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ZFYVE28 mediates insulin resistance by
promoting phosphorylated insulin receptor
degradation via increasing late endosomes
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Insulin resistance is associated with many pathological conditions, and an in-

depth understanding of the mechanisms involved is necessary to improve
insulin sensitivity. Here, we show that ZFYVE28 expression is decreased in
insulin-sensitive obese individuals but increased in insulin-resistant indivi-

duals. Insulin signaling inhibits ZFYVE28 expression by inhibiting NOTCHI via
the RAS/ERK pathway, whereas ZFYVE28 expression is elevated due to
impaired insulin signaling in insulin resistance. While Zfyve28 overexpression
impairs insulin sensitivity and causes lipid accumulation, Zfyve28 knockout in
mice can significantly improve insulin sensitivity and other indicators asso-
ciated with insulin resistance. Mechanistically, ZFYVE28 colocalizes with early
endosomes via the FYVE domain, which inhibits the generation of recycling
endosomes but promotes the conversion of early to late endosomes, ulti-
mately promoting phosphorylated insulin receptor degradation. This effect
disappears with deletion of the FYVE domain. Overall, in this study, we reveal
that ZFYVE2S8 is involved in insulin resistance by promoting phosphorylated
insulin receptor degradation, and ZFYVE28 may be a potential therapeutic
target to improve insulin sensitivity.

Obesity is one of the major public health problems globally with the
prevalence of obesity tripling since the mid-1970s; 650 million adults
and 124 million children and adolescents are obese, which is respon-
sible for some cancers, most type 2 diabetes and almost 40% of car-
diovascular diseases”. Insulin resistance is one of the common
complications in obese people and is closely related to the develop-
ment of a variety of diseases, including metabolic syndrome (MetS),
dyslipidemia and hypertension’. However, although most obese
patients show impaired insulin sensitivity, approximately 30% of obese
patients are known as metabolically healthy obesity in clinical

observations®. They still maintain a normal metabolic index with
insulin sensitivity similar to healthy individuals, while the insulin levels
are compensatorily increased®”’. The differences in biochemical and
molecular regulatory mechanisms between this population and
insulin-resistant obese patients are not well understood. An in-depth
understanding of the mechanisms of insulin resistance is necessary
and important to improve insulin sensitivity and prevent associated
metabolic and cardiovascular diseases.

FYVE domain is a double zinc finger-like domain that pre-
dominantly binds phosphatidylinositol 3-phosphate (PI3P) and
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mediates endosomal transport®'°. The FYVE domain contains a PI3P-
binding pocket and localizes and activates the binding pocket through
nonspecific insertion of a hydrophobic loop into the lipid bilayer".
FYVE domain-containing proteins are also involved in intracellular
trafficking and signal transduction'. ZFYVE2S, zinc finger FYVE-type
containing 28, is a major member of the FYVE domain-containing
proteins. It has been shown that ZFYVE28 is able to regulate the
endosomal localization of epidermal growth factor receptor (EGFR), a
receptor tyrosine kinase, and transfer it to lysosomes for
degradation®. Insulin receptor (INSR) is also a receptor tyrosine kinase
like EGFR. However, how ZFYVE28 regulates the INSR and how it is
involved in insulin signaling remains unclear.

In this study, we show that ZFYVE28 is involved in insulin signaling
regulation and insulin signaling inhibits ZFYVE28 expression by inhi-
biting NOTCH1. We also investigate the effect of Zfyve28 on insulin
sensitivity in mice, showing that Zfyve28 knockout in mice can sig-
nificantly improve insulin sensitivity and other indicators associated
with insulin resistance. We further confirm that ZFYVE28 colocalizes
with early endosomes via the FYVE domain, which promotes the con-
version of early to late endosomes and promotes the degradation of
phosphorylated insulin receptor. Our study reveals a detailed
mechanism by which ZFYVE28 regulates insulin signaling, and
ZFYVE28 may be a potential therapeutic target to improve insulin
sensitivity.

Results

ZFYVE2S8 expression was lower in obese-IS subjects but higher in
insulin-resistant subjects

We first recruited an obese cohort with normal insulin sensitivity
(insulin-sensitive obese subjects, hereafter referred to as obese-IS), a
MetS cohort with insulin resistance and another 100 matched normal
controls with strict criteria. The age ranged from 50-77, and the con-
trols had normal BMI (18.5-23.9). The patients with obesity had
BMI>28.0 or BMI>27.0 and waist circumference >101cm. All obese
patients were nondiabetic and had normal insulin sensitivity. The
diagnostic criteria for MetS referred to the American Heart Association
definition of MetS". Specifically, the MetS cohort met the criteria for
the obese population described above plus >3 of the following: (1)
elevated triglycerides (drug treatment for elevated triglycerides was an
alternate indicator) >1.7 mmol/L; (2) reduced HDL-C (drug treatment
for reduced HDL-C was an alternate indicator) <1.0 mmol/L; (3) ele-
vated blood pressure (antihypertensive drug treatment in a patient
with a history of hypertension was an alternate indicator) with current
or previous systolic blood pressure (SBP) >160 mmHg and diastolic
blood pressure (DBP) =100 mmHg; and (4) elevated fasting glucose
(drug treatment of elevated glucose was an alternate indicator) > 6.1
mmol/L. All MetS patients showed insulin resistance. The basic char-
acteristics are shown in Supplementary Table 1. Second, 13 control
males, 13 obese-IS patients and 13 insulin-resistant MetS patients were
randomly selected for gene expression profiling analysis by using
Affymetrix Human Gene 2.0ST Array (Fig. 1a); the basic characteristics
are shown in Supplementary Table 2. Both obese-IS and MetS patients
had elevated insulin levels, which were higher in MetS patients (Sup-
plementary Table 2). The volcano plots illustrated the differentially
expressed genes, and the results showed that ZFYVE28 expression was
lower in the peripheral blood of the obese-IS patients but higher in
MetS patients with insulin resistance (Fig. 1b, d), which was further
verified in the remaining samples (87 controls vs. 87 obese-IS patients,
87 controls vs. 87 MetS patients) by RT-qPCR (Fig. 1c, e). In addition, we
obtained 10 human fat samples (3 nonobese noninsulin-resistant
samples, 4 insulin-sensitive obese samples, and 3 insulin-resistant
samples) from patients who underwent liposuction surgery in Plastic
Surgery Hospital, Chinese Academy of Medical Sciences, and all
patients provided informed consent. We examined the expression of
ZFYVE28 RNA and protein levels in these fat samples and the results

showed that ZFYVE28 expression levels were significantly increased in
fat samples from insulin-resistant patients (Supplementary Fig. 1a-c),
which was consistent with the analysis results of blood samples from
insulin-resistant MetS patients described above.

The above findings were intriguing, and to further investigate the
role of ZFYVE28 in obesity and insulin resistance, we first analyzed the
expression levels of Zfyve28 in different tissues of wild-type (WT) mice.
The analysis results of mRNA and protein levels indicated that Zfyve28
was highly enriched in brain tissue from mice, while it was expressed to
varying degrees in other tissues (Supplementary Fig. 1d-f). We then
focused on insulin-dependent tissues such as fat, liver, and skeletal
muscle, in which Zfyve28 expression levels were slightly higher in fat
and liver than in skeletal muscle (Supplementary Fig. 1d-f). Next, we
induced obesity and insulin resistance in mice by feeding a high-fat
diet (HFD) for 4 and 12 weeks (hereafter referred to as the HFD-4w
group and HFD-12w group, respectively). Compared with mice fed a
normal diet (ND), obese mice in the HFD-4w group had an increase in
body weight, which reached statistical significance (Fig. 1f-g). How-
ever, the obese mice did not develop significant steatosis in the liver
(Fig. 1i, j). As expected, serum insulin levels were increased in the HFD-
4w group, and the glucose tolerance test (GTT) and insulin tolerance
test (ITT) showed normal glucose tolerance and insulin sensitivity
(Fig. 1k-m). We then examined the expression of Zfyve28 in different
tissues including heart, lung, brain, kidney, spleen, fat, liver, skeletal
muscle and blood samples. The results indicated that Zfyve28 mRNA
expression was significantly decreased in the livers of obese-IS mice
(Fig. In and Supplementary Fig. 1g). In contrast, the mice in the HFD-
12w group had increased body weight, and the livers exhibited mac-
roscopic steatosis (Fig. 1h, i). HE staining of liver tissues also showed
large and dense fat vacuoles (Fig. 1j). Mice in the HFD-12w group had
substantially elevated serum insulin levels (Fig. 10). GTT and ITT
showed impaired glucose tolerance and impaired insulin sensitivity
(Fig. 1p, q). These results indicated that mice in the HFD-12w group
developed insulin resistance. We subsequently examined the expres-
sion levels of Zfyve28 in different tissues, and surprisingly, Zfyve28
mRNA expression was significantly increased in the livers of insulin-
resistant mice (Fig. 1Ir and Supplementary Fig. 1h). We then extracted
liver proteins from obese-IS and insulin-resistant mice for western
blotting, further confirming that Zfyve28 was downregulated in the
liver of obese-IS mice but upregulated in the liver of insulin-resistant
mice (Fig. 1s-v and Supplementary Fig. 1i-j).

Taken together, these findings suggested that ZFYVE28 expres-
sion was lower in obese subjects with normal insulin sensitivity, while it
was elevated in subjects with insulin resistance.

ZFYVE28 expression was inhibited by insulin via the RAS/ERK
pathway in HepG2 cells and primary hepatocytes

This finding of differential expression of ZFYVE28 in the two condi-
tions of obesity and insulin resistance was attractive. Taking into
account differences in insulin signaling, we sought to clarify the
underlying mechanism by which ZFYVE2S8 is regulated by insulin.
Surprisingly, ZFYVE28 expression showed a dose-dependent decrease
in HepG2 cells upon the treatment with insulin, which was also vali-
dated in HEK293 cells and HelLa cells (Supplementary Fig. 2a-d). This
was further confirmed in mice. We analyzed liver tissues from WT mice
treated with insulin (0.5 U each time) or saline for 7 consecutive days,
and the results showed that Zfyve28 was inhibited under treatment
with continuous high concentrations of insulin (Fig. 2a-c).

Insulin signaling includes two main pathways, the PI3K/AKT
pathway and the RAS/ERK pathway, and different messenger mole-
cules such as AKT and RAS can produce different downstream
effects™ . To investigate whether the inhibitory effect of insulin on
ZFYVE28 occurs via the AKT pathway or RAS pathway, we treated
HepG2 cells with the AKT inhibitor GSK690693 and the RAS inhibitor
Pan-RAS-IN-1. ZFYVE28 expression showed no change when the AKT
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pathway was blocked, while it was significantly increased when the RAS
pathway was blocked (Supplementary Fig. 2e, f). To further investigate
the effect of activation and inhibition of the RAS pathway on ZFYVE28
expression, we treated HepG2 cells with the RAS inhibitor Pan-RAS-IN-1
and the RAS agonist KRA-533. We tested the active RAS level (RAS-GTP)
using the GST-Rafl-RBD fusion protein. Pan-RAS-IN-1 treatment sup-
pressed RAS activity, whereas KRA-533 treatment promoted RAS

activation (Supplementary Fig. 2g, h). Western blotting results showed
that ZFYVE28 expression was significantly increased in response to
Pan-RAS-IN-1 treatment, accompanied by inhibition of phospho-ERK
levels (Supplementary Fig. 2i, k). The opposite results were observed
with KRA-533 treatment. Activation of the RAS pathway markedly
suppressed ZFYVE28 expression (Supplementary Fig. 21-n). We further
investigated the effect of the MEK inhibitor PD98059 on ZFYVE28
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Fig. 1| ZFYVE2S8 expression was lower in obese-IS subjects but higher in insulin-
resistant subjects. a Test procedure for insulin-sensitive obese (obese-IS) patients,
insulin-resistant MetS (IR) patients and normal controls (n =13 per group). MetS,
metabolic syndrome. b, d Volcano plots illustrated the differentially expressed
genes in whole blood cells between controls and obese-IS patients (b), as well as
controls and MetS patients (d). Compared to controls, ZFYVE28 expression was
decreased in obese patients (FC = 0.75, P=0.011) but increased in insulin-resistant
patients (FC =1.24, P=0.023). Points corresponding to significantly down-
regulation and upregulation genes are colored blue and red, respectively. ZFYVE28
is highlighted with a green dot. Fold change is displayed in a log2 scale and P values
in —logl0 (P value); FC fold change. c, e The expression difference of ZFYVE28in the
remaining samples was further verified by RT-qPCR (87 controls vs. 87 obese-IS
patients, 87 controls vs. 87 MetS patients). f-j Gross images (f), body weight (g, h),
liver images (i) and HE staining results of liver tissues (j) of mice in the HFD-4w
group and HFD-12w group. ND: n =3; HFD-4w: n = 6; HFD-12w: n = 6 biologically
independent mice. Scale bar, 100 pm. k, o Serum insulin levels of mice in the HFD-

4w group (k) and HFD-12w group (0). ND: n=3; HFD-4w: n=6; HFD-12w: n=6
biologically independent mice. I, m, p, @ GTT and ITT results showed normal glu-
cose tolerance (I) and insulin sensitivity (m) in HFD-4w group mice, as well as
impaired glucose tolerance (p) and insulin sensitivity (q) in HFD-12w group mice.
ND: n = 3; HFD-4w: n = 6; HFD-12w: n = 6 biologically independent mice. n, r Zfyjve28
expression was downregulated in the liver of obese-IS mice in the HFD-4w group (n)
but upregulated in the liver of insulin-resistant mice in the HFD-12w group (r). ND:
n=3; HFD-4w: n = 6; HFD-12w: n = 6 biologically independent samples. s-v Western
blot assays of Zfyve28 expression in the livers of mice in the HFD-4w group (s) and
HFD-12w group (t), and the quantitative analysis results (u, v) are presented. ND:
n=3; HFD-4w: n=6; HFD-12w: n = 6 biologically independent samples. Data are
shown as means + SD, and P values are determined by unpaired two-tailed Student’s
t-test (b-e, g, h, k, n-o, r, u, v) or two-way ANOVA with Fisher’s LSD post hoc
multiple comparisons test (I, m, p, q). The exact P values are shown in the figure.
Source data are provided as a Source Data file.

expression levels, which showed similar effects as the RAS inhibitor.
PD98059 treatment in HepG2 cells inhibited the phosphorylation
levels of ERK in a dose-dependent manner, accompanied by elevated
ZFYVE28 expression levels (Supplementary Fig. 20-q).

To investigate the expression differences of ZFYVE28 in insulin
resistance, we utilized palmitic acid (PA)-treated HepG2 cells to imitate
impaired insulin sensitivity'®2°. Cells treated with PA had less glycogen
content and showed little response to insulin stimulation with no
change in glycogen content, while insulin stimulation greatly increased
the glycogen content in normal cells (Supplementary Fig. 3a, b).
Western blotting results further confirmed impaired insulin signaling,
as demonstrated by decreased phospho-insulin receptor (p-INSR)
levels, with decreased phospho-AKT (p-AKT) and phospho-ERK (p-
ERK) levels (Supplementary Fig. 3c, f-h). This suggested that PA
treatment impaired normal insulin signaling within cells. Moreover,
ZFYVE28 expression was upregulated with PA treatment (Supple-
mentary Fig. 3¢, e). We then treated HepG2 cells with insulin, KRA-533
and PA. The results of the RAS activity assay and western blotting of
phosphorylated ERK showed that both insulin and KRA-533 treatment
significantly promoted the activation of the RAS pathway, while PA
treatment significantly inhibited the RAS pathway (Fig. 2d, f and Sup-
plementary Fig. 3m,). With PA-induced insulin resistance in cells,
insulin treatment no longer caused RAS activation, while KRA-533
maintained its effect in promoting RAS activation (Fig. 2d, f and Sup-
plementary Fig. 3m). Furthermore, intracellular glycogen content
assays showed a decrease in glucose uptake with PA treatment in
HepG2 cells, which was markedly increased with KRA-533 treatment
(Fig. 2g, h). Western blotting results showed that both insulin and KRA-
533 could significantly inhibit the expression of ZFYVE28; however,
under PA-induced insulin resistance, only KRA-533 had an inhibitory
effect on ZFYVE28 expression while the inhibitory effect of insulin
disappeared (Fig. 2d, e). These results suggested that insulin inhibited
ZFYVE28 expression via the RAS/ERK pathway, yet the inhibitory effect
was abolished upon insulin resistance.

We further confirmed these results in primary hepatocytes. We
first examined hepatic protein levels of obese-IS and insulin-resistant
mice. Western blotting showed increased levels of phosphorylated
insulin receptor (p-Insr) in the livers of obese-IS mice in the HFD-4w
group, in which Zfyve28 expression was decreased (Figs. 1n, s and 2i,
k). The levels of Ras-GTP, the active form of Ras, and phosphorylated
Erk also increased (Fig. 2i, I, m). However, as shown by decreased
phosphorylated Insr and phosphorylated Erk levels, insulin signaling
was markedly suppressed in livers from insulin-resistant mice, in which
Zfyve28 expression was increased (Figs. 1r, t and 2j, n-p). We subse-
quently isolated primary hepatocytes from wild-type (WT) mice and
insulin-resistant mice and left the cells stably attached for experi-
ments. Microscopically, multinucleated primary hepatocytes were
observed under a microscope, and oil red O staining showed

widespread lipid droplets in hepatocytes (Supplementary Fig. 4a, b).
We then treated primary hepatocytes with insulin, KRA-533, Pan-RAS-
IN-1 and PD98059 and examined the cellular protein levels. The results
showed that insulin and KRA-533 could significantly promote the
activation of the Erk pathway in primary hepatocytes of WT mice,
accompanied by the inhibition of Zfyve28 expression, while the inhi-
bition of the Erk pathway by Pan-RAS-IN-1 and PD98059 significantly
increased Zfyve28 expression (Fig. 2q-s). The results were different
and interesting in primary hepatocytes from insulin-resistant mice.
The activation effect of insulin on the Erk pathway was almost absent,
while KRA-533 treatment still maintained a good activation effect on
the Erk pathway. Correspondingly, insulin no longer inhibited Zfyve28
expression, whereas KRA-533 retained its inhibitory effect on Zfyve28
(Fig. 2t-v).

In summary, these findings suggested that ZFYVE28 expression
was inhibited by insulin via the RAS/ERK pathway both in vivo and
in vitro, and the inhibitory effect disappeared when insulin sensitivity
was impaired, which could be re-inhibited by the RAS agonist KRA-533.

ZFYVE28 was transcriptionally regulated by NOTCH via RBP-Jk
The activation of RAS has been shown to downregulate the NOTCH
pathway??, and the activation of the NOTCH pathway has also been
shown to be strongly associated with insulin resistance” . We
extracted liver RNA from obese-IS mice and insulin-resistant mice
and then performed transcriptome sequencing. Gene set enrichment
analysis (GSEA) showed that the Notch pathway was downregulated
in obese-IS mouse livers in the HFD-4w group and upregulated in
insulin-resistant mouse livers in the HFD-12w group (Fig. 3a-d).
Western blotting results also showed that Notchl levels were
decreased in the livers of obese-IS mice, but increased in the livers of
insulin-resistant mice (Fig. 3e-h). Thus, it could be speculated whe-
ther ZFYVE28 was transcriptionally regulated by NOTCH. We also
found that in HepG2 cells treated with insulin, HES1 and HEY1, the
downstream genes of NOTCH, as well as ZFYVE28 decreased at the
mRNA level (Fig. 3i). To determine whether the downregulation of
ZFYVE28 was caused by the inhibition of transcription initiation or
the degradation of mRNA, we utilized actinomycin D (ActD) to block
transcription initiation and found that insulin did not alter the half-
life of ZFYVE28 mRNA (Fig. 3j). These results suggested that insulin
could inhibit the transcription initiation of ZFYVE28 by down-
regulating NOTCH signaling.

In the classical NOTCH signaling pathway, the NOTCH protein is
cleaved three times when activated and then the intracellular segment
(NICD) is released into the cytoplasm. After binding to the transcrip-
tion factor CSL, such as RBP-Jk, an NICD/CSL transcriptional activation
complex is formed and promotes the expression of downstream
genes”®. We examined the effect of insulin on NICD, and the intracel-
lular NICD was decreased with insulin stimulation (Fig. 3k). We further
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validated the effect of NOTCH signaling on ZFYVE28 by constructinga factors of ZFYVE28 and found a possible binding site of RBP-Jk
cell model overexpressing NOTCHI1, which resulted in a significant  (Fig. 3n). Then, we confirmed that RBP-Jk could indeed bind to the
increase in ZFYVE28, HES1 and HEY1 expression (Fig. 31). As expected, ZFYVE28 promoter by chromatin coimmunoprecipitation (ChIP)
knockdown of NOTCHI in HepG2 cells caused a decrease in the (Fig. 30). We also constructed a dual luciferase reporter system by
expression levels of ZFYVE28, as well as HES1 and HEY1 (Fig. 3m). To inserting the ZFYVE28 promoter before the firefly luciferase reporter
determine whether the transcription initiation of ZFYVE28 was directly  gene, and the results showed that NOTCHI1 overexpression clearly
regulated by NOTCH, we used JASPAR to predict possible transcription ~ enhanced the luciferase activity (Fig. 3p, q). We also examined NOTCH1
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Fig. 2 | ZFYVE28 expression was inhibited by insulin via the RAS/ERK pathway
in HepG2 cells and primary hepatocytes. a-c Schematic diagram of mice treated
with saline or insulin (a) and western blot results of Zfyve28 in the liver (b); insulin
bioactivity was 0.5 U for each injection. The quantitative analysis results (c) are
shown. Saline: n=3; Insulin: n = 6 biologically independent samples.

d-f Representative western blot results (d) of HepG2 cells treated with PA, insulin,
and KRA-533; the quantitative analysis results of three independent parallel
experiments (e, f) are shown. PA, palmitic acid. g, h Intracellular glycogen content
assay results of HepG2 cells treated with/without PA and/or KRA-533. Representa-
tive images (h) and quantitative analysis results (g) are presented; n = 4 biologically
independent samples per group. Scale bar, 200 pm. i-p Western blot analysis of
hepatic protein levels in the HFD-4w group mice (i) and HFD-12w group mice (j).

The quantitative analysis results (k-p) are shown; n =3 biologically independent
samples per group. q-s Primary hepatocytes were isolated from wild-type mice.
Representative western blotting assay results of primary hepatocytes treated with
insulin, KRA-533, Pan-RAS-IN-1 and PD98059 (q) are shown, as well as quantitative
analysis results of three independent parallel experiments (r, s). t-v Primary
hepatocytes were isolated from insulin-resistant mice. Representative western
blotting assay results of primary hepatocytes treated with insulin, KRA-533, Pan-
RAS-IN-1and PD98059 (v) are shown, as well as quantitative analysis results of three
independent parallel experiments (t, u). Data are shown as means + SD, and

P values are determined by unpaired two-tailed Student’s t-test (c, e-g, k-p, r-u).
The exact P values are shown in the figure. Source data are provided as a Source
Data file.

expression in the cell models described above. HepG2 cells treated
with the RAS inhibitor showed increased NOTCH1 expression while
RAS agonist treatment resulted in decreased NOTCHI expression
(Supplementary Fig. 3i-l). As expected, NOTCHI expression was
increased and the inhibitory effect of insulin was attenuated in HepG2
cells treated with PA, while the RAS agonist could still inhibit NOTCH1
expression (Supplementary Fig. 3n-0). The levels of NICD, the active
form of NOTCH]I, also showed similar changes (Fig. 3r, s). Similar to
RAS inhibitor treatment, MEK inhibitor treatment also caused a sig-
nificant increase in NICD levels (Supplementary Fig. 3p, q).

We then performed validation in mouse primary hepatocytes.
Consistent with the expression pattern of Zfyve28, treatment with
insulin and KRA-533 markedly decreased Nicd levels in primary hepa-
tocytes from WT mice, which rose following Pan-RAS-IN-1 and
PD98059 treatment (Fig. 3t, u). However, only KRA-533 inhibited Nicd
in hepatocytes from insulin-resistant mice (Fig. 3v, w).

In summary, these results indicated that NOTCH regulated the
transcription initiation of ZFYVE28, which was inhibited by insulin.

Global Zfyve28 knockout improved insulin sensitivity in mice
The above results implied a link between ZFYVE28 expression and
insulin signaling. To confirm this, we generated Zfyve28 global
knockout mice (Fig. 4a). Intriguingly, Zfyve28 heterozygous (Zfyve28”")
mice and Zfyve28 global knockout mice exhibited a gene dose-
response relationship of Zfyve28 on insulin sensitivity. In Zfjve28""
mice, Zfyve28 was mostly knocked down (Supplementary Fig. 5a, b).
When fed a HFD, Zfjve28"~ mice showed a decreased trend in body
weight compared to WT mice, but this difference was not significant
(Supplementary Fig. 5¢). GTT and ITT showed that Zfwe28' mice
exhibited slightly improved glucose tolerance and insulin sensitivity
(Supplementary Fig. 5d, ). However, livers from Zfyve28"~ mice also
showed a steatotic appearance, with HE staining results showing
numerous and dense fat vacuoles (Supplementary Fig. 5f, g). Western
blotting results of liver proteins showed that heterozygous Zfyve28
knockdown partially enhanced insulin signaling (Supplementary
Fig. Sh-1).

In contrast, both mRNA and protein levels showed nearly com-
plete knockout of Zfyve28 in Zfyve28 global knockout (KO) mice
(Fig. 4b, c). We then injected insulin (2 U/kg body weight) intraper-
itoneally into WT and KO mice and collected liver tissues for analysis
30, 60 and 90 min after injection. The results showed that the levels of
phosphorylated Insr and phosphorylated Erk were higher in KO mice
than WT mice at 90 min (Fig. 4d-f). This suggested that Zfyve28
knockout somewhat maintained longer insulin signaling and delayed
the degradation of phosphorylated Insr. Moreover, when fed a HFD,
KO mice showed a significant decrease in body weight compared to
WT mice (Fig. 4g). GTT and ITT also showed a significant improvement
in glucose tolerance and insulin sensitivity in KO mice (Fig. 4h, i).
Excitingly, Zfyve28 knockout was also somewhat prevented hepatos-
teatosis under HFD induction, and HE staining of tissue sections
showed fewer fat vacuoles (Fig. 4j, k). Western blotting analysis of
hepatic protein levels showed that KO mice had significantly elevated

phosphorylated Insr (Fig. 41, m). The downstream signaling of phos-
phorylated Insr was also significantly enhanced, as shown by higher
levels of phosphorylated Irsl, phosphorylated Akt and phosphorylated
Erk, implying that insulin signaling was markedly enhanced in KO mice
(Fig. 41, n-p).

Taken together, there was a gene dose-response relationship of
Zfyve28 on insulin sensitivity and Zfyve28 KO mice demonstrated sig-
nificant improvement in insulin sensitivity.

Liver-specific Zfyve28 overexpression impaired insulin sensitiv-
ity and led to worse indicators associated with insulin resistance
in mice

The ameliorating effect of Zfyve28 global knockout on insulin signaling
demonstrated the intervention effect of targeting Zfyve28 on insulin
sensitivity in vivo. We previously elucidated that Zfyve28 expression
was higher in the livers of insulin-resistant mice (Fig. Ir, t). To further
investigate the effect of ZFYVE28 on insulin sensitivity, we generated a
mouse model with liver-specific overexpression of Zfyve28 (replaced
by Zfyve28-LOE in the subsequent narrative) by tail vein injection of
AAV9-pTBG-Zfyve28, in which liver-specific infection was achieved by
a combination of the serotype AAV9, a serotype that efficiently infec-
ted the liver of mice, and liver-specific promoter pTBG (Supplementary
Fig. 6a). The detection results of RNA and protein levels confirmed the
specific overexpression of Zfyve28 in liver tissues (Supplementary
Fig. 6b, d). After HFD feeding, control mice and Zfyve28-LOE mice
showed no differences in food intake, nor did they differ much in body
weight (Supplementary Fig. 6c, e). However, GTT and ITT results
showed that Zfyjve28-LOE markedly impaired glucose tolerance and
insulin sensitivity in mice (Supplementary Fig. 6f-g). HE staining of
liver tissues from Zfyve28-LOE mice showed larger and more fat
vacuoles (Supplementary Fig. 6h). Western blotting results also
showed that Zfyve28-LOE significantly inhibited insulin signaling
(Supplementary Fig. 6i-m).

We then examined the effect of Zfyve28 liver-specific over-
expression on other metabolic and cardiovascular indicators asso-
ciated with insulin resistance in mice. We found that Zfyve28-LOE
caused an increase tendency in liver weight and a higher liver/body
weight ratio (Supplementary Fig. 6n-o). In Zfyjve28-LOE mice, heart
weight and heart/body weight ratio did not show any changes, but
there was a tendency to increase (Supplementary Fig. 6p, q). In addi-
tion, the serum levels of triglycerides (TG) and total cholesterol (TC)
were significantly increased in Zfyjve28-LOE mice (Supplementary
Fig. 6r, s). We also examined the lipid content in the liver and heart and
found that Zfyve28-LOE significantly promoted triglyceride accumu-
lation in the liver and heart (Supplementary Fig. 6t, v), while it also
caused an increase in total cholesterol content in the liver, but had
little effect on cardiac cholesterol content (Supplementary Fig. 6u, w).
Next, the microcirculatory blood flow in the heart was monitored using
laser Doppler flowmetry, and we found that Zfyve28-LOE caused a
decrease in microcirculatory blood flow in the mouse heart, which
appeared to be associated with increased levels of triglycerides in the
heart (Supplementary Fig. 6x, y). Finally, the blood pressure of mice
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was examined using the IITC MRBP system. The results showed that
DBP was significantly increased in Zfyve28-LOE mice compared to

controls, whereas SBP showed an upward
tary Fig. 6z).
Overall, the liver-specific overexpression

impaired insulin sensitivity and led to worse metabolic and cardio-
vascular indicators associated with insulin resistance in mice.

trend (Supplemen-

The liver-specific knockout of Zfyve28 markedly improved
insulin sensitivity and other indicators associated with insulin
resistance in mice

The above results were surprising and further suggested the possibility

of Zfyve28 markedly

of intervention with Zfyve28 on improving insulin sensitivity. We next
generated Zfyve28 liver-specific knockout mice (hereafter denoted as
LKO mice) (Fig. 5a). The expression of Zfyve28 was detected in tissues
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Fig. 3 | ZFYVE28 was transcriptionally regulated by NOTCH via RBP-Jk.

a-d GSEA of the liver transcriptome sequencing results showed that the Notch
pathway was suppressed in insulin-sensitive obese mice in the HFD-4w group (a, b)
but activated in insulin-resistant mice in the HFD-12w group (c, d); n = 3 biologically
independent samples per group. The P values in GSEA are calculated empirically
with permutation test by permuting the gene labels at random according to the
GSEA algorithm, and FDR g values (corrected P values) are calculated by
Benjamini-Hochberg FDR correction. The NES and FDR g values are shown in the
images. NES normalized enrichment score, FDR false positive rate, GSEA gene set
enrichment analysis. e-h Western blotting analysis of Notchl protein in livers from
HFD-4w group mice (e) and HFD-12w group mice (f). The quantitative analysis
results (g, h) are shown; n =3 biologically independent samples per group.

i Relative mRNA expression of HESI, HEYI and ZFYVE28 in HepG2 cells treated with
insulin at 107° M; n = 6 biologically independent samples per group. j Percentage
mRNA remaining of ZFYVE2S in HepG2 cells treated with ActD in the presence or
absence of insulin stimulation at 10™® M; n = 3 biologically independent samples per
group. k Representative western blot results of NICD in HepG2 cells treated with
insulin; the quantitative analysis results of three independent parallel experiments

are shown. I, m The expression levels of HESI, HEY1 and ZFYVE28 following NOTCH1
overexpression (I) and NOTCH1 knockdown (m) in HepG2 cells; n =3 biologically
independent samples per group. n RBP-Jk binding site prediction in the ZFYVE28
promoter region using JASPAR. 0 Chromosome immunoprecipitation assay
showed the fold enrichment of RBP-Jk in the ZFYVE28 promoter region; n =3 bio-
logically independent samples per group. p, q Diagram of the dual luciferase
reporter system (q) and results of the luciferase activity assays (p); n = 5 biologically
independent samples per group. r, s Representative western blotting results of
NICD levels (r) in HepG2 cells treated with insulin and KRA-533. The quantitative
analysis results of three independent parallel experiments (s) are shown.

t-w Representative western blotting results of Nicd levels, as well as quantitative
analysis results of three independent parallel experiments, in primary hepatocytes
from WT mice (t, u) and insulin-resistant mice (v, w). Data are shown as means + SD,
and P values are determined by unpaired two-tailed Student’s ¢-test

(g-j, 1, m, 0, p, s, u, w) or one-way ANOVA followed by Tukey’s post hoc tests (k).
The exact P values are shown in the figure. Source data are provided as a Source
Data file.

including heart, lung, liver, fat and skeletal muscle, and the results
showed that hepatic Zfyve28 was specifically knocked out in LKO mice
(Fig. 5b, d). When fed a HFD, there was no difference in food intake
between control and LKO mice, but LKO mice weighed significantly
less than controls (Fig. 5c, e). GTT and ITT results indicated better
glucose tolerance and insulin sensitivity in LKO mice (Fig. 5f, g). In
addition, livers from LKO mice did not exhibit visually visible steatosis
similar to the livers of HFD-fed control mice, and HE staining also
showed reduced fat vacuoles (Fig. 5h). Western blotting analysis of
liver proteins showed enhanced insulin signaling in the livers of LKO
mice, as shown by increased phosphorylation levels of Insr and
downstream signaling molecules (Fig. 5i-m). The test results of rele-
vant metabolic and cardiovascular indicators associated with insulin
resistance were even more promising. Liver weight, heart weight, liver/
body weight ratio, and heart/body weight ratio were significantly
lower, suggesting that organ burden induced by HFD was improved in
LKO mice (Fig. 5n—q). In addition, triglyceride and total cholesterol
levels in the serum, liver and heart were also decreased in LKO mice
(Fig. 5r-w). An increase in microcirculatory blood flow in the hearts of
LKO mice was further confirmed by laser Doppler blood flow mea-
surements (Fig. 5, y). Liver-specific Zfyve28 knockout also significantly
reduced SBP and DBP in mice (Fig. 5z). In summary, liver-specific
knockout of Zfyve28 in mice significantly improved insulin sensitivity
and other relevant indicators associated with insulin resistance.

ZFYVE28 promoted phosphorylated INSR degradation by tar-
geting early endosomes via the FYVE domain

Compared to the ND group, phosphorylated Insr levels were higher in
obese-IS mice with lower expression of Zfyve28, while they were lower
in insulin-resistant mice with higher expression of Zfyve28 (Figs. Is, t
and 2i, j). Lower phosphorylated Insr levels were also observed in
Zfyve28 LOE mice, which were higher in Zfyve28 LKO mice (Fig. 5i and
Supplementary Fig. 6i). Therefore, we speculated that ZFYVE28 might
have a role in promoting the degradation of phosphorylated INSR in
our study.

To test this hypothesis, we stably overexpressed ZFYVE28 in
HepG2 cells by lentiviral transfection (Fig. 6a). After insulin stimulation
of HepG2 cells, ERK and its phosphorylation levels were measured at
different time points. Cells overexpressing ZFYVE28 tended to have a
decrease in phospho-ERK levels at the same time points (Supplemen-
tary Fig. 7a, b). We further examined INSR and phosphorylated INSR
levels at different time points. Cells overexpressing ZFYVE28 exhibited
a clear and consistent decrease in phosphorylated INSR; in other
words, cells overexpressing ZFYVE28 had faster degradation of phos-
phorylated INSR than controls (Fig. 6b, c). We also examined the
localization of endosomes in cells, and after lentivirus infection,

fluorescence staining of HepG2 cells revealed that ZFYVE28 (carrying
flag tags) colocalized with early endosomes but not the empty vector
(Supplementary Fig. 8a). We used insulin endocytosed into cells to
represent internalized phosphorylated INSR, and further fluorescence
staining revealed that ZFYVE28 overexpression increased insulin
colocalization with early endosomes compared with controls (Sup-
plementary Fig. 8b). Then we knocked down ZFYVE28 in HepG2 cells,
and the decrease in ZFYVE28 delayed the degradation of phosphory-
lated INSR, which showed higher levels of phosphorylated INSR at the
same time points after insulin stimulation compared with controls
(Fig. 6d-f).

The FYVE domain contains a positively charged pocket that binds
PI3P and inserts into the lipid bilayer via its hydrophobic loop to
mediate endosomal localization". Based on previous studies, ZFYVE28
mediates the endosomal localization of EGFR via the FYVE domain and
then promotes the degradation of EGFR™%. The FYVE domain seemed
to play an important role in this process. We further constructed a
ZFYVE28 mutant with deletion of the FYVE domain (ZFYVE28-AFYVE)
(Fig. 6g). Compared to controls, overexpression of ZFYVE28-AFYVE
did not alter the rate of degradation of phosphorylated INSR
(Fig. 6h, i).

To further verify whether ZFYVE28 promoted phosphorylated
INSR degradation or dephosphorylation, we treated cells over-
expressing ZFYVE28 with cycloheximide (CHX) to block intracellular
protein synthesis and examined total INSR levels at different time
points. Western blotting results showed that INSR levels gradually
decreased with increasing CHX treatment time and dropped to less
than half after 6 h of CHX treatment, which implied that ZFYVE28
might promote phosphorylated INSR degradation rather than
dephosphorylation (Fig. 6j, k). We then subjected ZFYVE28-
overexpressing cells and control cells to prolonged CHX treatment
and assayed and compared the levels of total INSR at different time
points. The results showed that ZFYVE28 overexpression clearly pro-
moted INSR degradation (Fig. 61, m). Interestingly, ZFYVE28 over-
expression maintained a facilitative effect on receptor degradation
compared to ZFYVE28-AFYVE, suggesting a key role for the FYVE
structural domain in this process (Supplementary Fig. 7c, d). With the
deletion of the FYVE domain, ZFYVE28-AFYVE was distributed dis-
persively in the cell and the colocalization with early endosomes dis-
appeared, whereas ZFYVE28 showed a concentrated intracellular
distribution and tight colocalization with early endosomes (Fig. 7a).
Additionally, compared to the extensive colocalization of insulin with
early endosomes in ZFYVE28-overexpressing cells, there was only
limited colocalization of insulin with early endosomes with deletion of
the FYVE domain (Supplementary Fig. 8c). We also examined the
localization of insulin with ZFYVE28. ZFYVE28-AFYVE was scattered
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intracellularly and did not overlap significantly with insulin localiza-
tion, while ZFYVE28 showed an aggregated distribution and coloca-
lized with intracellular insulin (Supplementary Fig. 8d).

To further evaluate the promoting effect of ZFYVE28 on phos-
phorylated INSR degradation, we treated ZFYVE28-overexpressing and
ZFYVE28-knockdown HepG2 cells with both insulin and CHX stimula-
tion. The phosphorylated INSR and total INSR levels were then

examined at various time points. The results were interesting. With
prolonged CHX treatment, overexpression of ZFYVE28 significantly
promoted the degradation of total INSR (Fig. 6n, p), while knockdown
of ZFYVE28 significantly delayed the degradation of total INSR (Sup-
plementary Fig. 7e, g). Furthermore, as expected, overexpression of
ZFYVE28 caused a decrease in phosphorylated INSR levels in response
to insulin, as indicated by lower phosphorylated INSR levels at the
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Fig. 4 | Global Zfyve28 knockout improved the insulin sensitivity in mice.

a Construction strategy of Zfyve28 global knockout mice. b, ¢ Zfyve28 was
knocked out in KO mice; n =5 biologically independent samples per group (b).
Representative western blot results of three independent parallel experiments
are shown (c). d-f Representative western blot results (d) of hepatic proteins in
WT and KO mice after insulin injection (2 U/kg body weight) for 30, 60, and

90 min. The quantitative analysis results of three independent parallel experi-
ments (e-f) are shown. g The body weight of KO mice was lower than that of WT
mice when fed a HFD; n =5 biologically independent mice per group. h, i GTT (h)
and ITT (i) results of WT mice and KO mice; n =5 biologically independent mice

per group. j, k Global Zfyve28 knockout prevented HFD-induced hepatosteatosis.
Representative gross images (j) and HE staining results (k) of livers are presented;
n =5 biologically independent samples per group. Scale bar, 100 um. I-p Western
blot analysis (I) of hepatic protein levels in WT and KO mice. The quantification
results (m-p) are shown; n =3 biologically independent samples per group. Data
are shown as means + SD, and P values are determined by unpaired two-tailed
Student’s t-test (b, e-g, m-p) or two-way ANOVA with Fisher’s LSD post hoc
multiple comparisons test (h, i). The exact P values are shown in the figure.
Source data are provided as a Source Data file.

same time points compared to controls (Fig. 6n, 0). In contrast, when
ZFYVE28 was knocked down, phosphorylated INSR levels at the same
time point were significantly higher than in controls (Supplementary
Fig. 7e, f).

Summarizing all the above results, ZFYVE28 promoted degrada-
tion rather than dephosphorylation of the phosphorylated insulin
receptor, and the FYVE domain played an important role in this
process.

ZFYVE2S8 promoted the conversion of early endosomes to late
endosomes

Following insulin binding, INSR is phosphorylated, and active INSR is
then internalized by clathrin-mediated endocytosis. Then, the receptor
endocytosed into early endosomes is either transported back to the
plasma membrane by recycling endosomes or enters the lysosomal
degradation pathway via conversion of early endosomes to late
endosomes®®*?, We sought to explore the role of ZFYVE28 in this
process. We first performed immunofluorescence staining of HepG2
cells at different time points after insulin stimulation to test the dif-
ferent endosome markers. The results showed that ZFYVE28 over-
expression could greatly promote the generation of late endosomes
(RAB7-labeled endosomes) and inhibit the production of recycling
endosomes (RABII-labeled endosomes); conversely, in ZFYVE28-
AFYVE-overexpressing cells, there were relatively few late endo-
somes, while recycling endosomes increased significantly over time
(Fig. 7b, Supplementary Fig. 8e). Then, multiplex fluorescent label
detection was performed using Opal™ 7 color kits. The results of
multiplex fluorescence staining showed that ZFYVE28 inhibited the
production of recycling endosomes, whereas late endosomes
increased and colocalized with lysosomes (Supplementary Fig. 8f).
Furthermore, we performed multiple rounds of fluorescence staining
of HepG2 cells, selected large fields of view with a large number of cells
for imaging, and quantified the results of the multiple assays. The
results further confirmed that ZFYVE28 overexpression significantly
inhibited the production of recycling endosomes, while promoting the
conversion of early endosomes to late endosomes, which colocalized
with lysosomes (Fig. 7c, d). This effect was closely related to the FYVE
domain. We next examined the protein levels of the recycling endo-
some marker RABI1 and the late endosome marker RAB7 and found
that ZFYVE28 overexpression significantly increased RAB7 levels and
decreased RABI1 levels following insulin stimulation in cells (Fig. 7e).
Combined with the results described above, ZFYVE28 colocalized with
early endosomes via the FYVE domain and promoted the conversion of
early to late endosomes.

We next verified this in mice. At different time points after
intraperitoneal injection of insulin in flox/flox mice and LKO mice, we
collected liver tissues for analysis and found that Rab7 levels were
lower, but Rabll levels were higher in LKO mice than in flox/flox mice
(Fig. 7f). Immunohistochemical results of liver sections also showed
that Rab7 was significantly increased, while Rabll was significantly
decreased in mice overexpressing Zfyve28 (Fig. 7g, i, j). The result was
just the opposite in Zfyve28 LKO mice. Compared to control mice,
Zfyve28 LKO mice had lower Rab7 levels, but higher Rabll levels
(Fig. 7h, k, ).

In summary, ZFYVE28 colocalized with early endosomes via the
FYVE domain and promoted the conversion of early endosomes to late
endosomes.

ZFYVE28-mediated endosomal trafficking and degradation of
phospho-INSR correlated with mouse insulin sensitivity

The above results suggested that ZFYVE28 promoted phospho-INSR
degradation by promoting the conversion of early endosomes to late
endosomes. Higher levels of the late endosome marker Rab7 observed
in the livers of Zfyve28-overexpressing mice and higher levels of the
recycling endosome marker Rabll observed in the livers of Zfyve28-
LKO mice might account for the effect of Zfyve28 on insulin sensitivity.
However, there was a clear difference in body weight between HFD-fed
control mice and knockout mice (Figs. 4g and 5e). To exclude the
effect of body weight changes on insulin sensitivity in mice, we
enlarged the sample size and tested and compared insulin sensitivity in
8-week-old adult knockout mice and control mice fed a normal diet
(N=10 per group). Zfyve28 KO mice and LKO mice showed no apparent
differences in body weight compared to control mice (Supplementary
Fig. 9a, d). However, the GTT and ITT results showed better glucose
tolerance and insulin sensitivity in KO and LKO mice (Supplementary
Fig. 9b, c, e, f). Although the difference was not as significant as when
fed a high-fat diet, this further confirmed that Zfyve28 knockout was
strongly associated with improved insulin sensitivity.

Phospho-INSR endocytosed into cells can be returned to the
plasma membrane by recycling endosomes®?*’. We observed higher
levels of phospho-Insr and the recycling endosome marker Rabll in
knockout mice (Figs. 41, 5i and 7f, h). This suggested that Zfyve28
knockout promoted the production of recycling endosomes and
reduced the degradation of phospho-Insr. To further test whether this
correlates with the improved insulin sensitivity observed in knockout
mice, we employed the endosomal recycling inhibitor plinabulin to
inhibit receptor trafficking back to the plasma membrane®°. We first
treated HepG2 cells with plinabulin for 24 h, then insulin stimulation
was administered, and plasma membrane (pMem), organelle mem-
brane (oMem), cytosol and total INSR levels were measured at differ-
ent time points after insulin stimulation. Total INSR levels did not
significantly change within 30 min of insulin stimulation; however,
plinabulin treatment significantly increased oMem INSR levels, which
were higher at both 5-min time point and 30-min time point of insulin
stimulation (Fig. 8a, b). Furthermore, plinabulin treatment resulted in a
slight decrease in pMem INSR levels at 30-min time point (Fig. 8a, b).
This suggested that plinabulin inhibited INSR recycling back to the cell
membrane. We then treated WT, KO and LKO mice fed a HFD for
10 weeks by continuous 2-week intraperitoneal injection with plina-
bulin. Plinabulin treatment did not significantly alter the body weight
of mice (Fig. 8c, f, i). GTT and ITT results showed that plinabulin
treatment significantly impaired glucose tolerance and insulin sensi-
tivity in WT mice, as well as KO and LKO mice (Fig. 8d, e, g-h, j, k).

Interestingly, plinabulin treatment resulted in significant differ-
ences in blood glucose levels of WT mice at only two time points (90-
and 120-min time points), as demonstrated by the ITT results in the WT
group (Fig. 8e). However, plinabulin treatment induced significant
differences in blood glucose levels at the 90-, 120-, and 150-min time
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Fig. 5 | Liver-specific Zfyve28 knockout improved insulin sensitivity and rele-
vant indicators associated with insulin resistance in mice. a Schematic of the
construction of liver-specific Zfyve28 knockout mice. b, d qPCR (b, n = 5 biologically
independent samples per group) and western blotting results (d, representative
results of three independent parallel experiments) showed specific knockout of
Zfyve28 in liver tissues. ¢ Control flox/flox mice and LKO mice showed no differ-
ence in total food intake when fed a HFD; n =35 per group. e Body weight of LKO
mice and flox/flox mice; n = 5 biologically independent mice per group. f,g GTT and
ITT results showed that LKO mice exhibited better glucose tolerance (f) and insulin
sensitivity (g); n =35 biologically independent mice per group. h Representative
gross images and HE staining results of livers from flox/flox mice and LKO mice;
n =5 biologically independent mice per group. Scale bar, 100 pum. i-m Western blot
analysis (i) of hepatic protein levels in flox/flox mice and LKO mice. The quantifi-
cation results (j-m) are shown; n =3 biologically independent samples per group.
n-q Liver weight (n), liver/body weight ratio (0), heart weight (p), and heart/body

\013"\0# \,*ok
A\

weight ratio (q) of flox/flox mice and LKO mice; n=>5 biologically independent
samples per group. r-w The levels of serum TG (r), serum T-CHO (s), liver TG (t),
liver T-CHO (u), heart TG (v) and heart T-CHO (w) in flox/flox mice and LKO mice;
n =S5 biologically independent samples per group. x-y An increase in micro-
circulatory blood flow in the hearts of LKO mice was confirmed by laser Doppler
blood flow measurements. Representative images (x) and quantification results of
relative blood flow in five independent parallel experiments (y) are presented. Scale
bar, 2mm. z SBP and DBP were lower in LKO mice than in flox/flox mice; n=5
biologically independent mice per group. LKO liver-specific knockout, SBP systolic
blood pressure, DBP diastolic blood pressure, TG triglyceride, T-CHO total cho-
lesterol. Data are shown as means + SD, and P values are determined by unpaired
two-tailed Student’s t-test (b, e, j-w, y, z) or two-way ANOVA with Fisher’s LSD post
hoc multiple comparisons test (f, g). The exact P values are shown in the figure.
Source data are provided as a Source Data file.

Nature Communications | (2023)14:6833

n



Article

https://doi.org/10.1038/s41467-023-42657-w

©
a g 140 P=0.0001 b c 0,006
& 120 Empty vector ZFYVE28 o S @ -e- Empty vector
N K]
%5 100 Insulin(min) 05 10 30 60 120 0 5 10 30 60 120 (kDa) ® gg -8~ ZFYVE28
5 s0d PINSR| MMM e e [0
® 15T —x—3 z P=0.0004
L o IR (PO ER SO S o e o w0 = 0
g 1.0+ ©
LQ:, 0.5 ACTB |---’.----'“‘.|_40 2 02
] &
% 0.0- 0.0= T T T 1
© X ® 0 30 60 20 120
e A
g e f Time (min)
d «° ; e
ﬁ 1.5 P-,—_|5x10 ontrol -e- control
9™ contro! -Si
S o o ZFYVE28-si o 10 P=0.0002 , & ZFYVE28-si
h Insulin(min) 0 5 10 30 60 120 O 10 30 60 120 (kDa) 5 P=2x10 P=2x10°?
100 © 0.8 B
5 104 p_|NSR| - - -----I— E
F I I e N o - 100 8 06
[ INSR - =z
o = 04
g 0.5+ 14
X ACTB --. - e 0 2 02
o = ..
2 z
& 0.0 0.0 T T T 1
& RNV 0 30 60 20 120
o® ¢ h Time (min)
9 T Empty vector ZFYVE28-AFYVE ° 1.0 == Empty vector
Insulin(min) 0 5 10 30 60 120 0O 10 30 60 120 (kDa) & 0.8 -8 ZFYVE28-AFYVE
ZFYVE28 =
[ T G pNsr| Ememes . eememe [0z
1 817 4
100 =
ZFYVE28-AFYVE INSR I_' me "“” sERee | z 04
1IIEEH mg; ACTB |-------—----|_40 ‘é’ 02
:
&
0.0-4 T T T 1
0 30 60 20 120
i | Time (min)
ZFYVE28 Empty vector ZFYVE28
chx(zouw 01 05 1 2 3 4 S5 6 (pa) cHx@wm) 01 2 4 8 120 1 2 4 8 12
INSR | quue s o s s s wn wn —100 INSRl----"“--‘- = |100
ACTB | e v v — —— |40 ACTBl e ——— s oo e |_40
k P=4x10""2 m
I p=1x10”"1 !
I p=4x10" !
f P=3x10% ! 1.0 =3x105 -- Empty vector
P=0.0007 —
P=0.461 5 E 0.8- -= ZFYVE28
1.29 >G 0
- P=0,996 53 =0.0004
SE | B P e % 2 0.6 P=6x10?
=< = 23
x o 87 2 o N g4
23 - P=0.005
5% BE
%g 0.4+ A x g 027
gs -
£ 0.0-7 T T T 1
0 0 3 6 9 12
v T T T T T T T T
01 05 1 2 3 4 5 6 Time (h)
n Time of CHX(20uM) treatment (h) o
=~ Empty vector === ZFYVE28 = Empty vector -= ZFYVE28
Empty vector ZFYVE28 10 1.0
Insulin - + + + + + - + + + + + 3 & _&
- ° -
CHX(h) 0 1 2 4 6 8 0 1 2 4 6 8 g9 08 85
p-INSR[ Wy e |00 220s & 2 0.6
29 £73
INSRI-----—---—-- -~~|—100 o o4 28 0.4
FE SE
ACTE [ o o= = o = = — ] 4, g502 2 5 021

o
o

points in the ITT results of the KO group, and at the 15-, 90-, 120-, and
150-min time points in the ITT results of the LKO group (Fig. 8h, k).
These results demonstrated a significant effect of plinabulin treatment
on insulin sensitivity in WT, KO, and LKO mice, and the effect might be
greater in KO and LKO mice than in WT mice, as indicated by the
significant differences at more time points in the ITT results of KO and
LKO mice.

e

6 8 0 2

4 4
Time (h) Time (h)

In summary, changes in insulin sensitivity observed in KO and LKO
mice were associated with Zfyve28-mediated endosomal transport and
degradation of INSR but not with changes in body weight.

Discussion
In this study, we first found lower ZFYVE28 expression in obese patients
with normal insulin sensitivity, while higher expression was observed
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Fig. 6 | ZFYVE28 promoted the degradation of phosphorylated INSR. a ZFYVE28
was overexpressed in HepG2 cells; n =3 biologically independent samples per
group. b, c Representative western blot results of p-INSR and INSR levels (b) in cells
overexpressing ZFYVE28; the quantitative analysis of the p-INSR/INSR ratio (c) at
different time points after insulin stimulation at 10 M of three independent par-
allel experiments are shown. d ZFYVE28 was knocked down in HepG2 cells; n=7
biologically independent samples per group. e, f The western blotting results (e)
and the ratio of p-INSR/INSR (f) at different time points showed that the decrease in
ZFYVE28 delayed the degradation of phosphorylated INSR. Representative western
blot images and the quantitative p-INSR/INSR ratio of three independent parallel
experiments are shown. g Schematic diagram of the construction of ZFYVE28 with
the FYVE domain deleted (ZFYVE28-AFYVE). h, i Representative western blot ima-
ges of p-INSR and INSR levels (h) in cells overexpressing ZFYVE28-AFYVE. The
quantitative p-INSR/INSR ratio (i) of three independent parallel experiments are

shown. j, k Representative western blot images (j) of INSR levels in ZFYVE28-
overexpressing cells treated with CHX (20 uM) for various times. The quantitative
analysis results of three independent parallel experiments (k) are shown.

1, m Representative western blot images of INSR levels in ZFYVE28-overexpressing
cells treated with CHX (20 uM) for various times (I), as well as the quantitative
analysis results of three independent parallel experiments (m). n-p Representative
western blot images of p-INSR and INSR levels in ZFYVE28-overexpressing cells
treated with insulin and CHX for various times (n), as well as the quantitative
analysis results of three independent parallel experiments (o, p). Data are shown as
means + SD, and P values are determined by unpaired two-tailed Student’s ¢-test
(a, d), one-way ANOVA followed by Tukey’s post hoc tests (k) or two-way ANOVA
with Fisher’s LSD post hoc multiple comparisons test (c, f, i, m, o, p). The exact P
values are shown in the figure. Source data are provided as a Source Data file.

in MetS patients with insulin resistance. Moreover, Zfyve28 expression
was also decreased in the liver of obese-IS mice but increased in the
liver of insulin-resistant mice. We then confirmed that ZFYVE28 was
transcriptionally regulated by NOTCH and inhibited by insulin through
the RAS/ERK pathway. In insulin resistance, the inhibitory effect of
insulin on NOTCH was attenuated due to the impairment of insulin
signaling, thereby causing elevated ZFYVE28 expression. In mice,
global Zfyve28 knockout significantly improved insulin sensitivity. In
addition, liver-specific Zfyve28 overexpression in mice impaired insulin
sensitivity and caused an increase in lipid content in the serum and
liver, while Zfyve28 liver-specific knockout in mice significantly
improved insulin sensitivity and relevant indicators associated with
insulin resistance. Mechanistically, ZFYVE28 colocalized with early
endosomes via the FYVE domain. Then, ZFYVE28 inhibited the gen-
eration of recycling endosomes but promoted the conversion of early
endosomes to late endosomes and targeted lysosomal degradation,
which finally promoted the degradation of phosphorylated INSR. This
effect disappeared with deletion of the FYVE domain (Fig. 9). We
proposed the mechanism by which ZFYVE28 is involved in insulin
signaling and provided a potential therapeutic target to improve
insulin sensitivity and prevent metabolic and cardiovascular diseases
associated with insulin resistance.

The 60% high fat diet (HFD) is one of the most commonly used
diets for inducing obesity and insulin resistance in C57BL/6 male mice,
but there are many variations in the induction results in different
studies. He et al. investigated the effects of prolonged HFD feeding on
metabolism in mice and showed that fasting body weights were not
altered at weeks 4, 6 and 7 under HFD induction. Yet, 3 weeks of HFD
feeding induced significant changes in GTT and ITT®. However,
another study showed that HFD-fed C57BL/6 mice already had sig-
nificant changes in body weight from week 2*2, It was also shown that
HFD-fed C57 mice had significantly increased body weight in the first
week, but there was no difference in ITT at the 4-week time point®.
Mosser et al. showed that there was no significant difference in the ITT
results between ND-fed and HFD-fed mice at weeks 3, 5, 7, and 11, and
1 week of HFD feeding even improved insulin tolerance in mice*. The
GTT results at week 5 showed meaningful small changes in blood
glucose levels only at the 60-min time point, which was different from
the significant large changes in blood glucose levels at multiple time
points at weeks 1 and 3*. The homeostasis model assessment of IR
(HOMA-IR) results in the 1-, 3-, 5-week HFD group were not significantly
altered; and the HOMA-IR index was not always elevated after pro-
longed HFD induction, further confirming that the effects of HFD
exposure on systemic insulin resistance are dynamically changing®. In
addition, C57BL/6 mice fed a short-term HFD (3 days) showed sudden
weight gains, whereas the rate of weight gain decreased over time®.
Interestingly, the glucose profiles in GTT results were higher in mice
fed a HFD for 5 weeks than in control mice, but slightly lower than in
mice fed a HFD for only 1 week®. These results suggest that short-term
acute HFD exposure (e.g., several days to 1 week) impairs normal

metabolism in mice, but some mice might gradually adapt over time
(e.g., 4-5 weeks) and return to normal metabolic levels for a short
period of time. In addition, differences between individuals in mice,
which cannot be ignored, may also lead to the fact that 4-5 weeks of
HFD cannot cause insulin resistance in all mice. In contrast, almost all
studies have shown that chronic HFD induction for long periods (e.g.,
10-16 weeks) elicits a distinct insulin-resistant phenotype in most
mice®***, In our study, we induced obesity and insulin resistance in
C57BL/6 male mice by feeding a HFD for 4 and 12 weeks, respectively.
Indeed, to induce an insulin-sensitive obesity phenotype in mice, we
had performed parallel repeated induction experiments in multiple
batches of mice. Although many of the mice fed a HFD for 4 weeks
exhibited elevated body weights, impaired glucose tolerance and
insulin sensitivity, a subset of mice in our study still exhibited only
elevated body weights with normal glucose tolerance and insulin
sensitivity. After 4 weeks of high-fat diet induction, we examined blood
glucose levels in mice fasted for 4 h, and used mice whose blood glu-
cose levels differed within 20% of the mean glucose levels in controls
as candidates for insulin-sensitive obese mice. We subsequently tested
insulin sensitivity of these candidate mice by GTT and ITT. In the final
observation, three batches of mice (N1=4, N2=6, N3=3) showed
normal insulin sensitivity but higher body weights than controls. We
defined these mice as insulin-sensitive obese mice and chose one
group (N = 6) as representative results to present in our data, and used
them to study the expression changes of ZFYVE28 in non-insulin-
resistant obese individuals, as well as the related molecular mechan-
isms, which was exactly the mouse model we wanted to obtain.
Insulin is a peptide hormone produced by islet 3 cells that acts
on systemic tissues, and one of the main effects is to control systemic
glucose homeostasis by regulating glucose metabolism in the liver
and skeletal muscle®**'. Functional insulin signaling is necessary to
maintain normal energy metabolism and biochemical reactions in
the body“"; however, disturbances in insulin signaling such as
insulin resistance are partly responsible for diabetes mellitus, meta-
bolic syndrome and cardiovascular diseases*>*’. It has been shown
that p31comet can inhibit INSR endocytosis by inhibiting the inter-
action of BUBRI and INSR-bound MAD2, and liver-specific p3Icomet”
~ mice exhibit reduced INSR levels and develop systemic insulin
resistance, while Bubrl deficiency delays INSR endocytosis and
improves insulin sensitivity in mice?”®**. The degradation of INSR
induced by high levels of insulin stimulation has also been demon-
strated to cause insulin resistance in podocytes**¢, The inhibition of
INSR endocytosis and lysosomal degradation has been confirmed to
improve insulin resistance in mice”. These results all suggest that
endocytosis and degradation of INSR may be potential mechanisms
of insulin resistance. Here, in our study, we found that ZFYVE28
expression was elevated in individuals with insulin resistance. We
also demonstrated that ZFYVE28 promoted the degradation of
phosphorylated INSR by promoting the conversion of early endo-
somes to late endosomes. In addition, accelerated insulin receptor
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degradation has been observed in lymphocytes from patients with
extreme insulin resistance”’. This is also in line with the experimental
results we obtained. In our study, while Zfyve28 liver-specific over-
expression in mice impaired insulin sensitivity and caused an
increase in lipid content in the serum and liver, Zfyve28 liver-specific
knockout in mice significantly improved insulin sensitivity and other
indicators associated with insulin resistance. ZFYVE28 has great

T T T T T T
GFP Zfyve28 flox/flox LKO flox/flox LKO

potential to be a therapeutic target to slow insulin receptor degra-
dation and improve insulin resistance.

The formation of endosomes is an important regulatory
mechanism in cells that is closely related to intracellular substance
transport, signal transduction, cell growth and other processes***’. For
receptor proteins or other substances on the plasma membrane, fol-
lowing plasma membrane invagination to form early endosomes,

Nature Communications | (2023)14:6833

14



Article

https://doi.org/10.1038/s41467-023-42657-w

Fig. 7 | ZFYVE28 promoted the conversion of early endosomes to late endo-
somes. a ZFYVE28 colocalized with early endosomes, whereas the colocalization
disappeared with the FYVE domain deleted (ZFYVE28-AFYVE). Representative
confocal images of four independent parallel experiments are shown, and the inset
in the right panel shows a magnified view of the indicated area. Scale bar, 100 pm
(left panel), 25 um (right panel). b HepG2 cells overexpressing ZFYVE28 and
ZFYVE28-AFYVE were fixed and stained at different time points after insulin sti-
mulation at 10° M. ZFYVE28 promoted the formation of late endosomes (RAB7-
labeled endosomes). Representative confocal images of four independent parallel
experiments are shown. Scale bar, 50 pm. ¢, d After 90 min of insulin stimulation at
107°M, HepG2 cells were subjected to multiplex immunofluorescence staining
using Opal™ 7 color kits (Akoya Biosciences). A large field of view was selected for
confocal imaging. Representative confocal images of cells (c) and the quantification
results of relative fluorescence density (d) of six independent parallel experiments
are shown. Scale bar, 100 pm. e Representative western blot results of HepG2 cells
overexpressing ZFYVE28 and ZFYVE28-AFYVE at different time points after insulin

stimulation at 10°° M. Independent experiments were repeated three times in
parallel. f Representative western blot results of hepatic proteins in flox/flox mice
and LKO mice after insulin injection (2 U/kg body weight) for 30, 60, 90, and

120 min. Independent experiments were repeated three times in parallel.

g, 1,j Representative results of immunohistochemical staining of liver sections from
mice injected with AAV9-pTBG-GFP and AAV9-pTBG-Zfyve28 (g); independent
experiments were repeated five times in parallel. The quantification results (i, j) are
shown; n =5 biologically independent samples per group. Scale bar, 100 pm.

h, k, I Representative results of immunohistochemical staining of liver sections
from flox/flox mice and LKO mice (h); independent experiments were repeated five
times in parallel. The quantification results (k, I) are shown; n =35 biologically
independent samples per group. Scale bar, 100 um. Data are shown as means + SD,
and P values are determined by unpaired two-tailed Student’s ¢-test (d, i-1). The
exact P values are shown in the figure. Source data are provided as a Source

Data file.

some of them are subsequently retransported back to the cell surface
by recycling endosomes; some are converted to late endosomes,
which are then targeted to lysosomes for degradation*='. This was
also true during insulin signaling. Insulin acts by binding to INSR on the
plasma membrane of target cells, which causes receptor tyrosine
phosphorylation. In turn, INSR substrate or SHC proteins are recruited
and initiate downstream cascade signaling pathways, mainly including
two branches: PI3K/AKT metabolic signaling and RAS/ERK mitotic
signaling®>**. Then the active INSR is internalized by clathrin-mediated
endocytosis, and the receptor endocytosed into early endosomes is
either transported back to the plasma membrane by recycling endo-
somes or enters the lysosomal degradation pathway via conversion of
early endosomes to late endosomes”®?, The process of endosome
formation and maturation is complex. Reticulon-3 has been shown to
promote endosome maturation, and SORF-1 and SORF-2 have also
been reported to play an important regulatory role in early-to-late
endosome conversion®*., A recent study further revealed that EPHB4
interacts with INSR and promotes the endocytosis and lysosomal
degradation of INSR?. Here, in our study, we identified the association
of ZFYVE28 with endosomal conversion. ZFYVE28 colocalized with
early endosomes via its FYVE domain. Then, ZFYVE28 inhibited the
generation of recycling endosomes, promoted the conversion of early
endosomes to late endosomes, and targeted lysosomal degradation.
This function was closely related to the FYVE domain of ZFYVE28.

The FYVE domain is a cysteine-enriched small Zn(2+) binding
domain with approximately 60-70 amino acids. The structure of the
FYVE domain contains two B-hairpins and a small carboxyl terminal a-
helix***’. One of the important functions of the FYVE domain is to
bind PI3P and localize to endosomes. The FYVE domain contains a
PI3P-binding pocket. The recognition of the 3-phosphate is deter-
mined by two clusters of conserved arginines, and the localization and
activation of the PI3P-binding pocket is mediated by a nonspecific
insertion of a hydrophobic loop into the lipid bilayer". The interaction
of the FYVE domain with PI3P is highly Zn(2+) dependent and mediates
the endosomal localization and regulation of protein sorting of the
FYVE domain-containing proteins®” . In our study, we confirmed that
the FYVE domain played an important role in the endosomal locali-
zation of ZFYVE28. With deletion of the FYVE domain, ZFYVE28 no
longer colocalized with early endosomes, and the effect of promoting
the conversion of early endosomes to late endosomes also
disappeared.

ZFYVE28, also known as LST2 which is a major member of the
FYVE protein family, has been shown to act as a negative regulator of
the EGFR signaling in mammals and C. elegans by colocalizing with
endosomes and EGF via the FYVE domain, thereby promoting the
degradation of EGFR™?. INSR, similar to EGFR, is an RTK. Following
insulin binding, INSR is phosphorylated and activated. Then, the active
INSR is internalized by clathrin-mediated endocytosis. The insulin

receptor endocytosed into early endosomes is either transported back
to the plasma membrane by recycling endosomes or enters the lyso-
somal degradation pathway via conversion of early endosomes to late
endosomes®*. We found that ZFYVE28 was involved in insulin sig-
naling and promoted the degradation of phosphorylated INSR by
promoting the conversion of early endosomes to late endosomes.
Moreover, some studies have proposed a strong correlation between
ZFYVE28 and breast cancer, gastric cancer and colon cancer®®®.
However, there was no evidence of obvious cancers in Zfyve28-over-
expressing mice or knockout mice in our study. It is still an intriguing
problem worth exploring that whether cancer is induced when a
therapy targets ZFYVE28, which needs to be assessed in further
studies.

In conclusion, we identify that ZFYVE28 is involved in insulin
signaling and mediates insulin resistance by promoting phosphory-
lated insulin receptor degradation. While Zfyve28 liver-specific over-
expression in mice impairs insulin sensitivity and causes an increase in
lipid content in the serum and liver, Zfyve28 liver-specific knockout
significantly improves insulin sensitivity and relevant indicators asso-
ciated with insulin resistance. ZFYVE28 may be a potential therapeutic
target to improve insulin sensitivity and prevent metabolic and car-
diovascular diseases associated with insulin resistance.

Methods

The research methods applied in this study followed the guidelines of
the World Medical Association’s Declaration of Helsinki and sub-
sequent revisions. The study was reviewed and approved by the ethics
committees of Fuwai Hospital and Rizhao Port Hospital.

Cohort for expression profile chip analysis

The study population was from Rizhao City in the northern region of
China from 2009 to 2010, including 100 patients with obesity, 100
patients with MetS and another 100 matched normal controls, part of
which had been described previously®**. The following strict inclu-
sion criteria were used for obese patients, MetS patients and controls:
(1) Chinese Han people; (2) aged 50-77 years; and (3) subjects were
excluded when they had any known diseases including thyroid disease,
hematological diseases, peptic ulcers, liver or kidney dysfunctions,
infections, autoimmune diseases, or tumors. According to Chinese
body mass index (BMI) standards®, underweight, normal weight, and
overweight/obesity were defined as BMI<18.5, 18.5-23.9, and
>24.0 kg/m?, respectively. The controls had normal BMI (18.5-23.9),
while the patients with obesity had BMI >28.0 or BMI > 27.0 and waist
circumference > 101 cm. All obese patients were nondiabetic and had
normal insulin sensitivity. The more strict criteria for MetS patients
were BMI >28.0 or BMI > 27.0 and waist circumference >101 cm, plus
three or more of the following: (1) elevated triglycerides (drug treat-
ment for elevated triglycerides was an alternate indicator) > 1.7 mmol/
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insulin sensitivity in HFD-fed WT mice; n =5 biologically independent mice per
group. g, h, j, k Plinabulin treatment markedly impaired insulin sensitivity in HFD-
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data are provided as a Source Data file.
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resistant MetS subjects, insulin signaling is impaired and the inhibitory effect on
ZFYVE28 is diminished; thus, ZFYVE28 expression is upregulated. Furthermore,
ZFYVE28 colocalizes with early endosomes via its FYVE domain, inhibits the con-
version of early endosomes to recycling endosomes but promotes the conversion
to late endosomes, ultimately promoting the degradation of phosphorylated
insulin receptor which is endocytosed into early endosomes.

L; (2) reduced HDL-C (drug treatment for reduced HDL-C was an
alternate indicator) <1.0 mmol/L; (3) elevated blood pressure (anti-
hypertensive drug treatment in a patient with a history of hypertension
was an alternate indicator) with current or previous SBP >160 mmHg

and DBP =100 mmHg; and (4) elevated fasting glucose (drug treat-
ment of elevated glucose was an alternate indicator) =6.1 mmol/L.
Moreover, these 100 MetS patients were all diabetic. The basic char-
acteristics are shown in Supplementary Table 1. Then, 13 obese
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patients, 13 MetS patients and 13 control males were randomly selected
for gene expression profiling analysis by using Affymetrix Human Gene
2.0ST Array; the basic characteristics are shown in Supplementary
Table 2. Approximately 2.5 ml of venous blood was collected with a
PAXgene (Qiagen) venous blood collection tube, and blood was used
to extract RNA for further research. All participants gave their signed
informed consent to the study.

Treatment of mice

All animal use and welfare adhered to the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals following a
protocol reviewed and approved by the State Key Laboratory of Car-
diovascular Disease, National Center for Cardiovascular Diseases,
Fuwai Hospital (Beijing, China). The animal study was reviewed and
approved by the ethics committee of Fuwai Hospital. All mice were
housed under a 12-h light/dark cycle at a temperature of 23 +1°C and
relative humidity of 50%-60%, with free access to water. In this study,
the mice used in the experiment were all male due to their lower sex
hormone variations, greater susceptibility to obesity and more pro-
nounced impairment of insulin sensitivity under high-fat diet
induction® %, Mice were euthanized by CO, inhalation at the appro-
priate time during the study and tissue samples were removed for
further experiments.

For the HFD group and ND group, C57BL/6) mice were fed a high-
fat diet (HFD, 60 kcal% fat, D12492, Research Diets, Inc) or normal
standard chow diet with 10 kal% fat (ND, D09100304, Research Diets,
Inc). Specifically, 6-week-old mice were fed a HFD for 12 weeks to
induce insulin resistance; 14-week-old mice were fed a HFD for 4 weeks
to induce obesity. Control mice were fed a ND continuously for
12 weeks starting at 6 weeks of age. All mice reached the experimental
endpoint at 18 weeks of age.

Liver-specific overexpression of Zfyve8 in mice was achieved by
tail vein injection of AAV9-pTBG-Zfyve28. Control mice were injected
with AAV9-pTBG-GFP. Liver-specific infection was achieved by a com-
bination of serotype AAV9, a serotype that efficiently infects the liver,
and the liver-specific promoter pTBG. Then, 6-week-old C57BL/6) mice
were injected with a total volume of 100 ul PBS containing 1 x 10" gc
virus via the tail vein. Subsequently, mice were fed a HFD for 12 weeks.

Both Zfyve28 global knockout (KO) mice and liver-specific
knockout (LKO) mice (C57BL/6) background) were constructed at
Cyagen Biosciences (Suzhou, China). Liver-specific knockout of
Zfyve28 was achieved by crossing Zfyve28™%* mice with Alb-Cre mice.
Transgenic progeny was confirmed using PCR analysis with genomic
DNA isolated from the mouse tail tip. Four-week-old male mice were
then fed a HFD for 12 weeks and prepared for further experiments.

For plinabulin treatment, WT, KO, and LKO mice fed a HFD for
10 weeks were used. Plinabulin (MCE, HY-14444) was diluted in DMSO
and injected intraperitoneally (5 mg/kg body weight) once a day for
2 weeks. Control mice were injected with DMSO. All mice were main-
tained on HFD feeding at the same time, and GTT and ITT were then
performed.

Measurements of mouse blood pressure and microcirculatory
blood flow of the heart

Mouse SBP and DBP were measured noninvasively using the tail cuff
method (IITC Life Science, MRBP blood pressure system). Heart
microcirculatory blood flow was measured with laser Doppler flow-
metry (PeriCam PSI System, T402-PT).

Glucose tolerance test (GTT) and insulin tolerance test (ITT)

Mice were fasted overnight (for GTT) or for 4 h (for ITT) before per-
forming GTT and ITT and then intraperitoneally injected with glucose
(2g/kg body weight) for GTT or human insulin (0.75 unit/kg body
weight) for ITT. Tail vein blood was taken at 0, 15, 30, 60, 90, 120 and
150 min after injection to measure blood glucose. Blood glucose levels

were measured using an Accu-Chek Active Blood Glucose Meter and
corresponding test strips (Roche).

Determination of triglycerides, total cholesterol levels and
insulin levels

Triglyceride and total cholesterol contents were determined using the
Triglyceride assay kit and Total cholesterol assay kit according to the
manufacturer’s instructions (A111-1-1, A110-1-1, Jiancheng Bioengineer-
ing Institute, Nanjing, China). Briefly, 0.1g liver and heart tissue were
weighed. Then, the tissue was homogenized thoroughly with absolute
ethanol, and the supernatant was taken for detection after cen-
trifugation. Serum insulin levels of mice in the ND group, HFD-4w
group and HFD-12w group were measured using radioimmunoassay in
Zhongtong Rambo (a core lab of laboratory medicine in Beij-
ing, China).

Isolation and culture of mouse primary hepatocytes

Isolation of mouse primary hepatocytes was performed by enzymatic
digestion. Briefly, three different groups of mice fed a normal diet, a
4-week high-fat diet, and a 12-week high-fat diet were used. Primary
hepatocytes were obtained by liver perfusion and digestion. Specifi-
cally, the peritoneal cavity was opened and the inferior vena cava was
cannulated using a 23-gauge needle catheter. The cannula was
clamped with a surgical clip. The liver was then perfused with pre-
warmed (37 °C) Ca®*- and Mg*-free HBSS™ containing 1mM EGTA at a
rate of 1 mL/min prior to thoracic dissection. The aorta was ligated and
the portal vein was transected. The liver was then perfused at a rate of
2 mL/min with prewarmed (37 °C) HBSS™ containing Ca*’, Mg*" and
collagenase digestion solution (collagen type IV, 10 mg/mL). The per-
fused and digested liver was then carefully dissected and placed in a
petri dish containing ice-cold HBSS™. The Glisson capsule was then
gently teased with forceps to obtain the cell suspension. The cell
suspension was filtered through gauze to remove undigested or con-
nective tissue and centrifuged at 50 x g for 5 min. Thereafter, the cells
were resuspended in HBSS* and centrifuged at 50 xg for 5min to
obtain parenchymal (pellet) and nonparenchymal (supernatant) cells.
Parenchymal cell suspensions containing viable hepatocytes were
used for culture. The hepatocytes were resuspended in prewarmed
culture medium (high glucose DMEM) containing 10% fetal bovine
serum (FBS). Supplements for maintenance of primary hepatocytes,
including dexamethasone ITS (insulin, transferrin, selenium complex)
and glutamine, were added to the medium.

HE and immunohistochemistry staining

For HE and immunohistochemistry staining, mouse liver samples were
fixed with 4% neutral buffered paraformaldehyde and paraffin
embedded. Then, staining of liver sections was performed according
to standard procedures.

Cell culture

HepG2 cells (ATCC, HB-8065), HEK293T cells (ATCC, CRL-3216) and
Hela cells (ATCC, CCL-2) were cultured in DMEM (Gibco, Rockford)
after processing with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin (P/S). Cells were used between passages 14 and 16. The
cells were incubated at 37 °C (with 5% CO,) until confluent and then
transferred to 6-, 12- or 24-well plates. Knockdown of ZFYVE28 was
mediated by siRNA transfection: sense 5-GAC AAU GUG UGU UGA ACA
UCA TT-3’; antisense 5-UGA UGU UCA CAC AUU UGU CTT-3". Over-
expression of ZFYVE28 was mediated using lentiviral infection fol-
lowing standard procedures; lentiviruses with flag tags and puromycin
resistance genes were constructed at GeneChem (Shanghai, China).
Plasmid transfection was performed with Lipofectamine 3000 (Invi-
trogen, Rockford, IL) when the degree of cell fusion reached 70-80%.
Alternatively, cells were treated with GSK690693 (MCE, HY-10249),
Pan-RAS-IN-1 (MCE, HY-101295), KRA-533 (MCE, HY-138188) and
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PD98059 (MCE, HY-12028) for the appropriate time at concentrations
referred to the instructions. After incubation for the appropriate time,
the cells were harvested for further experiments.

Active Ras detection

Active Ras detection was achieved by the Active Ras Detection Kit
according to the manufacturer’s instructions (CST, 8821). Cell lysates
were obtained under nondenaturing conditions. Optional, cell lysates
were incubated with GDP or GTPyS at 30 °C for 15 min. MgCl, was then
added to the mixture to terminate the reaction. The samples obtained
were used as negative and positive controls during the assay. Cell
lysates were subsequently affinity precipitated with GST-Rafl-RBD
fusion protein. Activated Ras-GTP proteins were then precipitated and
separated. Protein samples were eluted with SDS buffer containing
dithiothreitol (DTT) and heated at 100 °C for 5 min. A standard western
blotting assay was then performed to detect the levels of Ras-GTP.

Extraction of plasma membrane and organelle membrane
proteins

HepG2 cells were treated with plinabulin (200 nM) for 24 h and sub-
sequently treated with insulin (1 uM) for different periods of time. Cells
were washed with ice-cold PBS and then harvested. Isolation and
extraction of plasma membrane and organelle membrane proteins
were performed by the spin column method using the Minute™ Plasma
Membrane Protein Isolation and Cell Fractionation Kit (Invent Bio-

technologies, Inc., SM-005) according to the manufacturer’s
instructions.
Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 20-30 min at 37 °C and
permeabilized with 0.2% Triton X-100 for 20 min at room temperature.
After blocking with goat serum for 1h, the cells were incubated with
appropriate primary antibodies overnight at 4 °C. Alexa Fluor 488-
conjugated and Alexa Fluor 594-conjugated secondary antibodies
were then used. Nuclei were stained with DAPI. Confocal microscopy
was performed using Lecia SP8. Before immunofluorescence staining
for intracellular insulin, cells were incubated with insulin at 10 M.
Multiplex fluorescent label detection was performed using Opal™ 7
color kits (Akoya Biosciences) following the recommended proce-
dures. The antibodies used are shown in Table S4.

Glucose uptake

Glucose uptake was monitored using fluorescent 2-NBDG (Invitrogen,
Rockford, IL). Before staining the cells with 2-NBDG, the culture
medium was removed and the cells were washed twice with pre-
warmed PBS. Then, freshly prepared complete high-glucose DMEM
was added. Fluorescent 2-NBDG was added at a final concentration of
100 pM, and the cells were incubated at 37 °C with 5% CO, for 30 min.
Then, the incubation medium was removed, and the cells were washed
twice with prewarmed PBS. Fluorescence was detected using a Leica
fluorescence inverted microscope (Leica DMI4000 B).

Luciferase reporter analysis

The promoter region of the ZFYVE28 gene was cloned into the pGL3
plasmid. HepG2 cells were transfected with ZFYVE28-Luc, together
with NOTCHI and Renilla plasmids. Forty-eight hours after transfec-
tion, the luciferase activity of the cells was detected using a luciferase
assay kit (Promega). The firefly luciferase and Renilla luciferase activ-
ities were determined by a microplate reader (Infinite-M200). Renilla
luciferase was used for normalization.

Chromatin immunoprecipitation (ChIP) analysis

ChIP assays were performed in HepG2 cells using the SimpleChIP® Plus
Enzymatic Chromatin IP Kit (CST, 9004) following standard proce-
dures. The prepared chromatin was reacted with anti-RBPJ (1:50, CST,

5313) and anti-IgG (1:50, CST, 2729) at 4 °C overnight. The enrichment
of the DNA template was analyzed by qPCR using the following pri-
mers: forward: 5-GAGTAGACGATGGCTGTGGG-3’ and reverse: 5-
GCCAAGTTGCTCTCACTTGC-3', which were specific for the ZFYVE28
gene promoter.

Quantitative RT-qPCR and western blot

To perform the RT-qPCR analysis, 1 ug of total RNA was converted to
complementary DNA (cDNA). A Prism 7500 sequence-detection sys-
tem (ABI, Rockford, IL) was used to analyze mRNA expression levels
using Hieff® qPCR SYBR Green Master Mix. The primers are shown in
Supplementary Table 3.

Proteins were extracted with IP buffer containing protease inhi-
bitors (Beyotime, China) and the protein concentration was deter-
mined using a Pierce BCA Protein Assay Kit (Thermo Scientific). Total
protein (20 pg) was subjected to SDS-PAGE, and western blotting was
performed according to standard methods. The blots were then
incubated with appropriate antibodies at the recommended dilutions
followed by enhanced-chemiluminescent detection using the Super-
Signal West Femto Maximum Sensitivity Substrate Kit (Thermo Sci-
entific). The antibodies used are shown in Supplementary Table 4.

Data analysis

SPSS Statistics 26.0 software was used for statistical analysis and data
plotting was performed using Prism Graph Pad 8.0. The quantitative
analysis of immunohistochemistry and immunofluorescence results
was performed using ImageJ software, and each dot in the quantitative
graphs represents a parallel independent biological sample test. For
western blots, blots were converted to grayscale images, and intensity
analysis was performed using ImageJ. Then, the grayscale result of the
target protein (for example, ZFYVE28, NOTCHI) for each biological
sample was normalized to its corresponding (3-actin (ACTB) for semi-
quantitative analysis, and the protein phosphorylation levels were
normalized to total protein levels (for example, p-INSR/INSR, p-ERK/
ERK, p-AKT/AKT). For qPCR analysis, values were the fold induction of
gene expression normalized to the housekeeping gene S-actin. The
differences between two groups were evaluated using unpaired Stu-
dent’s t tests, and multiple group comparisons were conducted by one-
way ANOVA followed by Tukey’s post hoc tests or two-way ANOVA
with Fisher’s LSD post hoc multiple comparisons test. Data are pre-
sented as the mean +SD, and a P value < 0.05 was considered statisti-
cally significant.

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

Data availability

The data supporting the findings of this study are all available in the
manuscript and its supplementary information. The source data for
Fig. 1b, d are provided in the Supplementary Data 1 and Supplementary
Data 2 files. The RNA sequencing data for Fig. 3a-d are available at
GSE245301. All other data for figures in the manuscript are provided in
the Source Data file. Source data are provided with this paper.
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