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ABSTRACT

Dysregulation of hormone metabolism is implicated in human breast cancer. 178-hydroxysteroid
dehydrogenase type 4 (HSD17B4) catalyzes the conversion of estradiol (E2) to estrone (E1), and is
associated with the pathogenesis and development of various cancers. Here we show that E1 upregulates
HSD17B4 acetylation at lysine 669 (K669) and thereby promotes HSD17B4 degradation via chaperone-
mediated autophagy (CMA), while a single mutation at K669 reverses the degradation and confers
migratory and invasive properties to MCF7 cells upon E1 treatment. CREBBP and SIRT3 dynamically control
K669 acetylation level of HSD17B4 in response to E1. More importantly, K669 acetylation is inversely
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correlated with HSD17B4 in human breast cancer tissues. Our study reveals a crosstalk between acetylation
and CMA degradation in HSD17B4 regulation, and a critical role of the regulation in the malignant

progression of breast cancer.

Introduction

Breast cancer is a leading cause of female death worldwide." It
has been shown that growth of normal human breast tissue is
estrogen dependent, and most breast cancers are estrogen
receptor-positive.” Normal growth and function of the breast
are under moderate hormone control, while excessive hor-
monal stimulation may induce tumor formation.” Estrogen
influences multiple biological responses in cells, and therefore
affects the growth, motility and invasiveness of cancer cells.*®
The main estrogens circulating in the human body are E2 and
El. E2 is the most potent and active form of estrogen, whereas
E1 is the less active form of estrogen. HSD17B1 (17 8-hydroxys-
teroid dehydrogenasel) is the most active enzyme to produce
E2”' and significantly overexpressed in breast cancer, which
contributes to the stimulation and development of breast can-
cer.,,''* HSD17B2, which converts E2 to El, is dominant in
normal breast."> Studies have shown that increased HSD17B1
expression or ratio of HSD17B1 and HSD17B2 expression is
associated with poor clinical outcome of estrogen-dependent
breast cancer patients.'>'* Besides HSD17B1, HSD17B7 has
been identified as a key enzyme for the viability of breast cancer
due to the dual functions on activation and reduction of estro-
gen and androgen."®

HSD17B4, catalyzing the conversion of estradiol (E2) to
estrone (E1),'®"7 is strongly conserved in sequence and
functionality.'® It is also known as D-3-hydroxylacyl-CoA dehy-
drogenase, D-specific bifunctional protein (DBP), multifunc-
tional protein 2 (MFP-2) or peroxisomal multifunctional
enzyme type2 (MFE-2), and displays multifunctional properties,
including bile acid biosynthesis, fatty acid B-oxidation, sterol
transport and sex steroid metabolism.'®'**° Recent evidence has
shown that HSD17B4 is implicated in cancer. It is reported that
HSD17B4 is overexpressed in prostate cancer, compared with
matched-benign epithelium.”’ Therefore HSDI17B4 is regarded
as an independent biomarker of poor patient outcome in pros-
tate cancer.”’ HSDI17B4 is ubiquitously expressed in liver with
highest levels, and implicates in the pathogenesis and develop-
ment of human hepatocellular carcinoma (HCC) via inactivat-
ing E2.* Previous studies also indicate that the loss of estrogen
inactivation may be an important mechanism in the pathogene-
sis of colonic cancer, suggesting a potential role of HSD17B4 in
colonic cancer.”*** Similarly, HSD17B4 is overexpressed in ovar-
ian surface epithelium (hOSE) cells and might prevent an exces-
sive accumulation of E2 in the human ovary by inactivating
estrogen,” which thus provided therapeutic targets for ovary
cancer prevention and treatment’® NFKBl can upregulate
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HSDI17B4 expression in HCC, which is due to the fact that the
HSD17B4 gene contains NFKB1-binding sites. TNF upregulates
HSD17B4 expression via NFKB1 and then promotes the acquisi-
tion of a transformed phenotype during hepatocarcinogene-
sis.”**”  Moreover, it has been reported that HSD17B4
expression may be regulated by promoter methylation and
mRNA stabilization.”*** Methylation of the HSD17B4 promoter
is also found in ERBB2/HER-2/neu-positive breast cancers.”
Here we propose the posttranslational regulation of HSD17B4
expression. We presently demonstrate that HSD17B4 protein is
acetylated at lysine residue 669 and this acetylation modification
promotes HSDI17B4 lysosome-dependent degradation via
chaperone-mediated autophagy (CMA). Interestingly, K669
acetylation of HSD17B4 was modulated by extracellular E1. Our
study reveals an acetylation regulation of HSDI17B4 and its
potential function in tumor development.

Results

HSD17B4 is acetylated at lysine 669 to promote its
degradation via autophagy

Several mass spectrometry (MS) analyses suggested that
HSD17B4 was potentially an acetylated protein (Fig. S1IA). To
confirm the acetylation modification, we transfected FLAG-
HSD17B4 into HEK293T cells and detected the acetylation level
of ectopically expressed HSD17B4 using a pan acetyl-lysine anti-
body. Results showed that trichostatin A (TSA, an inhibitor of
histone deacetylase HDAC family I, II and IV) and nicotin-
amide (NAM, an inhibitor of the SIRT family deacetylase) treat-
ment significantly increased the acetylation level of FLAG-
HSD17B4 (Fig. 1A), indicating that HSD17B4 is indeed acety-
lated. Since various lysine (K) residues have been reported as
potential acetylation sites, we then mutated each of 5 lysine resi-
dues individually to arginine (R), and examined their acetyla-
tion. Mutation of K669, but not other lysine residues, resulted
in a significant reduction in acetylation level of ectopically
expressed HSD17B4 (Fig. 1B and C). Notably, TSA and NAM
treatment increased the acetylation level of wild-type HSD17B4,
but not the K669R mutant (Fig. 1C), implying K669 is the main
acetylation site of HSDI17B4. Acetylation of K669 in peptide
WTIDLK(ac)SGSGK was hit twice with a high score and
matched the human HSDI17B4 sequence with acetylation at
K669 by 2 different proteomic studies.’’”* To confirm K669
acetylation of HSD17B4, we generated a K669 site-specific anti-
body (designated as ‘K669Ac antibody’ henceforth) which spe-
cifically targeted the acetylated K669 residue in HSD17B4. First
we performed dot blotting assays to characterize the specificity
of the K669Ac antibody and found that this antibody preferen-
tially detected the K669-acetylated, but not the unmodified pep-
tide (Fig. S1B). The peptide blocking experiment showed that
the K669-acetylated peptide absorbed the K669Ac antibody,
and therefore decreased K669Ac signal (Fig. S1C). These results
indicated a high specificity of this antibody to HSD17B4 K669
acetylation. With the help of this site-specific antibody, we
detected enhanced K669 acetylation signals in HEK293T, MCF7
and MDA-MB-231cells upon NAM, but not TSA treatment
(Fig. 1D), further supporting that K669 is the major acetylation
site of HSD17B4 under this condition. Interesting, under the
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same conditions, we detected significantly decreased levels of
endogenous HSDI17B4 protein in NAM-treated HEK293T,
MCF7 and MDA-MB-231 cells (Fig. 1D), suggesting a role of
acetylation in regulating HSD17B4 expression.

Previous studies report that lysine acetylation modulates the
degradation of multiple protein.””>> To elucidate the mecha-
nism that K669 acetylation modulates in the regulation of
HSDI17B4 expression, we first examined HSD17B4 mRNA and
found that NAM did not downregulate HSD17B4 protein at the
transcriptional level (Fig. S1D). Next, chloroquine (CLQ, an
inhibitor of lysosomal proteases) and bafilomycin A; (BAF), (an
inhibitor of the vacuolar-type H' -translocating ATPase and fre-
quently used to block late-phase autophagy) (Fig. 1E and S1E),
but not MG132 (a proteasome inhibitor) treatment (Fig. SIF),
rescued the decrease of HSDI17B4 protein induced by NAM.
These results indicate that the NAM-induced decrease of
HSD17B4 is due to the lysosome system or autophagy, but not
proteasome-dependent degradation. Moreover, we found that
treatment with leupeptin (another inhibitor of lysosomal pro-
teases) led to an accumulation of HSD17B4 protein and a signif-
icant increase in K669 acetylation (Fig. 1F), implying the
involvement of autophagy in K669 acetylation-induced
HSD17B4 degradation.

HSD17B4 degradation induced by acetylation requires
CMA

The lysosome system or autophagy can participate in protein
degradation. There are 3 autophagy mechanisms reported,
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). CMA is thought to selectively degrade
many long-half-life proteins.® In order to verify which
mechanism is responsible for HSD17B4 degradation, we treated
HEK293T, MCF7 and MDA-MB-231 cells with the lysosomal
inhibitor NH,Cl, the ubiquitin proteasome inhibitor MG132
and the macroautophagy inhibitors 3-methyladenine (3-MA)
and wortmannin respectively, and determined the levels of total
HSD17B4 protein by western blotting. Results showed that
NH,CI, but not MG132, 3-MA or wortmannin, induced the
accumulation of HSDI7B4 protein (Fig. 2A and S2A),
indicating that the degradation of HSD17B4 is independent of
the proteasome and macroautophagy pathways. To validate the
relationship between K669 acetylation and HSDI7B4
degradation, a serum-deprivation experiment was conducted
and the results showed inceased K669 acetylation levels and
decreased HSDI17B4 protein levels, which corresponded with
the extended time of serum deprivation (Fig. 2B). Based on the
findings that prolonged serum deprivation can activate
CMA,””® and our data that 3-MA or wortmannin treatment
did not change HSD17B4 acetylation at K669 and its protein
levels (Fig. 2B), these results suggest that K669 acetylation
promotes HSD17B4 degradation through the CMA pathway.
During CMA, the chaperone heat shock protein HSPAS8/
HSC70 carries target proteins to the lysosomal receptor
LAMP2A, which then translocates the target proteins into the
lysosome for degradation.”” To provide more evidence for
CMA, we knocked down HSPA8 in HEK293T cells and found
an increased protein level of HSDI17B4 (Fig. 2C). To explore
the effect of K669 acetylation on HSDI7B4 degradation
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Figure 1. HSD17B4 is acetylated at lysine 669 to promote its degradation via autophagy. (A) Exogenous HSD17B4 is acetylated. FLAG-HSD17B4 was transfected into HEK293T cells,
followed by TSA (10 M) and NAM (5 mM) treatment. FLAG-HSD17B4 acetylation was detected with anti-acetyl lysine (Pan-Ac) antibody by western blotting (left panel). Relative
HSD17B4 acetylation over FLAG-HSD17B4 level was quantified (right panel). **denotes P < 0.01, Error bars represent £ SD for triplicate experiments. (B) Analysis of acetylation of
individual HSD17B4 mutants. The indicated plasmids were transfected into HEK293T cells and protein lysates were immunoprecipitated for acetylation analysis. (C) TSA and NAM
treatment increases acetylation level of wild-type HSD17B4 but not mutants. Ectopically expressed wild-type HSD17B4 and the K669R mutant were transfected into HEK293T cells
respectively, followed by TSA and NAM treatment. HSD17B4 acetylation was analyzed by western blotting (upper panel). The relative HSD17B4 acetylation over the FLAG-HSD17B4
level was quantified (lower panel). “*denotes P < 0.01, NS denotes no significance. Error bars represent = SD for triplicate experiments. (D) NAM but not TSA increases HSD17B4
acetylation level at K669, while decreases the endogenous HSD17B4 protein level. HEK293T, MCF7 or MDA-MB-231 cells were treated with NAM or TSA. HSD17B4 protein was deter-
mined by western blotting and normalized against ACTB, K669 acetylation was detected with K669Ac antibody and normalized against HSD17B4 protein. The relative HSD17B4
K669 acetylation compared with total protein level and the relative HSD17B4 protein compared with the ACTB level were quantified (lower panel). *denotes P < 0.05; NS, no signif-
icance. Error bars represent = SD for triplicate experiments. (E) Chloroquine (CLQ) restores HSD17B4 protein reduced by NAM treatment. HEK293T cells were treated as indicated
and HSD17B4 protein was determined by western blotting (upper panel). The relative HSD17B4 protein compared with the ACTB level was quantified (lower panel). “*denotes
P < 0.01, “denotes P < 0.05. Error bars represent =+ SD for triplicate experiments. (F) Leupeptin accumulates K669-acetylated and total HSD17B4 protein. HEK293T cells were
treated with leupeptin for 48 h. The levels of total and acetylated HSD17B4 were determined by western blotting. HSD17B4 protein levels were normalized against ACTB. K669
acetylation levels were normalized against HSD17B4 protein.
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Figure 2. HSD17B4 degradation induced by acetylation requires CMA. (A) Lysosome inhibitor NH,Cl accumulates HSD17B4 protein, while the ubiquitin proteasome inhib-
itor MG132 or macroautophagy inhibitor 3-MA does not. HEK293T, MCF7 or MDA-MB-231 cells were treated as indicated. The levels of total HSD17B4 protein were deter-
mined by western blotting (upper panel). Relative HSD17B4 protein compared with ACTB levels were quantified (lower panel). “*denotes P < 0.01; NS, no significance.
Error bars represent = SD for triplicate experiments. (B) Serum deprivation decreases HSD17B4 protein while it increases its acetylation level. HEK293T cells were cultured
upon serum deprivation for different lengths of time as indicated. HSD17B4 levels were normalized against ACTB, K669 acetylation was normalized against HSD17B4 pro-
tein, analyzed by western blotting (upper panel). The relative HSD17B4 K669 acetylation compared with total protein level and the relative HSD17B4 protein compared
with the ACTB level were quantified (lower panel). “*denotes P < 0.01, “denotes P < 0.05; NS, no significance. Error bars represent + SD for triplicate experiments. (C)
HSPA8 knockdown accumulates HSD17B4 protein. HSPA8 was transiently knocked down in HEK293T cells by shRNA. HSD17B4 protein and the knockdown efficiency were
determined by western blotting (upper panel). Relative HSD17B4 protein levels compared with ACTB were quantified (lower panel). ““denotes P < 0.01. Error bars repre-
sent & SD for triplicate experiments. (D) NAM promotes wild-type HSD17B4 binding with HSPA8 but not K669 mutants. Ectopically expressed wild-type HSD17B4, as well
as the K669R or K668Q mutant were cotransfected with a plasmid expressing HSPA8 into HEK293T cells followed by NAM treatment; the binding between HSD17B4 and
HSPA8 was analyzed by western blotting. (E) LAMP2A knockdown restores the decreased HSD17B4 protein induced by serum deprivation. HEK293 cells stably expressing
LAMP2A shRNA were cultured with or without serum. The levels of K669 acetylation, HSD17B4 and LAMP2A proteins were determined by western blotting (left panel).
The relative HSD17B4 K669 acetylation compared with its total protein level and the relative HSD17B4 protein compared with the ACTB level were quantified (right panel).
* denotes P < 0.05, “*denotes P < 0.01. Error bars represent =4 SD for triplicate experiments.

through CMA, we performed coimmunoprecipitation and
found that NAM treatment significantly enhanced the binding
between ectopically expressed wild-type HSD17B4 and HSPAS,
while the K669R or K669Q mutant of HSD17B4 did not display
a stronger interaction with HSPA8 after NAM treatment

(Fig. 2D and S2B). Consistently, we knocked down LAMP2A
in HEK293 cells and observed an accumulation of HSD17B4
protein upon either normal condition or serum deprivation
(Fig. 2E and S2C). These data support that CMA is responsible
for acetylation-induced degradation of HSD17B4.
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Figure 3. E1 increases HSD17B4 acetylation at K669 to promote its degradation via CMA. (A and B) E1 treatment increases HSD17B4 K669 acetylation level but decreases
endogenous HSD17B4 protein level. MCF7 cells were either untreated or treated with E1 for different concentration (A) or different lengths of time (B), as indicated. The
steady-state levels of HSD17B4 protein were determined by western blotting and normalized against ACTB, and K669 acetylation was normalized against HSD17B4 pro-
tein. (C) E1 increases K669 acetylation level and promotes HSD17B4 degradation through a lysosomal pathway. HEK293T, MCF7 or MDA-MB-231 cells were treated with
E1 and NH,Cl as indicated, followed by being lysed and subjected to western blotting (upper panel). The relative HSD17B4 K669 acetylation compared with total protein
level and the relative HSD17B4 protein compared with the ACTB level were quantified (lower panel). “*denotes P < 0.01, *denotes P < 0.05. Error bars represent 4 SD
for triplicate experiments. (D) K669 acetylation promotes lysosomal uptake of HSD17B4. FLAG-tagged HSD17B4 was immunopurified from HEK293T cells treated with or
without NAM and E1, and incubated with the lysosomes isolated from rat liver. Lysosomes were re-isolated and the associated HSD17B4 (either inside or binding to the
surface) was determined by western blotting. The presence of protease inhibitors (cocktail) should block lysosomal degradation; thus, such conditions should measure
both HSD17B4 binding to lysosomes and uptake, whereas in the absence of cocktail only measures HSD17B4 binding to lysosomes.

E1 increases HSD17B4 acetylation at K669 to promote
its degradation via CMA

El is one of the products of HSD17B4, which plays an essential
role in cancer development and progression.”” To determine
whether E1 dynamically regulates HSDI17B4 protein level in
breast cancer, we cultured MCF7 cells under hormone-deprived

conditions for 24 h, followed by treating the cells with E1 at dif-
ferent concentrations for another 24 h, and found that 100 nM
El dramatically increased K669 acetylation while it decreased
the protein level of HSD17B4 (Fig. 3A). Further results indicated
that El increased K669 acetylation and promoted HSDI7B4
degradation in a time-dependent manner (Fig. 3B). Moreover,
the unchanged mRNA level of HSD17B4 upon El treatment



proves that E1 regulates HSD17B4 expression at a post-tran-
scriptional level (Fig. S3). We then explored the effect of the
inhibitor of lysosomal proteases and found that NH,CI restored
the HSDI17B4 protein level reduced by E1 treatment in
HEK293T, MCF7 and MDA-MB-231 cells (Fig. 3C). In agree-
ment with the protein levels, K669 acetylation of HSD17B4 was
enhanced by El treatment (Fig. 3C), suggesting a model in
which E1 increases HSD17B4 acetylation and thereby promotes
its lysosomal degradation. To validate the involvement of lyso-
some in HSD17B4 degradation, we incubated immunopurified
HSD17B4 with isolated lysosomes in vitro and found that
HSD17B4 binds to lysosomes (Fig. 3D). In the presence of lyso-
somal protease inhibitors, this assay showed the total HSD17B4,
which was bound to and taken up by the lysosomes. Notably,
the HSD17B4 isolated from NAM- or El-treated cells showed
more lysosomal binding and uptake than HSDI17B4 isolated
from untreated cells (Fig. 3D). These results demonstrate that
E1 enhances K669 acetylation and promotes the degradation of
HSD17B4 through the lysosome system.

To further investigate the mechanisms of HSD17B4 degrada-
tion induced by E1, we knocked down LAMP2A in MCF7 and
MDA-MB-231 cells to disrupt CMA, and found a significant
accumulation of HSD17B4 protein in the presence of E1, associ-
ating with a further increase of K669 acetylation (Fig. 4A).
Moreover, E1 exclusively increased the interaction between
HSPA8 and wild-type HSD17B4, but not the K669R or K669Q
mutant (Fig. 4B). Consistently, the enhanced binding between
endogenous HSD17B4 and HSPAS8 was also observed upon El
treatment (Fig. 4C). Similarly, E1 also increased the interaction
between endogenous HSD17B4 and LAMP2A (Fig. 4C).

Confocal microscopy data showed that K669-acetylated
HSD17B4 accumulated in lysosomes in the presence of NH,Cl,
indicating that acetylated HSDI17B4 is a potential substrate of
CMA (Fig. 4D and E). We next determined whether E1 con-
tributed to CMA activation in the total lysosomal pool in
MCF?7 cells. Since the lysosome marker LAMP2A and HSPAS
increase with the enhanced CMA activity,”** we investigated
the colocalization of lysosomal LAMP2A and HSPAS8 by
immunofluorescence in cultured cells maintained in the pres-
ence or absence of El, and found that the number of positive
colocalized protein was higher in El-treated cells, which
revealed an increased CMA activity (Fig. S4A and S4B). Cos-
taining of HSD17B4 and lysosomal marker also indicates that
E1 promotes colocalization of HSD17B4 and LAMP2A (Fig. 4F
and G), consistent with a promoting role of E1 in HSD17B4
degradation through CMA.

Taken together, these data indicate that El-induced K669
acetylation promotes HSD17B4 degradation through CMA.

CREBBP acetylates HSD17B4 at K669

To identify the acetyl-transferase responsible for HSD17B4 K669
acetylation, we transfected DNA encoding 4 acetyltransferases,
CREBBP (CREB binding protein), EP300 (E1A binding protein
p300), KAT2A (lysine acetyltransferase 2A), and KAT2B, (lysine
acetyl-transferase 2B), individually into HEK293T cells, and
found that CREBBP overexpression distinctively increased K669
acetylation level, as well as inversely decreased HSD17B4 protein
(Fig. 5A). This downregulation of HSD17B4 protein could be

AUTOPHAGY 543

blocked by CLQ or BAF treatment (Fig. 5B and S5), indicating
the positive role of CREBBP in K669 acetylation-induced degra-
dation of HSD17B4. Further experiments showed that CREBBP
increased the levels of K669 acetylation in a dose-dependent
manner (Fig. 5C). Consistently with our hypothesis, CREBBP
knockdown dramatically decreased K669 acetylation of
HSD17B4 and inversely increased its protein level (Fig. 5D).
Furthermore, CREBBP knockdown blocked the El-induced
decrease of HSD17B4 protein (Fig. 5E). In MCF7 cells, the bind-
ing between endogenous HSD17B4 and CREBBP was detected
and indeed enhanced by El treatment (Fig. 5F). Collectively,
our results demonstrate that CREBBP is mainly the acetyltrans-
ferase responsible for HSD17B4 acetylation at K669 and plays
an important role in HSD17B4 degradation.

SIRT3 deacetylates HSD17B4 at K669

According to the results that NAM, an inhibitor of SIRT deace-
tylases, increased K669 acetylation of HSD17B4 (Fig. 1D), we
supposed that SIRT family members might participate in
HSD17B4 deacetylation. Thereafter we overexpressed SIRT1-7
individually, and found that SIRT3, but not others, decreased
the K669 acetylation level of endogenous HSD17B4 (Fig. 6A).
Consistently, HA-tagged SIRT3 significantly decreased K669
acetylation levels of exogenous and endogenous HSDI17B4 in
HEK293T cells (Fig. 6B and 6C), whereas the inactive H248Y
mutant of SIRT3 had no effect on HSDI7B4 acetylation
(Fig. 6C). These data demonstrate that SIRT3 is responsible for
K669 acetylation of HSD17B4.

Based on the conclusion that K669 acetylation of
HSD17B4 promotes its degradation, we investigated whether
SIRT3 affected the protein level of HSD17B4. The results
indicated that SIRT3 overexpression increased HSDI17B4
protein (Fig. 6D). Consistently, SIRT3 knockdown reduced
HSD17B4 protein (Fig. 6E), which was blocked by NH,Cl
treatment (Fig. 6F). Moreover, SIRT3 knockdown dramati-
cally enhanced K669 acetylation (Fig. 6E) and NH,CI treat-
ment further accumulated acetylated HSDI7B4 protein
(Fig. 6F). These results suggest a resistant effect of SIRT3 in
HSD17B4 lysosomal degradation. Confocal microscopy data
indicated the interaction between SIRT3 and HSDI17B4
(Fig. S6A). More evidence was obtained when we found the
binding between endogenous HSD17B4 and SIRT3, which
was not affected by CLQ or NH,Cl (Fig. S6B), was attenu-
ated by E1 treatment (Fig. 6G). Collectively, SIRT3 deacety-
lates HSD17B4 at K669 and stabilizes HSD17B4.

K669 mutants increase cell migration and invasion

To investigate whether HSD17B4 is essential for cancer cells,
we knocked down endogenous HSDI17B4 in MCF7 breast
cancer cells by shRNA at the 3’ UTR and re-expressed the
wild-type, as well as the K669R and K669Q mutants of
HSD17B4 to a level similar to endogenous HSDI17B4
(Fig. 7A). Consistent with our previous results, E1 caused a
notable decrease of wild-type HSD17B4 in the stable cells,
but had no effect on the K669R and K669Q mutants
(Fig. 7B). Interestingly, we explored the stable cells cultured
under normal or El condition and found an increase of
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Normal condition

E1 treatment

CDHI1/E-Cadherin (cadherin 1) but a decrease of CDH2/N- K669 decreases its protein level and then inhibits the EMT
Cadherin (cadherin 2) and VIM (vimentin) in MCF7 cells tendency of cancer cells.

expressing wild-type HSD17B4 (Fig. 7B). Loss of CDHI1 and EMT is a conserved and reversible biological process
acquirement of CDH2 as well as VIM constitute epithelial- characterized by the transition of cells from epithelial phe-
mesenchymal transition (EMT) biomarker signals. Together notype to mesenchymal properties. During EMT, cells lose
with the result that E1 destabilized wild-type HSD17B4, this their cell polarity and cell-cell adhesion, and simultaneously
datum suggests that El-induced HSDI7B4 acetylation at gain a mesenchymal morphology promoting migration and
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invasion. EMT features benefit metastasis and malignant
progression of various neoplasia.*>** To further explore the
effect of HSDI17B4 acetylation on cancer cells, we first per-
formed wound-healing assays. Results showed that
HSD17B4 knockdown inhibited the migration of MCF7 cells
(Fig. S7A), and this effect could be blocked by wild-type
HSD17B4 or K669 mutants re-expession (Fig. 7C, left

panel). Notably, El treatment distinctively inhibited the
migration of MCF7 cells expressing wild-type HSD17B4 in
a dramatical level (Fig. 7C, right panel). Next, we performed
migration assays in 24-well chambers and found that
HSD17B4 knockdown significantly decreased the number of
migrating cells (Fig. S7B). Re-expesstion of either wild-type
HSD17B4, as well as the K669R or K669Q mutant
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Figure 6. SIRT3 deacetylates HSD17B4 at K669. (A) Overexpression of SIRT3 exclusively decreases K669 acetylation level of endogenous HSD17B4. HEK293T cells
were transfected with HA-tagged SIRT1-SIRT7 respectively. Cells lysates were analyzed using western blotting. (B) Overexpression of SIRT3 decreases the K669
acetylation level of wild-type HSD17B4. HA-tagged SIRT3 was cotransfected with FLAG-tagged HSD17B4 into HEK293T cells and the acetylation levels of
HSD17B4 were determined by western blotting. (C) Wild-type SIRT3 but not the H248Y mutant decreases K669 acetylation of endogenous HSD17B4. HEK293T
cells were transfected with wild-type HA-SIRT3 or the H248Y mutant. HSD17B4 K669 acetylation was detected using K669Ac antibody. (D) Overexpression of
SIRT3 causes accumulation of HSD17B4 protein. HEK293T cells were transfected with HA-SIRT3 and protein levels of endogenous HSD17B4 were determined by
western blotting. (E) SIRT3 knockdown increases HSD17B4 acetylation level at K669 while it decreases its protein levels. HEK293T cells were transfected with
SiSIRT3 or control. Cells were harvested 48 h after transfection, and cell lysates were analyzed by western blotting. (F) NH,Cl blocks HSD17B4 degradation
induced by SIRT3 knockdown. HEK293T, MCF7 or MDA-MB-231 cells were transfected with siSIRT3 or control, followed by NH,ClI treatment for 24 h. Cells were
harvested and cell lysates were determined by western blotting (upper panel). The relative HSD17B4 K669 acetylation compared with its total protein level
and the relative HSD17B4 protein compared with the ACTB level were quantified (lower panel). *denotes P < 0.05, **denotes P < 0.01. Error bars represent +
SD for triplicate experiments. (G) E1 decreases endogenous HSD17B4 binding with SIRT3. MCF7 or HEK293T cells were cultured with or without E1 for 24 h
before harvest. The interaction between endogenous HSD17B4 and SIRT3 was determined by colP and western blotting.

promoted cell migration (Fig. 7D and 7E). Consistently, the —mutants upon El treatment (Fig. 7D and 7E). Moreover, we
group expressing wild-type HSDI17B4 showed a signifcant performed an invasion assay in 24-well matrigel chambers,
decrease of migrating cells compared with that of K669 and obtained similar results that HSD17B4 knockdown
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Figure 7. K669 mutants increase cell migration and invasion. (A) Verification of MCF7 stable cell lines. Knockdown efficiency and re-expression levels of wild-type
HSD17B4, as well as the K669R and K669Q mutants were determined by western blotting and normalized against ACTB. (B) E1 increases CDH1 but decreases CDH2 and
VIM in MCF7 cells stably expressing wild-type HSD17B4. MCF7 stable cells characterized in (A) were cultured in normal or E1-addition medium. Protein levels of wild-type
HSD17B4, as well as the K669R or K669Q mutant, CDH1, CDH2 and VIM were determined by western blotting and normalized against ACTB. (C) E1 inhibits migration of
MCF7 cells expressing HSD17B4"7, but not the HSD17B4%¢*R or HSD17B4%¢°% mutant. MCF7 stable expressing HSD17B4"T, HSD17B4%%R or HSD17B4%¢%°2 cells treated
as indicated were analyzed for migration by a wound-healing assay. Scale bars: 200 zem. (D) E1 inhibits the migration of MCF7 cells expressing HSD17B4"" but not the
HSD17B4%*R or HSD17B4%%%° mutant. MCF7 cells treated as indicated were analyzed by migration assays in 24-well chambers without matrigel. (E) Quantitative analysis
of the cell migration was performed by ImageJ after E1 treatment for 48 h. **denotes P < 0.01; NS, no significance. Error bars represent =+ SD of triplicate experiments. (F)
E1 inhibits the invasion of MCF7 cells expressing HSD17B4"" but not the HSD17B4*¢%*® or HSD17B4"***2 mutant. MCF7 stable cells treated as indicated were allowed to
invade in 24-well invasion matrigel chambers. (G) Quantitative analysis of the cell invasion was performed by Image) after E1 treatment for 48 h. **denotes P < 0.01; NS,
no significance. Error bars represent + SD of triplicate experiments.

inhibited the invasion of MCF7 cells (Fig. S7C), HSD17B4
re-expression promoted cell invasion (Fig. 7F and 7G), and
El treatment distinctively inhibited the invasion of MCF7
cells expressing wild-type HSD17B4, but not K669 mutants
(Fig. 7F and G).

Taken together, these data imply an important role of
HSD17B4 K669 acetylation in regulating cell migration and
invasion.

K669 acetylation of HSD17B4 is downregulated in human
breast cancer samples

The finding that HSD17B4 acetylation at K669 regulates cell
migration and invasion prompted us to examine both the
K669 acetylation and total HSD17B4 protein in human
breast cancers. We collected a total of 10 primary human
breast cancer samples and 10 adjacent normal breast
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Figure 8. K669 acetylation of HSD17B4 is downregulated in human breast cancer samples. (A) Characterization of the anti-acetyl-HSD17B4 (K669) antibody for immuno-
chemistry (IHC). Two images of a breast cancer were stained with the anti-acetyl-HSD17B4 (K669) antibody in the presence (lower panel) or absence (upper panel) of ace-
tyl-K669 antigen peptide. Scale bars: 100 um. (B and C) Immunohistochemical staining of K669-acetylated and total HSD17B4 proteins in tumor and adjacent tissues.
Examples are shown in (B) and the statistical analysis of all samples is shown in (C). Scale bars: 100 «m. The intensities of the K669-acetylated (left panel) and total (right
panel) HSD17B4 proteins were quantified, followed by statistical analysis. A total of 10 breast cancer tissues and 10 adjacent normal breast tissues were analyzed. The
mean value of multiple samples and standard deviation are presented. (D) Working model. SIRT3 deacetylates HSD17B4 at K669 and stabilizes its protein level, while
CREBBP acetylates HSD17B4 and promotes its lysosomal degradation via CMA. E1 increases the HSD17B4 acetylation level at K669 by enhancing HSD17B4 association
with CREBBP, which leads to the degradation of HSD17B4, and therefore decreases the migration of breast cancer cells.

samples. To substantiate the finding that K669 acetylation
promotes HSD17B4 degradation, we explored the feasibility
of determining the level of both total and K669-acetylated
HSD17B4 by immunohistochemistry in paraffin-embedded
tissues. The anti-acetyl-HSD17B4 (K669) antibody detected
strong signals that were specifically blocked by the acetyl-
K669 antigen peptide in paraffin-embedded tissues
(Fig. 8A), indicating this antibody is suitabe for immunobhis-
tochemistry. Taking advantage of this reagent, we then per-
formed immunohistochemistry in the breast cancer samples
and adjacent normal breast tissues. In most samples,

compared with the normal breast tissues, the levels of total
HSDI17B4 were higher and the levels of relative K669-acety-
lated HSD17B4 were lower in the tumor tissues (Fig. 8B
and C). Statistical analyses of quantified images indicated
that the differences between tumor and normal tissues in
total HSD17B4 protein levels (P < 0.001), in K669-acety-
lated HSD17B4 (P < 0.001), and in the ratio of K669-acety-
lated HSD17B4 versus total HSD17B4 proteins (P < 0.001)
are all significant (Fig. 8C). These data further validate
K669 acetylation of HSD17B4 promotes its degradation in
human breast cancer.



Discussion

It is well known that acetylation is a broad posttranslational
modification implicated in the regulation of various cellular
processes.”*>*® There are more than 4000 potential nonnu-
clear acetylation substrates, and most of the acetylation sub-
strates which have been found are intermediate metabolic
enzymes. Acetylation modification can directly affect the func-
tion of enzymes via changing their activity, stability and other
properties, and therefore modulated cellular metabo-
lism.*"*****” In this study, we found that HSD17B4 is regulated
by acetylation, which promotes HSD17B4 degradation. Acetyla-
tion modification of metabolic enzymes is very dynamic in
response to different physiological signals, such as alteration of
glucose, amino acids and other metabolites.>>***”*® The pres-
ent study demonstrates that E1 promotes HSD17B4 acetylation
via promoting the interaction between CREBBP and HSD17B4
and decreases its stability as well. CREBBP and SIRT3 control
the K669 acetylation level of HSD17B4 in response to E1, and
subsequently regulate its degradation (Fig. 8D).

Autophagy is a highly conserved process that allows cells,
tissues and organs to survive onslaughts such as nutrient depri-
vation, inflammation, hypoxia and other stresses.*”*® It is
reported that acetylation, phosphorylation and ubiquitylation
are crucial for autophagy induction, regulation and fine-tun-
ing.*****! We presently indicate that HSD17B4 acetylation at
K669 stimulates its degradation via CMA, a selective degrada-
tion for proteins, especially those with a long-half-life.® A key
step in CMA regulation is the interaction between chaperone
HSPAS and target proteins.”® The acetylated HSD17B4 displays
a stronger interaction with HSPAS8. For example, treatment
with deacetylase inhibitors NAM or estrone, significantly
increases the interaction between HSPAS8 and HSD17B4. Fur-
thermore, acetylated HSD17B4 displays an enhanced interac-
tion with lysosomes. Moreover, we found increased CMA
activity and enhanced colocalization of HSDI7B4 and
LAMP2A in El-treated cells. Although the precise mechanism
of acetylation in promoting the interaction between HSD17B4
and HSPAS is unclear, we speculate that acetylation of K669
may cause conformational changes in HSD17B4, thus the acety-
lated HSD17B4 becomes accessible for recognition by HSPAS.
Our study provides another example that acetylation regulates
CMA by promoting the interaction between chaperone and tar-
get proteins.

Dysregulation of cellular metabolism is a hallmark of can-
cer.”> HSD17B4 has been implicated in the development of vari-
ous cancers as previously mentioned.”' In this study, we
report that acetylation plays an important role in posttransla-
tional regulation of HSDI7B4 and then affects breast cancer
migration (Fig. 8D). HSDI17B4 is a multiple-function enzyme,
involved in various processes of cellular metabolism.'®'*** With
the exception of the inactivation of E2 to E1, HSD17B4 partici-
pates in androgen metabolism, and in turn regulates multiple
genes including genes involved in fatty acid and cholesterol
metabolism.™* Hypercholesterolemia, resulting from dysregula-
tion of lipid metabolism, has been identified as an independent
risk factor for breast cancer in postmenopausal women.>>>
HSD17B4 also metabolizes branched chain fatty acids in peroxi-
somes, which generates hydrogen peroxide, a potential source of
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carcinogenic oxidative damage.”” It was reported that as the D-
bifunctional protein involved in peroxisomal branched chain
acyl-CoAs p-oxidation pathway, HSD17B4 is upregulated in
prostate cancer at both mRNA and protein levels, accompanied
by increased enzymatic activity, indicating that a promoting role
of HSD17B4 in oncogenes is through changing the cellular
metabolism of cancer.”® Moreover, 27-hydroxycholesterol, an
abundant primary metabolite of cholesterol, induced EMT of
MCEF7 cells and increased ER-dependent growth and NR1H/
LXR-dependent metastasis in mouse models of breast cancer.”
HSD17B4, participating in cholesterol and bile acid metabolism,
contributes to the balance of cholesterol and its metabolites.”’
Therefore HSD17B4 might control EMT process in breast can-
cer by regulating 27-hydroxycholesterol metabolism.

In this study, we found that K669 acetylation reduces
HSD17B4 protein stability by promoting its CMA, which elimi-
nates invasive and migratory properties of MCF7 cells, further
contributing to a novel role of HSD17B4 in malignant progres-
sion of breast cancer. The implication of this finding will pres-
ent a potential prognostic marker of breast cancer and a
candidate for therapeutics.

Methods
Cell culture and treatment

Cells were cultured in DMEM/High Glucose medium
(HyClone, SH30234.01) supplemented with 10% fetal bovine
serum (FBS; Biological Industries, 04-001-1ACS), 1% penicil-
lin and streptomycin (HyClone, SV30010) at 37 °C, in a
humidified atmosphere containing 5% CO,. For El-added
treatment, cells were first cultured in the medium which con-
tained fetal bovine serum without hormone purchased from
Biological Industries (04-201-1), then E1 (Sigma-Aldrich,
46573) of different concentrations was added into the medium
to culture cells. Deacetylase-inhibitor treatments were per-
formed by adding TSA (Cell Signaling Technology, 9950s;
10 #M) and NAM (Cell Signaling Technology, N0636; 5 mM)
to the culture medium 18 and 6 h before harvesting, respec-
tively; both concentrations are final concentrations in the cul-
ture medium. Proteasomal/lysosomal inhibitor treatments were
performed by adding chloroquine (Sigma-Aldrich, C6628;
100 uM) for 8 h, MG132 (Abmole BioScience, M1902; 10 M)
for 6 h, leupeptin (Selleckchem, S7380; 0.4 mM) for 24 h,
NH,CI (Sigma-Aldrich, A9434; 15 mM) for 24 h, wortmannin
(Selleckchem, S2758; 100 nM) for 24 h, BAF (Selleckchem,
$1413; 100 nM) for 8 h, respectively; all concentrations are final
concentrations in the culture medium.

Immunoprecipitation and western blotting

HEK293T, MCF7 or MDA-MB-231 cells were lysed in 0.2 to
0.3% Nonidet P40 (Sigma-Aldrich, 74388) buffer containing
150 mM NaCl, 50 mM Tris-HCI, pH 7.5 and multiple protease
inhibitors (PMSF [Ameresco, 0754; 1 mM], aprotinin [Selleck-
chem, S7377; 1 pg/ml], leupeptin [Selleckchem, S7380; 1 ug/
ml], pepstatin [Sigma-Aldrich, T6522; 1 ug/ml], Na;VO,
[Sigma-Aldrich, S6508; 1 mM], NaF [Sigma-Aldrich, $7920; 1
mM], TSA [1.5 mM], and NAM [15 mM], in final
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concentrations). 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, 16,200 g for 12 to 15 min. The
beads, which contained immunoprecipitates, were washed
3 times with lysis buffer and centrifuged at 400 g for 1 min
between each wash. Then 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 primary antibodies to FLAG
(Sigma-Aldrich, F3165; 1:10,000 working dilution), HA (Santa
Cruz Biotechnology, 7392; 1:1,000 working dilution), ACTB/
B-actin (Sigma-Aldrich, A5441; 1:10,000 working dilution),
LAMP2A (Abcam, 18528; 1:1,000 working dilution), HSPAS8/
HSC70 (Abcam, 19136; 1:1,000 working dilution), HSD17B4
(Abcam, 128565; 1:1,000 working dilution), CREBBP (Abcam,
2832; 1:1,000 working dilution), SIRT3 (Abcam, 45067; 1:1,000
working dilution), acetylated-lysine (Cell Signaling Technology,
9441; 1:1,000 working dilution), and EMT marker (Cell
Signaling Technology, 9782; 1:1,000 working dilution) were
commercially obtained. The antibody specific to HSD17B4
K669Ac was prepared commercially from immunized rabbits
at Shanghai Genomic Inc. (1:500 working dilution).

Lysosome isolation and substrate protein uptake assay

Lysosomes were isolated by the following a previously
described procedure.”” Both lysosome binding and uptake
assays were performed as described previously.®'

Immunofluorescence staining

MCEF?7 cells were treated with E1 for 24 h. Thereafter cells were
then fixed in 4% paraformaldehyde (Wuhan Goodbio technology,
G1101), permeabilized with 0.2% Triton X-100 (Sigma-Aldrich,
T8787), blocked by 5% bovine serum albumin (Amresco, 0332) in
phosphate-buffered saline (Sigma-Aldrich, P5368), and then incu-
bated with the indicated primary antibodies: LAMP2A (1:500
working dilution), HSPA8/HSC70 (1:500 working dilution),
HSD17B4 (1:500 working dilution), SIRT3 (1:500 working dilu-
tion), K669Ac (1:1000 working dilution). Detection was per-
formed with corresponding fluorescent-conjugated secondary
antibodies. Confocal fluorescence images were obtained with a
confocal microscope (Fudan University, Shanghai; Leica TCS SP5,
Germany). Relative colocalization was calculated with Image] soft-
ware. Mean values were calculated from the individual distribu-
tions in 10 cells per condition.

siRNA transfection and RNA interference

Downregulation of CREBBP and SIRT3 was performed by RNA
interference. Synthetic siRNA oligo nucleotides were obtained
commercially from Shanghai Genepharma Co, Ltd. List of
effective sequences is as follows:
siCREBBP-1: 5'-GCAGCTGGTTCTACTGCTTdTdT-3’
siCREBBP-2: 5'-CCATTTCTCCTTCCCGAATATdT-3’
siCREBBP-3: 5'- GGAAGCAGCTGTGTACCATATAT-3'
siSIRT3-1: 5'-CCAGCAUGAAAUACAUUUAATAT-3'
siSIRT3-2: 5'-CCAGUGGCAUUCCAGACUUdTAT-3
siSIRT3-3: 5'-GCCCGACAUUGUGUUCUUUATAT-3'

All siRNAs were transfected with Lipofectamine 2000 (Invi-
trogen, 11668027) as per the manufacturer’s protocol. The
knockdown efficiency was verified by western blotting.

Knocking down and putting back stable cell lines

pMKO-shHSD17B4 and pMKO-shVEC were constructed as
short hairpin RNA vector. shRNA constructs including
shHSD17B4 employed 3 effective sequences targeting the 3'-
untranslated region as follows: 5- AGGGCACACTACACTAT-
TAAT-3'; 5- GCCCAAGTCCTGTTTCCTTAG -3'; 5- GCTC
TGCTTGTTCGTGTGTGT -3'. pMKO-shHSD17B4 or pMKO-
shVEC were cotransfected with vectors expressing gag and vsvg
genes into HEK293T cells. Retroviral supernatants were har-
vested and applied to MCF7 cells. The HSD17B4 knockdown
cell pool was selected with puromycin (Amresco, J593; 5 pg/ml
final concentration) for 2 weeks. FLAG-tagged human wild-type,
and the K669R and K669Q mutants of HSD17B4 were cloned
into the retroviral vector (pQCXIH; Clontech, 631516), after ret-
roviral production, shHSD17B4 stable cells were infected with
the prepared virus for 48 h and screened using hygromycin
(Amresco, K547; 350 pg/ml final concentration) for at least 2
wk. All vectors and stable cell lines were deposited in Cancer
Metabolism Laboratory of Fudan University.

Cell migration and wound healing assays

MCF-7 cells (2 x 10°) stably expressing WT HSDI7B4,
HSD17B4*°*® "and HSDI17B4*°®*? were suspended with
100 uL serum-free medium, loaded in each insert of a transwell
chamber (Corning, 3422) and treated with E1. Medium con-
taining 10% FBS was placed in the wells below the insert. After
incubation for 48 h, cells that migrated through the membrane
were fixed in methanol and stained with crystal violet. The
number of migrated cells was counted. The photographs were
taken from 5 randomly visions by a microscopy. Quantitative
analysis of the cell migration was performed using Image]. 3
separate experiments were performed. For the wound-healing
assay, monolayer cells were wounded with a sterile plastic tip.
Cell migration was observed by microscopy 24 h later.

Cell invasion assay

MCF-7 cells (2 x 10°) stably expressing HSDI17B4™",
HSD17B4*%°} or HSD17B4%**? were suspended with 100 ;L
serum-free medium, then placed into the upper matrigel trans-
well chamber (Corning Biocoat, 354480) in serum-free
medium. Medium containing 10% FBS was placed in the cham-
ber below the insert. Subsequent to 48 h of incubation at 37 °C,
the invasive cells attached to the lower membrane of the inserts
were fixed in methanol and stained with crystal violet, then
counted using microscopy. Quantitative analysis of the cell
invasion was performed using Image]. 3 separate experiments
were performed.

Breast tumor samples and immunohistochemistry

Breast tumor samples were acquired from the Shanghai Hua-
shan hospital of Fudan University. A physician obtained



informed consent from the patients. The procedures related to
human subjects were approved by Ethic Committee of the
school of Basic Medical Sciences, Fudan University. Immuno-
histochemistry (IHC) was performed as previously described.®
To quantify the IHC result of positive staining, 5 random areas
in each tissue sample were microscopically examined and ana-
lyzed by an experienced pathologist. The average of staining
score was calculated by dividing the positive areas with total
areas. Data obtained were expressed as mean values = SD.

Statistical analysis

Two-tailed Student t tests were used for all comparisons,
including qPCR analysis. All values included in the figures
represent mean =+ SD. Error bars represent & SD for triplicate
experiments. The statistical significance is indicated as asterisks
(). The 2-sided P value of < 0.05 was considered to be statisti-
cally significant (*P < 0.05, ™ P < 0.01, *™P < 0.001).
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