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SUMMARY

The PTEN gene is highly mutated in many cancers, including hepatocellular carci-
noma. The PTEN protein is located at different subcellular regions—PTEN at the
plasma membrane suppresses PI3-kinase signaling in cell growth, whereas PTEN
in the nucleus maintains genome integrity. Here, using nuclear PTEN-deficient
mice, we analyzed the role of PTEN in the nucleus in hepatocellular carcinoma
that is induced by carcinogen and oxidative stress-producing hepatotoxin.
Upon oxidative stress, PTEN was accumulated in the nucleus of the liver, and
this accumulation promoted repair of DNA damage in wild-type mice. In contrast,
nuclear PTEN-deficient mice had increased DNA damage and accelerated hepato-
cellular carcinoma formation. Both basal and oxidative stress-induced localization
of PTEN in the nucleus require ubiquitination of lysine 13 in PTEN. Taken
together, these data suggest the critical role of nuclear PTEN in the protection
from DNA damage and tumorigenesis in vivo.

INTRODUCTION

Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is one of the most critical tumor suppres-
sors, which functions at different subcellular locations, including the plasma membrane and nucleus (Baker, 2007;
Gil et al., 2007; Hopkins and Parsons, 2014; Kreis et al., 2014; Leslie et al., 2016; Planchon et al., 2008). At the
plasma membrane, PTEN counteracts PI3 kinase signaling by dephosphorylating the potent second messenger
PIP3 to PIP2. The loss of PTEN in cancer cells results in over-activation of AKT and mTOR signaling, leading to
excessive stimulation of cell growth and inhibition of cell death (Chalhoub and Baker, 2009; Endersby and Baker,
2008; Fruman et al., 2017; lijima and Devreotes, 2002; lijima et al., 2002; Song et al., 2012). In the nucleus, PTEN
functions in DNA repair, genome stability, and cell cycle control through associations with Rad51 and p53 (Baker,
2007; Bassi et al., 2013; Chung et al., 2006; Gil et al., 2007; Kreis et al., 2014; Leslie et al., 2016; Planchon et al.,
2008; Shen et al., 2007; Song et al., 2011). PTEN in the nucleus also produces resistance to ionizing radiation ther-
apy (Ma et al., 2019). Most PTEN functions in the nucleus are independent of its lipid phosphatase activity (Baker,
2007; Bassi et al.,, 2013; Chung et al., 2006; Gil et al., 2007; Kreis et al., 2014; Leslie et al., 2016; Planchon et al.,
2008; Shen et al., 2007; Song et al., 2011). Therefore, the loss of PTEN produces multiple effects on the tumor-
igenesis at different subcellular locations.

The subcellular localization of PTEN is highly regulated (Kreis et al., 2014; Leslie et al., 2016). It has been
shown that the recruitment of PTEN to the plasma membrane is regulated by phosphorylation of a cluster
of serine and threonine residues at the C-terminal region (Das et al., 2003; Nguyen et al., 2014a, 2014b,
2015a, 2015b; Rahdar et al., 2009; Yang et al., 2017). The phosphorylation controls the conformation of
PTEN via intramolecular interactions between the C terminus and the membrane-binding interface. Phos-
phorylation closes the PTEN conformation by promoting interactions, whereas dephosphorylation opens
the PTEN conformation. Also, the C-terminal phosphorylation regulates the localization of PTEN in the nu-
cleus (Nguyen et al., 20144, 2015b). When the conformation of PTEN is opened, PTEN can accumulate in
the nucleus, likely through exposing a nuclear localization signal. Itis currently unknown what types of phys-
iological and pathological cues control these conformations of PTEN.

The nuclear localization of PTEN changes in response to various stress. For example, oxidative stress with
hydrogen peroxide (H,0,) induces the accumulation of PTEN in the nucleus (Chang et al., 2008; Choi et al.,
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2013; Hou et al., 2019). Genotoxic stress with ionizing radiation also changes the level of PTEN in the nu-
cleus (Bassietal., 2013; Maetal., 2019). The ubiquitination of PTEN has been suggested to be important for
the nuclear localization of PTEN at the basal condition; however, it is not well understood whether stress-
induced nuclear localization of PTEN is regulated by ubiquitination (Nguyen et al., 2015b; Song et al., 2008;
Trotman et al., 2007). In addition to the regulation of the localization of PTEN in the nucleus, the physio-
logical role of nuclear PTEN in vivo remains uncertain. Although a study has reported that increased degra-
dation of nuclear PTEN promotes cancer in a xenograft model (Ge et al., 2020), the in vivo effect of direct
manipulation of PTEN localization on tumorigenesis remains to be determined.

We have recently created a mouse model in which the level of nuclear PTEN is decreased (Igarashi et al.,
2018). In the nuclear PTEN-deficient mice, the size of both neurons and brains is decreased, demonstrating
the importance of nuclear PTEN in the central nervous system (Igarashi et al., 2018). This brain phenotype is
in sharp contrast to increased brain size in mice lacking the total PTEN owing to enhanced PI3-kinase
signaling (Backman et al., 2001; Endersby and Baker, 2008; Knobbe et al., 2008; Kwon et al., 2006). Further-
more, unlike the total loss of PTEN, the deficiency of nuclear PTEN did not show spontaneous tumorigen-
esis (Igarashi et al., 2018). In this report, we analyzed this mouse model to study the role of nuclear PTEN in
stress-induced tumorigenesis in vivo. We found that nuclear PTEN-deficient mice have increased DNA
damage and enhanced formation of hepatocellular carcinoma when the mice are exposed to a carcinogen
and hepatotoxin. These data suggest that nuclear PTEN plays an important role in tumorigenesis in vivo
potentially through preventing DNA damage.

RESULTS
Lysine 13 Is Essential for the Nuclear Accumulation of PTEN

To investigate the mechanism by which PTEN is accumulated in the nucleus in response to oxidative stress,
we treated human prostate cancer cell line DU145 and primary mouse hepatocytes with H,O,. Immunoflu-
orescence microscopy using anti-PTEN antibodies showed that PTEN is accumulated after the H,O, treat-
ment in both cell types (Figures 1A and 1B). This nuclear accumulation of PTEN was reversible: when
ectopically expressed in DU145 cells, PTEN-GFP was first accumulated in the nucleus upon H,O, treat-
ment, similar to endogenous PTEN, and was then re-distributed in the cytosol and nucleus at 6 h after
washout of H,O, (Figures 1C and 1D). Similar to H,O5, increasing levels of nitric oxide, another reactive ox-
ygen species, with spermine NONOate (SPNO) also induced the nuclear accumulation of PTEN-GFP (Fig-
ures 1E and 1F).

Phosphorylation of the C-terminal region of PTEN modulates the conformation of PTEN and regulates its local-
ization to the nucleus and the plasma membrane (Nguyen et al., 20144, 2015b). Consistent with these previous
reports, alanine mutations of the phosphorylation sites (5380, T382, T383, and S385) accumulated PTENs3goa -
T3824 7383453854 IN the nucleus even in the absence of H,O, in human colon cancer cell line HCT116 (Figures
1G and 1H). H,O, did not further increase the nuclear localization of PTENs3g0a 73824 T3834,53854. N contrast, other
phospho-defective PTEN mutants, PTENT3194 13214 @and PTENT3464 53704, behaved similarly to wild-type (WT)
PTEN-GFP (Figures 1G and 1H). Western blotting showed that phosphorylation of S380, T382, T383, and
S385 was not changed in response to HyO, treatment (Figures 11 and 1J). Therefore, the phosphorylation of
the C terminus of PTEN controls its basal nuclear localization and is not regulated by oxidative stress.

It has been suggested that lysine residues are important for the nuclear localization of PTEN (Bassi et al.,
2013; Nguyen et al., 2015b; Song et al., 2008; Trotman et al., 2007). Using PTEN-GFP, we asked which ly-
sines are required for PTEN to be accumulated in the nucleus in response to oxidative stress. We first
mutated lysines that have been proposed to be subject to post-translational modifications, including
K6, K13, K66, K80, K254, K289, and five lysines located in the CBR3 loop (K260, K263, K266, K267, and
K269) to arginine (Kreis et al., 2014; Leslie et al., 2016). Substitution of these residues did not change the
localization of PTEN in the presence or absence of H,O,, except for K13 in HCT116 cells (Figures 2A
and 2B). PTENkq3r-GFP was excluded from the nucleus before H,O, exposure and failed to accumulate
in the nucleus after HO, exposure. Similar results were obtained when we tested PTEN-GFP and
PTENk13r-GFP in human hepatocarcinoma cell line HepG2 (Figures 2C and 2D). These data suggest that
K13 is a key lysine that controls the nuclear localization of PTEN. Although PTEN has been shown to
dimerize (Papa et al., 2014), we found no effects of endogenous PTEN (regardless of presence or absence
of PTEN) on the distribution of WT PTEN-GFP or PTEN43z-GFP in response to H,O; in three cell lines,
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Figure 1. Oxidative Stress Induces the Accumulation of PTEN in the Nucleus

(A and B) DU145 cells (A) and mouse primary hepatocytes (B) were treated with 0.5 mM H,O, for 1 h. Immunofluorescence
microscopy using anti-PTEN antibodies was performed. Nuclear DNA was stained with DAPI. The intensity of the PTEN
signal in the nucleus was quantified relative to that in the cytosol. Bars are average + SD (n = 52-84 cells).

(C and D) DU145 cells expressing GFP-PTEN were treated with 0.5 mM H,O, for 1 h. After washes, cells were incubated in
the culture medium without H,O, for 6 h. Live cell imaging was performed using confocal microscopy. The intensity of
GFP in the nucleus was quantified relative to that in the cytosol in (D). Bars are average + SD (n = 27-74 cells).

(E and F) DU145 cells expressing PTEN-GFP were treated with 400 uM SPNO for the indicated amounts of time and
observed by confocal microscopy. The intensity of GFP in the nucleus was quantified relative to that in the cytosol in (F).
Bars are average + SD (n = 40-52 cells).

(G and H) HCT116 cells expressing GFP fused to phosphorylation defective PTEN mutants were treated with 0.5 mM H,O,
for 1 h. The intensity of GFP in the nucleus was quantified relative to that in the cytosol in (H). Bars are average + SD (n =
25-55 cells).

(land J) DU145 and HCT116 cells were treated with 0.5 mM H,O, for 1 h and analyzed by western blotting. The PTEN and
phosphorylated PTEN band intensities were quantified relative to those of GAPDH and PTEN, respectively, in (J). Bars are
average t SD (n = 4-5). Statistical analysis was performed using Student's t testin (A, B, and J) and one-way ANOVA with
post hoc Tukey in (D, F, and H): **p < 0.01, ***p < 0.001. Scale bars, 20 um.

See also Table S1.
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Figure 2. Lysine 13 is Critical for the Nuclear Localization of PTEN

(A'and B) HCT116 cells expressing GFP fused to PTEN lysine mutants were treated with 0.5 mM H,O, for 1 h. The intensity
of GFP in the nucleus was quantified relative to that in the cytosol in (B). Bars are average + SD (n = 23-63 cells).

(C and D) HepG2 cells expressing PTEN-GFP or PTENgq3r-GFP were treated with 0.5 mM H,0O, for 1 h. The intensity of
GFP in the nucleus was quantified relative to that in the cytosol in (D). Bars are average + SD (n = 58-83 cells). Statistical
analysis was performed using one-way ANOVA with post hoc Tukey in (B and D): ***p < 0.001.

See also Figure S1 and Table S1.
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which carry two copies (HCT116 cells), one copy (DU145 cells), or no copy (human prostate cancer cell line
PC3) of PTEN (Figure S1).

To further test whether all other lysines regulate PTEN's nuclear localization, we replaced all 34 lysines to
arginines in PTEN, creating PTENq (Figures 3A and 3B). PTENko-GFP was greatly excluded from the nu-
cleus in the presence or absence of H,O,, similar to PTENg3r-GFP (Figures 3C and 3D). We then put
back K13 in PTENko and created PTENkoki3. PTENkok13-GFP restored both basal nuclear localization
and H,O;-induced nuclear accumulation (Figures 3C and 3D). These data show that K13 is the major lysine
residue that controls the nuclear localization of PTEN in response to oxidative stress.

To ask if K13 undergoes ubiquitination, we expressed HA-ubiquitin along with WT PTEN-GFP, PTEN-GFP, or
PTENkok13-GFP in HEK293T cells and immunoprecipitated using GFP-Trap beads. Western blotting showed that
WT PTEN-GFP is at least mono-, bi-, and tri-ubiquitinated under the basal condition, and these ubiquitinations
are dramatically decreased in PTENo-GFP (Figures 4A and 4B). The majority of ubiquitination was restored in
PTENkok13-GFP (Figures 4A and 4B). Also, we found that mono-, bi-, and tri-ubiquitinations of WT PTEN-GFP
are increased in response to H,O, treatment (Figures 4C and 4D). In contrast, PTEN13r-GFP showed decreases
in H,O, induced bi- and tri-ubiquitinations (Figures 4C and 4D). These data suggest that K13 is the major site of
ubiquitination in PTEN under both basal and oxidative stress conditions.

To determine whether artificial fusion of ubiquitin to PTEN can replace the role of K13 for the nuclear local-
ization, we placed ubiquitin between residue 12 and 14 (lysine 13 was removed) in PTEN-GFP and ex-
pressed PTENq3-Ubi-GFP in HEK293T cells (Figure 4E). PTEN43-Ubi-GFP restored both the basal nuclear
localization and the nuclear accumulation in response to H,O,, similar to WT PTEN-GFP (Figures 4F and
4G). Therefore, the ubiquitination of K13 is important for the nuclear localization of PTEN.

If the ubiquitination of PTEN is critical for its nuclear localization, inhibiting de-ubiquitination might
promote this localization. Indeed, when treated with a broad inhibitor to de-ubiquitination enzymes, PR-
619, PTEN-GFP was accumulated in the nucleus without H,O; (Figures 4H and 4l). This PR-619-induced nu-
clear accumulation depends on K13 since both PTENkq3r-GFP and PTENo-GFP did not accumulate in the
nucleus in the presence of PR-619 (Figures 4H and 4l). Furthermore, PTENok13-GFP restored the PR-619-
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Figure 3. Lysine 13 is Sufficient for the Nuclear Localization of PTEN

(A) Lysine residues in PTEN. PTEN contains 34 lysines.

(B) Schematic diagrams of PTEN constructs. In the KO mutant, all 34 lysines were changed to arginine. In the KOK13
mutant, all 34 lysines were changed to arginine expect for lysine 13.

(C and D) HEK293T cells expressing the indicated PTEN-GFP mutants were treated with 0.5 mM H,O5 for 1 h. The intensity
of GFP in the nucleus was quantified relative to that in the cytosol in (D). Bars are average + SD (n = 57-88 cells). Student's
t test: ***p < 0.001. Scale bars, 20 pm.

See also Table ST.

induced nuclear accumulation (Figures 4H and 4l). These data further support the importance of the ubig-
uitination of K13 in the nuclear localization of PTEN.

Reactive oxygen species create DNA damage in the nucleus. To test whether DNA damage induces nuclear
accumulation of PTEN, we treated cells with a topoisomerase inhibitor, camptothecin. We found that campto-
thecin induces the nuclear accumulation of WT PTEN-GFP in HEK293T (Figures 5A and 5B), HepG2 (Figures 5C
and 5D), HCT116 (Figure S1), DU145 (Figure S1), and PC3 (Figure S1) cells. In contrast, PTENk13r-GFP was unable
to accumulate in the nucleus in the presence of camptothecin in all of these five cells (Figures 5A-5D and S1).
Therefore, K13 is important for the nuclear accumulation of PTEN induced by DNA damage.

To test whether antioxidants can block the nuclear accumulation of PTEN in response to reactive oxygen
species and DNA damage, we treated HCT116 cells expressing PTEN-GFP with either H,O, or camptothe-
cin in the presence of glutathione monoethyl ester (GSH-MEE). GSH-MEE significantly blocked the nuclear
accumulation of PTEN induced by H,O, (Figures 6A and 6B). In contrast, GSH-MEE was not able to block
the nuclear recruitment of PTEN induced by camptothecin (Figures 6C and 6D). These data suggest that
reactive oxygen species cause DNA damage and then promote nuclear PTEN localization.

Dynamics of Nuclear Import and Export of PTEN

Live cell imaging of PTEN-GFP showed that WT PTEN-GFP gradually accumulated in the nucleus after H,O,
treatment (Figures 7A and 7B). In contrast, PTEN13z-GFP remained in the cytosol after H,O, treatment (Figures
7A and 7B). To determine how the K13R mutation affects the dynamics of PTEN's localization, we tagged a
marker protein, mEos (Zhang et al., 2012), to PTEN and expressed PTEN-mEos in DU145 cells. mEos is a mono-
meric form of an Eos fluorescent protein with UV-inducible green to red color conversion (Zhang et al., 2012)
When we photoconverted PTEN-mEos in the cytosol, a fraction of photoconverted PTEN-mEos was imported
into the nucleus (Figures 7C, 7E, and 7G). Treatment with H,O, did not affect the rate of the nuclear import of
PTEN-mEos (Figures 7C, 7E, and 7G). In contrast, when we measured the rate of nuclear export by
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Figure 4. The Ubiquitination of Lysine 13 Controls the Nuclear Localization of PTEN in Response to H,O,

(A and B) Whole-cell lysates of HEK293T cells expressing HA-ubiquitin along with the indicated PTEN-GFP constructs
were incubated with GFP-Trap. The pellet fractions were analyzed by western blotting using antibodies to GFP and HA.
Mono-, bi-, and tri-ubiquitination of PTEN-, PTENko-, and PTENkok13-GFP were quantified relative to that of PTEN-,
PTENko-, and PTENkok13-GFP in (B). Bars are average + SD (n = 4).

(C and D) HEK293T cells carrying HA-ubiquitin along with GFP-PTEN or PTEN13r-GFP were treated with 0.5 mM H,O, for
1 h. PTEN-GFP and PTEN13r-GFP were pulled down using GFP-Trap beads. The pellet fractions were analyzed by
western blotting using antibodies to GFP and HA. Ubiquitination was quantified in (D). Bars are average # SD (n = 4-8).
(E) K13 was replaced by ubiquitin in PTENk13-ypi.

(Fand G) HCT116 cells expressing PTEN-GFP, PTEN13r-GFP, or PTENg13 upi-GFP were treated with 0.5 mM H,O, for 1 h.
Live cell imaging was performed using confocal microscopy. The intensity of GFP in the nucleus was quantified relative to
that in the cytosol in (G). Bars are average + SD (n = 45-91 cells).

(H and 1) HEK293T cells carrying the indicated PTEN constructs were treated with 15 uM PR-619, a broad-range reversible
and cell-permeable inhibitor of the deubiquitylating enzyme, for 2 h. The intensity of GFP in the nucleus was quantified
relative to that in the cytosol (I). Bars are average + SD (n = 33-134 cells). Statistical analysis was performed using one-way
ANOVA with post hoc Tukey in (B, D, G, and I): **p < 0.01, ***p < 0.001. Scale bars, 20 um.

See also Table ST.

photoconverting PTEN-mEos in the nucleus, nuclear export was significantly decreased by H,O, (Figures 7D, 7F,
and 7G). These data suggest that the H,Oo-induced nuclear accumulation of PTEN is achieved by decreasing the
nuclear export rate without changing the nuclear import rate (Figure 7H).

The rate of the nuclear import of PTENg 3z-mEos was much lower than that of WT PTEN-mEos in the
absence of H,O, (Figures 7C, 7E, and 7G). This lower rate of import of PTENg;3z-mEos was unchanged
upon H,O, (Figures 7C, 7E, and 7G). The rate of nuclear export of PTENg;3z-mEos was also lower than
that of WT PTEN-mEos and did not change in response to H,O, (Figures 7D, 7F, and 7G). Therefore, de-
fects in the nuclear accumulation of PTEN13g in the nucleus likely result from decreased rates of nuclear
import, and oxidative stress does not change the export rate of PTENk3r. Therefore, the majority of
PTENk13r remains in the cytosol regardless of oxidative stress (Figure 7H).
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Figure 5. Lysine 13 is Necessary for the Nuclear Localization of PTEN in Response to Camptothecin

(A and B) HEK293T cells expressing the indicated PTEN-GFP constructs were treated with 0, 10, 20, and 50 uM
camptothecin (a topoisomerase inhibitor) for 6 h. An image of cells treated with 50 pM camptothecin is presented. The
intensity of GFP in the nucleus was quantified relative to that in the cytosol in (B). Bars are average + SD (n = 24-63 cells).
(Cand D) HepG2 cells expressing PTEN-GFP or PTENg+3r-GFP were treated with 0 (DMSO) or 50 pM camptothecin for 6 h.
The intensity of GFP in the nucleus was quantified relative to that in the cytosol in (D). Bars are average + SD (n = 61-79
cells). Statistical analysis was performed using one-way ANOVA with post hoc Tukey in (B and D): ***p < 0.001. Scale bars,
20 pm.

See also Table S1.

Oxidative Stress-Induced Nuclear Localization of PTEN Is Decreased in the Liver of Nuclear
PTEN-Deficient Mice

To examine the nuclear localization of PTEN in vivo, we used a hepatotoxin, carbon tetrachloride (CCly), which
produces oxidative stress in the liver (Recknagel et al., 1989; Sheweita et al., 2001). CCly was intraperitoneally
injected into WT mice and nuclear PTEN-deficient mice, in which the Pten gene had been edited to carry the
K13R and D384V mutations using the CRISPR-Cas9 system (Figure 8A) (Igarashi et al., 2018). We have previously
shown that the combination of K13R and mutations that block phosphorylation of the C-terminal tail, such as
D384V, more effectively inhibits the localization of PTEN in the nucleus compared with the single K13R mutation
(Igarashi et al., 2018; Nguyen et al., 2015b). Indeed, the K13R and D384V mutations specifically decreased the
level of PTEN in the nucleus without affecting the level of PTEN in the cytosol (Figures 8B and 8C). Livers
were subjected to immunofluorescence microscopy with anti-PTEN antibodies at 0, 2, 4, and 7 days after the
CCly injection. In WT mice, without CCly injection, PTEN is located both in the cytosol and nucleus (Figures
8D and 8E). Upon CCly injection, PTEN was accumulated in the nucleus with a peak at day 2 and gradually re-
turned to the normal distribution at day 7 (Figure 8E). In contrast, PTEN in nuclear PTEN-deficient mice showed a
decreased level of nuclear localization before CCly injection and remained unchanged in the nucleus after the
CCly injection (Figures 8D and 8E). Therefore, PTEN is accumulated in the nucleus in vivo in response to oxidative
stress, similar to cultured cells in vitro, and nuclear accumulation is blocked in nuclear PTEN-deficient mice.

DNA Damage Is Increased in Nuclear PTEN-Deficient Livers in Response to Oxidative Stress

To examine the effect of nuclear PTEN deficiency on DNA damage in the liver, liver sections were analyzed
by immunofluorescence microscopy with antibodies to phosphorylated histone 2AX (phospho-H2AX),
which is a well-established marker for DNA damage (Bassi et al., 2013), after injection of CCly. We measured
the signal intensity of phospho-H2AX in each nucleus in the liver. Without CCl, injection, we barely de-
tected phospho-H2AX in both WT and nuclear PTEN-deficient mice (Figures 8F and 8G). After CCly injec-
tion, the signal intensity of phospho-H2AX in the nucleus was increased with a peak at day 2 and then
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Figure 6. The Effect of an Antioxidant on the Nuclear Localization of PTEN

(A-D). After preincubation with 5 mM GSH-MEE for 16 h, HCT116 cells expressing PTEN-GFP were treated with 0.5 mM
H,O, for 1 h (A and B) or 50 uM camptothecin for 6 h (C and D). The intensity of GFP in the nucleus was quantified relative
to thatin the cytosolin (B and D). Bars are average + SD (n = 61-84 cells). Statistical analysis was performed using one-way
ANOVA with post hoc Tukey in (B and D): ***p < 0.001. Scale bars, 20 pm.

See also Table S1.

decreased at day 4 in WT mice (Figures 8F and 8G). At day 2, nuclear PTEN-deficient mice showed a signif-
icantly higher signal intensity of phospho-H2AX, compared with WT mice (Figures 8F and 8G). Supporting
these immunofluorescence data, western blotting of livers also revealed an increased level of phospho-
H2AX in nuclear PTEN-deficient mice at day 2 (Figures 8H and 8I). As control experiments, we measured
serum levels of alanine aminotransferase as a readout for liver damage and found similar activities in WT
and nuclear PTEN-deficient mice before and after CCl, injection (Figure 8J). Therefore, equivalent dam-
ages were produced in the liver of these mice by CCl, injection. These data suggest that nuclear PTEN de-
creases DNA damage in response to oxidative stress in vivo.

When we analyzed oncogenic signaling pathways by western blotting of livers, we found similar levels of phos-
phorylation of ERK, AKT, S6, and GSK-3a/B in WT and PTEN-deficient mice (Figure 9). We also found normal
insulin-stimulated AKT phosphorylation in the liver and glucose uptake in nuclear PTEN-deficient mice (Fig-
ure 10). Thus, nuclear PTEN-deficient mice show normal signaling involving AKT and ERK in the liver.

Increased Hepatocellular Carcinoma in Nuclear PTEN-Deficient Mice in Response to
Oxidative Stress

To test whether nuclear PTEN suppresses tumorigenesis in vivo, we used a preclinical mouse model of he-
patocellular carcinoma induced by a single injection of a carcinogen, N-nitrosodiethylamine (DEN), fol-
lowed by repeated injection of the hepatotoxin CCly (Heindryckx et al., 2009; Uehara et al., 2014). We intra-
peritoneally injected DEN at 2 weeks of age and subsequently injected CCl, twice per week from 6 to
14 weeks of age (Figure 11A). We found similar body and liver weights in WT and nuclear PTEN-deficient
mice with or without DEN and CCl, treatments (Figures 11B and 11C).

In male WT mice, the DEN and CCl, treatments induced hepatocellular carcinoma at 15 weeks (Figures
11D-11G), as previously reported (Heindryckx et al., 2009; Uehara et al., 2014). We found increases in
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Figure 7. Time-Lapse Analysis of PTEN Localization

(A and B) DU145 cells expressing PTEN-GFP or PTEN;3:r-GFP were treated with 0.5 mM H,O; for 1 h and analyzed by time-lapse confocal microscopy. The
intensity of GFP in the nucleus was quantified relative to that in the cytosol in (B). Bars are average + SD (n = 20 cells for PTEN-GFP and 22 cells for PTENg3x-
GFP).

(C-G) DU145 cells were transfected with plasmids carrying PTEN- or PTENg3z-mEOS. mEos in the two regions of the cytosol in (C) or in the region of the
nucleus in (D) was photoconverted using a 405-nm laser on laser scanning confocal microscope (indicated by asterisks). Images were obtained for both
photoconverted and unconverted mEos signals in the presence or absence of 0.5 mM H,O, for 30 min. Images before the photoconversion were also
obtained (pre). The intensity of photoconverted mEos in the nucleus relative to that in the cytosol (in C and E, to measure the nuclear import of PTEN) and in
the cytosol relative to thatin the nucleus (in D and F, to measure the nuclear export of PTEN) was quantified. Bars are average + SD (n = 10-12 cells). Rates of
nuclear import and export are calculated in (G).

(H) Summary of the data. Statistical analysis was performed using one-way ANOVA with post hoc Tukey in (G): *p < 0.05, ***p < 0.001. Scale bars, 20 um.
See also Table S1.
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Figure 8. Oxidative Stress Induces the Nuclear Accumulation of PTEN in the Liver

(A) Nuclear PTEN-deficient mice carry K13R and D384V mutations. WT and nuclear PTEN-deficient mice were subjected

to intraperitoneal injection of 20% CCls/mineral oil (10 mL/kg body weight) at 2-3 months of age.

(B) Liver sections from WT, nuclear PTEN-deficient mice, and heterozygous PTEN knockout mice were placed on the same
slides and subjected to immunofluorescence microscopy with (left panel) or without (right panel) the primary antibody.
(C) The intensity of PTEN signals in the cytosol and nucleus was determined after the subtraction of the nonspecific
background signal based on the intensity in samples without the primary antibody. Bars are average + SD (n = 3-4 mice).
(D and E) (D) At 2 days after CCly injection, frozen liver sections were analyzed by immunofluorescence microscopy using
anti-PTEN antibodies. The intensity of PTEN signals in the nucleus was quantified relative to that in the cytosol at the
indicated days after CCly injection in (E). Bars are average + SD (n = 101-202 cells).
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Figure 8. Continued

(F and G) (F) At 2 days after CCl, injection, frozen liver sections were analyzed by immunofluorescence microscopy using
anti-phospho-H2AX (serine139) antibodies along with DAPI staining. The intensity of phospho-H2AX signals in the
nucleus was quantified at the indicated days after CCly injection in (G). Bars are average + SD (n = 3-6 livers).

(H and I) Livers were isolated from WT and nuclear PTEN-deficient mice at the indicated days after CCl injection and
analyzed by western blotting with antibodies to phospho-H2AX and GAPDH. The intensity of phospho-H2AX signals was
quantified relative to that of GAPDH in (l). Bars are average + SD (n = 4 livers).

(J) Serum ALT levels were measured at the indicated days after CCly injection (n = 4-9 mice). Statistical analysis was
performed using one-way ANOVA with post hoc Tukey in (C), (E), (G), (1), and (J): **p < 0.01, ***p < 0.001. Scale bars,
20 pm.

both the number of hepatocellular carcinomas and the size of the largest tumors in nuclear PTEN-deficient
mice (Figures 11E and 11F). It has been shown that female mice are protected from DEN-induced hepato-
carcinogenesis owing to estrogen-mediated inhibition of interleukin-6 (Naugler et al., 2007). Indeed, we
found a much higher level of hepatocellular carcinoma in male WT mice compared with female WT
mice, in which hepatocellular carcinoma was almost undetectable (Figure 11E). Female nuclear PTEN-defi-
cient mice modestly increased hepatocellular carcinoma compared with female WT mice, but this differ-
ence did not reach statistical significance (Figures 11E and 11F). Without the treatment with DEN and
CCly, no hepatocellular carcinoma was observed in WT and nuclear PTEN-deficient mice regardless of their
sex (Figures 11D and 11E).

DEN and CCly treatments induce fibrosis, as in human patients with hepatocellular carcinoma (Heindryckx
et al., 2009; Uehara et al., 2014). We found similar levels of fibrosis in male WT and nuclear PTEN-deficient
mice using Sirius red stain of liver sections (Figures 11H and 111). Therefore, liver injuries produced by DEN
and CCly treatments were similar in WT and nuclear PTEN-deficient mice. In addition, Ki67 immunostaining
showed similar percentages of Kié7-positive cells in regions of hepatocellular carcinoma in male WT and
nuclear PTEN-deficient mice (Figures 11J and 11K). Furthermore, immunostaining with antibodies to active
caspase-3 revealed similar levels of apoptosis in response to CCl, in WT and nuclear PTEN-deficient mice
(Figures 11L and 11M). No detectable apoptosis was observed in normal regions and tumors in WT and
nuclear PTEN-deficient mice at the basal level (Figures 11L and 11M). These data suggest that hepatocel-
lular carcinoma grows at similar rates without gross apoptosis in WT and nuclear PTEN-deficient mice once
they are formed and that the loss of nuclear PTEN increases the frequency of the onset of tumorigenesis.
Thus, nuclear PTEN functions as a tumor suppresser and protects against oxidative stress-induced hepa-
tocellular carcinoma in vivo.
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Figure 9. Phosphorylation of AKT, ERK, GSK-3, and Ribosomal Protein S6 Is Not Affected in the Liver of Nuclear
PTEN-Deficient Mice

(A and B) Western blotting of livers dissected from WT and nuclear PTEN-deficient mice at the indicated days after CCl,
injection using the indicated antibodies. Band intensity was quantified in (B). Bars are average + SD (n = 4-9 livers).
Statistical analysis was performed using one-way ANOVA with post hoc Tukey.
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Figure 10. Nuclear PTEN-Deficient Mice Normally Respond to Insulin

(A) WT and nuclear PTEN-deficient mice were subjected to intraperitoneal injection of insulin (5 U/kg body weight). At
10 min after injection, blood glucose levels were measured. Bars are average £ SD (n = 3-11 mice).

(B and C) Western blotting of livers using antibodies to AKT, phospho-AKT (S473). Band intensity was quantified in (C).
Bars are average + SD (n = 3 livers). Statistical analysis was performed using one-way ANOVA with post hoc Tukey: **p <
0.01, ***p < 0.001.

DISCUSSION

Hepatocellular carcinoma is associated with persistent liver damages due to viral infections, environmental
chemicals, excess alcohol consumption, and metabolic syndrome, such as non-alcoholic steatohepatitis,
and is manifested by liver fibrosis or cirrhosis (Erstad et al., 2019; Mishra et al., 2009; Yang et al., 2019).
PTEN has been shown to be mutated or lost in up to 30% of hepatocellular carcinoma (Khalid et al.,
2017; Parikh et al., 2010). Also, decreased levels of PTEN are found in more than 50% of hepatocellular car-
cinoma and could be used as a prognostic marker (Khalid et al., 2017; Parikh et al., 2010). Therefore, it is
important to understand the function of PTEN in the pathogenesis of hepatocellular carcinoma. Because
PTEN has been shown to function in multiple locations (Baker, 2007; Gil et al., 2007; Hopkins and Parsons,
2014; Kreis et al., 2014; Leslie et al., 2016; Planchon et al., 2008), deciphering its functional importance at
distinct subcellular locations will be critical to revealing how the loss of PTEN contributes to pathogenesis.
In this study, we investigated the role of PTEN in the nucleus in hepatocellular carcinoma using a preclinical
platform, in which hepatocellular carcinoma is induced by the combination of carcinogen (DEN) and
repeated injection of the oxidative stress-inducing hepatotoxin (CCly). This mouse model induces exten-
sive fibrosis in the liver, similar to human patients (Heindryckx et al., 2009; Uehara et al., 2014). We found
that the formation of hepatocellular carcinoma was greatly accelerated in nuclear PTEN-deficient mice
with increased DNA damage. These data provide the first in vivo evidence that nuclear PTEN mitigates
the tumorigenesis by controlling DNA damage.

Although PTEN negatively controls PI3-kinase/AKT signaling as a lipid phosphatase at the plasma mem-
brane and, therefore, total loss of PTEN enhances this oncogenic signaling pathway, nuclear PTEN-defi-
cient mice maintain normal signaling involving AKT, mTOR, and ERK. Previous studies have reported
that the loss of total PTEN in the liver in hepatocyte-specific PTEN knockout mice results in increase liver
sizes and abnormality in insulin signaling due to increased PI3-kinase/AKT signaling (Horie et al., 2004;
Stiles et al., 2004). These hepatocyte-specific Pten knockout mice also showed spontaneous adenomas
and hepatocellular carcinoma at around 1 year old. Altered liver size and physiology and tumorigenesis
in this mouse model likely involve a combination of consequences that are caused by the loss of PTEN func-
tions in all of its subcellular locations. In contrast, nuclear PTEN-deficient mice showed a normal liver size
and normal insulin response. Therefore, our data suggest that nuclear PTEN is unlikely to control the
growth of the liver and glucose metabolism under normal conditions. Since nuclear PTEN-deficient mice
do not produce spontaneous tumors until at least 1.5 years of age (Igarashi et al., 2018), nuclear PTEN plays
an important role in protecting the liver from tumorigenesis when animals are exposed to stress and
chronic liver damage.

CCly is metabolized to highly reactive trichloromethyl radical by cytochrome p450, mainly in the liver, lead-
ing to oxidative stress and liver injuries (Recknagel et al., 1989; Sheweita et al., 2001). Our data suggest that
K13 is important for the nuclear localization of PTEN as well as its nuclear accumulation in the liver under
oxidative stress induced by CCl,. Consistent with these in vivo data, K13 is important for the nuclear accu-
mulation of PTEN in cell culture systems in response to H,O,. Using live-cell imaging with PTEN fused to
photoconvertible mEos, we found that K13 controls the nuclear import of PTEN. Also, although WT PTEN
decreases its nuclear export under oxidative stress, PTEN73r was unable to decrease the nuclear export
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Figure 11. Increased Hepatocarcinoma in Nuclear PTEN-Deficient Mice

(A) Experimental design for DEN/CCls-induced liver cancer in mice. WT and nuclear PTEN-deficient mice were subjected to intraperitoneal injection of DEN
at 2 weeks of age. Mice were further treated with CCly twice per week from 6 to 14 weeks of age. Mice were analyzed at 15 weeks.

(B and C) Weights of the body (B) and liver (C) (n = 4 male and 4 female mice for control, 7 male and 7 female mice for DEN/CCl,-treated).

(D) Images of the front and back sides of livers that are isolated from male mice. Scale bar, 1 cm.

(E and F) The number of tumors (E) and the size of the largest tumors (F) observed on the surface of the livers were quantified. Bars are average + SD (n =4
male and 4 female mice for control, 7 male and 7 female mice for DEN/CCly-treated).

(G-M) Liver sections were subjected to H&E staining (G), Sirius red staining (H), Kié7 immunostaining (J), and active caspase-3 immunostaining (L). For active
caspase-3, liver sections at 2 days after CCly injection were also analyzed (CCly). T, tumors; N, non-tumor regions. Scale bars, 200 um. (1) Fibrotic regions were
quantified based on Sirius red staining. Bars are average + SD (n = 6-13 livers). (K) Ki67-positive cells were quantified. Bars are average & SD (n = 5-9 livers).
(M) Active caspase-3-positive cells were quantified. Bars are average + SD (n = 3-5 livers). Statistical analysis was performed using Student’s t test in (B), (C),
(E), (F), (1), (K) and (M): *p < 0.05, ***p < 0.001.

under oxidative stress. Therefore, K13 controls both the nuclear import rate at the basal condition and the
modulation of the nuclear export rate in response to oxidative stress.

It has been shown that PTEN undergoes multiple post-translational modifications, such as SUMOylation,
phosphorylation, ubiquitination, and acetylation (Kreis et al., 2014; Leslie et al., 2016). These modifications
of PTEN regulate its subcellular localization, enzymatic activity, and protein stability. The multiple layers of
regulation enable PTEN to function as an important tumor suppressor with multiple functions at different
locations. In our experiments, K13 was critical for the dynamics of the nuclear localization and accumula-
tion; however, we do not rule out the possibility that, under different physiological and pathological con-
ditions, other lysines and residues could provide crucial regulatory mechanisms through different post-
translational modifications. Supporting this notion, multiple ubiquitin E3 ligases, protein kinases, and other
enzymes have been reported to modify PTEN in previous studies (Ge et al., 2020; Kreis et al., 2014; Leslie
et al., 2016). These regulatory mechanisms could also cross talk and create a sophisticated regulatory
network for PTEN. It would be of great interest to determine how different regulations affect each other
in healthy cells and animals and how changes in the regulatory system drive the pathogenesis of cancers.

Limitation of the Study

First, we demonstrate that the nuclear localization of PTEN depends on its ubiquitination at lysine 13. How-
ever, we have not addressed what ubiquitin ligase mediates this post-translational modification. Second,
we show that oxidative stress and DNA damage drive the accumulation of PTEN in the nucleus by
decreasing its nuclear export. Yet it remains to be determined what machinery controls this export process.
Third, although the lack of nuclear PTEN accelerates the formation of hepatocellular carcinoma that is
induced by hepatotoxin and oxidative stress, it is unknown whether nuclear PTEN functions as a tumor sup-
pressor in other types of cancers. We will address these questions in our future studies.

Resource Availability
Lead Contact
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Supplementary Figure 1. No effects of endogenous PTEN on the nuclear localization of ectopic
PTEN-GFP. (A and B) DU145 cells, PC3 cells, and HCT116 cells, all of which express either PTEN-
GFP or PTENk13r-GFP, were treated with 0.5 mM H;0; for 1 h or 50 uM camptothecin for 6 h.
Images of DU145 cells are presented in (A). The intensity of phospho-PTEN was quantified
relative to that of PTEN in (B). Bars are average + SD (n = 13—72 cells). Statistical analysis was

performed using one-way ANOVA with post-hoc Tukey: ***p < 0.001.



Plasmids

Referen ces

pcDNA3.1-PTEN-GFP

Nguyen et al (2015), Yang et al (2017)

pcDNA3.1-PTEN(K6R)-GFP

This study

pcDNA3.1-PTEN(K13R)-GFP

Nguyen et al (2015), Yang et al (2017)

pcDNA3.1-PTEN(K66R )-GFP

This study

pcDNA3.1-PTEN(K8OR )-GFP This study
pcDNA3.1-PTEN(K254R )-GFP This study
pcDNA3.1-PTEN(K260R, K263R, K266R, K267R,K269R)-GFP  [This study
pcDNA3.1-PTEN(K289R )-GFP This study

pcDNA3.1-PTEN(T319A,T321A)-GFP

Yang et al (2017)

pcDNA3.1-PTEN(T366A,S370A)-GFP

Yang et al (2017)

pcDNA3.1-PTEN(S380A,T382A,T383A,S385A)-GFP

Nguyen et al (2015), Yang et al (2017)

pcDNA3.1-PTEN(K0)-GFP

This study

Supplementary Table 1

pcDNA3. 1-PTEN(KOK13)-GFP This study
pcDNAS3. 1-PTEN(K13-Ubiquitin)-GFP This study
pRKS5-HA-Ubiquitin-WT Addgene #17608
pEGFP-C1 Clontech
pCAGGS 1-PTEN-mEOS3.2 This study
pCAGGS1-PTEN(K13R)-mEOS3.2 This study
pInducer20-PTEN-GFP This study
pInducer20-PTEN(K13R)-GFP This study




Transparent Methods

Animals

All animal work was performed according to the guideline established by the Johns Hopkins
University Committee on Animal Care. Heterozygous PTEN knockout mice were generated by
crossing Pten™ mice (Stock No: 006440, Jackson Laboratory) and CMV-Cre mice (Stock No:
006054). The CMV-Cre transgene was removed by further crosses. Nuclear PTEN-deficient mice
that carry the K13R and D384V mutations have been previously described (Igarashi et al., 2018).
To obtain littermate control and mutant mice, heterozygous nuclear PTEN-deficient mice were
bred. To induce liver damage, we intraperitoneally injected 20% CCls/mineral oil (10 ml/kg body
weight; 289116, Sigma-Aldrich) into WT and nuclear PTEN-deficient mice at 2—-3 months of age.
To induce liver cancer, we intraperitoneally injected DEN (25 mg/kg body weight; N0258,
Sigma-Aldrich) into WT and nuclear PTEN-deficient mice at 2 weeks of age, and then
intraperitoneally injected 20% CCla/mineral oil (2.5 ml/kg body weight) twice a week from 6 to

14 week of age (Heindryckx et al., 2009; Uehara et al., 2014).

Cells

HEK293T and HepG2 cells were cultured in the DMEM medium (D5796, Sigma-Aldrich)
containing 10% FBS (F4135, Sigma-Aldrich) and 1% penicillin/streptomycin (15140-122, Gibco).
HepG2, DU145, HCT116, and PC3 cells were obtained from the American Type Culture
Collection. DU145, HCT116, and PC3 cells were maintained in the RPMI medium 1640 (11875-

093, Gibco) containing 10% FBS and 1% penicillin/streptomycin.



Plasmids and lentiviruses

The plasmids are listed in Supplemental Table S1. To express PTEN-GFP constructs in HEK293T
and HCT116 cells, plasmid transfection was performed with Lipofectamine3000 (L3000015,
Invitrogen). To express PTEN-GFP constructs in HepG2, DU145 cells, and PC3 cells, lentiviruses
expressing PTEN-GFP constructs from the doxycycline-inducible promoter were used. The
expression of PTEN was induced by 0.1 pg/ml doxycycline (D9851, Sigma-Aldrich) overnight. To
express PTEN-mEos in DU145 cells, plasmid transfection was used.

Lentiviruses were produced as described previously (Yamada et al., 2018). The
plnducer20 plasmids carrying PTEN constructs were cotransfected into HEK293T cells with two
other plasmids, pCMV-AR8.9 and pCMV-VSVG, using Lipofectamine3000. Two days after
transfection, the supernatant of the transfected cells containing released viruses was collected.

The viruses were quick-frozen in liquid nitrogen and stored at -80°C.

Reagents
H,0, (216763), camptothecin (C9911), SPNO (5150), and GSH-MEE (G1404) were purchased

from Sigma. PR-610 was obtained from Millipore (662141).

Antibodies

The primary antibodies used in this study were: PTEN (9559, Cell Signaling Technology [CST]),
phospho-PTEN (S380/T382/T383) (9549, CST), phospho-PTEN (S380) (9551, CST), phospho-PTEN
(S385) (07-890-1, EMD Millipore), AKT (9272, CST), phospho-AKT (4060, CST), ERK (9107, CST),

phospho-ERK (4370, CST), phospho-S6 (5240/244) (5364, CST), phospho-GSK-3a/R (521/9)



(9331, CST), GAPDH (MA5-15738, Invitrogen), Ki67 (M7249, DAKO), phospho-H2AX (S139)
(ab11174, Abcam), and active caspase-3 (AF835, R&D System). The fluorescently-labeled
secondary antibodies were obtained from Invitrogen: Alexa488 anti-rabbit IgG (A21206),
Alexa488 anti-mouse IgG (A21202), Alexa568 anti-rat IgG (A11077), Alexa647 anti-rabbit I1gG
(A31573), and Alexa647 anti-mouse 1gG (A31571). HRP-conjugated anti-rat IgG (474-1612, KPL)
was obtained from Sera Care. HRP-conjugated anti-rabbit IgG (NA934V) was purchased from GE

Healthcare.

Immunofluorescence for cultured cells

Cells were fixed in methanol for 20 min at -20°C. After washes with PBS, the cells were
incubated in PBS containing 0.05% Tween 20 (PBS-T) supplemented with 3% BSA for 1 h. The
cells were then incubated with anti-PTEN antibodies overnight at 4°C. After washes with PBS-T,
samples were incubated with appropriate fluorescently-labeled secondary antibodies at room
temperature for 1 h. Nuclear DNA was stained with 1 ug/ml DAPI (10236276001, Roche).
Samples were observed on a LSM800 GaAsP laser scanning confocal microscope with the Zen

software (Zeiss).

Photoconversion of PTEN-mEos

Cells expressing PTEN-mEos or PTENki3r-mEos were seeded in 8-well chambered coverglasses
and cultured for 24 h. mEos in a region of the nucleus (5 um?) or two regions of the cytosol (2 x
5 um?) was photoconverted by a 405 nm laser on LSM800 GaAsP laser scanning confocal

microscope (Zeiss). Images were obtained for both unconverted and photoconverted mEos



signals before photoconversion and every 5 min for 30 min after photoconversion. To analyze
the effect of oxidative stress, 0.5 mM H,0; was added to the culture medium 5 min prior to

photoconversion.

Isolation of hepatocytes

Mice were anesthetized by intraperitoneal injection of Avertin (200 mg/kg). After the skin and
abdominal muscle were incised, a cannula (25G) was inserted into the portal vein. The chest
was incised, and the thoracic inferior vena cava was cut. Pre-warmed (37°C) HBSS (50 ml)
(14185-052, Gibco) supplemented with 0.5 mM EDTA was first perfused to confirm no leakage.
Then, 30 ml of the collagenase solution (DMEM medium containing 0.8 mg/ml collagenase |,
17018-029, Thermo Fisher) was perfused. Livers were dissected out and further incubated in 20
ml of the collagenase solution at 37°C for 15 min. Livers were transferred to a plastic culture
dish, finely chopped with a surgical scissor, and pipetted up and down twice in 10 ml of HBSS
supplemented with 0.5 mM EDTA. The chopped livers were filtered (70-um pore size:
22363548, Thermo Fisher) and centrifuged at 50 x g for 3 min at 4°C to collect hepatocytes. The
hepatocytes were washed twice in the DMEM medium by centrifugation. The hepatocytes were
resuspended in the Williams’ medium E (A1217601, Gibco) supplemented with Hepatocyte
Thawing and Plating Supplement Pack (CM3000, Gibco). Hepatocytes (10,000) were plated on
an 8-well chambered coverglass, which had been coated with 0.3% collagen (I) (A1048301,
Gibco) in 0.02 N acetic acid for 10 min and washed with PBS (D8537, Sigma-Aldrich) three

times.



Immunoprecipitation for PTEN-GFP

HEK293T cells were plated in 6-cm dishes and transfected with two plasmids carrying PTEN-GFP
and HA-ubiquitin the next day. After 24 h, cells were harvested and homogenized by RIPA
buffer (9806, CST), including a complete protease inhibitor cocktail (1697498001, Roche) and N-
ethylmaleimide (E5876, Sigma-Aldrich). After centrifugation at 16,000 x g at 4°C for 10 min, the
supernatants were incubated with GFP-Trap agarose beads (gta-20, Chromotek) for 3—4 h at
4°C with gentle rotation. After washes, the bound proteins were eluted with SDS-PAGE sample

buffer.

Western blotting

Mouse liver tissues were homogenized in the RIPA buffer (9806, CST) containing complete
protease inhibitor cocktail (1697498001, Roche) and phosphatase inhibitor cocktails (P5726 and
P0044, Sigma-Aldrich). Lysates were centrifuged at 16,000 x g for 10 min, and the supernatants
were collected. Proteins were separated using SDS-PAGE and then transferred onto Immobilon-
FL (IPFLO0010, EMD Millipore). After blocking in 3% BSA/PBS-T for 1 h at room temperature, the
membranes were incubated with the primary antibodies overnight at 4°C. After washing with
PBS-T, immunocomplexes were visualized using appropriate fluorescent-labeled secondary

antibodies and detected using a PharosFX Plus molecular imager (Bio-Rad).

ALT Activity
The ALT activity in the blood was measured using the ALT Activity Assay Kit (MAKO052, Sigma-

Aldrich) according to the manufacturer’s instruction.



Immunofluorescence microscopy and histology of livers

For immunofluorescence microscopy, mice were anesthetized by intraperitoneal injection of
Avertin and fixed by cardiac perfusion of ice-cold 4% paraformaldehyde in PBS, as previously
described (Igarashi et al., 2018; Yamada et al., 2018). The livers were dissected and further fixed
in 4% paraformaldehyde in PBS for 3 h at 4°C. The samples were incubated in PBS containing
30% sucrose overnight and frozen in O.C.T. compound (23-730-571, Fisher Scientific) in a
Tissue-Tek Cryomold (4566, Sakura Finetek USA). Frozen tissue blocks were sectioned and
mounted on Superfrost Plus Microscope Slides (12-550-15, Fisher Scientific). Sections were
subjected to antigen retrieval with 1 mM EDTA using a microwave oven and incubated with the
primary antibodies at 4°C overnight. After washes with PBS-T, the samples were incubated with
appropriate fluorescently-labeled secondary antibodies at room temperature for 1 h. DAPI (1
ug/ml) was used to stain nuclear DNA.

For histology, fixed livers were embedded in paraffin at Johns Hopkins School of
Medicine Pathology Core. Paraffin sections were cut, and H&E stained at the Pathology Core.
The samples were viewed using a microscope (model BX51, Olympus) equipped with a DP-70
color camera. To analyze fibrosis, paraffin sections were stained with Picro Sirius Red Stain Kit
(ab150681, Abcam) according to the manufacturer’s instruction. To immunostain Ki67 and
active caspase-3, paraffin sections were deparaffinized, subjected to antigen retrieval with 1
mM EDTA using a pressure cooker for 15 min, and incubated with the primary antibody at 4°C

overnight. After washes with PBS-T, the samples were incubated with HRP-conjugated



secondary antibody for 1 h at room temperature and stained with DAB (ab64238, Abcam).

Hematoxylin (MHS16, Sigma-Aldrich) was used to counterstain nuclei.
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