LQSTFVFEE®®, We first replaced Q259/K260,
Q591/E592, and L622/Q623 with alanine. Next, we
analyzed the binding between HSD17B4 and HSC70 by
co-IP and western blotting to validate the key binding
motif in HSD17B4. The results demonstrated that the
mutation of L622A/Q623A significantly decreased the
binding between HSD17B4 and HSC70 (Figure 5E).
Taken together, our results support that HSD17B4 is
degraded via the CMA pathway. The L622/Q623 residue
of the KFERQ penta-peptide sequence may be the
HSC?70 binding motif in HSD17B4.

SIRT3 and CREBBP co-regulate the acetylation
level and protein level of HSD17B4

Previous studies have suggested that SIRT3 is responsible
for acetylation of HSD17B4 in breast cancer cells [22].
We transfected HA-tagged SIRT3 and FLAG-tagged
HSD17B4 into LNCaP cells and determined the
acetylation level of HSD17B4 by western blotting. As a
result, HA-tagged SIRT3 significantly decreased the
K669 acetylation level of HSD17B4 (Figure 6A). A
previous study reported that acetylation promotes
HSD17B4 degradation. Therefore, we investigated
whether SIRT3 affected the protein level of HSD17B4 in
PCa. We transfected HA-tagged SIRT3 into LNCaP cells
and observed that SIRT3 overexpression caused a
decrease in K669 acetylation but an accumulation of
HSD17B4 protein (Figure 6B). Consistently, SIRT3
knockdown increased K669 acetylation and reduced
HSD17B4 protein levels at the same time (Figure 6C).
Moreover, we treated LNCaP cells with or without 10 nM
DHT and found that SIRT3 restored the protein level of
HSD17B4, which emphasized the important role of
SIRT3 in stabilizing HSD17B4 (Figure 6D). Confocal
microscopy data indicated an interaction between SIRT3
and HSD17B4 (Figure 6E). However, DHT exclusively
decreased the interaction between endogenous SIRT3 and
HSD17B4 (Figure 6F). According to previous studies,
SIRT3 mainly functions in the mitochondria, while
HSD17B4 plays a major role in peroxisomes [27, 28]. We
then analyzed the relationship between SIRT3 and
HSD17B4 in PCa patients via the GEPIA (Gene
Expression Profiling Interactive Analysis) web server and
found that SIRT3 is positively correlated with HSD17B4
(Figure 6G). To better understand whether SIRT3
regulates HSD17B4 protein levels in vivo, pairs of normal
mouse and SIRT3 knockout mouse models were applied.
Taking advantage of the mouse model, we collected
different mouse tissues and detected endogenous
HSD17B4 and SIRT3 protein levels. The results showed a
positive correlation between SIRT3 and HSD17B4
(Figure 6H). Collectively, these data demonstrate that
SIRT3 regulates HSD17B4 acetylation and blocks
HSD17B4 degradation induced by DHT treatment.
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Figure 5. The degradation of HSD17B4 requires CMA. (A) HSC70 knockdown leads to accumulation of HSD17B4. HSC70 was transiently
knocked down in LNCaP cells by shRNA. The knockdown efficiency and HSD17B4 protein level were determined by western blotting (upper
panel). The HSD17B4 level was normalized against ACTB. **denotes P < 0.01. Error bars represent +SD of triplicate experiments (lower panel).
(B) LAMP2A knockdown leads to accumulation of HSD17B4. LNCaP cells stably expressed LAMP2A shRNA. The levels of HSD17B4 and
LAMP2A proteins were determined by western blotting (upper panel). The relative HSD17B4 protein compared with ACTB was quantified.
**denotes P < 0.01. Error bars represent +SD of triplicate experiments (lower panel). (C) DHT promotes endogenous HSD17B4 binding with
HSC70 and LAMP2A in LNCaP cells. LNCaP cells were cultured with or without DHT for 24 h before harvest. The interaction between
endogenous HSD17B4 and HSC70 or LAMP2A was determined by coimmunoprecipitation and western blotting. (D) DHT enhances the
interaction between HSD17B4 and LAMP2A. LNCaP cells were cultured with or without DHT for 24h as indicated and then paraformaldehyde
fixed, blocked, and processed for double immunofluorescence with antibodies against LAMP2A (green) and HSD17B4 (red). Merged images
of both channels are shown in the lower panel. Bar: 10 um. (E) Identification of an HSC70 binding motif in HSD17B4. The binding between
HSD17B4 mutants and HSC70 was analyzed by IP-western. Data are shown as the mean + SD (n = 3) or typical photographs of one
representative experiment. Similar results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p <0.001.
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Figure 6. SIRT3 decreases the K669 acetylation level and stabilizes the protein level of HSD17B4. (A) SIRT3 overexpression
decreases HSD17B4 acetylation. HA-tagged SIRT3 plasmid was cotransfected with FLAG-tagged HSD17B4 plasmid into LNCaP cells. Proteins
were immunoprecipitated for western blotting. (B) SIRT3 overexpression causes accumulation of HSD17B4 protein. LNCaP cells were
transfected with HA-SIRT3, and the protein levels of endogenous HSD17B4 were determined by western blotting. (C) SIRT3 knockdown
decreases HSD17B4 protein. LNCaP cells were transfected with siSIRT3 or control. Cells were harvested 48 h after transfection, and cell
lysates were analyzed by western blotting. (D) SIRT3 can rescue the protein levels of HSD17B4 that are decreased by DHT. LNCaP cells were
transfected with HA-SIRT3 and untreated or treated with DHT. HSD17B4 protein levels were determined by western blotting. (E) SIRT3
colocalizes with HSD17B4. Cultured LNCaP cells were paraformaldehyde fixed, blocked, and processed for double immunofluorescence with
antibodies against SIRT3 (green) and HSD17B4 (red). Merged images of both channels are shown on the right. Bar: 10 um. (F) DHT decreases
endogenous HSD17B4 binding with SIRT3. LNCaP cells were cultured with or without DHT for 24 h before harvest. The interaction between
endogenous HSD17B4 and SIRT3 was determined by co-IP and western blotting. (G) SIRT3 is positively correlated with HSD17B4 in PCa. The
correlation between the mRNA expression levels of SIRT3 and HSD17B4 in patients with PCa was analyzed using the public web server GEPIA.
(H) The expression of SIRT3 and HSD17B4 in the SIRT3 knockout mouse model. Whole cell lysates were prepared from different mouse
tissues, followed by western blotting analysis. Data are shown as the mean = SD (n = 3) or typical photographs of one representative
experiment. Similar results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p <0.001.
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In addition, we found that the overexpression of
CREBBP in LNCaP cells obviously increased the
HSD17B4 K669 acetylation level but decreased its
protein level inversely (Figure 7A). This downregulation
of HSD17B4 protein could be blocked by CLQ treatment
(Figure 7B), indicating the positive role of CREBBP in
K669 acetylation-induced CMA  degradation of
HSD17B4. Further experiments showed that CREBBP
knockdown dramatically decreased K669 acetylation but
increased HSD17B4 protein levels (Figure 7C). We
observed a direct interaction between endogenous
HSD17B4 and CREBBP in LNCaP cells (Figure 7D).
Moreover, the analysis based on the GSE70770 database
showed that CREBBP is negatively correlated with
HSD17B4 (Figure 7E). We then performed a CCK-8 cell
proliferation assay and found that the overexpression of
CREBBP significantly decreased the proliferation rate of
LNCaP cells, while the knockdown of CREBBP by
siRNA promoted the proliferation rate (Figure 7F).
Consistently, the overexpression of CREBBP inhibited
the migrating capability of LNCaP cells, while the
knockdown group showed an increased number of
migration cells compared with that in the control group
(Figure 7G). Taken together, our data demonstrate that
CREBBP plays an important role in HSD17B4
degradation and may be the main acetyltransferase
responsible for HSD17B4 acetylation.

K669 acetylation is downregulated in human PCa
tissues

To substantiate the important role of K669 acetylation in
PCa, we collected a total of 10 primary human PCa
samples and 10 adjacent normal samples. Taking
advantage of the anti-acetyl-HSD17B4 (K669) antibody,
we performed immunohistochemistry in these PCa tissues
and adjacent normal prostate tissues. Compared with the
normal prostate tissues, the levels of total HSD17B4 were
higher and the levels of relative K669-acetylated
HSD17B4 were lower in the tumor tissues (Figure 8A).
Statistical analyses of quantified images indicated that the
differences in total HSD17B4 protein levels (P < 0.001),
in K669-acetylated HSD17B4 (P < 0.001), and in the ratio
of K669-acetylated HSD17B4 versus total HSD17B4
proteins (P < 0.001) between tumor and normal tissues are
all significant (Figure 8B). These data further validate that
K669 acetylation of HSD17B4 promotes its degradation
in human PCa tissues.

DISCUSSION

HSD17B4 transforms active estrogen and androgen into
less active forms and in turn regulates multiple genes
involved in fatty acid and cholesterol metabolism [29].
Counterintuitively, studies implicate an increase in
HSD17B4 expression related to poor prognosis for PCa.

Investigations of the biological function of HSD17B4
may provide evidence for therapeutic target design or as a
candidate biomarker. In PCa, HSD17B4 displays multiple
enzymatic functions, including bile acid biosynthesis,
fatty acid p-oxidation, hormone metabolism and
transportation, indicating that a promoting role of
HSD17B4 in oncogenes is through changing the cellular
metabolism of PCa [30]. Our present study demonstrates
that CREBBP and SIRT3 control the K669 acetylation
level of HSD17B4 and subsequently regulate its
degradation (Figure 8C). In this paper, we report that the
expression of HSD17B4 was increased as PCa
progressed. Upregulating HSD17B4 enhanced the
malignant capacities of PCa cells, while HSD17B4
knockdown inhibited these capacities. Moreover, the
stability was affected by CREBBP and SIRT3 via altering
the acetylated modification of HSD17B4. Meanwhile, the
HSD17B4 acetylation level was negatively related to
different disease stages. Thus, it might serve as a
diagnostic biomarker to predict PCa development.

CMA is an intracellular catabolic pathway that mediates
the degradation of a selective subset of cytosolic
proteins in lysosomes [31, 32] and allows cells to
survive in difficult circumstances, such as nutrient
deprivation, inflammation, and hypoxia [31-33]. We
demonstrate that K669 acetylation promotes HSD17B4
degradation via CMA. A key step in CMA regulation is
the interaction between the chaperone HSC70 and target
proteins [34]. In CMA, the target proteins are
translocated into the lysosome for degradation [32], and
all the target proteins contain a special peptide sequence
KFERQ that can be recognized by HSC70 [35, 36].
Here, we show that the L622/Q623 residue of the
KFERQ penta-peptide sequence may be the main
binding motif in HSD17B4. Further structural studies
will be needed to obtain a precise understanding of how
HSC70 recognizes the target HSD17B4 protein.

Androgen is a small steroid molecule that is modified and
transformed by a number of sterol metabolic enzymes.
Unbalanced androgen levels are believed to play vital
roles in PCa progression [37-39]. Moreover, inhibiting
androgen synthesis is a major clinical treatment for PCa.
Both the different kinds and different concentration levels
of androgens have different effects on the enzymatic
pathways and downstream metabolites [40]. Thus,
different kinds and concentrations of androgens as well
as the corresponding steroid metabolic enzymes can
become the targets of PCa therapy. The expression or
activity of related metabolic enzymes in PCa cells is
often altered, including gene deletion, amplification,
mRNA alterable splicing and posttranslational
modification [4, 41-43]. Therefore, the study of enzymes
is important for elucidating the mechanism of drug
resistance, discovering new therapeutic targets and
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Figure 7. CREBBP increases K669 acetylation levels and promotes the degradation of HSD17B4. (A) CREBBP overexpression
increases the K669 acetylation level but decreases the HSD17B4 protein level. LNCaP cells were transfected as indicated. Cell lysates were
subjected to western blotting. The K669 acetylation level and HSD17B4 levels were normalized against ACTB. (B) CLQ blocks the decrease in
HSD17B4 protein induced by CREBBP overexpression. FLAG-CREBBP was transfected into LNCaP cells with or without CLQ treatment and then
subjected to western blotting. (C) The knockdown of CREBBP decreases HSD17B4 K669 acetylation while increasing its protein level. LNCaP
cells were transfected with siCREBBP or control. The acetylation and protein levels of HSD17B4 and the protein level of CREBBP were
determined by western blotting and were normalized against ACTB. (D) Endogenous HSD17B4 binds CREBBP in LNCaP cells. LNCaP cells were
cultured and harvested until the cell density reached 90%. The interaction between endogenous HSD17B4 and CREBBP was determined by
co-IP and western blotting. (E) CREBBP is negatively correlated with HSD17B4 in PCa. The correlation between the mRNA expression levels of
CREBBP and HSD17B4 in patients with PCa was analyzed using the public dataset GSE70770. (F) CREBBP knockdown promotes LNCaP cell
growth, while CREBBP overexpression inhibits cell growth. The CCK-8 assay showed that the proliferation rate of LNCaP cells was affected by
CREBBP knockdown or overexpression. The data shown are representative of three independent experiments. (G) CREBBP knockdown
promotes the migration of LNCaP cells, while CREBBP overexpression acts the opposite way. LNCaP cells were transfected with siCREBBP or
Flag-CREBBP as indicated, followed by a migration assay in 24-well chambers without Matrigel. Quantitative analysis of cell migration in 24-
well chambers was performed by Imagel. Data are shown as the mean + SD (n = 3) or typical photographs of one representative experiment.
Similar results were obtained in three independent experiments. *p < 0.05, **p < 0.01, ***p <0.001.
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designing new drugs. Upregulation of HSD17B4 in PCa
is in part due to the overexpression regulated by altered
gene transcription or mRNA stability [15]. Here, we
found that the HSD17B4 acetylation level is low in PCa
tissues when compared with adjacent tissues. Moreover,
we propose that HSD17B4 acetylation modulated by the
DHT concentration plays a crucial role in HSD17B4
stability control.

In conclusion, we demonstrate that K669 acetylation
promotes HSD17B4 degradation via the CMA pathway
in LNCaP cells. SIRT3 and CREBBP co-regulate the
acetylation level of HSD17B4. SIRT3 decreases the
K669 acetylation level and stabilizes the HSD17B4
protein level, while CREBBP has the opposite effect.
Notably, the regulatory mechanism of HSD17B4 with
its related interactors provides new insight into prostate
cancer progression and indicates that androgen
metabolic enzymes are potential biomarkers.

MATERIALS AND METHODS
Cell culture and treatment

Cells were all purchased from American Type Culture
Collection and cultured as previously described [44].
LNCaP, VCaP, DU145 and PC3 cells were cultured in
RPMI-1640  medium  (HyClone, = SH30234.01),
containing 10% fetal bovine serum (FBS; Biological
Industries, 04-001-1ACS) and 1% penicillin and
streptomycin (HyClone, SV30010). RWPE-1 cells were
cultured in keratinocyte growth medium supplemented
with 5 ng/ml human recombinant epidermal growth
factor and 0.05 mg/ml bovine pituitary extract
(Invitrogen Life Technologies, CA, USA) in a
humidified environment at 37°C and 5% CO,. For DHT-
added treatment, LNCaP cells were first cultured in
medium containing fetal bovine serum without
hormones purchased from Biological Industries (04—
201-1). Then, DHT (Sigma-Aldrich, 46573) at different
concentrations was added to the medium to culture cells.
Proteasomal/lysosomal inhibitor  treatments  were
performed by adding chloroquine (Sigma-Aldrich,
C6628; 200 mM) for 24 h, MG132 (Abmole BioScience,
M1902; 10 mM) for 6 h, leupeptin (Selleckchem, S7380;
0.4 mM) for 24 h, and BAF (Selleckchem, S1413; 100
nM) for 8 h. All concentrations are final concentrations
in the culture medium.

Immunoprecipitation and western blotting

Western blotting was performed as previously
mentioned [45, 46]. PCa cells were lysed as indicated in
0.3% Nonidet P40 (Sigma-Aldrich, 74388) buffer
containing 150 mM NaCl, 50 mM Tris-HCI, pH 7.5,
and complete protease inhibitor cocktail (Roche,

04693132001). Cell lysates were incubated for 3 h at
4°C with anti-FLAG M2 agarose (Sigma-Aldrich,
A2220) after removal of debris by centrifuging at 4°C,
15,000 g for 15 min. The immunoprecipitants were
bound with anti-FLAG M2 agarose beads and washed
with lysis buffer 3 times by centrifuging at 400 g for 1
min. The beads were boiled and centrifuged at 4°C
before loading on 10% SDS-PAGE gels and transferred
onto nitrocellulose membrane (GE Healthcare,
10402495) for western blotting analysis. The following
primary antibodies were commercially obtained: FLAG
(Sigma-Aldrich, F3165; 1:10,000 working dilution), HA
(Santa Cruz Biotechnology, 7392; 1:1,000 working
dilution), ACTB (Sigma-Aldrich, A5441; 1:10,000
working dilution), HSC70 (Abcam, 19136; 1:1,000
working dilution), HSD17B4 (Abcam, 128565; 1:1,000
working dilution), SIRT3 (Abcam, 45067; 1:1,000
working dilution) and acetylated-lysine (Cell Signaling
Technology, 9441; 1:1,000 working dilution). K669Ac
was prepared commercially from immunized rabbits at
Shanghai Genomic Inc. (1:1000 working dilution).

Immunofluorescence staining

LNCaP cells were treated with DHT for 24 h. Then,
cells were fixed in 4% paraformaldehyde (Wuhan
Goodbio technology, G1101), permeabilized with 0.2%
Triton X-100 (Sigma-Aldrich, T8787), blocked with 5%
bovine serum albumin (Amresco, 0332) in phosphate
buffered saline (Sigma-Aldrich, P5368), and incubated
with the indicated primary antibodies: LAMP2A (1:500
working dilution), HSD17B4 (1:500 working dilution),
SIRT3 (1:500 working dilution), and Catalases (Abcam,
16731; 1:500 working dilution). Detection was
performed with corresponding fluorescent-conjugated
secondary antibodies. Confocal fluorescence images
were randomly obtained with a confocal microscope.

Knockdown and overexpressing stable cell lines

pPMKO-shVEC or pMKO-shHSD17B4 was constructed
as a short hairpin RNA vector that employed 3 effective
sequences targeting the 3’-untranslated region as
follows: 5°-AGGGCACACTACACTATTAAT-3’; 5’-
GCCCAAGTCCTGTTTCCTTAG-3’; and 5’-
GCTCTGCTTGTTCGTGTGTGT-3’. GFP and FLAG-
tagged human HSD17B4 were cloned into the retroviral
vector pQCXIH. All  pMKO-shVEC, pMKO-
shHSD17B4, pQCXIH-GFP and pQCXIH-HSD17B4
vectors were transfected into HEK293T cells, together
with vectors expressing gag and vsvg genes (from
vesicular stomatitis virus G) to produce retrovirus.
Then, PCa (LNCaP, DU145 and PC3) cells were
infected with pQCXIH-HSD17B4, pQCXIH-GFP,
pMKO-shHSD17B4 or pMKO-shVEC retroviral
supernatants. Polybrene (8 mg/ml) was added to PCa
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cells to increase the infection efficiency. The HSD17B4
knockdown cell pool was selected with puromycin
(Amresco, J593; 5 mg/ml final concentration), while the
HSD17B4 overexpression cell pool was screened using
hygromycin (Amresco, K547; 350 mg/ml final
concentration) for at least 2 weeks. The knockdown or
overexpression efficiency of positive clones was
determined by western blotting.

Cell migration and wound healing assay

PCa cells (2x10%) stably expressing HSD17B4 were
suspended in 100 pl of serum-free medium. For the
upper embedded culture chambers, 200 pl of cell
suspensions was added. For the bottom culture
chamber, 600 pl of RPMI-1640 medium with 10% FBS
was added. Three repeated wells were set for each
group. The experiment was conducted in 5% CO, at
37°C for 48 h. The liquid in the chambers was ejected,
and cells on the internal surface of the chamber bottom
were wiped with a cotton swab, fixed with
paraformaldehyde, stained with crystal violet, and
rinsed with phosphate buffered saline. Five random
views were chosen for each culture well under the light
microscope, and the number of cells in each view was
counted. For the wound healing assay, LNCaP cells
(2x10%) stably expressing HSD17B4 were seeded in 6-
well plates. When confluency was reached, the cell
layer was scraped with a 10-ul pipette tip. Cell
migration was observed by microscopy 24 h later. All
biochemical assays were performed in three
independent experiments.

Colony formation assay

PCa cells were plated in 6-well plates (1.0 x 10° cells per
well), cultured for 7 days, fixed with paraformaldehyde
for 10 min, and stained with 1% crystal violet for 5 min
before counting the number of colonies.

CCK-8 assay

Cell proliferation was measured using the Cell Counting
Kit 8 (CCK-8; Dojindo, Kumamoto, Japan). Briefly,
PCa cells were seeded in 96-well plates in triplicate at
an initial density of 3 x 10° cells/well. Then, 10 pl of
CCK-8 assay solution was added to each well and
incubated for 2 h. The absorbance was measured at 450
nm for each well using a multi-well spectrophotometer.

RNAseq data processing and visualization

The RNA sequence data of 498 prostate cancer patients
were retrieved from the TCGA data portal. Data were
downloaded from the TCGA data coordination center.
This dataset shows the gene-level transcription

estimates as the log2(x+1) transformed RSEM
normalized count. Genes are mapped onto the human
genome coordinates using the UCSC Xena HUGO
probeMap (see ID/Gene mapping as below for details).
This study is in accordance with the publication
guidelines provided by TCGA
(https://cancergenome.nih.gov/publications/publicationg
uidelines).

SIRT3 knockout mouse model

The SIRT3” mice were purchased from the Jackson
Laboratory (Stock No: 012755). The procedures related
to animal studies were approved by the Ethics Committee
of XiangYa Hospital, Central South University.

PCa samples and immunohistochemistry

PCa samples were acquired from XiangYa Hospital of
Central South University. A physician obtained informed
consent from the patients. The procedures related to
human subjects were approved by the Ethics Committee
of XiangYa Hospital, Central South University.
Immunohistochemistry  (IHC) was performed as
previously described [47, 48]. To quantify the IHC result
of positive staining, 5 random areas in each tissue sample
were microscopically examined and analyzed by an
experienced pathologist. The average staining score was
calculated by dividing the positive areas by the total areas.
The data obtained are expressed as the mean values + SD.

Statistical analysis

Two-tailed Student’s t-tests were used for all comparisons.
All values included in the figures represent the mean
values + SD. Error bars represent +SD for triplicate
experiments. The statistical significance is indicated as
asterisks (*). A 2-sided P value of < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, ***P <
0.001).
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Supplementary Figure 1. Expression of HSD17B4 is increased as PCa develops. HSD17B4 is overexpressed in PCa tissues compared
to expression in adjacent tissues. Human PCa samples each paired with cancerous tissue (designated as T) and adjacent normal tissue
(designated as N) were lysed and directly subjected to western blotting. Ten pairs of samples clearly exhibited HSD17B4 overexpression in
PCa tissues. The relative intensity of HSD17B4 and ACTB was determined using the ImageJ program. ***denotes P<0.001.
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Supplementary Figure 2. HSD17B4 promotes the proliferation of PCa cells. (A) Verification of DU145 stable cell lines. The
transfection efficiencies of Flag-HSD17B4 were determined by western blotting. (B) HSD17B4 overexpression promoted cell growth. The CCK-
8 assay showed that the growth of DU145 cells characterized in (A) was affected by HSD17B4 overexpression. The data shown are
representative of three independent experiments.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 1 and 2

Supplementary Table 1. Patients clinical data.

Supplementary Table 2. HSD17B4 mRNA expression in TCGA database.
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