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Lysosomal-associated protein transmem-
brane 5 ameliorates non-alcoholic steatohe-
patitis by promoting the degradation of
CDC42 in mice

Lang Jiang 1,6, Jing Zhao2,6, Qin Yang3,6, Mei Li4,6, Hao Liu1, Xiaoyue Xiao1,
Song Tian4, Sha Hu4, Zhen Liu5, Peiwen Yang1, Manhua Chen 2 ,
Ping Ye 2 & Jiahong Xia 1

Non-alcoholic steatohepatitis (NASH) has received great attention due to its
high incidence. Here, we show that lysosomal-associated protein transmem-
brane 5 (LAPTM5) is associated with NASH progression through extensive
bioinformatical analysis. The protein level of LAPTM5 bears a negative corre-
lationwith NAS score.Moreover, LAPTM5 degradation ismediated through its
ubiquitination modification by the E3 ubquitin ligase NEDD4L. Discovered by
experiments conducted on male mice, hepatocyte-specific depletion of
Laptm5 exacerbates mouse NASH symptoms. In contrast, Laptm5 over-
expression in hepatocytes exerts diametrically opposite effects. Mechan-
istically, LAPTM5 interacts with CDC42 and promotes its degradation through
a lysosome-dependent manner under the stimulation of palmitic acid, thus
inhibiting activation of the mitogen-activated protein kinase signaling path-
way. Finally, adenovirus-mediated hepatic Laptm5 overexpression ameliorates
aforementioned symptoms in NASH models.

Non-alcoholic steatohepatitis (NASH) is pathologically characterized
by hepatic steatosis, hepatocyte ballooning, lobular and hepatic
inflammation, and interstitial fibrosis1,2. As a leading cause culpable for
the progression of cirrhosis and hepatocellular carcinoma (HCC),
NASH accounts for one in five people with non-alcoholic fatty liver
disease (NAFLD) and is estimated to affect approximately 25% of the
world adult population according to recent reports3,4. Unfortunately,
effective therapeutic measures to protect against the development
and progression of NASH remain limited, and so far no FDA-approved
pharmacological therapy has been available5,6. The molecular targets
of NASH have attracted mounting attention owing to their good pro-
spect of therapeutic application7.

In recent years, the role of lysosome-related regulation in disease
progression has been a subject of active studies. In fact, lysosomes
reportedly not only function to degrade and recycle cellular waste but
are key organelles that are implicated in protein degradation, nutrient-
sensing, innate and adaptive immunity8,9. And so far lysosomes have
been proved to interact with multiple signaling pathways and to reg-
ulate the progression of a number of diseases, such as atherosclerosis,
neurodegeneration diseases, autoimmune disorders, and lysosomal
storage disorder. Meanwhile, the protein degradation modulated by
the proteostasis system has been believed to be an attractive platform
for drug targeting and to play an important role in a wide array of
human physiological activities10,11.
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The LAPTM family, which consists of LAPTM4A, LAPTM4B, and
LAPTM5, have been intensively studied in recent years becauseof their
roles in protein transport and lysosomedegradation and can serve as a
special target for disease intervention. Lysosomal-associated protein
transmembrane 5 (LAPTM5) belongs to the late endosomal/lysosomal
transmembrane protein family12, and was initially identified as a reg-
ulator of protein homeostasis13,14 and a modulator of inflammatory
signaling pathways15. LAPTM5 improves cardiac hypertrophy by
modulating the activity of theMAPK signaling pathway16. Our previous
research17,18 and studies by other researchers19,20 showed that activa-
tion of the MAPK signaling pathway was intimately related to the
development andprogression ofNASH. Premisedon somepreliminary
findings, this study was conducted on the hypothesis that LAPTM5 is
involved in NASH progression.

In this study, we demonstrated that the protein expression of
LAPTM5 was significantly down-regulated in the livers of both human
NASH subjects and mouse NASH models. Depletion of LAPTM5 in
hepatocytes significantly exacerbated hepatic steatosis, inflammation,
and fibrosis in high-fat and high-cholesterol (HFHC) diet-induced
mouseNASHmodels, whereas LAPTM5overexpression in hepatocytes
substantially delayed and mitigated the foregoing pathological chan-
ges.We further found that LAPTM5 coulddirectly interactwith protein
Cell Division Cycle 42 (CDC42) and overexpression of LAPTM5 pro-
moted the lysosomal degradation of it in the circumstance of palmitic
acid stimulation. On the other hand, the expression of CDC42 was
significantly up-regulated when LAPTM5 expression was decreased,
which has been confirmed in bothmurine and humanNASH tissues. As
a result, the protective effect of LAPTM5 on lipid deposition and
metabolism in hepatocytes and the activation inhibition of the MAPK
signaling pathway could be significantly abolished by the over-
expression of CDC42. Moreover, hepatocyte lipid deposition due to
the knockout of LAPTM5 was significantly suppressed by the CDC42
knockdown, suggesting that LAPTM5 regulates the NASH progression
bymodulating the protein expression ofCDC42 tomediate the activity
of the MAPK signaling pathway. Adenovirus-mediated therapy also
could considerably ameliorate NASH symptoms. Collectively, these
findings revealed that mechanistically LAPTM5 acts as a regulator of
NASH progression and clinically it might also serve as an indicator for
NASH progression and a target for the treatment of NASH.

Results
LAPTM5 expression is down-regulated in fatty liver and corre-
lated with NASH progression
While NASH is pathophysiologically complicated and multifactorial, a
large number of proteins have been found to be involved in the reg-
ulation of NASH. To know which proteins are the most critical deter-
minants in the pathogenesis of NASH, we searched 10 clinical
databases of RNA-Seq from liver samples of NASH subjects and
retrieved three conserved proteins, present in lysosomes, certain
granules and azurophil granular lumen, that are included in all the 10
clinical databases (Fig. 1a–c).Of note, the severity of thedisease ismost
closely correlated to the expression of proteins localized in the lyso-
some (Fig. 1d). The search results in 5 databases of RNA-Seq from
mouse livers also confirmed this conclusion (Fig. 1e). Given the
important role of transmembrane proteins in disease progression21–23,
71 transmembrane proteins were identified among the above lysoso-
mal associated proteins. High content screening analysis was con-
ducted to evaluate the effect of these genes on lipid profiles and the
results showed that LAPTM5 had the strongest inhibitory effect on
hepatocyte lipid accumulation upon PA stimulation (Fig. 1f). To
investigate the correlation between LAPTM5 and NASH, we firstly
determined the protein expression of LAPTM5 in the livers of human
subjects without steatosis or with NASH, the hepatic LAPTM5
protein levels were found to be significantly down-regulated in
the NASH patients than in their non-NASH counterparts (Fig. 1g and

Supplementary Fig. 1a, b). In combination with the results of immu-
nohistochemistry, we found the protein levels of LAPTM5 were nega-
tively correlated with the NAS score (Fig. 1h, i). In line with our
observation in humans, LAPTM5 protein expression was significantly
decreased in the livers of ob/obmice and wild-type mice on a high-fat
diet (HFD), high-fat high-cholesterol diet (HFHC) or methionine and
choline-deficient diet (MCD) (Fig. 1j and Supplementary Fig. 1c–e).
Furthermore, in vitro experiments demonstrated that LAPTM5 protein
expression was dramatically decreased in a time-dependentmanner in
both L02 humanhepatocytes andmouse primary hepatocytes after PA
treatment (Supplementary Fig. 1f, g). Subsequently, the gene expres-
sion of Laptm5 in NASH or non-NASH was detected by the qPCR and
the result exhibited, unexpectedly, that the mRNA levels of Laptm5
were comparable in both in vivo and in vitro models, indicating
LAPTM5 was post-transcriptionally regulated in response tometabolic
stimulation (Supplementary Fig. 1h-j). Collectively, the striking nega-
tive correlation between LAPTM5 expression and NASH development
suggests LAPTM5 plays a role in the delayed progression of the
condition.

NEDD4L mediates protein degradation of LAPTM5 through
catalyzing its K48-linked ubiquitination
To further explore the mechanism underlying LAPTM5 protein down-
regulation in NASH. It was reported that intracellular proteins could be
degraded through the ubiquitin–proteasome systemor the autophagy
pathway24, inhibitors of the different pathways were treated in hepa-
tocytes stimulatedwithpalmitic acid (PA), and theprotein degradation
of LAPTM5 was rescued by the proteasome inhibitor MG132, while the
lysosome inhibitor Chlq didn’t play a role in salvage. (Fig. 2a, b). Then,
the proteins thatmight participate in the degradation of LAPTM5were
IP-mass spectrometrically detected and NEDD4L, NEDD4, WWP2, and
ITCH were found to suit the bill (Fig. 2c). The result of mass spectro-
metry was verified by CO-IP test, and NEDD4L showed the strongest
interaction with LAPTM5 (Fig. 2d). Meanwhile, the overexpression of
NEDD4L had the strongest promoting effect on the degradation of
LAPTM5 (Fig. 2e), suggesting that NEDD4L is a major regulator in
LAPTM5 protein degradation. Then, the interaction between LAPTM5
and NEDD4L was further confirmed in vitro by CO-IP and GST pre-
cipitation assays (Fig. 2f, g). In order to further understand the
mechanismof NEDD4Lmediating LAPTM5 degradation, IP assays were
conducted to examine the ubiquitination of LAPTM5. While the ubi-
quitination of LAPTM5 was significantly enhanced when NEDD4L was
overexpressed, and this modification was blocked after NEDD4L
inactivation (Fig. 2h, i). Our results indicated that the degradation of
LAPTM5 was mediated by NEDD4L through K48-linked ubiquitination
(Fig. 2j, k). Furthermore, we proved that the degradation was pro-
moted by the E3 ligase of NEDD4L (Fig. 2l). And moreover, the
knockdown of NEDD4L successfully rescued LAPTM5 degradation
(Fig. 2m). Additionally, we found the protein levels of NEDD4L were
significantly up-regulated in the NASH group compared with the
control group, which was both verified in the human NASH subjects,
mouse NASH models and hepatocytes stimulated with PA (Supple-
mentary Fig. 2a–e). The results proved that NEDD4Lwas also regulated
by NASH.

LAPTM5 inhibits lipid accumulation and inflammation in
hepatocytes
To investigate the effect of LAPTM5 on lipid metabolism and inflam-
mation in hepatocytes, we isolated primary hepatocytes from Laptm5
knockout (Laptm5-KO) mice and Laptm5-Flox control mice, with pri-
mary hepatocytes infected with adenovirus vector-mediated plasmid
over-expressing Laptm5 (AdLaptm5-Flag) (Fig. 3a and Supplementary
Fig. 3a). Nile Red staining (Fig. 3b and Supplementary Fig. 3b) revealed
that PAOA-induced hepatocyte lipid accumulation in Laptm5-KO
group conspicuously deteriorated compared to the control group and
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was accompanied by elevated concentrations of triglyceride (TG) and
total cholesterol (TC) (Fig. 3b, c). In contrast, Laptm5overexpression in
hepatocytes ameliorated PAOA-induced lipid deposition (Supple-
mentary Fig. 3b, c). And no significant difference in hepatocytes lipid
deposition was observed in BSA-treated groups. Moreover, the inhi-
bitory effects of LAPTM5 on lipid metabolism and inflammation were

further confirmed by qPCR and Western blotting (Fig. 3d–g and Sup-
plementary Fig. 3d–g). Furthermore, on the basis of our RNA-seq data,
the hierarchical clustering analysis clearly categorized the PAOA-
treated samples into two subgroups: Laptm5-Flox-PAOA and Laptm5-
KO-PAOA (Fig. 3h). It is worth noting that Laptm5 knockout induced
the biological processes that are related to lipid metabolism and
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inflammation (Fig. 3i–k). Overall, this in vitro evidence suggests that
LAPTM5 exerts a protective effect on metabolic stress-induced lipid
accumulation and inflammation in hepatocytes.

Hepatocyte-specific deletion of Laptm5 exacerbates
steatohepatitis
To further study the influence of LAPTM5 on steatohepatitis and its
complications, we constructed hepatocyte-specific Laptm5 knockout
mice (Laptm5-HKO) (Supplementary Fig. 4a, b and Fig. 4a) and raised
them with normal chow (NC) or HFD diet for 24 weeks. Laptm5-HKO
mice on a normal diet showed no difference in body weight, liver
weight, or lipid profile compared with Laptm5-Flox mice. Nonetheless,
after 24 weeks of the HFD diet, Laptm5-HKO mice exhibited higher
liver weight, body weight, fasting blood glucose, and TG/TC levels in
the liver and serum than the control group (Fig. 4b–h). Moreover,
these measures in Laptm5-HKO mice were further exacerbated as
compared to the Laptm5-Flox mice. Additionally, larger liver and
severe lipid accumulation were also observed in the HFD-fed Laptm5-
HKOmice (Fig. 4i, j),with anexpressionof genes related to lipiduptake
(Cd36) and synthesis (Fasn, Scd1, Pparg, and Srebf1) being up-regulated
(Fig. 4k–m). Furthermore, the livers of the Laptm5-HKOmice sustained
a more serious injury due to the HFD diet, as evidenced by higher
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels as compared to controls (Fig. 4n, o). Thesefindings revealed that
Laptm5 deletion further drove the NAFLD progression.

Given that NASH is the advanced stage of NAFLD, we fed Laptm5-
Flox and Laptm5-HKO mice with an HFHC diet for 16 weeks to further
explore the role of LAPTM5 in a mouse NASH model. Though no dif-
ference was found in body weight, the lipid metabolisms indicators,
such as liver weight and fasting blood glucose, and lipid deposition
aggravated in the HKO group 8 weeks after HFHC feeding, and these
indicators were further exacerbated at 16 weeks of HFHC feeding as
compared to the Flox group (Fig. 5a–f, and Supplementary Fig. 5a–d).
At the same time, the inflammatory infiltration andhepaticfibrosis also
deteriorated with protracted HFHC feeding (Fig. 5g–i, and Supple-
mentary Fig. 5e–i). Consistent with the foregoing findings, hepatic
Laptm5 deficiency potentiated the serum levels of ALT and AST
(Fig. 5j). Taken together, these results demonstrated that Laptm5
deficiency significantly aggravated steatohepatitis and its metabolic
complications. Then we extracted the mRNA from liver tissues of
HFHC-induced Laptm5-HKO and Flox mice for sequencing and sys-
tematically examined the gene expression profile in the two groups
after Laptm5 deletion in NASH. We found that, in NASH, hepatic
Laptm5deficiency caused the upregulation of a wide array of pathways
and genes that promote lipid metabolism, inflammation, and fibrosis
(Fig. 5k–n).

Considering the heterogeneity of NASH, we then evaluated the
role of LAPTM5 in a methionine- and choline-deficient diet (MCD)-
induced mouse NASHmodel, and found that inflammatory infiltration
and liver damage were substantially more severe25. In line with the
results of theHFHC-inducedNASHmodel, Laptm5deficiency evidently
promoted MCD diet-induced liver metabolic disorders and liver injury

(Supplementary Fig. 6a–g). In summary, Laptm5 depletion aggravates
NASH in mice.

Hepatocyte-specific Laptm5 overexpression mitigates HFHC-
induced NASH
To confirm the role of hepatic Laptm5 in NASH pathogenesis, we
constructed a hepatocyte-specific Laptm5 transgenic (Laptm5-HTG)
mice model (Supplementary Fig. 7a and b), with the littermates (NTG)
serving as controls. HTGmice exhibited lower liver weight and liver-to-
bodyweight ratios, but no significant changewas observed in the body
weight as compared to the NTG mice 16 weeks after HFHC feeding.
HFHC-induced higher blood glucose and worsened lipid profile were
also eased by Laptm5 overexpression (Supplementary Fig. 7c–g). Fur-
thermore, the HTG mice displayed less severe hepatic steatosis than
their NTG counterparts (Supplementary Fig. 7h, i). Coincident with the
aforementioned findings, Laptm5 overexpression greatly mitigated
inflammation, fibrosis, and hepatic injury during NASH progression
(Supplementary Fig. 7j–p). Collectively, these findings demonstrated
that LAPTM5 protects against steatohepatitis and its metabolic
complications.

LAPTM5 suppressed activation of MAPK signaling pathway by
promoting the lysosomal degradation of CDC42
To further understand the mechanism underlying the LAPTM5-
induced protection against NASH, we integrated the results of RNA
sequencing and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and found that Laptm5 knockout most sig-
nificantly altered the MAPK signaling pathway (Fig. 6a). Western blot-
ting substantiated that theMAPK signaling pathwaywas suppressedby
Laptm5overexpression, but enhancedby Laptm5deletion both in vitro
and in vivo (Fig. 6b–e). To identify the specific target mediating the
suppression of the MAPK signaling pathway, we performed IP-mass
spectrometry on Laptm5-overexpressing L02 hepatocytes and dis-
covered that LAPTM5 interacted with the small GTP-binding protein
CDC42 (Cell Division Cycle 42) (Fig. 6f), which had been reported as a
major activator of the saturated fatty acid-stimulated JNK pathway in
hepatocytes26. We then confirmed that CDC42 overexpression sig-
nificantly aggravated the lipid accumulation, inflammatory response
and promoted the activation of the MAPK signaling pathway in hepa-
tocytes, the finding being consistent with the previously reported
results (Supplementary Fig. 8a–e). Subsequently, the interaction
between LAPTM5 and CDC42 was further corroborated by CO-IP and
GST assay (Fig. 6g, h), and moreover, the interaction was more robust
upon PA stimulation (Fig. 6i). Furthermore, the Laptm5overexpression
inhibited the protein expression of CDC42 under PA stimulation, but
had no such effect at BSA condition, the results being verified in both
L02 cells and primary hepatocytes (Fig. 6j, k). Whereas Laptm5
knockout promoted CDC42 expression under PA stimulation, which
was also not consistent with the result in BSA condition (Fig. 6l). Then,
we further examined the protein levels of CDC42 in the liver tissues
from NASH or non-NASH individuals, and CDC42 expression was
found to be significantly upregulated in the NASH group, suggesting

Fig. 1 | LAPTM5 expression is down-regulated in fatty liver and correlated with
NASH progression. a The GSE derived from RNA-seq of human livers of clinical
NASH patients and the health or healthy obesity patients. Genes categories shared
between≥10 GSE data are indicated by black dots. The histogram above each plot
indicates the times of activated genes categories in each category. b The pie chart
showed the statistical representation of the genes categories shared GSE. The
integers in parentheses represent genes categories and out parentheses represent
the counts of GSE shared. c NES dots plot of 3 conserved genes category in 10
human databases. d GSVA score analysis of these 3 conserved genes in the data-
bases. e NES analysis of 5 databases from mouse livers. f Quantitative analysis of
Nile red fluorescence intensity of L02 cells with 71 molecular overexpression (n = 3
independent experiments). g Representative western blot analysis (Left) and

quantification (right) of LAPTM5 protein levels in the human livers from NASH
(n = 20 people) or non-NASH group(n = 16 people). h Immunohistochemical
staining of LAPTM5 in liver sections of humans in the indicated groups (n = 5
people/group). Scale bar, 50μm. i Correlation analysis between LAPTM5 protein
levels (normalized to β-actin level) and NAS (r2 = 0.6964, p <0.0001), (n = 36 peo-
ple). j Representative LAPTM5 protein levels in the livers from normal chow diet
and HFHC diet-fed mice (n = 6 mice/group). For (d), the data are presented as
whisker plots: midline, median; box, 25–75th percentile; whisker, minimum to
maximum values; For f, g, j, the data are presented as mean ± SD and two-tailed
Student’s t-test were used for statistical analysis. Source data are provided as a
Source data file.
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that LAPTM5 and CDC42 were negatively correlated (Fig. 6m), and a
NASH-regulating axis existed between LAPTM5andCDC42. To identify
the specific pathway of LAPTM5-mediated CDC42 protein degrada-
tion, the cells overexpressing LAPTM5 were treated with both MG132
or Chlq. We found that the lysosomal inhibitor Chlq could abolish the
inhibitory effect of LAPTM5 onCDC42 (Fig. 6n, o). Liang et al. and Guo

et al. demonstrated that LAPTM5 could regulate the progression of
various systemic diseases, such as tumors and HIV, by promoting the
lysosomal degradation of relevant proteins. Therefore, we were led to
hypothesize that the down-regulation of CDC42 was mediated by the
lysosomal degradation of LAPTM5. What is more, the immuno-
fluorescence co-localization staining exhibited that CDC42 was evenly
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distributed in the cytoplasm under BSA condition (Supplementary
Fig. 8f). However, after PA treatment, CDC42 gradually moved toward
lysosomes and became granular and eventually co-localized with
lysosomes in the cells overexpressing LAPTM5, suggesting that
LAPTM5 facilitated the lysosomal endocytic transport of CDC42 and
promoted its degradation by lysosomes (Fig. 6p).

CDC42 mediated the effect of LAPTM5 on lipid deposition and
inflammation in hepatocytes
Next, we tried to validate the presence of the LAPTM5-CDC42 reg-
ulatory axis in NASH progression. We induced overexpression of
CDC42 in Laptm5-overexpressing hepatocytes. Our results showed
that overexpression of CDC42 could remove the protective effect of
LAPTM5 on lipid metabolism stresses, such as the unfavorable lipid
profile and up-regulated MAPK signaling pathway when CDC42 was
over-expressed (Fig. 7a–d). On the contrary, the knockdown of CDC42
successfully hampered the aggravation of lipid accumulation and
inflammation in hepatocytes when Laptm5 was knocked out
(Fig. 7e–h). Collectively, these results indicate that LAPTM5 plays a
protective part in NASH by mediating the protein homeostasis
of CDC42.

Adenovirus-mediated hepatic Laptm5 over-expression alle-
viated non-alcoholic steatohepatitis
Finally, we examined the therapeutic effect of targeting the LAPTM5-
CDC42 axis in NASH. Adenovirus overexpressing Laptm5 (AdLAPTM5)
was injected into mice that had been put on an HFHC diet for 8 weeks.
Then, the mice were fed with the HFHC diet for another 4 weeks,
AdGFP was used as control (Fig. 8a). Western blot analysis confirmed
the LAPTM5 was over-expressed and the expression of p-JNK1/2 and
CDC42 was down-regulated in the livers of AdLAPTM5-treated mice
(Fig. 8b). Compared to the AdGFP mice, AdLAPTM5-injected mice
showed the fasting blood glucose, liver weight, and the liver weight-to-
body weight ratio were significantly decreased (Fig. 8c, d). In addition,
the Adenovirus-mediated overexpression of Laptm5 substantially
ameliorated lipid accumulation, inflammation, and hepatic injury in
the livers of HFHC-fedmice (Fig. 8e–m). Taken together, these findings
strongly suggested that LAPTM5 has a good prospect of serving as a
therapeutic target for the treatment of NASH andmetabolic disorders.

Discussion
Our results demonstrated that LAPTM5 could be ubiquitination
degraded by NEDD4L under metabolic stresses. Overexpression of
LAPTM5 attenuated liver steatosis, inflammatory response, and fibro-
sis. Mechanistically, LAPTM5 can directly bind to CDC42, promotes its
lysosomal degradation, and then inhibit the activation of c-Jun NH2-
terminal kinase signaling pathway, thus serving its function. Hepato-
cyte LAPTM5 is a promising therapeutic target for NASH.

LAPTM5 is a multispanning transmembrane protein containing a
ubiquitin-interactingmotif (UIM) and three PYmotifs that bindNedd4-
WW domains. At the same time, the NEDD4-LAPTM5 complex recruits
ubiquitinated GGA3 binding to the LAPTM5-UIM27. A previous study
reported that the E3 ubiquitin ligase ITCH bound to and negatively
regulates LAPTM5 through the ubiquitination pathway28. Our study
showed that LAPTM5was significantly decreased inNASHmodels, and

its downregulation was via the ubiquitin-proteasome pathway. Then
we found that NEDD4L, and E3 ubiquitin ligases, interacted with
LAPTM5 and promoted K48-linked ubiquitination of LAPTM5. Conse-
quently, targeting the physiological regulation loop of NEDD4L-
LAPTM5 might be an effective strategy for treating NASH.

Themolecular mechanisms underlying the pathogenesis of NASH
are multifactorial and intricate29, multiple studies have shown that the
MAPK signaling pathway is involved in the development and pro-
gression of NASH. High-fat diet could activate the expression of JNK in
the livers30. In cellular models of NASH, the saturated fatty acid (pal-
mitic acid) activated PPARα, leading to c-JNK-dependent mitochon-
drial dysfunction and hepatocyte death31. The P38 signaling pathway
plays an important role in the inflammation-elicited cell response and
stress-induced cell apoptosis32. Glowacka et al. and Chen et al. proved
that LAPTM5 played a significant role in themodulation and activation
of the MAPK signaling pathway15,33. In this study, the bioinformatical
analysis, in combination with molecular study, showed that the acti-
vation of JNK1/2 and p38 was inhibited by LAPTM5 overexpression but
enhanced by LAPTM5 deletion in NASH models.

In addition, recent studies documented that the small GTP-
binding proteins CDC42 play an important role in the pathogenesis of
NASH by modulating the activation of the MAPK signaling pathway34.
The activation of CDC42 is required for SFA-stimulated MLK3-depen-
dent activation of JNK in hepatocytes, and decreased expression of
CDC42 can mitigate the activation of JNK26. Consistent with these
findings, our study found that LAPTM5 interacted with CDC42 and
regulated its expression. Moreover, CDC42 overexpression abolished
the protective effect of LAPTM5 on lipid metabolism. LAPTM5 mainly
modulated the progression of NASH by regulating the expression of
CDC42 and activation of the MAPK signaling pathway.

The interaction between LAPTM5 and CDC42 has yet to be elu-
cidated. LAPTM5 is localized in the lysosomal membrane and involved
in awide arrayof pathological and physiological processes. Kawai et al.
reported that LAPTM5 promoted the lysosomal translocation and
degradation of CD3ζ14. Ouchida et al. demonstrated that LAPTM5
interactedwith BCRandpromoted its lysosomaldegradation inmouse
B cells35. In the meantime, several recent studies demonstrated that
LAPTM5 could regulate the progression of some systemic conditions,
such as malignancies and HIV, by promoting the lysosomal degrada-
tion of relevant proteins36,37. Additionally, the lysosomal degradation
pathway also plays an important role in the progression of NASH. Prior
studies have proved that TMBIM1 promoted lysosomal degradation of
TLR4 and inhibited high-fat diet-induced insulin resistance, hepatic
steatosis, and inflammation38. In the present study, we found that
LAPTM5 could promote the lysosomal localization and degradation of
CDC42 under the stimulation of PA. However, the expression and
localization of CDC42 were not influenced under the BSA condition.
This indicates that the correlation between LAPTM5 and CDC42 may
have changed after the treatment of PA. For example, there may be
some changes in the protein domains and molecular activity of
LAPTM5 andCDC42 after PA stimulation. Youngshil et al. reported that
the protein trafficking and sorting functions of LAPTM5 were strictly
regulated by different domains of it27. Manju et al. reported that the
activation of CDC42 plays a key role in the regulation of disease pro-
gression, and the activity intensity of CDC42 also affects the biological

Fig. 2 | NEDD4L mediates protein degradation of LAPTM5 through catalyzing
its K48-linked ubiquitination. a and b Western blot images of LAPTM5 protein
levels in mouse hepatocytes (a) and L02 hepatocytes (b) treated with MG132
(50μM), Chlq (50μM), orDMSO. c Procedure of identifying the E3 ubiquitin ligases
interacting with LAPTM5 by analyzing IP-MS. d Interaction between LAPTM5 and
NEDD4L, NEDD4, ITCH,WWP2 in L02 cells. eWestern blot shows the expression of
LAPTM5 after transfected with indicated plasmids. f and g Co-IP (f) and GST pull-
down (g) show the interaction between LAPTM5 and NEDD4L. h Co-IP results show

the effect of NEDD4L on ubiquitination of LAPTM5 after MG132 (25μM) treatment.
i Co-IP assays of the ubiquitination of LAPTM5 after different treatments.
j Ubiquitination screening of LAPTM5 by NEDD4L with the indicated types of ubi-
quitin. (k) Ubiquitination of LAPTM5 in L02 hepatocytes transfected with indicated
plasmids. l LAPTM5 protein levels in L02 cells transfected with indicated plasmids.
m Western blot results of LAPTM5 expression changes after the knockdown of
NEDD4L in primary hepatocytes. Immunoblots are representative of three inde-
pendent experiments. Source data are provided as a Source data file.
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function of it26. Therefore, after PA stimulation, delicate and complex
changes may have occurred inside the cells. And these deep-seated
mechanisms require further study.

In summary, in this study, we identified LAPTM5 as an unreported
suppressor of NASH that could negatively regulate the p38/c-JNK
pathway by promoting CDC42 lysosome degradation in hepatocytes.
Our study showed that adenovirus-mediated Laptm5 therapy was

efficacious against NASH and the LAPTM5 protein expression was
correlated with the clinical progression of NASH. These findings indi-
cate that targeting hepatocyte-specific Laptm5 can be an effective
therapeutic alternative for treating NASH and deserves further pre-
clinical research.

Some questions concerning the role of LAPTM5 in the treatment
of NASH remain to be answered. For example, howdoes LAPTM5 carry
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CDC42 to the lysosome for its protein degradation, and specifically
how the process goes? How does CDC42 regulate the activity of
downstreamp38 and JNK1/2 pathways?All these issueswarrant further
exploration. Moreover, the correlation between LAPTM5 and NASH
remains to be further verified by large-scale clinical trials. Our
experimentwas conducted inmice and studies involvingNASHmodels
of larger animals, such as primates, are needed beforemoving forward
to clinical trials.

Methods
Reagents
Key reagents, antibodies, and primers used in this study are listed in
Supplemental Materials.

Mice and treatment
All animal care and related experiments outlined in this study were
performed in accordance with the Guidelines for the Care and Use of
Laboratory Animals drafted by the US National Institutes of Health
(NIH Publication, 8th Edition, 2011). The Institutional Animal Care and
Use Committees of Tongji Medical College and the Huazhong Uni-
versity of Science andTechnology approved the animalprotocols used
in this study.

Adult 8–10-week-old C57BL/6 male mice weighing 22–30 g, were
housed under pathogen-free conditions in a temperature-controlled
environment at 22–24 °C, humidity-controlled environment at 40–70%
under a 12-h light/dark cycle with ad libitum access to water and food.
Mice were generally in good health beforeHFD (Protein, 20%; fat, 60%;
carbohydrates, 20%; H10060, Beijing HUAFUKANG Bioscience Co.,
Ltd) for 24 weeks to establish a fatty liver model, HFHC (42% fat, 44%
carbohydrate, 14% protein, and 0.2% cholesterol; TP26304; Trophic
Diets, Nantong, China) diet for 16 weeks, MCD (TP3005G; Trophic
Diets, Nantong, China) diet for 4weeks to establish the NASHmodel or
NCD (protein, 18%; fat, 4%; carbohydrates, 78%; 1010001, Jiangsux-
ietong, China), and MCS (TP3005GS; Trophic Diets, Nantong, China).
The cervical dislocationwas used formice euthanasia. All animals were
fed and bred at the Division of Laboratory Animal Resources of Tongji
Medical College.

Human liver samples
The human sample collection and application were carried out under
the supervision of the ethics committee of Renmin Hospital of Wuhan
University with the ethics numberWDRY2018-K001 and compliedwith
the principles of the Declaration of Helsinki. All individuals have
signed an informed consent for the use of clinical specimens in the
present study.

We obtained human steatotic liver samples from patients with
simple steatosis or NASH who had undergone liver biopsy or liver
transplantation. The non-steatotic liver samples were obtained from
the healthy regions of the livers of donors who had undergone liver
resection because of hepatic cysts or liver hemangioma. Individuals
enrolled in this study were excluded from hepatitis virus infection,
drug abuse, or excessive alcohol consumption (>140 g for men or
>70 g for women, per week). The liver samples from patients are
obtained from the non-NASH group of 16 people, and the NASH group

of 20 people. For the non-NASH group, there are 9 female patients and
7 male patients with age ranges from 27 to 67 years old. For the NASH
group, there are 13 female patients and 7 male patients with ages
ranging from 19 to 40 years old.

Generation of genetically modified mice
Construction of liver-specific Laptm5 gene knockout mice. Laptm5-
flox mice were generated using the CRISPR/Cas9 system in C57BL/6
background. Two single guide RNAs (sgRNAs) (listed in Table S1) tar-
geting Laptm5 introns 1 and 2 were designed using an online CRISPR
design tool (http://chopchop.cbu.uib.no/). sgRNA expression vectors
were constructed using a pUC57-sgRNA backbone (Addgene, 51132).
We also designed a donor vector that included two homologous arms,
a middle coding region (CDS), and two loxP sequences in the same
direction for homologous recombination repair. Next, the sgRNA and
Cas9 expression vectors (Addgene, 44758) were transcribed in vitro,
and themixture of mRNAs obtained in vitro with the donor vector was
injected into the zygotes ofmiceusing amicroinjection apparatus. The
injected zygotes were then transplanted into the uterus of recipient
mice, and Laptm5-flox mice were obtained by genotyping. Subse-
quently, founder mice were mated with C57BL/6 mice until Laptm5-
flox/flox mice were obtained and mated with liver-specific Alb-Cre
transgenicmice (JAX, 003574).Laptm5-flox/flox/AlbCremice (Laptm5-
HepKO), were screened. The identification primers used are listed in
Tables P1–P5.

Construction of liver-specific Laptm5 transgenic mice. The CDS
region of Laptm5was amplified frommouse cDNAobtained by reverse
transcription to construct the pALB overexpression vector. Correctly
sequenced plasmids were linearized by PvuI restriction endonuclease;
the recovered fragments were purified and used for microinjection,
subsequently, F0 generation mice were obtained and identified. The
first positivemicewerematedwith thewild type, and the F1 generation
positive mice were selected for mating to obtain a stable genetic liver-
specific Laptm5 transgenicmouse strain. The primers used are listed in
Table S3.

Isolation and culture of primary hepatocytes. Primary hepatocytes
were isolated from 6 to 8-week-old male C57BL/6 mice. Briefly, the
mice were anesthetized and then the abdominal cavity was opened.
The inferior hepatic vena cava was perfused with lavage solution until
the liver turned yellow. Finally, the lavage solution containing 0.05% IV
collagenase was used to digest the liver. Then the liver was removed,
and the liver capsule was opened with microforceps. Next, the tissues
were filtered through a 100μm cell strainer to obtain primary hepa-
tocytes, which were then centrifuged at 50×g for 3min and purified in
a 50% Percoll solution. The purified primary hepatocytes were
cultured in DMEM containing 10% fetal bovine serum and 1%
penicillin–streptomycin in a 5% carbon dioxide/water-saturated incu-
bator at 37 °C.

Cell lines. Human hepatocyte L02, human embryonic kidney 293, and
293T cell lines were purchased from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). All the cell lines were

Fig. 3 | Laptm5-KO exacerbates lipid accumulation and inflammation in hepa-
tocytes. a LAPTM5 protein levels in hepatocytes isolated from Laptm5 knockout
(KO) mice or WTmice (n = 3 mice/group). b and c Nile Red staining (b) and TG, TC
contents (c) in primary hepatocytes after indicated stimulations. Scale bar, 25μm,
(n = 3 independent experiments).d and eRelativemRNA (n = 4mice/group) (d) and
protein (n = 3 mice/group) (e) levels of markers related to fatty acid metabolism in
the indicated groups. f and g Relative mRNA (n = 4 mice/group) (f) and protein
(n = 3 mice/group) (g) levels of markers related to inflammation in the indicated
groups. Protein expression was normalized to β-ACTIN. h Hierarchical clustering

analysis of the RNA-seq data from the PAOA-stimulated primary hepatocytes iso-
lated from WT and Laptm5-KO mice. (i-k) GSEA pathway enrichment analysis and
Heatmaps show the activation of pathways and gene expression of lipid metabo-
lism and inflammatory. PAOA, 0.5mM/1.0mM; PA, 0.5mM, OA, 1.0mM. For all
statistical analyses, the results are represented as mean± SD. One-way ANOVA of
Bonferroni post-hoc test (c, d—Scd1, d—Srebf1, and f—Tnf) and Tamhane T2 post-
hoc test (b, d—Fasn, b—Pparg, f—Ccl2, and f—Cxcl10) was used to evaluate differ-
ences. The two-tailed Student’s t-testwasused to evaluate differences in (g). Source
data are provided as a Source data file.
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examined for mycoplasma contamination, and the results were nega-
tive. The cells were cultured in DMEM containing 10% fetal bovine
serum and 1% penicillin–streptomycin in a 5% carbon dioxide/water-
saturated incubator at 37 °C. Before the experiments, all cell lines were
verified through short tandem repeat DNA profiling. All the cell lines in
our laboratorywere passaged nomore than 30 times after resuscitation
and routinely tested for mycoplasma contamination by PCR. To estab-
lish a hepatic steatosis model in vitro, mouse primary hepatocytes and

L02 cellswere stimulatedwithpalmitic acid (PA; 0.5mM; P0500; Sigma-
Aldrich; St. Louis, MO, USA) and oleic acid (OA; 1.0mM; O-1008; Sigma-
Aldrich; St. Louis,MO,USA) (dissolved in0.5% fatty acid-freeBSA) at the
stated concentrations for 12–24h. For the control group, cells were
stimulated with fatty acid-free BSA (0.5%; BAH66-0100; Equitech Bio,
Kerrville, TX, USA). To determine whether LAPTM5 facilitates the pro-
teasomal degradation of CDC42, the cells were treated with 50μmol/L
of Chlq (S6999; Selleck Chemicals) for 12 h.

Fig. 4 | Laptm5-HKO exacerbates HFD-induced hepatic steatosis. a LAPTM5
protein levels in the liver tissues of Laptm5-HKO and Laptm5-Flox mice (n = 3mice/
group). b Body weight of Laptm5-HKO and Laptm5-Flox mice after NC or HFD
consumption for 24 weeks. c–e Fasting blood glucose (c), liver weight (d), and
ratios of liver weight to body weight (LW/BW) (e) of Laptm5-HKO and Laptm5-Flox
mice after NC or HFD consumption for 24 weeks. f–h Hepatic TG (f), TC (g), and
serum TC (h) content of mice in the indicated groups. i Macroscopic and histolo-
gical images of liver (left, Scale bar, 1 cm),H&E (middle), andOil RedO (right) (Scale
bar, 100μm) staining of the liver sections of mice in the indicated groups (n = 6
mice/group). j NAS score analysis (left) and the statistical analysis of Oil red O
staining (right),(n = 6 mice/group). k and l Relative mRNA (n = 4 mice/group) (k)

and protein (n = 3 mice/group) (l) levels of relevant markers in the livers of indi-
cated groups. m Immunohistochemical staining of PPARγ in liver sections of mice
in the indicated groups (n = 6 mice/group). Scale bar, 50μm. n and o Serum ALT
and AST concentrations in mice in the indicated groups. For b–h and n, o, n = 10
mice per NC group, n = 11 Laptm5-Flox mice and n = 10 Laptm5-HKO mice for the
HFD group. Data are represented as mean ± SD, n.s., not significant. By one-way
ANOVA with Tamhane T2 post-hoc test for (b–d, f–h, k-Scd1, k-Pparg, and k-Srebf1,
and n and o) and Bonferroni’s post hoc analysis for (e, k-Cd36 and k-Fasn).The
Mann–Whitney U nonparametric statistical test in (j—left) and two-tailed Student’s
t-test in (j—right). Source data are provided as a Source data file.
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Mouse metabolic and liver function assays. The fasting blood glu-
cose levels and body weight levels of the mice were assessed every
4 weeks, and the fasting blood glucose levels were measured using a
glucometer (Life Scan, Milpitas, CA, USA). Serum TC, ALT, and AST
concentrations were measured using an ADVIA 2400 Chemistry

System Analyzer (Siemens, Tarrytown, NY, USA) according to the
manufacturer’s instructions.

Lipid analysis. The TG and TC contents (290-63701 for TG, 294-65801
for TC; Wako; Tokyo, Japan) of primary hepatocytes, L02 cells, and
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liver tissues were measured using commercial kits according to the
manufacturer’s instructions.

Histopathological analysis. The liver tissues of mice were fixed with
10% formaldehyde for 48 h, and the tissue block was subsequently
trimmed and embedded through tissue dehydration. The OCT-
embedded liver sections were stained with Oil Red O (O0625; Sigma-
Aldrich; St. Louis, MO, USA), and paraffin-embedded liver sections
were stained with H&E (Hematoxylin, G1004, Servicebio, Wuhan,
China; Eosin, BA-4024, Baso, Zhuhai, China) and picrosirius red (PSR;
26357-02; Hede biotechnology; Beijing, China), which were used for
liver fibrosis testing. All the histological images were acquired through
a light microscope (ECLIPSE 80i; Nikon, Tokyo, Japan).

Immunohistochemistry. Immunohistochemistry for analyzing PPARγ,
and CD11b expression was performed on paraffin-embedded liver sec-
tions (5μm) using PPARγ (1:400 dilution, 2435T, Cell Signaling Tech-
nology), CD11b (1:4000 dilution, BM3925, Boster; Wuhan, China) and
LAPTM5 (1:200 dilution, sc134676, Santa Cruz) antibodies. For antigen
retrieval, samples were heated in a pressure cooker for 5min in pH_6.0
citrate tissue antigen retrieval solution. After cooling, the samples were
placed in 3% H2O2 for 20min to quench endogenous peroxide activity.
The slides were then blocked with 10% BSA for 30min after washing
with PBS. Subsequently, sections were incubated with primary anti-
bodies overnight at 4 °C, after washing with PBS thrice (5min/wash),
incubating sectionswithRabbit Two-stepDetectionKit (PV-9001, ZSGB-
BIO; Beijing, China) according to the manufacturer’s protocol. Immu-
nohistochemical staining was visualized using a 3,3′-diaminobenzidine
(DAB) substrate kit (ZLI-9018; ZSGB-BIO, Beijing, China) and hematox-
ylin counterstaining. Images were captured using a light microscope
(ECLIPSE 80i; Nikon, Tokyo, Japan).

Immunofluorescence staining. To perform CD11b immuno-
fluorescence staining, after antigen retrieval, paraffin sections of liver
tissues were first labeled with an anti-CD11b (1:800 dilution, BM3925,
Boster; Wuhan, China) primary antibody at 4 °C overnight and then
incubated with a fluorophore-conjugated secondary antibody [Alexa
Fluor 568goat anti-rabbit IgG (H + L); A11036; Invitrogen; Carlsbad, CA,
USA] at 37 °C for 1 h. The immunofluorescence images were acquired
through the fluorescence microscope (BX51; Olympus, Tokyo, Japan).

Nile Red staining. L02 cells and mouse primary hepatocytes were
treated with PAOA for 0, 12, or 24 h. The cells were subsequently fixed
with 4% paraformaldehyde for 15min and stained with Nile Red (1mM
in PBS; 22190; Fanbo Biochemicals; Beijing, China). Lipid accumulation
was visualized and quantified using laser scanning confocal micro-
scopy (TCS SP8; Leica, Wetzlar, Germany) or a High-content Analysis
System (Operetta CLS, Waltham, MA, USA).

Confocal microscopy. For coverslip staining, the L02 hepatocytes
transfected with related plasmids were incubated with mouse anti-
LAMP1 and rabbit anti-CDC42 antibodies at 37 °C for 2 h and

subsequently labeled with fluorophore-conjugated secondary anti-
bodies. Nuclei in all images were stained with DAPI (S36939; Invitro-
gen; Carlsbad, CA, USA), and the images were acquired with a confocal
laser scanningmicroscope (TCS SP8; Leica; Wetzler, Germany). Before
dye loading, cells were treated with PA (0.5mM) in the presence of
Chlq (50μM) for 12 h.

Plasmid construction and viral infection. The PCR products of lyso-
somal transmembrane proteins were obtained from cDNA libraries
and cloned into corresponding vectors to obtain overexpressed plas-
mids. Full-length sequences of the human LAPTM5, NEDD4, WWP2,
ITCH and CDC42 coding regions were subcloned into pcDNA5-HA,
pcDNA5-Flag, pcDNA5-Myc and pcDNA5-GST-HA vectors to generate
Flag-LAPTM5, HA-NEDD4, HA-WWP2, HA-ITCH, Myc-CDC42, GST-HA-
LAPTM5 and GST-HA-CDC42 recombinant plasmids respectively.
Similarly, the full-length sequences of human NEDD4L were inserted
into the pcDNA3.1-HA vector to generate HA-NEDD4L, and then HA-
NEDD4L(C943S) was amplified. The lentivirus package system com-
prised two packaging plasmids, pMD2.G and psPAX2, and a target
phage-Flag-LAPTM5 plasmid. They were mixed and assembled to
infect HEK 293 T cells. After 48 h of infection, the supernatant of HEK
293T cells was collected to infect L02 cells with polybrene (8μM;
H9268; Sigma, St. Louis, MO, USA) to assist transfection. Puromycin
(A1113803; Gibco, Grand Island, NY, USA) was used to generate
LAPTM5-overexpression stable cell lines, and lentiviral green fluor-
escent protein (lenti-GFP) was used as a control.

The shuttle plasmid pENTR-U6-CMV-flag-T2A-EGFP and the Vira-
Power Adenoviral Expression System (V493-20; Invitrogen; Carlsbad,
CA, USA) were used to generate mouse LAPTM5-overexpressing ade-
noviral vectors. After linearization with Pacl (R0547L; NEB, MA, USA),
the adenoviral vectors were transfected into 293 cells using poly-
ethyleneimine (24765-1; Polysciences, Warrington, UK) transfection
reagent. Cells were harvested after 6–7 days to obtain the initial ade-
novirus. After three generations of amplification, the LAPTM5 adeno-
virus was purified by cesium chloride density gradient centrifugation,
and the titer wasmeasured using the 50% tissue culture infective dose
(TCID50) method. Mouse primary hepatocytes were infected with
adenovirus at amultiplicity of infection (MOI) of 50. For in vivo assays,
adenovirus expressing mouse LAPTM5 protein or GFP (purchased
fromHANBIO; Shanghai, China) was injected intraperitoneally 8 weeks
after HFHC consumption.

Western blot analysis. Total protein was isolated and lysed from
animal tissues or cells by RIPA lysis buffer, and proteins were quanti-
fied using the Pierce BCA Protein Assay Kit (23225, Thermo Fisher
Scientific, Waltham, MA, USA). Equal quantities of the indicated pro-
teins were loaded onto a 10% SDS–PAGE gel and transferred to PVDF
membranes. The PVDF membranes were subsequently blocked with
5% skim milk dissolved in TBST and incubated with corresponding
primary antibodies overnight at 4 °C, followed by HRP-conjugated
secondary antibodies for 1 h. Proteins were then detected using an ECL
kit and visualized using the ChemiDoc XRS+ imaging system.

Fig. 5 | Laptm5-HKO exacerbates HFHC-induced NASH. a Fasting blood glucose
of Laptm5-HKO and Laptm5-Floxmice for NC or HFHC consumptions (n = 10mice/
group). b and c Liver weight and LW/BW (b), and hepatic TG, TC contents (c) of
Laptm5-HKO and Laptm5-Flox mice after NC or HFHC feeding for 8 or 16 weeks
(n = 10 mice/group). d H&E (upper) and Oil Red O (lower) staining in the liver
sections of mice in the indicated groups (n = 6 mice/group). Scale bar, 100 μm.
e and f NAS score analysis (e) and the statistical analysis of Oil red O staining (f) of
Laptm5-HKO and Laptm5-Flox mice after NC or HFHC feeding for 8 or 16 weeks
(n = 6mice/group). g Immunofluorescence staining (g) and statistical analysis (h, i)
of CD11b (red) in the liver sections of mice in the indicated groups. (Nuclei, blue)
(n = 4 mice/group). Scale bar, 50μm. PSR staining of mice liver sections in the

indicated groups. (8weeks, n = 6mice/group, 16weeks, n = 7 Laptm5-Floxmice and
n = 5 Laptm5-HKO mice). Scale bars, 100μm. j Serum ALT and AST concentrations
of mice in the indicated groups (n = 10 mice/group). k Hierarchical clustering
analysis of the RNA-seq data from the mice fed the HFHC diet. l and m GSEA
pathway enrichment analysis of pathways related to lipid metabolism, inflamma-
tion, apoptosis, and fibrosis. n Heatmaps of the genes related to lipid metabolism,
inflammatory responses, and fibrosis (red, upregulated; blue, downregulated) in
the indicated groups. Data are represented as mean ± SD. The Mann–Whitney U
nonparametric statistical test was used for statistical analysis in (c—8w, e—16w, and
i—16w) and two-tailed Student’s t-test in other panels. Source data are provided as a
Source data file.
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Quantitative PCR (qPCR) analysis. Total mRNA was extracted from
animal tissues and cultured cells using TRIzol, and cDNAwas prepared
using the reverse transcription reagents of Vazyme. qPCR was per-
formed using SYBR Green according to the manufacturer’s instruc-
tions. The mRNA expression levels of the related genes were
normalized to that of the housekeeping gene β-actin.

Immunoprecipitation assays. Immunoprecipitation (IP) was per-
formed to detect the interactions between proteins. Briefly, HEK293T
or L02 cells were cotransfected with the indicated plasmids. After
transfection for approximately 16–24 h, cells were lysed using ice-cold
150mM IP lysis buffer (20mM Tris–HCl, pH 7.4; 150mM NaCl; 1mM
EDTA; and 1% NP-40) containing a protease inhibitor cocktail
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(04693132001; Roche; Basel, BS, Switzerland). After centrifugation
(12,000× g for 10min), the supernatant was collected in a fresh EP
tube. Each sample was subsequently incubated with protein A/G
agarose beads (AA104307; Bestchrom; Shanghai, China) for 1 h and
then with the indicated antibodies at 4 °C overnight. After cen-
trifugation (3500×g for 5min), the beads were washed thrice with
300mM IP lysis buffer and twice with 150mM IP lysis buffer. Finally,
the beads were heated at 95 °C in SDS loading buffer for 15min, and
separated by SDS–PAGE for western blotting.

Ubiquitination assays. L02 cells cotransfected with indicated plas-
mids were lysed in 80μL 150mM IP lysis buffer and 10μL 10% SDS lysis
buffer and then denatured by heating at 95 °C for 15min. After heating,

900μL 150mM IP lysis buffer containing protease inhibitor cocktail
was added to the lysates. After sonication and centrifugation
(12,000× g for 15min), the supernatant was collected and incubated
with indicated antibodies andproteinA/Gagarosebeads for 3 h at 4 °C.
The beads were removed after centrifugation (3500×g for 5min) and
washed with 500mM IP lysis buffer (20mMTris–HCl, pH 7.4; 500mM
NaCl; 1mMEDTA; and 1%NP-40) thrice. The beadswere then heated at
95 °C with SDS loading buffer for 15min, and separated by SDS–PAGE
for western blotting as previously described.

RNA-seq and data processing. For differential gene expression ana-
lysis among the different groups, total mRNA was extracted and cDNA
libraries were constructed by reverse transcription. Single-end

Fig. 6 | LAPTM5 suppressed activation of MAPK signaling pathway by pro-
moting the lysosomal degradation of CDC42. a Combined KEGG analysis results
showing the most enriched MAPK pathway. b and c Western blot images (b) and
quantitative results (c) of phosphorylated and total protein levels of p38, JNK1/2,
and ERK1/2 in mice livers of indicated groups (n = 3 mice/group). Data represent
mean ± SD, two-tailed Student’s t-test was used to evaluate differences. d and
e Western blot images showing phosphorylated and total protein levels of p38,
JNK1/2, and ERK1/2 in thecells from the indicatedgroup. f Schemeof identifying the
protein interactingwith LAPTM5by analyzing IP-MS.g andhCo-IP (g) andGSTpull-
down (h) shows the interaction between LAPTM5 and CDC42. i Co-IP assays for
examining thedifference in binding strength between LAPTM5andCDC42 after the
stimulation of PA. j and kWestern blot results of exogenous (j) and endogenous (k)
CDC42 expression after overexpression of different concentrations of LAPTM5.

(l) Western blot images (up) andQuantitative analysis (down) of CDC42 expression
in hepatocytes of LAPTM5-KO mice after PA stimulated (n = 3mice/group). Data
representmean ± SD, andone-wayANOVAof the Bonferroni post-hoc testwas used
to evaluate differences.mWestern blot images of LAPTM5 and CDC42 expression
in the group of NASH or non-NASH (n = 5 people/group). n Western blot result of
exogenous CDC42 expression after LAPTM5 overexpression under Chlq or MG132
treatment. o Western blot images of exogenous CDC42 expression trend with
LAPTM5 overexpression in a gradient under the treatment of Chlq. p Confocal
microscopy images of the co-localization of LAMP1 (green) and CDC42 (red) in L02
cells in the indicated groups (Nuclei, blue). Scale bar, 8μm (n = 3 independent
experiments). PAOA, 0.5mM/1.0mM; PA, 0.5mM, OA, 1.0mM. Chlq, 50μM;
MG132, 50μM. Immunoblots are representative of three independent experiments.
Source data are provided as a Source data file.

Fig. 7 | CDC42 mediated the effect of LAPTM5 on lipid deposition and inflam-
mation in hepatocytes. aWestern blot analysis of total and phosphorylation JNK1/
2, and p38 after ovexpressing indicated plasmids in L02 cells. b–dNile Red staining
(b) and TG contents (d) of L02 cells after treatment of PAOA in the indicated
groups. Scale bar, 25μm (n = 3 independent experiments). eWestern blot analysis
of Laptm5 knockout primary hepatocytes infected with CDC42 knockdown ade-
novirus in the indicated groups. f–h Nile Red staining (f) and TG contents (h) of

primary hepatocytes after treatment of PAOA in the indicated groups (n = 3 inde-
pendent experiments). PAOA, 0.5mM/1.0mM; PA, o.5mM, OA, 1.0mM. Chlq,
50μM; MG132, 50μM. Data represent mean± SD, one-way ANOVA of the Bonfer-
roni post-hoc test was used to evaluate differences in (c,d) and (g,h). Immunoblots
are representative of three independent experiments. Sourcedata are provided as a
Source data file.
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libraries were sequenced using a BGISEQ 500 (MGI Tech; Shenzhen,
China). The reads weremapped to Ensembl mouse (mm10/GRCm38)/-
human (hg38/GRCh38) reference genomes using HISAT2 software
(version 2.1.0). Binary Alignment Map (BAM) files were generated
through SAMtools (version 1.4), and fragments per kilobase of exon
model per million mapped fragments (FPKM) values of genes were
calculated using StringTie (version 1.3.3b); DESeq2 (version 1.2.10) was
used for differential gene expression analysis. Genes with a fold
change > 1.5 and corresponding adjusted P values <0.05 were identi-
fied as DEGs.

Clustering analysis. We used the unweighted average distance algo-
rithm to generate a clustering tree for the hierarchical clustering
analysis. The gene expression levels of each biological replicate were
normalized using the z-score method.

Gene set enrichment analysis (GSEA). Every KEGG pathway or GO
biological process term and the involved genes were defined as a gene
set, and a ranked list and a “‘gene set’” permutation type were gener-
ated using “‘Signal2Noise’” metric to implement GSEA using the Java
GSEA (version 3.0) platform.

Fig. 8 | Adenovirus-mediated hepatic Laptm5 over-expression alleviated non-
alcoholic steatohepatitis. a Scheme of constructing AdLAPTM5-mediated ther-
apeutic NASH models in HFHCmice. b Represents the WB detection results of the
proteins indicated in the groups (n = 3 mice/group). c and d Fasting blood glucose
(c), liver weight, and LW/BW (d) of mice in the indicated groups (n = 10 mice/
group). e Hepatic TG and TC contents of mice in the indicated group (n = 10 mice/
group). f H&E (upper) (n = 6 mice/group) and Oil Red O (lower) (n = 5 mice/group)
staining in the liver sections. Scale bar, 100μm.gNAS score analysis of the group in
panel (f) (n = 6 mice/group). h Statistical analysis of Oil red O in the group of the

panel (f) (n = 5mice/group). iRelativemRNA levels of genes related to the fatty acid
metabolism in the livers of mice in the indicated groups (n = 6 mice/group). j and
k Immunofluorescence staining (j) and Statistical analysis (k) of CD11b (red) in the
liver sections of HFHC-fed mice in the indicated groups (n = 5 mice/group). Scale
bar, 50μm. lRelativemRNA levelsofpro-inflammatorygenes in the livers ofmice in
the indicated groups (n = 6 mice/group).m Serum ALT and AST concentrations of
mice in the indicated groups (n = 10 mice/group). Data are represented as mean±
SD, two-tailed Student’s t-test was used to evaluate differences in all panels. Source
data are provided as a Source data file.
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KEGG pathway enrichment analysis. We performed KEGG pathway
enrichment analysis using Fisher’s exact test with our in-house R script
and downloaded KEGGpathway annotations from the KEGG database.
At the same time pathways with a P value <0.05 were defined as sig-
nificantly enriched pathways.

Mass spectrometry analysis. We described LAPTM5 and its interact-
ing proteins that were immunoprecipitated in the IP assay. Proteins
were subjected to liquid chromatography–tandemmass spectrometry
(LC–MS/MS) analysis. The standards for selecting the candidate
molecules were as follows: (1) the candidates must be present in the
PAOA-treated group but diminished in the BSA-treated group: (2) the
number of unique peptides must be >2.

Statistical analysis. All data were analyzed through corresponding
statistical methods using the SPSS 21.0 software. Differences between
two groups with normal distribution were determined using the Stu-
dent’s t-test. For comparisons among three or more groups with nor-
mal distribution, one-way ANOVA followed by the Bonferroni post hoc
test (for data showing homogeneity of variance) or Tamhane T2 post
hoc test (for heteroscedastic data) was applied. When the data met a
non-normal distribution, a Kruskal–Wallis nonparametric statistical
test was used. Statistical significance was set at P <0.05. All data are
presented as mean ± SD values, and the statistical methods used with
the corresponding P values for the data are mentioned in each figure
legend.We collecteddata from the animal studies in a blindedmanner,
and no data were excluded from the final statistical analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated in this study have been deposited in the
National Center for Biotechnology Information Sequence Read
Archive (SRA) database under accession code PRJNA918313 (ID 918313
- BioProject - NCBI (nih.gov)) and PRJNA918311 (ID 918311 - BioProject -
NCBI (nih.gov)). Processed data of RNA-seq of human livers of clinical
NASH patients and the health or healthy obesity patients (accession
numbers: GSE66676, GSE63067, GSE61260, GSE48452, GSE162694_F4,
GSE162694_F3, GSE162694_F2, GSE162694_F1, GSE162694_F0,
GSE130970), RNA-seq of liver samples from mouse NASH (accession
numbers: GSE93819, GSE57290_68W, GSE57290_38W, GSE53381,
GSE51432) were collected from Gene Expression Omnibus (GEO)
database. All the other data supporting the findings of this study are
available within the article and its Supplementary Information files and
Supplementary tables. A reporting summary for this article is available
as a Supplementary Information file. Source data are provided with
this paper.
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