iSCience ¢? CellP’ress

OPEN ACCESS

An NAD"-Dependent Deacetylase SIRT7
Promotes HCC Development Through
Deacetylation of USP39

466 508

0 ’«/\/‘,(4

e ®
‘H’g AR @ |
\@\2 @ ' N-VEKNP - VEKNP-C

USP39 is acetylated at lysine
466 and 508 sites

1~

deacetylation

-~
acetylation I\MYSTI

Hepatocellular

carcinoma cells

-----

e’ A
VHL
9
/ -
&b .

~ 09

® ®
Ubiquitination Degradation cell growth

Ling Dong, Le Yu,
Hui Li, ..., Guobing
Yin, Xiaohua Yan,

Zhenghong Lin

yanxiaohua@ncu.edu.cn (X.Y.)
zhenghonglin@cqu.edu.cn
(z.L)

HIGHLIGHTS
SIRT7 modulates the
deacetylation of USP39

MYST1 promotes the
acetyl binding of USP39

USP39 acetylation induces
its instability

Dong et al., iScience 23,
101351

August 21, 2020 © 2020 The
Author(s).
https://doi.org/10.1016/
j.isci.2020.101351



mailto:yanxiaohua@ncu.edu.cn
mailto:zhenghonglin@cqu.edu.cn
https://doi.org/10.1016/j.isci.2020.101351
https://doi.org/10.1016/j.isci.2020.101351
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101351&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

An NAD"-Dependent Deacetylase SIRT7 Promotes
HCC Development Through Deacetylation of USP39

Ling Dong,"® Le Yu,"® Hui Li," Lei Shi," Zhong Luo," Huakan Zhao,? Zhaojian Liu,®> Guobing Yin,* Xiachua Yan,>*

and Zhenghong Lin"//*

SUMMARY

Ubiquitin specific protease 39 (USP39), an ortholog of Sad1p in yeast, is essential
for spliccosome assembly during pre-mRNA splicing in human. Although it is
known that USP39 is upregulated and plays an oncogenic role in hepatocellular
carcinoma (HCC), the underlying mechanism remains unknown. The results of
this study demonstrated that USP39 can be acetylated by the histone acetyltrans-
ferase MYST1, which is required for its proteasome-mediated degradation by
Von Hippel-Lindau protein. In HCC cells, USP39 interacts with and is deacetylated
by the lysine deacetylase sirtuin 7 (SIRT7). Notably, the deacetylation of USP39
by SIRT7 promotes its stability and thereby accelerates HCC cell proliferation
and tumorigenesis in vitro and in vivo. Our data demonstrated a novel mechanism
by which SIRT7 modulates the deacetylation of USP39 to promote HCC develop-
ment, thus providing an effective anti-tumor therapeutic strategy for HCC.

INTRODUCTION

According to 2018 global cancer statistics, liver cancer is the sixth most commonly diagnosed cancer and
the fourth leading cause of cancer-related deaths worldwide (Bray et al., 2018). Hepatocellular carcinoma
(HCC) is the predominant type of primary liver cancer, accounting for 75%-85% of all cases (Parkin, 2001).
Although the mechanisms underlying HCC are largely understood, the lack of effective treatment options
as well as multidrug resistance contributes to the high mortality rate in patients, especially those with
advanced disease. Therefore, it is crucial to improve our knowledge of the carcinogenic process and the
processes that mediate physiological processes including tumor cell proliferation, angiogenesis, differen-
tiation, metastasis, and invasion, in order to identify therapeutic targets that might drive the development
of targeted molecular therapies.

Mass spectrometry (MS)-based methods have shown that more than 1,000 proteins can be dynamically
acetylated, which is a reversible post-translational modification (Choudhary et al., 2009; Mertins et al.,
2013). Histone acetyltransferases (HATs) and histone deacetylases (HDACs) regulate gene expression by
modifying core histone N-terminal tails (Lee and Workman, 2007; Shahbazian and Grunstein, 2007). Acet-
ylation also exerts broad regulatory functions by changing the acetylation level of many non-histone pro-
teins including p53, forkhead box transcription factors, E2F Transcription Factor 1, and ¢c-Myc oncogene,
which are involved in diverse biological processes ranging from cell growth, and apoptosis, to aging, cal-
orie restriction, and tumorigenesis. Sirtuin 7 (SIRT7), which belongs to the SIRT family, requires NAD" as a
cofactor (Wu et al., 2018). Compared with other family members such as SIRT1 and SIRTé, SIRT7 is predom-
inantly localized in the nucleus and is the least understood (Qi et al., 2018). SIRT7 plays critical roles in pro-
tein synthesis, chromatin remodeling, cell survival, DNA damage repair, and lipid metabolism by deacety-
lating a wide variety of transcription factors, metabolic enzymes, and signaling kinases, including p53,
NRF1, GABP-B1, Smad4, and ATM (Barber et al., 2012, Mohrin et al., 2015; Nahalkova, 2015; Ryu et al,,
2014; Tang et al., 2017b, 2019; Lu et al., 2020). SIRT7 is also involved in the process of pre-ribosomal
RNA (rRNA) synthesis and maturation. SIRT7 deacetylates upstream binding factor (Grob et al., 2009)
and associated factor 53 to facilitate RNA polymerase |-dependent transcription (Chen et al., 2013). Deace-
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(Jiang et al., 2017). Besides, HDAC8 Cooperates with SMAD3/4 Complex to suppress SIRT7 transcription
and then further activates TGF-B signaling to promote cell survival and migration (Tang et al., 2020).

USP39 is a 65-kDa SR-related protein involved in RNA splicing. It also functions as a deubiquitinating
enzyme without protease activity (Lygerou et al., 1999; Makarova et al., 2001). The spliceosome comprises
five small nuclear ribonucleoproteins (snRNPs), U1, U2, U4, U5, and U6, along with many non-snRNP pro-
teins. While the yeast protein Sad1p was found to contribute to assembly U4 snRNP into U6 snRNP and
pre-mRNA splicing, human USP39 protein is essential for recruitment of the tri-snRNP to the pre-spliceo-
some (Lygerou et al., 1999). Meanwhile, an USP39 mutant can induce splicing defects by removing the
intron between exon 3 and exon 4 of retinoblastoma 1 to downregulate it in zebrafish (Rios et al., 2011).
In addition, USP39 is required to maintain the spindle checkpoint and successful cytokinesis, and silencing
of USP39 reduces Aurora B mRNA expression (Van Leuken et al., 2008). Increasing evidence demonstrates
that USP39 plays an oncogenic role in various human cancers. Knockdown of USP39 prevents glioma cell
progression by decreasing TAZ pre-mRNA splicing efficiency in vitro (Ding et al., 2019). In addition,
decreasing USP39 expression is critical for the viability of KRAS-dependent cells (Fraile et al., 2017). How-
ever, the clinical relevance of USP39 in HCC and its molecular mechanisms have rarely been reported.

Here, we investigated the relationship among USP39, MYST1, and SIRT7 deacetylase in human HCC. The
results showed that USP39 can be acetylated by HAT MYST1. The acetylation of USP39 promotes its degra-
dation by the E3 ubiquitin ligase VHL-mediated proteasomal degradation. SIRT7 deacetylates USP39,
which elevates its stability and stimulates its oncogenic activities in HCC. Thus, USP39 may serve as a prog-
nostic biomarker and therapeutic target in HCC.

RESULTS
Interactome Screening Identified USP39 as a SIRT7 Interactor

HCC is the most common type of liver cancer and has one of the highest mortality rates of solid cancers.
SIRT7 plays an important role in the development of many cancers. To determine the molecular mechanism
underlying the upregulation of SIRT7 in HCC (Kim et al., 2013), we used a proteomic approach to identify
SIRT7-interacting proteins in 293T cells. In short, whole-cell lysate from cells transfected with 3x FLAG-
SIRT7 was collected and subjected to immunoprecipitation (IP) with anti-FLAG-conjugated agarose beads
and eluted with 3x FLAG peptide in elution buffer (Figure 1A). Partial eluent was subjected to SDS-PAGE
and Coomassie brilliant blue staining. A strong SIRT7 protein band was visualized, as shown in Figure 1B.
According to mass spectrometry (MS) analysis, 15 proteins involved in a variety of biological process,
including protein degradation, cell cycle, transcriptional regulation, stress factor, RNA splicing, and pro-
tein degradation, were identified as SIRT7 interacting candidates (Figures 1C and 1D). These genes in black
were reported to interact with SIRT7 among the previous researches (Fan et al., 2019; Grob et al., 2009; Iyer-
Bierhoffetal., 2018; Jiang et al., 2017; Qi et al., 2018), and the rest need to be verified by IP methods. USP39,
an SR-related protein and deubiquitinating enzyme, was detected in the SIRT7 pull-down products, sug-
gesting that USP39 might interact with SIRT7.

USP39 is frequently upregulated in human glioma cancers (Ding et al., 2019). Thus, it was plausible that
USP39 was identified as a SIRT7-interacting partner, contributing to SIRT7 function by interaction. To
further test this hypothesis, myc-USP39 was transfected alone or together with SIRT7 into HEK293T cells
for protein interaction analysis by IP and western blotting. As shown in Figure 1E, SIRT7 and USP39 could
be reciprocally pulled down. The interaction of endogenous USP39 and SIRT7 proteins was also detected in
Hep3B cells by a co-immunoprecipitation (colP) assay with anti-USP39 or anti-SIRT7 antibody (Figure 1F).
These results suggest that USP39 and SIRT7 could interact with each other. Deacetylase SIRT7 comprises
an N-terminal nuclear localization signal peptide, catalytic domain, and C-terminal nucleolar localization
domain (Kiran et al., 2013). To map the region within SIRT7 that interacts with USP39, we generated and
purified the full-length (FL) and three deletion fragments of GST-SIRT7 and then performed a GST affinity
isolation assay (Figure 1G). As seen in Figure 1H, the results suggested that the catalytic domain of SIRT7
binds USP39. In addition, the USP39 protein harbors a zinc finger (ZnF) and C-terminal ubiquitin hydrolase
domain (peptidase C19 domain) (Komander et al., 2009; Lin et al., 2012), and the peptidase C19 domain but
notthe ZnF domain of USP39 interacted with SIRT7 (Figures 11 and 1J). Finally, we found that SIRT7 co-local-
ized with USP39 in the nucleus (Figure 1K). The quantitative analysis further confirmed extensive overlap
between USP39 and SIRT7 (Figure 1L). In summary, these results indicate that SIRT7 interacts with USP39
and the interaction is probably mediated by the catalytic domain of SIRT7 and N terminus of USP39. To
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Figure 1. USP39 Acts as an Interactor of SIRT7

(A) Flow chart and pictures of an in vivo screen to identify candidates that interact with SIRT7 in 293T cells.

(B) Coomassie brilliant blue staining of FLAG-SIRT7 precipitates.

(C) SIRT7-interacting proteins were identified by mass spectrometry analysis. The total peptide numbers of each protein are indicated.

(D) MS analysis of SIRT7 precipitates and classification of SIRT7-associated proteins. The interaction candidates in black color were reported in the literature,
and candidates in green and red were new.

(E) USP39 or SIRT7 plasmids were transfected alone or with the other into 293T cells, and their interaction was determined by IP and immunoblotting with
indicated antibodies.

(F) Co-immunoprecipitation of USP39 and SIRT7 was detected in Hep3B cells as in (E).

(G) Schematic picture of SIRT7 and its truncated mutants. NLS, nuclear localization signal; NoLS, nucleolus localization signal. The interaction between
USP39 and SIRT7 domains is indicated by the plus signs (+).
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Figure 1. Continued

(H) Bacterially expressed GST fusion proteins of wild-type (WT), AN (1-89), ACD (90-330), AC (331-400) mutants of SIRT7 were bound to glutathione
Sepharose beads and incubated with cell lysates of HEK293T cells transfected with FLAG-USP39 plasmids. Bound FLAG-USP39 was subjected to western
blotting analysis with anti-FLAG antibody.

(1) USP39 and its various deletion mutation constructs are shown schematically.

(J) GST-fused full length or fragments of USP39 proteins were incubated with lysates of cells transfected with SIRT7, and western blotting was performed to
detect the bound protein after precipitation with GST beads.

(K) Co-localization of SIRT7 and USP39 in Hep3B cells. DAPI was used to stain the DNA. DAPI, 4, 6-diamidino-2-phenylindole. Scale bars, 10 pm.

(L) The quantitative analysis of the co-localization of USP39 and SIRT7 in Figure 1K. The quantitative values are expressed as the mean + SD (n = 20 cells)
obtained from three independent experiments.

(M) USP39 expression in nuclear and cytoplasmic fractions in control and SIRT7 KD Hep3B cells was examined. GAPDH and histone H3 were used as
cytoplasmic and nuclear controls, respectively.

investigate the relationship between SIRT7 and USP39, endogenous SIRT7 was knocked down by shRNA
(Figure S1). Subcellular fractionation revealed a reduction in the levels of total and nuclear USP39 from
SIRT7-deficient cells (Figure 1M). These data indicated that SIRT7 knockdown (KD) was accompanied by
downregulation of USP39 protein in nucleus.

USP39 Is Stabilized by SIRT7-Mediated Deacetylation

The interaction between USP39 and SIRT7 prompted us to determine whether USP39 can act as a deubi-
quitinase for SIRT7. To gain further insights into how SIRT7 interacts with USP39, we first investigated the
possibility that, as a deubiquitinase, USP39 might remove ubiquitin from SIRT7. As shown in Figure 2A, after
transfection of SIRT7 and ubiquitin with or without USP39 in 293T cells, the ubiquitination of SIRT7 in the
presence of USP39 expression was not changed. Therefore, we examined whether USP39 is a novel target
of SIRT7. To this end, we transfected FLAG-USP39 with or without myc-SIRT7 into 293T cells and 48 h later,
the acetylation of USP39 was evaluated by colP and western blotting. Treatment of Hep3B cells with the
specific sirtuin inhibitor NAM but not the class | and | HDAC inhibitor TSA increased acetylation levels
of USP39 (Figures 2B and S2A). As shown in Figures S2Band S2C, the acetylation of USP39 protein was
largely inhibited in the presence of SIRT7 expression. To gain further insight into the role of SIRT7 on
the acetylation of USP39, a rescue experiment was performed by transfecting wild-type (WT) or enzyme-in-
activated H187Y SIRT7 mutant into SIRT7 knockdown (KD) cells. SIRT7 knockdown led to increased USP39
acetylation, which was repressed by reintroduction of SIRT7 WT but not HY mutant (Figure 2C), revealing
that SIRT7-regulated USP39 acetylation is dependent on its enzymatic activity. To determine whether SIRT7
specifically deacetylates USP39, the acetylation level of USP39 in SIRT7 KD cells was compared with the
levelin SIRT6 KD cells by colP assay. Notably, SIRTé knockdown did not elevate USP39 acetylation, whereas
depletion of SIRT7 led to a marked increase in the USP39 acetylation level (Figure 2D). Consistent with pre-
vious research, we found that the USP39 protein level significantly decreased upon SIRT7 deficiency in
Hep3B cells. To determine the role of SIRT7 on USP39 acetylation in vitro, we transfected FLAG USP39
into 293T cells and incubated the cells with 10 mM NAM for an additional 6 h before harvesting. Then
the cell lysates were precipitated using anti-FLAG-conjugated agarose beads and eluted by FLAG peptide
to collect the target protein. Here, WT but not a catalytically dead mutant SIRT7 deacetylated USP39 in the
presence of NAD" (Figure 2E).

Moreover, with increasing amounts of SIRT7 in SIRT7 KD cells, the expression levels of USP39 increased in a
dose-dependent manner (Figure 2F). The results suggest that deacetylation of USP39 by SIRT7 might
mediate the degradation of USP39. To further confirm SIRT7 KD-mediated USP39 degradation, the expres-
sion level of USP39 in SIRT7 KD cells was restored with treatment of MG132, a proteasome inhibitor (Fig-
ure 2G). Next, we examined the endogenous ubiquitination of USP39 in SIRT7-deficient cells. As shown in
Figures 2H, S2D and S2E, SIRT7 KD in Hep3B cells mainly led to elevated Lys48-ubiquitination of USP39 in
the presence of MG132 compared with the nonspecific sgRNA control. Importantly, reintroducing the WT
form of SIRT7 rescued USP39 from ubiquitination. We employed the web tool ubibrowser (http://
ubibrowser.ncpsb.org/home/index) to screen USP39 predicted E3 ubiquitin ligases. To identify the rela-
tionship between USP39 and its putative partners, we attempted to verify the association by colP followed
by western blotting analysis. We tested the ubiquitination of USP39 with 10 high-scoring E3 ligase candi-
dates including SMURF2, VHL, STUB1, NEDD4, SYVN1, MDM2, March9, FZR1, TRIM25, and RING1 (Fig-
ure 21). Except VHL, the ubiquitination level of USP39 with the remaining candidates was not elevated in
transiently transfected 293T cells (Figures 2J and S2F), suggesting that VHL may be the true E3 ligase for
USP39. To further confirm that VHL promotes proteasome-mediated degradation of USP39, we detected
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Figure 2. SIRT7 Deacetylates and Stabilizes USP39

(A) HA-ubiquitin, myc-SIRT7, and FLAG-USP39 plasmids were transfected alone or co-transfected in 293T cells and the ubiquitination of SIRT7 was tested by
western blotting. The expression of SIRT7 and USP39 was confirmed with the indicated antibodies.

(B) Hep3B cells were treated with NAM (10 mM), TSA (1 uM), or NAM (10 mM) and TSA (1 uM) for 6 h before harvesting. The effects of TSA and NAM on USP39
acetylation were detected as indicated.

(C) SIRT7 knockdown cells were transfected with the indicated plasmids and the acetylation of USP39 was tested as in (B).

(D) Hep3B cells were transfected with SIRT6 small hairpin RNA (shRNA) or SIRT7 shRNA and treated with NAM for 6 h before harvesting. USP39 acetylation
was examined as in (B).

(E) FLAG-USP39 and FLAG-SIRT7 were purified from 293T cells, followed by in vitro deacetylation assays in the presence or absence of NAD".

(F) SIRT7 KD hep3B cells were transfected with increasing amounts of FLAG-SIRT7 plasmid, followed by deacetylation assays.

(G) SIRT7 KD cells or control cells were treated with the proteasome inhibitor MG132 for 4 h before collection and the protein expression was tested by
western blotting.

(H) The ubiquitination of endogenous USP39 in Hep3B cells was analyzed by IP and western blotting. GAPDH was used as a loading control.

(I) The prediction of E3 ubiquitin ligase candidates for USP39 (http://ubibrowser.ncpsb.org/home/index).

(J) Identification of USP39 E3 ligase. Cells were transfected with myc-USP39 and HA ubiquitin with or without FLAG E3, and IP and immunoblotting
experiments were performed with the indicated antibodies.

(K) The endogenous interaction of USP39 and VHL was tested in Hep3B cells.

(L) The protein level of USP39 was detected in control or SIRT7-depleted Hep3B cells transfected with control or VHL knockdown plasmids.

the endogenous interaction of VHL and USP39 in Hep3B cells by performing colP with anti-VHL antibody
compared with anti-IgG antibody (Figure 2K). Consistently, USP39 protein stability was increased with VHL
knockdown in SIRT7 KD cells (Figures 2L and S2G). Together, these data indicate that USP39 deacetylation
mediated by SIRT7 was required for USP39 stability.

MYST1 Acts as a Specific Acetyltransferase for USP39

To identify the lysine acetyl transferase (KAT) of USP39, we transfected KATs and USP39 into 293T cells and
then detected their interaction and USP39 acetylation. The results showed that many KATs interacted with
USP39, including MYST1, Tipé0, GCN5, and PCAF (Figure S3A), but only co-expression of MYST1 signifi-
cantly increased the acetylation level of USP39 (Figure 3A). Furthermore, the interaction between MYST1
and USP39 was tested by transfecting MYST1/USP39 alone or together into 293T cells followed by colP.
As shown in Figure 3B, MYST1 was pulled down by USP39. Besides, similar result was obtained in a recip-
rocal colP assay using anti-myc antibody. In addition, endogenous MYST1 and USP39 could be reciprocally
pulled down (Figures 3C and S3B-S3D). These results suggest that USP39 interacts with MYST1. Moreover,
the ZnF domain of USP39 was very important for its interaction with MYST1, as deletion of this domain
completely abrogated the interaction (Figures 11 and 3D). According to the mapped regions of MYST1,
we generated truncated mutants of MYST1 and found that 1-177 domain of MYST1 was required for the
interaction with USP39 (Figures 3E and 3F). Furthermore, MYST1 and USP39 were largely co-localized in
the nucleus of Hep3B cells (Figure 3G). The quantitative analysis further showed an extensive overlap be-
tween USP39 and MYST1 (Figure 3H).

Next, we generated an enzyme inactive mutant (G327E) of MYST1 (Valerio et al., 2017; Akhtar and Becker,
2000) (Figure S3E) and evaluated the effect of the mutation on USP39 acetylation. As seen in Figure 3I, the
MYST1 mutant failed to elevate USP39 acetylation levels, suggesting that acetyltransferase activity is
necessary for MYST1 to preserve the acetyl form of USP39. In addition, MYST1 was co-transfected with
SIRT7 or SIRT6 into cells, and IP was performed using the cell lysate. The acetylation of USP39 stimulated
by MYST1 was inhibited only by SIRT7, indicating that SIRT7 specifically removed acetyl group from USP39
(Figure 3J). The acetylation of USP39 elevated by wild-type (WT) MYST1 but not the mutant MYST1 pro-
moted the ubiquitination of USP39 (Figure 3K). Taken together, these data suggest that MYST1 interacts
with and acetylates USP39.

Acetylation of USP39 at Lysine 466 and 508 Residues Is Required for Acetylation-Mediated
Degradation

To identify the exact acetylation sites of USP39, USP39 and MYST1 were co-transfected into Hep3B cells
and maintained for 2 days followed by a treatment with NAM for an additional 6 h. The cell lysate was pu-
rified with M2 beads, and all the eluted proteins were used for western blotting and Coomassie brilliant
blue staining (Figure 4A). According to MS analysis, lysine residues 466 and 508 (K466 and K508) were acet-
ylated (Figure 4B). It was previously reported that USP39 lysine residue 428 (K428) could be acetylated
(Choudhary et al., 2009; Mertins et al., 2013) (Figure 4C). By transfecting K428R-, K466R- and K508R-
mutated FLAG-USP39 constructs into Hep3B cells, the acetylation level of various USP39 mutants were
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Figure 3. MYST1 Specifically Acetylates USP39

(A) USP39 plasmid was transfected alone or with MYST1, MYST2, Tip60, GCN5, or PCAF into 293T cells and the acetylation of USP39 was tested by

performing IP and immunoblotting with the indicated antibodies.

(B) MYST1 or USP39 plasmids were transfected alone or with the other one into 293T cells and the interaction was determined by IP and immunoblotting as

indicated.

(C) The endogenous interaction between USP39 and SIRT7 in Hep3B cells was detected as in (B).
(D) MYST1 interaction with USP39 and its mutants were detected as indicated.

(E) Schematic representation of MYST1 and its truncated mutants.
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Figure 3. Continued

(F) Interaction of USP39 with MYST1 and its mutants were tested as indicated.

(G) Co-localization of MYST1 and USP39 in Hep3B cells. Scale bars, 10 um.

(H) The quantitation analysis of the co-localization of USP39 and MYST1 in Figure 3G. The quantitative values are expressed as the mean & SD (n = 20 cells)
obtained from three independent experiments.

(I) Acetylation of USP39 in Hep3B cells transfected with MYST1 or its inactive mutant was tested.

(J) Hep3B cells were transfected with FLAG-USP39, myc- MYST1 with SIRT7 or SIRT6 and the acetylation of USP39 was examined as in (A).

(K) The ubiquitination of USP39 was tested in cells transfected with MYST1 or its inactive mutant.

detected by IP with anti-FLAG antibody and western blotting with various anti-acetyl antibody and the
K508R-mutated USP39 shows a sharp reduction of acetylation (Figure 4D). Since K466R-mutated USP39
also shows a comparable reduction of acetylation when detected by K4ébéac antibody, we generated
2KR (K466R and K508R) mutant of USP39. As shown in Figure 4E, the acetylation level of USP39 WT but
not USP39 mutant especially 2KR was downregulated in the presence of SIRT7. Moreover, the 2KR mutant
of USP39 with co-expressed SIRT7 and VHL in cells showed less ubiquitination level than WT (Figure 4F).

SIRT7 or USP39 Depletion Induces the Expression of Cell Growth and Cancer-Associated
Genes

To clarify the function of SIRT7 and USP39 on cancer cell transcriptome, depletion of endogenous SIRT7 or
USP39 in Hep3B cells by single guide RNA (sgRNA) was generated (Figure S4A) and examined by western
blot (Figure S4B) and single clone was picked (Figure S4C) and then these cells were subjected to transcriptome
analysis. Venn matrix diagrams illustrated distinct subsets of differentially expressed genes (DEGs) that were
regulated by depletion of USP39 or SIRT7 (Figure 5A). For functional pathway analysis, these genes were
involved in 27 pathways, mainly mediating signal transduction, human diseases, and metabolism (Figure 5B).
To investigate the expression of cancer-related genes, we counted transcriptional relevant inducers, stemness,
and cell cycle, cell proliferation associated regulators in the transcriptome (Figure 5C). As seen in Figure 5D,
120 USP39-activated genes in blue and 46 USP39-repressed genes in red, and 196 SIRT7-activated genes in
blue and 123 SIRT7-repressed genes in red are shown in the volcano plot. We used RT-gPCR (Figure 5E) and
western blot analysis (Figure 5F) to determine proliferation-related genes expression in cancer cell transcrip-
tome (Figure 5C). Likewise, SIRT7 or USP39 knockout in Hep3B cells led to upregulation of cell cycle-related
genes/proteins (Figures 5E and 5F) and tumor suppressor PTEN. How the expressions of these genes/proteins
are regulated by SIRT7 or USP39 needs further investigation.

Depletion of USP39 or Its Deacetylase SIRT7 Inhibits Cell Growth and Tumorigenesis

Next, we investigated whether the protein level upregulated by USP39 deacetylation would contribute to
cell growth and tumorigenesis. To test this possibility, we evaluated the role of depletion of USP39/SIRT7
(Figures S5A and S5B) or rescue with USP39 WT/2KR in SIRT7 KO (Figures S5C and S5D) on the viability and
foci formation of Hep3B and SMMC7721 cells. As expected, depletion of USP39 expression blocked the
growth rate of Hep3B and SMMC7721 cells, but replenishment with USP39 WT, USP39 2KR mutant, or
USP39 2KR mutant + SIRT7 in the USP39-KD cells rescued malignant phenotype and USP39 WT + SIRT7
aggravated malignancy, indicating a promoter function of USP39 and its deacetylation on cell proliferation
in Hep3B and SMMC7721 cells (Figures 6A and 6B). Next, we established MYST1 single knockdown (Fig-
ure S5E), double depletion of MYST1 and USP39 (Figure S5F), and replenished USP39 WT/2KR in SIRT7
KO cells (Figure S5G) and compared their effect on growth rate. As observed in Figure 6C, the cell line
with MYST1-KD had a higher growth rate than control, whereas depletion of SIRT7 resulted in a retarded
cell growth. Importantly, knockout of USP39 in shMYST1 cells rescued shMYST1-induced malignant cell
proliferation, and overexpression of USP39 2KR in SIRT7-depleted cells got a worse malignancy than
USP39 WT, indicating a vital role of deacetylation on USP39 stabilization and pro-oncogenic properties.
In in vitro foci formation assay, USP39-deficiency attenuated cloning ability of Hep3B cells, whereas over-
expression of USP39 WT and its mutant led to an increase in colony numbers in USP39-KD cells, and SIRT7
reinforced the function of WT but not mutant of USP39 (Figures 6D and 6E). Similar results were obtained in
SMMC7721 cells (Figures 6F and 6G). Using a mouse xenograft model, we found a much smaller tumor size
in SIRT7-KO cells and larger tumor size in MYST1 knockdown cells than control (Figures 6H-6J). Further
depletion of USP39 in MYST1 KD cells rescued the malignant phenotype caused by MYST1 knockdown.
Consistent with the results in Figure 6C, replenishing USP39 2KR in SIRT7 KO cells caused a worse malig-
nancy than USP39 WT (Figures 6H-6J). Taken together, these results reveal a novel mechanism of USP39 or
SIRT7 depletion leads to restriction of cell cycle-related genes expression and thereby limited HCC cell
growth.
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Figure 4. Identification of USP39 Acetylation Sites

(A) Coomassie brilliant blue staining of FLAG-USP39 precipitates.

(B) MS analysis of USP39 acetylated lysine residues.

(C) Sequence alignment of conserved K428-, K466-, and K508-containing regions in USP39 orthologs of various species.

(D) Hep3B cells were transfected with the indicated mutant constructs and incubated with 10 mM NAM for an additional 6 h. The levels of acetylation and
total USP39 protein were confirmed by IP and/or western blotting.

(E) Immunoblots showing the acetylation levels of USP39 WT and its mutants in the absence or presence of SIRT7 as indicated.

(F) Immunoblots showing the ubiquitination status of USP39 WT or 2KR mutant in the presence of SIRT7 or VHL or together.

SIRT7 and USP39 Expression Are Positively Correlated in HCC

To investigate the expression pattern of SIRT7 and USP39 in HCC cells, we used the web tool Kaplan-Meier
database and found that the aberrant expression of SIRT7 and USP39 transcripts were reversely correlated
with overall survival (OS) of patients, whereas MYST1 showed a positive correlation (Figure 7A). To further
investigate the relationship among SIRT7, USP39, and MYST1 in human malignant tissues, we analyzed
their expression levels in HCC tissues and non-tumor liver tissues using the GEO (GSE25097, GSE4108,
GSE22405, and GSE50579) database. The results shown in Figures 7B and S6A-S6C implied that USP39
and SIRT7 were upregulated in histopathological process, whereas MYST1 showed a downregulation. Simi-
larly, after performing immunohistochemical staining in HCC tissues array, SIRT7 and USP39 protein levels
were detected significantly upregulated in HCC tissue compared with normal parts, whereas USP39
K508Ac and MYST1 were decreased in cancer tissues when compared with normal tissues (Figures 7C
and 7D). In addition, more than 50% of tumor tissues had higher levels of SIRT7 and USP39 relative to
the paired adjacent normal tissues from the same individuals. On the contrary, the expression level of
USP39 K508Ac and MYST1 in tumors was lower than in paired normal tissues (Figure 7E). Collectively,
our results indicated that SIRT7 expression is positively correlated with USP39 expression and inversely
related to USP39 K508Ac and MYST1 expression and that USP39 and SIRT7 expression levels may serve
as prognostic markers in HCC (Figure 7F).

Discussion

Our study showed that SIRT7 and MYST1 mediate USP39 acetylation. This conclusion was supported by
various extrinsic signals. IP and immunofluorescence assays confirmed that USP39 is a substrate for
SIRT7. The acetylation of USP39 mediated by MYST1 is a prerequisite for its degradation by E3 ligase
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Figure 5. Transcriptome Identification of Cancer-Associated Genes upon SIRT7 or USP39 Depletion

(A) Transcriptome analysis of DEGs in all distinctive cell lines. DEG number in different color columns is presented after being compared with WT and the
indicated cell lines. DEGs with a fold change >2 or <0.5 and diverge probability >0.8 (compared with the control group) were selected.

(B) KEGG classification of DEGs in the indicated cell lines.

(C) Heat maps showing color-coded expression levels of cell proliferation-related genes in transcriptome analysis.

(D) USP39 activated genes in blue and repressed genes in red (left panel) and SIRT7-activated genes in blue and repressed genes in red are shown in the
volcano plot.

(E) Expression levels of multiple genes in the transcriptome analysis were confirmed by RT-gPCR: control versus SIRT7 and USP39 knockout cells.

(F) Protein levels of multiple genes in the above assay, including cancer-related genes, were determined by western blotting.

through the proteasome. USP39 deficiency decelerated HCC cell proliferation and tumor formation, and
reintroducing USP39 WT or acetylation-defective mutant in USP39-KD cells restored the cell proliferative
phenotype. Collectively, our study demonstrated that SIRT7 promotes HCC cell proliferation and develop-
ment by downregulating USP39 acetylation. In addition, both USP39 and SIRT7 protein levels are elevated
and might involve in human HCCs.

Liver cancer is one of the cancers with highest mortality according to 2018 statistics, and HCC accounts for the
largest proportion of cases (Bray et al., 2018); thus, it is urgent to uncover the potential mechanism of HCC
pathogenesis. SIRT7 is an NAD"-dependent deacetylase of the SIRT family and located in nucleolus. SIRT7
plays an essential role in controlling of gene expression, RNA polymerase | transcription activation, promoting
pre-rRNA processing, and participating in DNA damage repair by deacetylating histone 3 lysine residue 18,
p53, U3-55k, and ATM (Barber et al., 2012; Chen et al., 2013, 2016; Tang et al., 2019). In our study, SIRT7 inter-
acted with and deacetylated USP39, which shows great correlation with USP39 deubiquitination. Unexpect-
edly, we did not find the deubiquitination of SIRT7 or mRNA level change induced by USP39, suggesting a
possible role of SIRT7 regulation on USP39 function. Although the acetylation of USP39 promotes its degrada-
tion by VHL E3 ubiquitin ligase through the proteasome pathway, the mechanism by which USP39 acetylation
promotes the ubiquitination is still not clear, and the relationship between SIRT7 and VHL needs further study.

The oncogenic properties of SIRT7 in HCC (Kim et al., 2013; Zhao et al., 2019) and thyroid cancer (Li et al., 2019)
and USP39 in prostate cancer (Wen et al., 2014) were well studied, which are closely related to poor prognosis.
Thus, we speculated that SIRT7 promotes tumorigenesis through regulating the acetylation of USP39. From
transcriptomic database, on the one hand, we found SIRT7 or USP39 deficiency influences many genes in the
PI3K/AKT pathway, which was consistent with previous study that SIRT7 induced deacetylation of p7056K1 to
active AKT by an indirect mechanism. Besides, we reintroduced the USP39 without or with SIRT7 into USP39
knockdown cells to detect the growth viability. The above observations demonstrated that SIRT7 might likely
deacetylate USP39 to modulate cell growth through PI3K/AKT pathway, which needs further exploration.
What's more, considering that USP39 and SIRT7 correlated with cyclins and cyclin-dependent kinases
(CDKs) in transcriptomic database and evidences show different cyclins not only play critical roles in cell cycle
progression to accelerate tumor development but also influence EMT through Slug, Smad4 (Wang et al.,
2015), the relationship of SIRT7-USP39 axis with metastasis in HCC needs further exploration.

MYST1 (KAT8) is a member of the MYST acetyltransferase family, which is homologous to Drosophila males
absent on the first (MOF) protein. Deletion of MYST1 in cells leads to genomic instability, spontaneous
chromosomal aberration, cell cycle defects, reduced transcription of certain genes, defective DNA dam-
age repair, and early embryonic lethality by transfer acetyl group on histone protein and other proteins
(Carrozza et al., 2003; Gupta et al., 2008; Rea et al., 2007; Sharma et al., 2010). In our study, we found
that the deficiency of MYST1 in HCC cell lines facilitated cell growth rate and tumorigenesis than control.
In addition, our data identified USP39 as a novel target of MYST1 and was acetylated by MYST1 at K466 and
K508 residues, indicating a direct role of MYST1 in mediating USP39 acetylation and function. USP39-KD
cells replenished with USP39 2KR displayed reduced ability to be ubiquitinated compared with USP39
WT. The decrease of USP39 ubiquitination contributed to cancer cell development; however, it remains
to be determined if the pathogenesis of patients with HCC is due to mutations of USP39 at K466 and
K508. If true, it is possible that a special inhibitor could be developed as a treatment strategy for HCC.

HDAC inhibitors were widely used in cell culture for deacetylases catalytic inactivation, including TSA for
HDAC classes | and Il, vorinostat for HDAC classes |, II, and IV, and NAM for HDAC class Ill. HDACs are
important drug targets in cancer and neurodegenerative diseases, such as Parkinson’s and Alzheimer's dis-
eases, and two HDAC inhibitors, suberoylanilide hydroxamic acid (SAHA) and valproic acid, are in clinical
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Figure 6. Depletion of USP39 or Its Deacetylase SIRT7 Inhibits Cells Proliferation and Tumorigenesis

(A and B) The growth rate of Hep3B (A) and SMMC7721 (B) cells stably expressing shUSP39, shUSP39 + USP39 WT, shUSP39 + USP39 2KR, shUSP39 + USP39
WT + SIRT7, shUSP39 + USP39 2KR + SIRT7 or their corresponding control vector was examined at the indicated times. Results presented represent the
means of triplicate experiments +SEM. *p < 0.05; **p < 0.01.

(C) The growth rate of Hep3B cells stably expressing indicated single plasmids or combination was examined as in (A).

(D-G) Clonogenic assay was performed to measure the capacity of foci formation in Hep3B (C and D) or SMMC7721 cells (F and G) stably expressing
indicated plasmids or combination. The error bar represents the SEM of triplicate experiments. **p < 0.01, two-tailed Student’s t test.

(H-J) Representative photos showing xenograft tumors from euthanized mice (H) at 4 weeks post subcutaneous injection (n = 3). Tumor sizes were measured
and depicted as tumor volume (I) or tumor weight (J). Results presented represent the means of triplicate experiments +SEM. *p < 0.05; **p < 0.01.

use. Furthermore, HDAC inhibitors are potent reprogramming agents for the generation of induced plurip-
otent stem cells. Thus, we speculate that an inhibitor designed to specifically arrest the activation of SIRT7
may stimulate the degradation of USP39, ultimately inducing inhibition of cancer cell development.

Limitations of the Study

Our study presents data about the interacting partners and deacetylase and acetyltransferase of USP39,
mainly identified by mass spectrometry and colP. Data were generated with 293T and HCC cell lines
(Hep3B and MHCC97H), whereas follow-up experiments were conducted with limited HCC tissues. In
this article, we investigated USP39 and the effect of its acetylation level on HCC cell growth, which could
be extended by the analysis of USP39 acetylation on cell metastasis and invasion, and USP39 site-specific
acetylation in tumor tissues.
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Figure 7. Both USP39 and SIRT7 Are Upregulated in HCC

(A) The relationship between SIRT7, USP39, or MYST1 expression with OS of patients with HCC based on the Kaplan-Meier database.

(B) Microarray analysis of SIRT7, USP39, and MYST1 expression in HCC tissues and matched adjacent normal tissues. N, normal tissue; T, tumor tissue; GEO
database (Accession No. GSE25097), unpaired Student's t test, **p < 0.01, *p < 0.05.

(C) Representative immunohistochemical (IHC) staining of SIRT7, USP39, USP39 K508Ac and MYST1 in liver cancer tissues and paired liver tissues. Scale bar,
100 pm.

(D) Average IHC scores of SIRT7, USP39, USP39 K508Ac, and MYST1 in liver tumors and normal tissues (n = 24).

(E) Expression distribution (up, down, or equal) in liver tumor tissue relative to the paired adjacent normal tissue.

(F) Schematic model of the function of SIRT7, MYST1, and USP39 interplay in the cell growth and hepatocellular carcinoma progression. Decreased
acetylation level of USP39 by upregulation of SIRT7 and/or downregulation of MYST1 expression in patients with liver cancer leads to inhibition of VHL-
mediated USP39 degradation and subsequent transcriptional activation of cell proliferation associated genes, thus resulting in enhanced cell growth and
liver tumorigenesis.
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Supplemental Information

Supplemental Figure 1 (related to Figure 1): Gene expression and plasmid stability.
Western blot analysis was used to test the effect of two different sets of SIRT7 shRNA in Hep3B

cells. GAPDH was used as loading control.
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Supplemental Figure 2 (related to Figure 2): Identification relationship between the
deacetylation of USP39 by SIRT7 and its deubiquitylation.

(A) Hep3B cells were treated with the sirtuin inhibitor NAM (5M) at different concentrations or
treated together with class I and Il HDAC inhibitor TSA (1pM) as indicated for 6 hours. USP39
acetylation level was examined by co-IP and western blotting analysis. (B) Myc-SIRT7 and
Flag-USP39 were transfected into Hep3B cells and the acetylation of USP39 was tested as in A.
(C) SIRT7 knockdown cells were transfected with or without SIRT7 and then the acetylation of
USP39 was tested as in A. (D) The ubiquitination of endogenous USP39 was analyzed by IP with
anti-USP39 antibody and western blotting with anti-HA-ubiquitin antibody in SIRT7 knockdown
Hep3B cells and control cells. GAPDH was used as a loading control. (E) Ubiquitination of
USP39 was detected by co-expressing wildtype or Lys63/Lys48-only ubiquitin as in D. (F) Cells
were transfected with myc-USP39 and HA ubiquitin with or without Flag-tagged E3 candidates,
IP and immunoblotting experiments were performed with the indicated antibodies. (G) Western
blot analysis was used to detect the effect of two different sets of VHL shRNA in SIRT7

knockdown Hep3B cells. GAPDH was used as loading control.
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Supplemental Figure 3 (related to Figure 3): Testing of candidate factors with Flag-MYST1

MYSTI
interactome
(25)

in HEK293T cells, related to Figure 3.

(A) USP39 plasmid was transfected alone or with MYST1, MYST2, HATI, Tip60, GCNS5 or
PCAF into 293T cells and their interaction was determined by IP and immunoblotting. (B)
Coomassie brilliant blue staining of 3Flag-MYST]1 precipitates. (C) MY ST1-interacting proteins
were identified by mass spectrometry analysis. The total peptide numbers of each protein are
indicated. (D) Classification of MYST1-associated proteins. The pathways matched to the
candidates in (C) with the same colors. (E) Schematic diagram of MYST1 and its GE mutant
(MYSTI1m). The glycine residue (G) at position 327 in the HAT domain was replaced by glutamic

acid (E).
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Supplemental Figure 4 (related to Figure 5): Cells stably depleting USP39 or SIRT7 were
generated and protein expressions in these cells were detected.

(A-C) Hepatoma cells stably depleting USP39 or SIRT7 were generated by sgRNA (A), and the
expression of USP39 or SIRT7 in mixed cells was examined (B) and single clones were picked up

and used for subsequent analysis (C).
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Supplemental Figure 5 (related to Figure 6): Transgene expression and plasmid stability.
(A) The effect of two sets of ShRNA against USP39 was tested by western blot analysis in Hep3B
cells. GAPDH was used as loading control. (B) The acetylation level of USP39 was tested by
western blotting with USP39 K508Ac antibody in control or SIRT7 knockdown cells. (C&D) The
expression of USP39 and SIRT7 were detected in Hep3B (C) and SMMC7721 (D) cells stably
expressing indicated control plasmids, single knockdown or combination of plasmids. (E) The
effect of two sets of ShRNA against MYST1 was tested by western blot analysis in Hep3B cells.
GAPDH was used as loading control. (F) The expressions of USP39 and MYST1 in MYST1 KD
or double depletion of MYST1 and USP39 cells were examined. GAPDH was used as loading
control. (G) The expressions of USP39 and SIRT7 in SIRT7 KO alone or SIRT7 KO cells

replenished with USP39 WT/2KR were examined. GAPDH was used as loading control.
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Supplemental Figure 6 (related to Figure 7): Analysis of SIRT7, USP39 and MYST1
expression in HCCs. (A-C) SIRT7, USP39 and MYST1 gene expressions in liver tumor tissues
(T) and normal liver tissues (N) were analyzed by gene expression array data from NCBI, GEO

database (accession number; GSE4108, GSE22405 and GSES50579), unpaired Student’s t test. **P

<0.01, *P <0.05.



Transparent Methods

Cell lines, plasmids, and antibodies

The human HCC cell lines Hep3B (Procell Life Science & Technology Co. Ltd., Wuhan, China),
SMMC7721, MHCC97H (Chinese Academy of Sciences Committee Type Culture Collection Cell
Bank, Shanghai, China) were used in this study. Hep3B cells were cultured in Minimal Essential
Medium (MEM; Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum
(FBS). SMMC7721 cells were maintained in RPMI-1640 (Gibco) with 10% FBS. MHCC97H
cells were incubated in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with 4.5 g/L glucose
and 10% FBS. USP39, SIRT7, MYSTI, and their mutants were cloned into pCMV-Flag 2.0
(Addgene Company, Watertown, MA, USA).

To knockdown USP39, SIRT7, MYST1,and VHL, lentiviral vector purchased from GeneCopoeia
(Rockville, MD, USA) was packaged in 293T cells and nonspecific short hairpin RNA (shRNA)
was used as a control. The sequences used were as follows. shCtrl:
GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGACACGTTCGGAGAATT
TTTTC, shUSP39-1:
CCGGGATTTGGAAGAGGCGAGATAACTCGAGTTATCTCGCCTCTTCCAAATCTTTTTG,
shUSP39-2:
CCGGGCCGGGTATTGTGGGACTGAACTCGAGTTCAGTCCCACAATACCCGGCTTTTT
shSIRT7-1:
CCGGGTCCAGCCTGAAGGTTCTAAACTCGAGTTTAGAACCTTCAGGCTGGACTTTTTG,
shSIRT7-2:
CCGGTCCACGGGAACATGTACATTGCTCGAGCAATGTACATGTTCCCGTGGATTTTTG,
shMYST1-1:
5’-CCGGGCAAGATCACTCGCAACCAAACTCGAGTTTGGTTGCGAGTGATCTTGCTTTTT
G-3

shMYST1-2:
CCGGCGAAATTGATGCCTGGTATTTCTCGAGAAATACCAGGCATCAATTTCGTTTTTG,
shVHL-1:
CCGGTATCACACTGCCAGTGTATACCTCGAGGTATACACTGGCAGTGTGATATTTTTG.

shVHL-2:



CCGGTAGGATTGACATTCTACAGTTCTCGAGAACTGTAGAATGTCAATCCTATTTTTG,
The sgRNA sequences used to knockout USP39 and SIRT7 were as the follows: USP39 sgRNA:
5’-CACCGAGTCTCGCGGTTCCACTCGC-3’, SIRT7 sgRNA: 5’-
CACCGCCGCTCCGAGCGCAAAGCGG-3".

Immunoblotting was performed using the following antibodies: a-rabbit SIRT7 (Cell Signaling-
Technology, Danvers, MA, USA), a- rabbit USP39 (Proteintech Group, Rosemont, IL USA), a-
mouse MYST1 (Sigma, St. Louis, MO, USA), a-rabbit GAPDH (Beyotime Biotechnology,
Beijing, China), a-mouse Flag (Sigma), a-mouse Myc (Santa Cruz Biotechnology, Dallas, TX,
USA), a-rabbit hemagglutinin (HA) (Beyotime Biotechnology), a-rabbit acetyl lysine (Zenbio,
Chengdu, China) , a-mouse acetyl lysine (Zenbio, Chengdu, China), a-rabbit VHL (Cell
Signaling- Technology).

Variousantibodies against USP39-K428Ac, USP39-K468Ac and USP39-K508Ac were generated
by collaboration with the Zen BioScienceand validated in this study(Tang et al., 2019). USP39 tail
peptides are listed as follows. Non-acetyl:
NH2-KFNGITEKEYKTYKEC...KNNFFVEKNPTIVNFC... ANIVHDGKPSEGSYC-COOH,
K428Ac: NH2-KFNGITEKacEYKTYKEC -COOH, K466Ac:

NH2-KNNFFVEKacNPTIVNFC-COOH, K508Ac: NH2- ANIVHDGKacPSEGSYC-COOH.

GST pull down assay

GST or GST-tagged USP39 protein was extracted from Escherichia Coli BL21 and immobilized
on glutathione-Sepharose 4B beads (Beyotime Biotechnology, Beijing, China), then beads were
washed with GST binding buffer (50 mmol/L Tris-HCI (pH 7.8),100 mmol/L NaCl, 0.2% Triton
X-100, 10% glyceroland 1 mmol/L PMSF) and incubated cell lysates containing SIRT7 protein or
its mutants for 8 h at 4°C. Beads werewashed and proteins were eluted with GSH, followedby

western blotting.

Transfection and RNA interference
Plasmid and shRNA transfection was performed with polyethylenimine (Thermo Fisher Scientific,
Waltham, MA, USA), as previously described (Yu et al., 2019). For stable knockdown, shRNAs

were cloned into pLKO.1 plasmid (Sigma) according to the manufacturer’s instructions. After 48



h, the supernatants were collected and prepared for infection. The infected cells were selected with

the appropriate concentration of puromycin (Sigma) to obtain stable cell lines.

Immunofluorescence staining

Hep3B cells were seeded on chamber slides and cultured for 24 h. The cells were washed and
fixed in 4% paraformaldehyde for 10 min as previously described (Dong et al., 2018),
permeabilized with 0.2% TritonX100-PBS and then blocked with 3% BSA inPBS for 30 min at
room temperature. Immunofluorescence (IF) staining was performed using the primary antibodies
depicted in the figuresat a dilution of 1:100 in 3%BSA-PBS and incubated overnight at 4°C.
Secondary AlexaFluor488-labelled anti-mouse antibody (Santa Cruz Biotechnology) or
AlexaFluor555-labelled anti-rabbit antibody (Santa Cruz Biotechnology) were added at a dilution
of 1:1000 in 3% BSA-PBS and incubated for 1h at room temperature. Fluorescenceimages were

acquired with a Leica TCS SP8 microscope.

RNA extraction and quantitative PCR

Total mRNA was extracted using Trizol reagent (Ambion, Austin, TX, USA) and reverse
transcribed into cDNA using the 5x Primescript RT Master Mix (Takara, Tokyo, Japan).
Quantitative PCR (qPCR) was conducted using 2x SYBR-Green qPCR master mix, according to

the manufacturer’s instructions (Clontech Laboratories, Mountain View, CA, USA).

In vitro deacetylation assay

In vitro deacetylation assay, 293T cells were transfected with Flag-USP39, treated with the sirtuin
inhibitors nicotinamide (NAM) (10 mM) for 6 h before harvesting, and then lysed in lysis buffer.
For in vitro deacetylation, anti-Flag beads-bound Flag-USP39 was incubated with 1 pg
Flag-SIRT7 in the presence or absence of 5 mM NAD™" at 37 °C for 1 h. Acetylation levels of

USP39 was detected by western blotting with anti-lysine acetylation antibodies.

Identification of USP39 acetylation sites
HEK293T cells were co-transfected with Flag-USP39 and myc-MYST]1 plasmids and collected

after 48 h culture and 6 h treatment with NAM of (10 mmol/L). Cells were lysed in Flag lysis



buffer with 10 mmol/L NAM, and cell lysates were immunoprecipitated overnight with M2 beads
and separated via 10% SDS-PAGE. When the immunoprecipitated proteins were analyzed by MS,

USP39 distinct modification sites and undetected sites were chosen for further analysis.

Liver cancer survival analysis
Kaplan-Meier survival analyses for clinical outcomes (relapse-free survival [RFS], overall
survival [OS] or distant metastasis-free survival [DMFS]) of liver cancers were performed using

the web tool Kaplan-Meier Plotter (http:/kmplot.com/analysis/) (Gyorfty et al., 2010). The

percentiles of patients between the upper and lower quartiles were auto-selected based on the best

performing thresholds as cutofts.

Cell proliferation and colony-formation assay

For all cell proliferation experiments, cells were counted and initially seeded into a 96-well plate
in triplicate and at a density of 2.0x103 cells/well. For colony formation assays, 1.0x10° cells were
seeded in 6- cm dishes and kept in the same medium for 2 weeks. Cells were first fixed in 4%
paraformaldehyde (Sigma), stained with 0.5% crystal violet solution (Sigma), and imaged using a

digital scanner. Relative growth was quantified by counting (Lin et al., 2012, Lin et al., 2013).

In vivo tumorigenesis assay

In vivo tumorigenesis assays were conducted as previously described (Dong et al., 2018).
Six-week-old nude mice were inoculated subcutaneously in the righthind flank with 5 x 10 cells
per 100 pL suspended in diluted Matrigell:1 in ice-cold PBS. Tumor development was monitored
over a period ofsix weeks, then the mice were euthanized for further analyses. The tumor volume
was calculated as follows: (width? xlength)/2. All animal-related procedures were performed in
line with the Institutional Animal Welfare Guidelines of Chongqing University (Chongging,

China).

Human liver cancer tissue array analysis
Human liver cancer tissue arrays (Live C-1502) were purchased from Wuhan Service bio-

Technology Co., Ltd (Wuhan, China). Primary liver tumors and paired adjacent tissues were



reasonably obtained from Xinqgiao Hospital and were paraffin-embedded. Immunohistochemistry
(IHC) staining was performed as described by pathologists (Wood et al., 2013). IHC staining was
scanned by Pannoramic MIDI (3D HISTECH) and scored by TMA. Core staining was calculated
as histochemistry score (H-score) following the formula H-score = ) (PIxI) = (percentage of cells
of weak intensity x1) + (percentage of cells of moderate intensity x2) + (percentage of cells of
strong intensity x3), where I = intensity of staining, producing a nuclear score ranging from 0 to

300 (Azim et al., 2015).

Statistical analysis

Statistical analyses were performed with the two-tailed Student’s paired #-test and one-way
analysis of variance using SPSS 23.0 for Windows (IBM, New York, NY, USA). Data are
presented as the mean + standard error of the mean of at least three independent experiments. P

values <0.05 were considered statistically significant.
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