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Axin1 is a fundamental scaffolding protein of the destruction complex in the canonical Wnt
signaling pathway, which plays a critical role in various biological processes. However,
how Axin1 is regulated in the activation of the canonical Wnt signaling pathway remains
elusive. Here, we report that Axin1 is constitutively acetylated in resting cells. Upon
stimulation with Wnt, SIRT4 translocates from mitochondria to the cytoplasm and
catalyzes Axin1 deacetylation, thus turning off the destruction complex. In this process,
Lys147, a residue in the RGS domain of Axin1, plays a key role. We proved that the Axin1-
K147Rmutant impairs the assembly of b-TrCP to the destruction complex, which leads to
b-catenin accumulation even without Wnt stimulation. In summary, our work proposes a
new model for better understanding the initial stage of the canonical Wnt signaling
pathway in which SIRT4 translocates from mitochondria into the cytoplasm to
deacetylate Axin1-K147 after Wnt stimulation, which results in reduced assembly of b-
TrCP to the destruction complex.
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INTRODUCTION

The Wnt/b-catenin signaling cascade plays a crucial role in regulating many biological processes,
especially those involved in cell or organ development. Abnormal Wnt/b-catenin signaling often
leads to cell or organ developmental failure or diseases (1–3). In the absence of Wnt ligands,
cytosolic b-catenin is maintained at an extremely low level in the cytoplasm by finely regulated
continuous synthesis and degradation machinery. b-catenin degradation takes place within a so-
called destruction complex, which includes axis inhibition scaffold proteins (Axin1 and Axin2),
adenomatous polyposis coli (APC), glycogen synthase kinase-3b (GSK3b), casein kinase-1 (CK-1),
protein phosphatase 2A (PP2A) and E3-ubiquitin ligase b-TrCP (4, 5). During the degradation
process, cytosolic b-catenin captured by the destruction complex is sequentially phosphorylated by
CK-1 and GSK3b in a conserved Ser/Thr-rich sequence near the amino terminus, a process
requiring scaffolding of the kinases and b-catenin by Axin (6). Phosphorylated b-catenin can
therefore be recognized by b-TrCP and subjected to protein degradation through the ubiquitin–
proteasome pathway (7, 8). In the Wnt-on state, Wnt ligands combine their receptor with Frizzled
or LRP5/6 to recruit disheveled proteins to the cell membrane, ensuing the dissociation of the
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destruction complex and ultimately preventing b‐catenin
degradation. Subsequently, b‐catenin accumulates in the
cytoplasm and then translocates into the nucleus. In the
nucleus, b-catenin is engaged in TCF/LEF transcription factors
to regulate the Wnt signaling pathway (9).

In the canonical Wnt signaling pathway, the main function of
Axin1 is to tether most components of the b-catenin destruction
complex together (10). At least in frog embryos, it is the least
abundant member of all components of the destruction complex
(11). Thus, it is supposed that Axin1 is a rate-limiting protein in
the destruction complex. When the amount of the rate-limiting
protein Axin1 increases to some extent, the degradation of b-
catenin mediated by the destruction complex rises greatly (12).
In short, a small change in Axin1 is enough to regulate the
degradation of b-catenin (13, 14). Therefore, we speculated that
in addition to protein quantity, posttranslational modification
(PTM) of Axin1 may be important to balance the cellular Wnt
signaling response.

Acetylation is a kind of protein posttranslational modification
that generally neutralizes the positive charges of lysine residues
and regulates protein interactions within a hydrophobic complex
(15, 16). PTM changes are usually the first steps of many signaling
pathways. We analyzed the PTM of destruction complex
components in the early stage of Wnt signaling and found that
Axin1 deacetylation is critical for proper Wnt signal transduction.
Generally, deacetylation is controlled by histone deacetylases
(HDACs). HDACs include classical zinc-dependent HDACs and
NAD+-dependent HDACs, which are also known as silentmating-
type information regulator 2 homologs (sirtuins) (17). Sirtuins are
highly conserved from bacteria to humans (18). Seven SIRT family
members (SIRT1–7) have been identified in mammals. They have
diverse subcellular localizations and functions (19). Among them,
SIRT4 is a multifunctional protein with enzymatic activities such
as deacetylation (20), ADP-ribosyl transfer (21), and lipoamidase
(22) activity. Generally, SIRT4 is supposed to be localized in the
mitochondria and is involved in regulating metabolism and
metabolic homeostasis (23, 24). However, it was recently proved
that a small amount of SIRT4 presents in both cytosol and nucleus
(25, 26). Interestingly, our preliminary results showed that SIRT4
could translocate from mitochondria to the cytoplasm after
Wnt stimulation.

Here, we demonstrated that deacetylation of Axin1 regulates
the canonical Wnt/b-catenin signaling pathway. Deacetylation of
Frontiers in Oncology | www.frontiersin.org 2
Axin1 is mediated by SIRT4, which translocates from
mitochondria to the cytoplasm in response to Wnt stimulation.
We provided strong evidence that SIRT4-mediated deacetylation
of Lys147 was one of the crucial reactions in activation of the
canonical Wnt signaling pathway, which results in reduced
assembly of b-TrCP to the destruction complex. As a
consequence, b-TrCP-catalyzed ubiquitination and ubiquitin-
proteasome-dependent degradation of b-catenin were
significantly inhibited.
RESULTS

Axin1 Is Deacetylated During Wnt
Signaling Pathway Activation
Since Axin1 is considered to be a rate-limiting factor of the
destruction complex (11), we sought to investigate whether
dynamic acetylation of Axin1 occurs in the activation of the
Wnt signaling pathway. To obtain enough Axin1 protein from
HEK293T cells, a cell line with an intact Wnt signaling cascade
and a high level of Wnt autocrine signaling (14), we pooled
HEK293T cells from two 15 cm culture dishes. Axin1 was
immunoprecipitated and analyzed by western blot with an
anti-panacetylated lysine antibody. It was noted that
acetylation of Axin1 was removed rapidly after Wnt3a
stimulation (Figure 1A). We confirmed that deacetylation of
Axin1 is widespread in the activation of the Wnt signaling
pathway. Axin1 of NTERA-2, a pluripotent human embryonic
carcinoma cell with an intact canonical Wnt/b-catenin cascade
and a low level of Wnt autocrine signaling, and Axin1 of
HCT116, a human colorectal carcinoma cell with a b-catenin
mutation, were analyzed. Deacetylation of Axin1 was also
observed after Wnt3a stimulation (Figures 1B, C).

SIRT4 Translocates to the Cytoplasm
to Regulate the Acetylation Levels of
Axin1 and Promote b-Catenin
Protein Accumulation
We next sought to identify the enzyme that mediates the
deacetylation of Axin1 and thus treated cells with the HDAC
family inhibitor TSA or the SIRT family inhibitor NAM. It was
noted that deacetylation of Axin1 was retarded by the SIRT
A B C

FIGURE 1 | Axin1 is deacetylated during Wnt signaling pathway activation. (A) HEK293T (human embryonic kidney 293 cell), (B) NTERA-2 (pluripotent human
embryonic carcinoma cell), (C) HCT116 (human colorectal carcinoma cell) cells were stimulated with Wnt3a-conditioned medium. Cell lysates at the indicated time
points were collected and subjected to immunoprecipitation with anti-Axin1 antibody. The precipitated Axin1 protein was then subjected to SDS-PAGE followed by
western blot analysis with the indicated antibodies.
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family inhibitor NAM but not the HDAC family inhibitor TSA
(Figure 2A). Therefore, we concluded that SIRT family members
have an effect on this deacetylation process. However, it is not
clear which SIRTmember is responsible for Axin1 deacetylation in
Wnt signaling pathway activation. To answer this question, we
overexpressed seven members of the SIRT family and investigated
their effects on Axin1 acetylation levels. Overexpression of SIRT4
significantly downregulated the acetylation level of Axin1
(Figure 2B). On the other hand, by knocking down endogenous
SIRT4with a specific siRNA, we noticed that the acetylation level of
Axin1 was obviously upregulated (Figure 2C). Importantly, SIRT4
knockdown retarded Wnt3a-induced deacetylation of Axin1
(Figure 2D) similar to NAM treatment (Figure 2A). In addition,
the inactivated mutant SIRT4-H161Y was co-overexpressed with
Axin1 to confirm the deacetylation effect of SIRT4 on Axin1,
SIRT4-H161Y lost the deacetylation effect on Axin1 compared
with SIRT4-WT (Figure 2E). Normally, SIRT4 is located in
mitochondria (21). To amplify SIRT4’s effect on Axin1
deacetylation, we constructed a mitochondrial targeting sequence
deletion mutant SIRT4-Dsig, which lost the ability to enter
mitochondria. Interestingly, when SIRT4 was retained in the
cytoplasm more Axin1 was deacetylated (Figure 2F). Finally, we
purified both Axin1 and SIRT4 proteins and performed an in vitro
deacetylation assay. It was shown that SIRT4 could directly catalyze
the deacetylation of Axin1 (Figure 2G).

Previous studies have found that Axin1 is a core component
of the destruction complex, which is located in the cytoplasm,
whereas SIRT4 is a protein located in mitochondria (21). We
hypothesized that SIRT4 could translocate from mitochondria to
the cytoplasm in response to Wnt stimulation. After treatment
with Wnt3a-conditioned medium, we isolated the mitochondria
and cytoplasm of HEK293T cells and detected SIRT4 protein
levels. The results showed that SIRT4 decreased in the
mitochondria and increased in the cytoplasm (Figure 2H). A
small amount of SIRT4 enriched in the cytoplasmic fraction
before Wnt stimulation supports the report that a tiny amount of
SIRT4 is located in the cytosol (25). To further confirm this, with
the help of a SIRT4-GFP fusion protein, we observed distinct
separation of green (SIRT4-GFP) and red (MitoTracker)
fluorescence, indicating that SIRT4 was translocated from
mitochondria to the cytoplasm in a time-dependent manner
after Wnt3a stimulation (Figure 2I). In addition, we noticed that
Wnt treatment increased the interaction between SIRT4 and
Axin1 in a time-dependent manner (Figure 2J). Taken together,
our results confirm that Wnt3a regulates the subcellular
localization of SIRT4, which catalyzes the deacetylation of Axin1.

Given that the deacetylation of Axin1 is SIRT4 dependent, we
speculated that SIRT4 may affect the activation of the canonical
Wnt signaling pathway. Then, we explored the effect of SIRT4 on
the Wnt signaling pathway. b-catenin is the key effector
responsible for transduction of the Wnt signaling pathway to
the nucleus (4). The accumulation of cytoplasmic b-catenin is
the key switch in the canonical Wnt pathway (4). To study the
effect of SIRT4 on the Wnt signaling pathway, we detected the
level of b-catenin. Interestingly, overexpression of SIRT4
upregulated cellular b-catenin protein levels (Figure 3A). In
Frontiers in Oncology | www.frontiersin.org 3
contrast, SIRT4 knockout robustly downregulated b-catenin
protein levels in MEFs (Figure 3B) . Furthermore,
overexpression of SIRT4 increased Wnt3a stimulation-induced
b-catenin accumulation (Figure 3C). When cells were
transfected with siSIRT4, we found that knockdown of
endogenous SIRT4 significantly inhibited Wnt3a-induced b-
catenin accumulation (Figure 3D). Correspondingly, the
transcription of the target genes of canonical Wnt signaling
was enhanced by SIRT4 overexpression (Figure 3E), while Sirt4
knockout inhibited it (Figure 3F). These results indicated that
SIRT4 plays an important role in promoting canonical Wnt
signaling pathway activation. However, we were not sure
whether SIRT4-mediated deacetylation of Axin1 plays a key
role in this process.

SIRT4-Regulated Deacetylation of the
Axin1-K147 Residue Is Crucial for the
Activation of the Wnt/b-Catenin
Signaling Pathway
We confirmed that SIRT4-mediated deacetylation of Axin1 is a
crucial step in b-catenin accumulation. Human Axin1 was purified
and subjected to mass spectrometric analysis, and eight lysine
residues with acetylation were detected: Lys53, Lys147, Lys408,
Lys513, Lys521, Lys571, Lys790 and Lys791, which are distributed
in different domains of Axin1 (Figure 4A). Mutants of Axin1
(K53R, K147R, K408R, K513R, K521R, K571R, K790R or K791R),
whose lysine at positions 53, 147, 408, 513, 521, 571, 790 or 791 was
replaced with arginine to mimic the nonacetylated state of the lysine
residue, were prepared. Then, we transfected HEK293T cells with
vectors encoding wild-type or mutant Axin1 to determine the effect
of the change on the biological function of Axin1. Our results
revealed that the K147R Axin1 mutant dramatically increased b-
catenin protein levels (Figure 4B), implying that Axin1 could not
assemble functional destruction complexes if Lys147 could not be
acetylated. Next, we constructed another mutant of Lys147
(K147Q). This mutant had a replacement of the lysine at position
147 with glutamine to mimic the acetylated state of the lysine
residue. Wild-type Axin1 and the K147Q mutant obviously
decreased the b-catenin amount, whereas similar amounts of the
K147R mutant lost the property of wild-type Axin1 to some extent
(Figure 4C). We transfected HEK293T cells with Axin1-WT and
Axin1-K147R and then treated them with Wnt3a. Our results
showed that in the Axin1-WT group, intracellular b-catenin
significantly accumulated after Wnt3a stimulation. While
overexpression of Axin1-K147R significantly upregulated b-
catenin protein levels compared with Axin1-WT and only slightly
upregulated the level of b-catenin protein in the Axin1-K147R
group when stimulated by Wnt3a (Figure 4D). This result
suggested that Axin1-K147R significantly obstructs Wnt-regulated
b-catenin accumulation. However, although Axin1-K147R
significantly inhibited Wnt-regulated b-catenin accumulation, b-
catenin protein was still slightly upregulated. We hypothesized that
Wnt may regulate endogenous Axin1 deacetylation and further
promote b-catenin accumulation. These data suggested that the
acetylation level of the Axin1-K147 residue was involved in the
regulation of Axin1 function. In addition, sequence alignment
May 2022 | Volume 12 | Article 872444

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. SIRT4-Catalyzed Wnt Pathway
A

B

D

E

F

G

I

H

J

C

FIGURE 2 | SIRT4 translocates to the cytoplasm and regulates the acetylation levels of Axin1 (A) HEK293T cells overexpressing HA-Axin1 were treated with the
HDAC inhibitor TSA (2 mM) or SIRT inhibitor NAM (5 mM) for 2 hour, followed by treatment with Wnt3a-conditioned medium for 30 minutes. Stimulated lysates
were subjected to immunoprecipitation using an Axin1 antibody and were subjected to SDS-PAGE followed by western blot analysis using the indicated
antibodies. (B) HA-Axin1 with/without Flag-tagged sirtuins (1-7) were overexpressed in HEK293T cells, HA-Axin1 was immunoprecipitated, and the acetylation
levels of Axin1 were analyzed by western blot. Tubulin protein levels were used as loading control. (C) HA-Axin1 with/without siSIRT4 RNA were overexpressed
in HEK293T cells. HA-Axin1 was immunoprecipitated with anti-HA, and the acetylation levels of Axin1 were analyzed by western blot. Tubulin protein levels were
used as loading control. (D) Immunoprecipitation analysis of Axin1 acetylation in HEK293T cells transfected with siSIRT4, followed by western blot analysis using
the indicated antibodies after Wnt3a-conditioned medium stimulation. Tubulin protein levels were used as loading control. (E) HA-Axin1 was coexpressed with
SIRT4-Myc or SIRT4-H161Y-Myc in HET293T cells for 48h. HA-Axin1 was immunoprecipitated with anti-HA, and the acetylation levels of Axin1 were analyzed
by western blot. Tubulin protein levels were used as loading control. (F) HA-Axin1 was coexpressed with SIRT4-Myc or SIRT4-Dsig-Myc in HET293T cells for
48 h. HA-Axin1 was immunoprecipitated with anti-HA, and the acetylation levels of Axin1 were analyzed by western blot. Tubulin protein levels were used as
loading control. (G) HA-Axin1 and SIRT4-Myc were overexpressed respectively in HET293T cells. The proteins were purified 48 h later, an in vitro deacetylation
assay was performed and the acetylation levels of Axin1 were analyzed by western blot. (H) HEK293T cells transfected with SIRT4-Myc for 48 h were treated
with Wnt3a-conditioned medium for indicated times and fractioned into cytoplasmic and mitochondrial fractions. The cell fractions were then analyzed by
western blot with the indicated antibodies. VDAC was used as a loading control for mitochondria proteins. Tubulin was used as a loading control for cytoplasm

proteins. (I) Hela cells were transfected with SIRT4-GFP, and 48 hours later, the cells were stained with MitoTrackerer™ Red CMXRos for 10 min and then
treated with Wnt3a-conditioned medium for the indicated time. For the same scope, both green (SIRT4) and red (mitochondria) fluorescence were captured with
a Leica Microsystem at the indicated time points after treatment with Wnt3a-conditioned medium. (J) HA-Axin1 was coexpressed with or without SIRT4-Myc in
HET293T cells for 48 h. Some cells were treated with Wnt3a-conditioned medium as indicated. HA-Axin1 was immunoprecipitated with anti-HA, and the
interaction between Axin1 and SIRT4 was detected by western blot.
Frontiers in Oncology | www.frontiersin.org May 2022 | Volume 12 | Article 8724444
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revealed that Axin1-K147 was a highly conserved residue among
different species (Figure 4A).

Although Axin1-K147 is a key residue in the regulation of Axin1
function,whetherdeacetylationofAxin1-K147 isamajorcontributor
to SIRT4-mediatedAxin1 deacetylation has still not been confirmed.
We then coexpressed SIRT4 and Axin1 in HEK293T cells. The
acetylation level of the K147R mutant decreased significantly
compared to that of the wild type (Figure 4E, lane 1 vs lane 3).
While the acetylation level of Axin1-WT was decreased by SIRT4
(Figure4E, lane1vs lane2), theacetylation level ofAxin1-K147Rwas
not affected by SIRT4 overexpression (Figure 4E, lane 3 vs lane 4),
indicating that SIRT4-mediated deacetylation of Axin1 mainly
occurred at Lys147. Consistently, while the b-catenin level in the
Axin1-WT group was increased significantly by SIRT4, further b-
catenin accumulation in the Axin1-K147R group was abolished
(Figure 4E, panel 4).

Consistently, while Axin1-WT and the Axin1-K147Q mutant
decreased the TOP/FOP flash ratio and the transcription levels of
b-catenin target genes dramatically, the Axin1-K147R mutant
failed to induce such events (Figures 4F, G). Taken together,
these results implied that SIRT4-mediated deacetylation of the
Axin1-K147 residue is a crucial step in the activation of the
canonical Wnt/b-catenin signaling pathway.

SIRT4-Catalyzed Deacetylation of Axin1-
K147 Reduces the Accessibility of b-TrCP
to the Destruction Complex
The results above suggest that SIRT4 promotes b-catenin
accumulation by regulating Axin1 acetylation. Next, we further
Frontiers in Oncology | www.frontiersin.org 5
explored the mechanism by which SIRT4 regulates b-catenin
protein accumulation. Axin1 is a rate-limiting protein in the
destruction complex, and it is commonly thought of as a scaffold
that supports the stable presence of the destruction complex.
Coimmunoprecipitation (co-IP) with HA-Axin1 showed that
most components of the destruction complex were precipitated
(Figure 5A). Intriguingly, although Lys147 is located in the RGS
domain, a domain interacts with the SAMP domain of APC, and
Axin1-K147R mutation did not damage the Axin1-APC
interaction (Figure 5B). However, when the same amount of
b-TrCP was immunoprecipitated, the Axin1-K147R mutant
significantly reduced its interaction with b-TrCP compared
with Axin1-WT (Figure 5C). In addition, overexpression of
SIRT4 also reduced the interaction between Axin1 and b-TrCP
(Figure 5D). Consistently, SIRT4 overexpression also decreased
the protein level of b-TrCP precipitated with b-catenin
(Figure 5E). Furthermore, SIRT4 overexpression reduced the
interaction between b-TrCP and several components of the
destruct ion complex (b-catenin, Dvl2 and GSK3b)
(Figure 5F). Taken together, our findings demonstrated that
SIRT4-mediated deacetylation of Axin1-K147 would result in
reduced assembly of b-TrCP to the destruction complex.

Conventionally, b-TrCP is recruited by phosphorylated b-
catenin; however, the Axin1-K147R mutation did not affect the
assembly of GSK3b to the destruction complex (Figure 5A), and
the levels of phosphorylated b-catenin in the destruction complex
were not impaired by the K147R mutation (Figure 5G). We are
not sure how deacetylation of Axin1-K147 can impair the
interaction between b-TrCP and phosphorylated b-catenin.
A

B D
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F

C

FIGURE 3 | SIRT4 positively regulates the Wnt/b-catenin signaling pathway. (A) HEK293T cells were transfected with EV and SIRT4-Flag respectively, the cells were
collected and the whole cell lysates were analyzed by western blot with the indicated antibodies. (B) Sirt4+/+ MEFs and Sirt4−/− MEFs were prepared from WT and Sirt4
knockout mice respectively and maintained in DMEM with 10% FBS. Whole cell lysates were analyzed by western blot with the indicated antibodies. (C) HEK293T cells were
transfected with EV or SIRT4-Flag, the cells were treated with Wnt3a-conditioned medium for 30 min. The whole cell lysates were analyzed by western blot with the indicated
antibodies. (D) HEK293T cells were transfected with/without siSIRT4 for 48 h, then the cells were treated with Wnt3a-conditioned medium for 30 min. The whole cell lysates
were analyzed by western blot with the indicated antibodies. (E) HEK293T cells were transfected with EV and SIRT4-Flag respectively, the cells were treated with Wnt3a-
conditioned medium for 3 h. Total RNA was extracted with TRIzol, and the mRNA levels of b-catenin target genes (AXIN2, LGR5 and MYC) were analyzed with RT-qPCR (n =
3; error bars represent ± SD, *p < 0.05, **p < 0.01, ****p < 0.0001; two-way ANOVA with multiple comparisons followed by Bonferroni post hoc test). (F) Sirt4+/+ MEFs and
Sirt4−/− MEFs were stimulated with Wnt3a for 3 h. Total RNA was extracted with TRIzol, and the mRNA levels of b-catenin target genes (Axin2, Lgr5 and Myc) were analyzed
with RT-qPCR (n = 3; error bars represent ± SD, *p<0.05, **** p < 0.0001; two-way ANOVA with multiple comparisons followed by Bonferroni post hoc test).
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SIRT4 Downregulates the Ubiquitination of
b-Catenin
Due to the decreased accessibility of b-TrCP to the destruction
complex, we found that the levels of polyubiquitinated b-catenin
were changed significantly. Compared to Axin1-WT, the levels
of the polyubiquitinated b-catenin were inhibited by the Axin1-
K147R mutation, whereas they were robustly increased by the
K147Q mutation (Figure 6A). In line with our hypothesis, we
found that SIRT4 overexpression dramatically inhibited the
levels of polyubiquitinated b-catenin (Figure 6B).

Therefore, we concluded that SIRT4-mediated Axin1
deacetylation promotes b-catenin accumulation by reducing
the levels of polyubiquitinated b-catenin and reducing its
degradation speed. We confirmed that the expression of b-
catenin was not promoted (Figure 6C). When protein
Frontiers in Oncology | www.frontiersin.org 6
translation was inhibited by CHX (cycloheximide), compared
to the EV group, we found that the degradation speed of b-
catenin was increased significantly because of the overexpression
of Axin1-WT, but conversely, no perceptible change was
observed when Axin1-K147R was overexpressed (Figure 6D).
Similarly, SIRT4 overexpression also decreased the degradation
speed of b-catenin (Figure 6E). In conclusion, SIRT4-mediated
deacetylation of Axin1-K147 promotes b-catenin accumulation
by reducing the ubiquitin-dependent degradation of b-catenin.
DISCUSSION

The Wnt/b-catenin signaling pathway plays a critical role in
maintaining the self-renewal growth of embryonic stem cells and
A B

D
E

F

G

C

FIGURE 4 | SIRT4-regulated deacetylation of the Axin1-K147 residue is crucial for the activation of the canonical Wnt/b-catenin signaling pathway. (A)Mass spectrometry
analysis of the potential acetylation sites of Axin1. Multiple sequence alignment among species showed a conserved Lys147 residue in Axin1. (B) HA-Axin1 mutants (K53R,
K147R, K408R, K513R, K521R, K571R, K790R, K791R) were overexpressed in HEK293T cells respectively, the whole cell lysates were analyzed by western blot with the
indicated antibodies. (C) HEK293T cells were transfected with HA-Axin1-WT, HA-Axin1-K147R or HA-Axin1-K147Q. The whole cell lysates were analyzed by western blot
with the indicated antibodies. (D) HEK293T cells were transfected with Myc-Axin1-WT or Myc-Axin1-K147R and then treated with Wnt3a conditioned medium for 30 min.
The whole cell lysates were analyzed by western blot with the indicated antibodies. (E) HEK293T cells were cotransfected with Myc-Axin1/Myc-Axin1-K147R and SIRT4-
Flag as indicated. The whole cell lysates were collected and analyzed by western blot with the indicated antibodies as input, Myc-Axin1 was immunoprecipitated with anti-
Myc and the acetylation levels were analyzed by western blot. (F) Dual-luciferase reporter assay of TOP/FOP activity in HEK293T cells transfected with HA-Axin1-WT, HA-
Axin1-K147R or HA-Axin1-K147Q (n=4; error bars represent ± SD, *p<0.05, ***P<0.0001; ordinary one-way ANOVA with multiple comparisons followed by Holm-Sidak’s
test). (G) HEK293T cells were transfected with HA-Axin1-WT, HA-Axin1-K147R and HA-Axin1-K147Q respectively. Total RNA was extracted with TRIzol and the mRNA
levels of b-catenin target genes (AXIN2, LGR5 and MYC) were analyzed with RT-qPCR (n = 3; error bars represent ± SD, *p<0.05, ***p<0.001; n=0.3>0.05 NS, no
significant; ordinary one-way ANOVA with multiple comparisons followed by Holm-Sidak’s test).
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the development of various organs (27). In the regulation of the
canonical Wnt signaling pathway, several components undergo
numerous posttranslational modifications. One of the most well
established is the sequential phosphorylation of the N-terminus
of b-catenin in the destruction complex, which is required for b-
TrCP-mediated ubiquitination (5). Acetylation of the canonical
Wnt signaling pathway has also been intensively researched.
(28–32). Distinct from the phosphorylation of b-catenin,
acetylation of b-catenin occurs and functions outside of the
destruction complex. In addition, acetylation of GSK3b, one
component of the destruction component, was reported to
reduce kinase activity and thus enhance b-catenin
accumulation. In contrast, SIRT2-mediated deacetylation of
GSK3b increases the phosphorylation level of b-catenin, which
results in b-catenin degradation (33). In summary, acetylation of
both GSK3b and b-catenin promotes Wnt/b-catenin pathway
Frontiers in Oncology | www.frontiersin.org 7
activation. However, the features of Axin1 acetylation are quite
different. Deacetylation of Axin1 occurs in the destruction
complex, which is dependent on Wnt stimulation. Even
though several sirtuin proteins are involved in the Wnt
signaling pathway, SIRT4 seems to be the only member that
responds rapidly to Wnt stimulation and accumulates in the
cytosol. Our work supports the report that SIRT4 is present
within both the cytosol and nucleus (25, 26). However, how
SIRT4 translocates from mitochondria to the cytoplasm and
interacts with the destruction complex after Wnt stimulation
remains elusive. In addition to direct deacetylation, SIRT1
positively regulates the translation of Dishevelled proteins in
several cell lines and thus changes the gene expression of classic
Wnt/Dvl target genes (34). As the SIRT1 and Dvl complex, it is
reasonable to infer that some components of the destruction
complex were substrate of SIRT1.
A
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FIGURE 5 | SIRT4-catalyzed deacetylation of Axin1-K147 reduces accessibility of b-TrCP to the destruction complex. (A) Both WT and K147R mutant HA-tagged Axin1
were cotransfected with 6×Myc-b-catenin-S45A. Cells were treated with Wnt3a-conditioned medium as indicated for 30 minutes before samples were collected. HA-Axin1
was immunoprecipitated with anti-HA beads. Immunoprecipitated proteins were analyzed by western blotting with the indicated antibodies. (B) HA-Axin1-WT or HA-Axin1-
K147R were transfected in HEK293T cells as indicated. The cells were treated with Wnt3a-conditioned medium for 30 minutes and then were collected and subjected to
coimmunoprecipitation with anti-APC. Axin1 and APC were detected by western blot with anti-HA or anti-APC antibody respectively. (C) HEK293T cells were transfected with
HA-Axin1-WT/K147R respectively, whole cell lysates were collected, b-TrCP was immunoprecipitated with anti-b-TrCP. Both whole cell lysates and precipitates were analyzed
by western blot with the indicated antibodies. (D) HEK293T cells were cotransfected with HA-Axin1 and SIRT4-Flag as indicated, whole cell lysates were collected, HA-Axin1
was immunoprecipitated with anti-HA. Both whole cell lysates and precipitates were analyzed by western blot with the indicated antibodies. (E) HEK293T cells were
cotransfected with Myc-b-catenin and SIRT4-Flag as indicated, and then treated with 10 mM MG132 for 4 h, the whole cell lysates were collected, Myc-b-catenin was
immunoprecipitated with anti-Myc. Both whole cell lysates and precipitates were analyzed by western blot with the indicated antibodies. (F) HEK293T cells were cotransfected
with Myc-b-TrCP and SIRT4-Flag as indicated, and then treated with 10 mM MG132 for 4 h, the whole cell lysates were collected, Myc-b-TrCP was immunoprecipitated with
anti-Myc. Both whole cell lysates and precipitates were analyzed by western blot with indicated antibodies. (G) HEK293T cells were cotransfected with Myc-b-catenin and HA-
Axin1 (WT or K147R) as indicated with treated 10 mM MG132 for 4 h, and then whole cell lysates were collected, HA-Axin1 was immunoprecipitated with anti-HA. Both
whole cell lysates and precipitates were analyzed by western blot with indicated antibodies.
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Several acetylated lysine residues were identified on Axin1,
and it is reasonable to speculate that the residue located in a
functional domain of Axin1 is crucial for its function.
Unexpectedly, when Lys147 was mutated, the Axin1-APC
interaction seemed to remain intact; however, the abundance
of b-TrCP in the destruction complex was reduced. It was
reported that upon Wnt treatment, b-catenin is released from
the destruction complex after a while disassociation of the
destruction complex and GSK3b sequestration could then
occur together with Axin1 degradation, which usually takes
hours to be observed (13, 14, 35), whereas deacetylation of
Axin1 is an early event within 30 minutes at the initial stage.
MATERIALS AND METHODS

Cell Culture and Transfection
HEK293T, NTERA-2, and HCT116 cells were obtained from the
American Type Culture Collection, and L-Wnt3a-producing
cells were a kind gift from Pro. Xiaoren Zhang. HEK293T,
NTERA-2 and L-Wnt-3a cells were cultured in DMEM (high
glucose) (HyClone) supplemented with 10% fetal bovine serum
(FBS) (Gemini), 100 units/ml penicillin and 100 mg/ml
Frontiers in Oncology | www.frontiersin.org 8
streptomycin (Sangon Biotech, Shanghai). HCT116 cells were
cultured in RPMI-1640 medium (HyClone) supplemented with
10% FBS, 100 units/ml penicillin and 100 mg/ml streptomycin.
Cell transfection was carried out with Lipofectamine 2000
transfection reagent following the manufacturer’s instructions
for Invitrogen (Thermo Fisher Scientific, Waltham, MA). For
siRNA transfection, cells were seeded in 6-well plates (1 × 106

cells/well) and incubated for 48 h at 37°C with 5% CO2. Then the
cells were transfected with siRNA using siRNA mate reagent
(GenePharma) after reaching 70% confluence.
Plasmid Construct
SIRT4-Flag was cloned into the 5’ FLAG-pcDNA 3.0 vector.
Human or mouse Axin1 was cloned into 5’FLAG-pCS2. SIRT4-
Myc and SIRT4-Dsig-Myc were cloned into the Myc-N1 vector.
K53R, K147R, K408R, K513R, K521R, K571R, K790R, K791R and
K147Q mutants of Axin1 and H161Y mutant of SIRT4 were
generated according to the site-directed mutagenesis protocol of
Stratagene, Agilent Technologies Inc. (Santa Clara, CA).Humanb-
catenin was cloned into a 5’6xmyc-pcDNA 3.0 vector and
introduced according to the site-directed mutagenesis protocol.
All constructs were confirmed by Sanger sequencing analysis.
A B

D E

C

FIGURE 6 | SIRT4 downregulates the ubiquitination of b-catenin. (A) HEK293T cells were cotransfected with Myc-b-catenin and HA-Axin1 (WT, K147Q or K147R)
as indicated, the cells were treated with 10 mM MG132 for 4 h, and then whole cell lysates were collected, Myc-b-catenin was immunoprecipitated with anti-Myc.
Both whole cell lysates and precipitates were analyzed by western blot with the indicated antibodies. (B) HEK293T cells were cotransfected with Myc-b-catenin and
SIRT4-Flag as indicated, the cells were treated with 10 mM MG132 for 4 h, and then whole cell lysates were collected, Myc-b-catenin was immunoprecipitated with
anti-Myc. Both whole cell lysates and precipitates were analyzed by western blot with the indicated antibodies. (C) RT–qPCR analysis of the mRNA of b-catenin
(CTNNB) in HEK293T cells transfected with SIRT4-Flag. RT–qPCR analysis of the mRNA of b-catenin (CTNNB) in Sirt4+/+ MEFs or Sirt4−/− MEFs (n=4, error bars
represent ± SD, p=0.08>0.05 in HEK293T cells, p=0.1>0.05 in MEFs cells. NS-not significant, unpaired, two-tailed, parametric t-test were used). (D) HEK293T cells
were transfected with HA-Axin1 (WT or K147R) as indicated, the cells were treated with 1 mM cycloheximide (CHX) for the indicated times. Whole cell lysates were
collected and analyzed by western blot with the indicated antibodies. (E) HEK293T cells were transfected with or without SIRT4-GFP as indicated, the cells were
treated with 1 mM cycloheximide (CHX) for the indicated times. Whole cell lysates were collected and analyzed by western blot with indicated antibodies.
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Antibodies and Reagents
The following primary antibodies were commercially obtained: anti-
acetylated-lysine antibody (Cell Signaling Technology, 9441); anti-
SIRT4 antibody (Abcam, ab10140); anti-b-catenin antibody (Cell
Signaling Technology, 9562); anti-HA antibody (Santa Cruz, sc-
7392); anti-Myc antibody (Santa Cruz, sc-40); anti-Flag antibody
(Sigma, F1804); anti-tubulin antibody (Sigma, T619); anti-phospho-
S33/37/T41 b-catenin antibody (Cell Signaling Technology, 9561);
anti-b-TrCP antibody (Cell Signaling Technology, 4394); anti-b-
TrCP antibody (Cell Signaling Technology, 11984) and anti-
dishevelled 2 antibody (Abcam, ab228804); anti-GSK3b antibody
(Cell Signaling Technology, 12456); anti-APC antibody (Abcam,
ab40778). FLAG peptide was purchased from Sigma–Aldrich (St.
Louis, MO). Small interfering RNAs (siRNAs) against SIRT family
mRNAs were purchased from Santa Cruz Biotechnology, Inc.
(SIRT1 siRNA (h), sc-40986, SIRT3 siRNA (h), sc-61555, SIRT4
siRNA (h), sc-63024, SIRT5 siRNA (h), sc-63026, SIRT6 siRNA (h),
sc-63028, SIRT7 siRNA (h), sc-63030). Chemicals, including NAM
(A2984) and TSA (T1952), were obtained from Sigma. Wnt3a-
conditioned medium was derived from stably transfected L-
Wnt3a cells.

Luciferase Reporter Assay
HEK293T cells were seeded in 24-well plates and transfected
with 5 ng TK-Renilla and 30 ng TOP-flash or FOP-flash reporter
constructs. Cells were treated with Wnt3a-conditioned medium
for 12 h and lysed with passive lysis buffer. Luciferase activity was
measured using a Dual Luciferase Reporter Assay System
(Promega Corpora t ion , E1960) accord ing to the
manufacturer’s instructions.

Immunoprecipitation (IP),
Coimmunoprecipitation (co-IP) and
Pull-Down Assay
Cells were washed with PBS and collected at 3000 rpm for 5 min
at 4°C. For co-IP and IP, cells were lysed with co-IP buffer
(50 mM Tris pH 8.0, 0.5% NP-40, 1 mM EDTA, 150 mM NaCl)
or RIPA on ice and clarified at 12000 rpm for 10 min at 4°C. The
lysate was incubated with primary antibody for 2-4 hours at 4°C,
followed by the addition of a 50% slurry of protein A/G magnetic
beads (B23202, Bimake) and incubation overnight at 4°C or
direct incubation with antibody-conjugated beads overnight at
4°C. Flag-tagged proteins were purified by anti-FLAGM2 affinity
gel (A2220, Sigma) following the manufacturer’s instructions. A
peptide pulldown assay was performed in buffer PD (20 mM
HEPES, pH 7.9, 20% v/v glycerol, 0.2 mM EDTA, 0.2% Triton X‐
100, 2 mM DTT). The western blots were scanned and analyzed
on a LI-COR system (Odyssey).

Mass Spectrometry Analysis
Flag-tagged Axin1 was transfected with Lipofectamine 2000 into
HEK293T cells, which were cultured in 10-cm Petri dishes. After
48 hours, cel ls from two dishes were col lected to
immunoprecipitate Axin1. The immunoprecipitated Axin1 was
then separated by SDS–PAGE. Peptides were extracted and
analyzed with a Thermo LC–MS/MS system.
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RNA Isolation and Quantitative RT–PCR
RNAwas extracted fromcellswithTRIzol reagent (Invitrogen), and
cDNA was prepared with a PrimeScript RT Reagent kit (Takara)
according to the manufacturer’s instructions. Real-time PCR
(MYC: GGCTCCTGGCAAAAGGTCA, CTGCGTAGTTGT
GCTGATGT, LGR6: AGCCCTGT GAGTACCTCTTTG, CAG
CACCAGTCCATTGCAGA, AXIN2: TACACTCCTTATT
GGGCGA TCA, TTGGCTACTCGTAAAGTTTTGGT, CTN
NB1: CATCTACACAGTTTGATGCTGCT, GCAGTTTT
GTCAGTTCAGGGA, Myc: ATGCCCCTCAACGTGAACTTC,
CGCAACATAGG ATGGAGAGCA, Lgr6: GAGGACGGCA
TCATGCTGTC, GCTCCGTGAGGTTGTTCATACT, Axin2:
TGACTCTCCTTCCAGATCCCA, TGCCCACACTAGGC
TGACA) was performed with SYBR Green Master Mix
(YEASEN) on an ABI QuantStudio (Applied Biosystems).
Relative quantitation of gene expression was calculated with the
DDCt method.

In Vitro Deacetylation Assay
HA-Axin1 and SIRT4-Myc were overexpressed respectively in
HET293T cells. The proteins were purified, and an in vitro
deacetylation assay was performed as previously described (36).

Cytosolic b-Catenin and Mitochondrial
Fraction Preparation
To collect cytosolic proteins from mammalian cells, cells were
collected and washed with PBS and incubated in fraction buffer
(10 mM KCl, 10 mM Tris pH 7.5, 2 mM EDTA with PMSF and
protease inhibitor added) on ice for 30 min. The cells were then
stroke 30 times with a 1 mL syringe needle and centrifuged at
12000 rpm for 40 min at 4°C. The supernatant was collected as
the cytosolic fraction containing cytosolic b-catenin.
Mitochondria were extracted using a Mitochondria Isolation
Kit (Sigma) following the manufacturer’s protocol. In brief,
2 ×107 cells were pelleted by centrifuging the harvested cell
suspension, and then mitochondria isolation reagent was added
to the cell pellets. The cell resuspension was centrifuged at 700 ×
g for 10 min at 4°C, and then the supernatant was transferred to a
new 1.5 ml tube and centrifuged at 12,000 × g for 15 min at 4°C.
The supernatant (cytosolic fraction) was transferred to a new
tube, and the pellet contained the isolated mitochondria. The
pellet was further lysed to yield the final mitochondrial lysate.
The extracted proteins were prepared for subsequent western
blotting analysis.

Statistical Analysis
All data are presented as the means ± SD. For single
comparisons, an unpaired two-tailed Student’s t tests were
used, p< 0.05 was considered statistically significant, NS
indicate no significant. Statistical significance is indicated by
asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). For multiple
groups comparisons, one-way ANOVA Holm-Sidak’s test were
used and two-way ANOVAs with Bonferroni post hoc test for
assessing the combination of SIRT4 overexpression/knockout
and Wnt treatment. The Statistical analyses were performed
using the GraphPad Prism 7.0 and SPSS 23.0 software package.
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