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Epithelial-mesenchymal transition (EMT) contributes significantly to interstitial matrix deposition in diabetic kidney disease
(DKD). However, detection of EMT in kidney tissue is impracticable, and anti-EMT therapies have long been hindered. We
reported that phosphatase and tensin homolog (PTEN) promoted transforming growth factor beta 1 (TGF-B), sonic hedgehog
(SHH), connective tissue growth factor (CTGF), interleukin 6 (IL-6), and hyperglycemia-induced EMT when PTEN was
modified by a MEX3C-catalyzed K27-linked polyubiquitination at lysine 80 (referred to as PTEN*?"-*°'*)_ Genetic inhibition

of PTEN*?"#°® g|leviated Col4a3 knockout-, folic acid-, and streptozotocin-induced (STZ-induced) kidney injury. Serum

and urine PTEN*?"-P°V® concentrations were negatively correlated with glomerular filtration rate (GFR) for diabetic patients.

that inhibited the progression of DKD.

Introduction

Diabetic kidney disease (DKD) affects approximately 40% of dia-
betic patients and is one of the major causes of morbidity and mor-
tality (1). In addition to cardiovascular disease, which is a leading
cause of death in persons with DKD, about 20%-40% of those with
DKD will progress to end-stage renal disease (ESRD) (2). In addi-
tion to hyperglycemia, which is one of the main risk factors for the
development of DKD (3), growth factors, including transforming
growth factor beta 1 (TGF-p), interleukin 6 (IL-6), connective tis-
sue growth factor (CTGF/CCN2), and sonic hedgehog (SHH), are
key regulators of kidney fibrosis (4-8). Fibrosis is characterized by
the accumulation of myofibroblasts, the collagen-depositing cells.
In addition to myofibroblasts derived from bone marrow, resi-
dent fibroblasts generated by epithelial-mesenchymal transition
(EMT) play an important role in the development of kidney fibro-
sis (9). Lineage tracing analysis demonstrates that EMT in tubular
epithelial cells is necessary for the progression of kidney fibrosis
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Mechanistically, PTEN*?-PeW® facilitated dephosphorylation and protein stabilization of TWIST, SNAI1, and YAP in renal
epithelial cells, leading to enhanced EMT. We identified that a small molecule, triptolide, inhibited MEX3C-catalyzed
PTENX?"-P°vUb and EMT of renal epithelial cells. Treatment with triptolide reduced TWIST, SNAI1, and YAP concurrently and
improved kidney health in Col4a3 knockout-, folic acid-injured disease models and STZ-induced, BTBR ob/ob diabetic
nephropathy models. Hence, we demonstrated the important role of PTEN*?-7°Y'® jn DKD and a promising therapeutic strategy

(10). Rather than directly transforming into myofibroblasts, the
renal epithelial cells undergo a partial EMT and dedifferentiate to
secrete cytokines and chemokines that promote fibrogenesis and
inflammation, which in turn promote the development of fibrosis
(11). Genetic evidence indicates that master regulators of EMT,
such as TWIST and SNALII, play important roles in the progression
of kidney fibrosis (12). However, the regulation of TWIST and
SNAI1 under hyperglycemic conditions or other stimuli is large-
ly unknown. Most importantly, treatment strategies that inhibit
EMT and alleviate kidney disease progression and related mor-
tality remain elusive.

Phosphatase and tensin homolog (PTEN) is a negative regu-
lator of the protein kinase B (AKT/PKB) and mTOR (mechanistic
target of rapamycin) pathways (13). Conventional knockout (KO) of
Pten in mice is embryonically lethal (14). However, mice with trans-
genic expression of activated AKT exhibit a different spectrum of
tumor development (15). Therefore, it is highly likely that PTEN
exhibits biological roles other than dephosphorylation of phospha-
tidylinositol (3,4,5)-triphosphate (PIP,), such as acting as a protein
phosphatase in vivo. Posttranslational modifications, including
ubiquitination, are major regulatory mechanisms that control the
protein stability, subcellular localization, and enzymatic activity
of PTEN (16). The level of unmodified PTEN is dynamically regu-
lated in kidney injury (17), suggesting that PTEN may harbor post-
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translational modifications, which play important roles in kidney
disease. However, the function, mechanism, and posttranslational
modification of PTEN in kidney disease remain unclear.

We report that PTEN promotes TGF-B, SHH, CTGF, IL-6, and
hyperglycemia-induced EMT when PTEN is modified with a K27-
linked polyubiquitin chain (K27-polyUb) at lysine 80 (referred to
as PTENX7polUb), Homozygous mice harboring the Pten K80R
mutant abolished EMT and alleviated Col4a3-KO-, folic acid-, and
streptozotocin-induced (STZ-induced) kidney injury. Elevated
concentrations of PTEN ??tUb were observed in blood and urine
samples of diabetic patients, which is negatively correlated with
estimated GFR (eGFR). Furthermore, elevated PTENK>2°WUb wag
detected in the kidney tissue of patients with DKD. We screened
and characterized that a small molecule, triptolide, specifically
binds to the RING domain of MEX3C to inhibit MEX3C-UBE2S
interaction and MEX3C-catalyzed PTEN*?7polvUb Jeading to inhibi-
tion of EMT in renal epithelial cells. Treatment with triptolide sig-
nificantly improved kidney health and extended median survival
times in diabetic mouse models compared with vehicle adminis-
tration. These findings suggest that PTENX27polvUb plays important
roles in the development of DKD. Targeting MEX3C-dependent
PTENX7polyUb ysing small molecular compounds could serve as a
promising strategy for preventing the progression of renal fibrosis
before diabetic patients reach ESRD.

Results
Genetic inhibition of PTEN*2"?0% yeduces renal fibrosis. We estab-
lished that MEX3C catalyzes K27-linked polyubiquitination of
PTEN (referred as PTENX27polvUb) at lysine 80. K8OR mutation
abolishes the K27-linked polyubiquitination. PTENX27pelyUb switch-
es the enzymatic activity of PTEN from a phosphoinositol phos-
phatase to a protein serine/threonine phosphatase. PTENX27-polytb
dephosphorylates TWIST1, SNAII, and YAPI, leading to accu-
mulation of these proteins and EMT (18). Given that EMT plays
important roles in promoting organ fibrosis, we assessed whether
MEX3C-PTENX72oyUb could be involved in DKD, which eventual-
ly leads to kidney fibrosis and ESRD (19).

We generated a genetically edited mouse model that replaced
lysine 80 with arginine using CRISPR/Cas9 system-mediated
genomic editing (20). We detected a single-nucleotide (AAA-
AGA) mutation after the founder mice were validated by Sanger
sequencing. Pten 8%/X80R mice exhibit similar homeostasis devel-
opment and renal function (Supplemental Figure 1, A-G; sup-
plemental material available online with this article; https://
doi.org/10.1172/JCI121987DS1). We crossed Pren*O%/X80R mjce
with Col4a3”7- mice to generate Col4a3*/~ PtenV/*3°R = Col4a3*/
Pten SOR/KSOR = Col4g37/~ PtenWVX8OR and Col4a3”/~ PtenXsOR/K80R
mice in a mixed genetic background of FVB/129S1 (Figure 1A).
The depletion of the Col4a3 gene and Pten K8OR mutant exhib-
ited minimal effect on the body weight and organ development of
young animals (Supplemental Figure 2, A-D).

We first demonstrated the presence of PTEN¥2#otUb in fibrot-
ic tubules using site-specific antibodies targeting PTENX27-polytb
[Ub-PTEN (K80)]. Heterozygous Col4a3*~ Pten"WVXso} kidneys
exhibited low levels of PTENX27polvUb, PTENK27PolUb wag significant-
ly higher in Col4a37/- Pten""/*®°} kidneys when the animals suffered
from kidney fibrosis (Figure 1, B and C). The tubular areas for each
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measurement between experimental conditions were similar (Sup-
plemental Figure 2E). PTENX?PovUb was undetectable in Col4a3*/"
Pten8OR/K80R and Col4a3~~ Pten*®*/X80k kidneys, which both harbor
the homozygous Pten K8OR mutant (Figure 1, B and C).

FVB mice are known for their susceptibility to kidney disease
(21). By 10 weeks of age, no significant phenotypic abnormalities
were observed in the kidneys of Col4a3*~ mice with the homozy-
gous Pten mutant (Col4a3"~ Pten*s%/¥°r) compared with litter-
mates with the heterozygous Pten mutant (Col4a3"/~ PtenV7/Xs0r)
(Figure 1, B and D). However, Col4a3”/" PtenV"/¥3°} animals with
a mixed FVB/129S1 genetic background exhibited severe kid-
ney fibrosis at the same age. Kidneys of Col4a37~ Pten"V/*$°} mice
exhibited fewer healthy tubules than those of Col4a3*/~ PtenW/X80k
mice (Figure 1, B and D). Kidneys of Col4437~ mice with the homo-
zygous Pten mutant (Col4a37 Pten*8%/X8R) exhibited significantly
reduced injury score compared with kidneys with the heterozygous
Pten mutant (Col4a3”/~ PtenWVV*°R) (Figure 1, B and D). Kidneys with
homozygous depletion of Col4a3 (Col4a37/~ Pten"VV/*®) showed
greater accumulation of connective fibers compared with heterozy-
gous depletion of the Col4a3 gene (Col4a3"/- Pten"WV*°%) which was
significantly alleviated in the Col4a37- Pten*®*/*%0R kidneys (Figure
1, B and E). Genetic inhibition of PTEN*2"»M reduced glomeru-
losclerosis significantly (Figure 1, B and F). The staining intensities
of MEX3C in Col4a37/~ PtenVV/¥¢°® kidney tubules are higher com-
pared with Col4a3*/~ PtenW"/X8k animals (Figure 2, A and B and Sup-
plemental Figure 2F). These data suggest that MEX3C-dependent
PTENX7#olUb plays important roles in regulating kidney fibrosis.

One of the major morphological characteristics of myofibro-
blasts is the expression of a-smooth muscle actin (a-SMA) (22).
In Col4a3”" mice, the accumulation of a-SMA-positive staining in
the kidneys of mice with the homozygous Pten mutant (Col4a3”/
Pten80R/K80R) wag less than that in mice with the heterozygous
Pten mutant (Col4a3”/- Pten"V7/*°®) (Figure 2, A-C and Supple-
mental Figure 2G). The staining intensities of PTENX?PolvUb cor-
related with a-SMA (Figure 2D).

Since PTENK7PoWUP gtabilizes TWIST, SNAI1, and YAP based
on its protein serine/threonine phosphatase activity (18), we
determined the status of TWIST, SNAI1, and YAP in Col4a3*/"
PtenVU/K8OR - Col4a3*/- Pren SOVKSOR - Col4g37/~ PtenVVKOR and
Col4a3”/~ Pten®o%/X8® mjce. TWIST and SNAI1 promote kidney
fibrosis after unilateral ureteral obstruction (UUO) (9). In hetero-
zygous Col4a3*/~ PtenWV*°R kidneys, low expression of TWIST,
SNAI1, and YAP was observed; however, in Col4a3”- mice with
heterozygous Pten K80R, elevated staining intensity of TWIST,
SNAIL, and YAP in Na*K*-ATPase-positive tubules was detected.
TWIST, SNAI1, and YAP were abolished in Pten*¢°®/X8R animals
regardless of the status of the Col4a3 gene (Figure 2, A, E-G and
Supplemental Figure 2, H-]J). The status of PTENX7rolyUb wag
highly correlated with the presence of TWIST, SNAIL, and YAP in
mouse kidneys (Figure 2H). These data suggest that PTENX27-polyUb
may facilitate EMT through stabilization of TWIST, SNAII, and
YAP in vivo.

Next, we determined the kidney function of Col4a3*"
PtenVKOR - Colda3*/~ Pren*SOR/K8OR - Col4q37/~ PtenVVKOR  and
Col4a37~ Pten®°V/XR mice, finding that blood urea nitrogen
(BUN) and albumin-to-creatinine ratio (ACR) were similar in
Col4a3"/" Pten*®*%/*80k and Col4a3*/- Pten"VV/ 8} [ittermates (Figure
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Figure 1. Pten“? oW js required for renal fibrosis. (A) Scheme of the experimental approach. (B) Representative images of H&E staining, Sirius red stain-
ing, PAS staining, and immunofluorescence staining using indicated antibodies in Col4a3*/- Pten"/*8%R, Col4a3*/- Pten*oR/8R (po|4q3-/- Pten"T/X&R and
Col4a3-'- Pten*®R/XeR kidneys. Black circles: sclerotic glomeruli; scale bars: 100 um. (C-F) Statistical analysis of Ub-PTEN (K80) per Na*K*-ATPase-positive
tubules (C), tubular injury score (D), percentage of Sirius red-positive area (E), and percentage of sclerotic glomeruli (F) per Na*K*-ATPase-positive tubules
per visual field. All error bars indicate SD; n = 5 animals and 6-8 independent fields per animal were calculated (1-way ANOVA). NS indicates P > 0.05,

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. Pten K80R mutant reduces EMT during renal fibrosis. (A) Repre-
sentative images of immunofluorescence staining using indicated antibod-
ies of Col4a3*/- PtenW/*8R (ol4a3+/- Pten*®R/X8R (ol4a3-/- Pten/8R and
Col4a3'- Pten*®R/*eR kidneys. Scale bars: 100 um. (B-C) Statistical analysis
of staining intensity of MEX3C (B) and a-SMA (C) per Na*K*-ATPase-
positive tubules. Error bars indicate SD; n = 5 animals and 6 independent
fields per animal were calculated (1-way ANOVA). (D) Pearson correlation
of the staining intensity of Ub-PTEN (K80) with a-SMA per Na*K*-ATPase*
tubule (n = 20, Pearson y? test). (E-G) Statistical analysis of TWIST-stain-
ing intensity (E), SNAI1-staining intensity (F), and YAP-staining intensity
(G) per Na*K*-ATPase positive tubules. Error bars, SD, n = 5 animals and 6
independent fields per animal were calculated (1-way ANOVA). (H) Pearson
correlation of the staining intensity of Ub-PTEN (K80) with TWIST, SNAI1,
and YAP per Na*K*-ATPase* tubule (n = 20, Pearson y? test). (I-)) Detection
of BUN (1), or ACR () in blood or urine samples of Col4a3*/- Pten"W"/x&R,
Col4a3*- Pten"8R/K&0R (ol4a3-/- PtenW*8R and Col4a3/- Pten8orR/K8oR
animals. Error bars indicate SD; n=6,7,9,7(); n =5, 8, 9, 6 (J) respectively
(1-way ANOVA). (K) Kaplan-Meier survival analysis of Col4a3*/- PtenW'/ &R,
Col4a3*’- Pten"®R/K&R (ol4a3-/- PtenW"*8R and Col4a3'- Pten 8oR/K80R gpj-
mals (n =5, 5,17, and 18 respectively, log-rank test). NS indicates P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

2,1and J). Homozygous Col4a3”- animals with the heterozygous
Pten K80OR mutant exhibited significant elevation of BUN and
ACR, which was significantly alleviated in Col4a37~ PtenS0r/X80k
double homozygous animals (Figure 2, I and J). Further, Col4a3~/
Pten 8O%/KOR mijce exhibited extended survival time compared
with Col4a37~ Pten'V/%8°} animals (Figure 2K). These observations
indicated that inhibiting PTEN¥?#°''> may alleviate the progres-
sion of kidney fibrosis and improve kidney function.

PTENX72b js yequired for growth factor-induced EMT. Using
human kidney tubular epithelial HK-2 cells, we found that in addi-
tion to high glucose (25 mM), growth factors/cytokines (CTGF,
IL-6, SHH, TGF-B, Cripto-1, and SDII-1) induced PTENX27-polylb
(Figure 3A). Using human HK-2 and mouse tubular epithelial MCT
cells (23), we confirmed that CTGF, IL-6, SHH, and TGF-p trig-
gered PTENK??bUb and reduced the level of unmodified PTEN
in both cell lines (Figure 3B). Previous research demonstrates the
importance of CTGF, IL-6, SHH, and TGF-p in promoting EMT,
fibrosis, and inflammation associated with kidney diseases (24-
27). Knocking down MEX3C using siRNAs abolished the growth
factor-induced PTEN*27polvUb yalidating that MEX3C acts as an E3
ligase to catalyze PTEN¥2"#olyUb (Figure 3C).

Mechanistically, high glucose-induced PTEN*7#°' showed
minimal effect on the subcellular localization of PTEN and pro-
tein stability (Supplemental Figure 3A). HK-2 with PTEN deple-
tion using sgRNAs was reintroduced with the PTEN WT or K8OR
mutant, finding that the cellular PIP, concentration increased in
the presence of WT PTEN but not the PTEN K80R mutant (Sup-
plemental Figure 3B). The expression of PTEN WT/mutant did not
affect the enzymatic activity of PI3K (Supplemental Figure 3C).
Expression of PTEN WT in PTEN-null HK-2 cells led to reduced
phosphorylation of TWIST and SNAIL, suggesting that high glu-
cose-induced PTENK??obUb gt the K80 residue facilitates dephos-
phorylation of TWIST and SNAII (Supplemental Figure 3D). This
dephosphorylation event is independent of the protein phospha-
tase activity of SHP2 or PP2A (Supplemental Figure 3, E and F).

We knocked out PTEN in HK-2 cells using sgRNAs and
restored the expression of PTEN by expressing the WT or K8OR
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mutant. TGF-B, SHH, IL-6, and CTGF all effectively induced the
downregulation of E-cadherin and upregulation of Vimentin/Snail
as mesenchymal markers (Figure 3, D-F). Depletion of PTEN abol-
ished TGF-B, SHH, IL-6, and CTGF-induced EMT. Expression of
WT PTEN restored the growth factor-induced morphology alter-
ation, but the PTEN K80R mutant failed to do so (Figure 3, D-F).

PTENK#bU s gssociated with DKD. We measured the
PTENK27PolUb copcentration in 54 human serum samples using a
modification-specific antibody (Figure 4A, Table 1, and Supple-
mental Table 1). Low concentrations of PTEN¥27#elyUb were detect-
ed in the serum samples of healthy kidney donors compared with
serum from patients with either type 1 or type 2 diabetes (Figure
4A). Serum from patients with DKD contained even higher con-
centrations of PTEN*7PoWb than the diabetic patients (Figure
4A). The presence of serum PTENK7PelUb concentration is nega-
tively correlated with estimated GFR (eGFR) (Figure 4, B and C).
The sensitivity and specificity of PTENX?PV a5 a biomarker of
DKD are 92.31% and 85.37%, respectively, with a receiver oper-
ating characteristic (ROC) area of 0.9418 (Figure 4D). Serum
PTENK27PolUb jg also correlated with the blood glucose levels of
type 1/2 diabetic and DKD patients but not the age of donors (Fig-
ure 4E and Supplemental Figure 4A).

Of the mex3 RNA binding family members, MEX3C is the
member most abundantly expressed in the kidneys (Supplemental
Figure 4B). Therefore, we determined the status of PTENKolyUb
and protein levels of MEX3C in human kidney tubules of healthy
kidney donors and patients with DKD. Protein levels of MEX3C
and the status of PTENX?PWUb were both elevated in glomeruli
and tubules from human DKD tissues compared with normal kid-
neys (Figure 4, F and G and Supplemental Figure 4, C and D). The
levels of MEX3C and PTEN*27#°'® were correlated in human kid-
ney tissues (Figure 4H).

We then determined the presence of PTEN¥?PoU jn human
urine samples from healthy kidney donors or patients with DKD.
PTENX#PolUb concentrations were significantly higher in urine
samples from DKD patients than from healthy donors (Figure
41). PTENK2#olWb Jevels in the urine were negatively correlated
with eGFR (Figure 4]). We further determined the concentration
of PTENX27polUb jp paired serum and urine samples of healthy
donors, diabetic patients, and DKD patients (Supplemental Table
1), finding that serum PTENX27PWUb concentration is faithfully
correlated with urine concentration of PTEN¥7PeUb (Figure 4K).
Furthermore, in this cohort, serum and urine concentrations of
PTENK27PolUb were elevated in type 2 diabetic patients compared
with healthy donors. The status of serum and urine concentrations
of PTENX27polvUb was further increased in DKD patients compared
with type 2 diabetic patients (Supplemental Figure 4, E and F). Our
data suggest that PTEN*¥?b' detected in DKD serum and urine
specimens correlates with the presence of DKD.

Characterization of triptolide as EMT inhibitor. Although EMT
is a key factor in promoting kidney fibrosis, anti-EMT therapy has
long been hindered because the master regulators of EMT, includ-
ing TWIST and SNAIL, are transcription factors (28). Hence, we
aimed to identify potential small molecule inhibitors that target
MEX3C, which we hypothesized may reduce the progression of
kidney fibrosis. We established a screening platform that took
advantage of a Ub-PTEN (K80) antibody and high-throughput
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Table 1. Basic characteristics of the cohort of human serum
samples used in the present study

Variable n Median (interquartile range)
Ub-PTEN (K80), ng/ml 54 0.683 (0.153-1.92)

1 (% male) 54 54 (35.1)

Age, years 54 50 (40-71)

Diabetes duration, years 38 9 (6-16)

Serum glucose, mmol/I 38 8.6 (7.8-31.6)

eGFR, ml/min 54 61(49-106)

ELISA assay to detect the in vitro formation of this poly-ubiqui-
tin chain in the presence of E1, E2, MEX3C, PTEN, and ubiquitin
(Figure 5A). We assembled a validated library of 2027 bioactive
compounds, comprised of FDA approved drugs, known inhibitors,
and natural compounds (catalog Z87653, Selleck Chemicals). The
screening revealed that a natural compound, triptolide (TPL),
exhibited effective inhibition of the enzymatic activity of MEX3C
in vitro, potentially serving as a potent E3 inhibitor (Figure 5A).

To demonstrate the target of TPL, we synthesized biotinylated-
TPL (Bio-TPL) (Figure 5B) and performed a chemical pulldown
using Col4a3*/* or Col4a3”" kidneys (Figure 5C and Supplemental
Figure 5A). The protein targets pulled down by Bio-TPL were sub-
jected to liquid chromatography-mass spectrometry (LC-MS) for
protein identification (Figure 5C, blue boxes, and Supplemental
Table 2). TPL associated with MEX3C, LIN-41, ERCC3, TRIM63,
PSD10, and DCT91, by which the interaction and inhibitory effect
of TPL against ERCC3 and DCTP1 was previously reported (29,
30), validating our chemical pulldown (Figure 5D). We determined
the binding affinity between Bio-TPL and recombinant MEX3C,
TRIM63, and TRIM71 (LIN-41), which are all potential E3 ligases,
finding that TPL exhibits robust interaction with MEX3C with a
K, value of 27.5 nM (Figure 5E). Using the representative E3 ligase
of Ring-finger E3 ligase (TRIM63, MDM2, RNF4, and MEX3C),
U-box E3 ligase (UBE3A), and HECT family of E3 ligase (ITCH)
(31), TPL showed effective inhibition of MEX3C with an IC, j value
of 48 nM (Figure 5F). The MEX3C-dependent PTENX?»oblb wag
abolished upon TPL treatment in cell-free assays, by which the
inhibitory effect of TPL was neutralized by a TPL-binding protein,
ERCC3 (XPB) (ERCC3/MEX3C molar ratio 10:1) (Figure 5G).

MEX3C has 2 K homology (KH) RNA binding domains and
a C-terminal RING type zinc finger domain. Deletion mutants
(AZNF) abolished the interaction between Bio-TPL and MEX3C,
suggesting that TPL targets the RING-type zinc finger domain of
MEX3C (Figure 5H and Supplemental Figure 5B). The conserved
cysteine and histidine residues in the RING type zinc finger
domain are essential in mediating domain folding and association
with E2 ubiquitin-conjugating enzymes (32). MEX3C C806S and
H625A mutants impaired the MEX3C-TPL interaction (Figure 51
and Supplemental Figure 5C), further validating TPL association
with the RING-type zinc finger domain of MEX3C.

E3 ligase inhibitors block E2-E3 interactions and E3-substrate
interactions (33). As an example, an MDM?2 inhibitor, RG7388,
abolishes MDM2-p53 interaction (34) (Figure 6A). We performed
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an alpha assay to evaluate MEX3C-PTEN and MEX3C-UBE2S
interactions in the presence of TPL. The MDM?2-p53 interaction
in the presence of RG7388 (34) was included as a positive control
and paclitaxel (PTX) (35) was included as negative control (Figure
6, B-D). Consistent with a previous report, our data indicates that
RG7388 effectively inhibits MDM2-p53 interaction with a K value
of 5.5 nM (34). By contrast, PTX and TPL exhibit minimal effects
on MDM?2-p53 interaction (Figure 6B). The interaction between
MEX3C and PTEN was not significantly affected in the presence
of PTX, TPL, or RG7388 (Figure 6D). However, the MEX3C-
UBE2S (E,-E,) association was abolished in the presence of TPL
but not the other compounds we tested (Figure 6C). Taken togeth-
er, our data indicate that TPL interferes with the UBE2S-MEX3C
interaction, potentially serving as an E3 ligase inhibitor.

In HK-2 cells, treatment with TPL, but not the other inhibitors
we tested, reduced glucose-induced PTENX27polvUb with minimal
effect on the total ubiquitination of PTEN (Figure 6E). Pretreat-
ment with TPL also effectively inhibited the CTGF-, IL-6-, SHH-,
and TGF-p-induced PTENK#eU (Figure 6F). Human renal
tubule epithelial cells (RPTECs) exhibited expression of ZO-1 and
low expression of vimentin and cell-cell contact (Figure 6G). In
the presence of high glucose (25 mM) or TGF-B, RPTECs exhibit-
ed decreased expression of ZO-1, increased expression of vimen-
tin, and loss of cell-cell contact, which were reversed by pretreat-
ment with TPL but not with the other E, ligase inhibitors we tested
(Figure 6G and Supplemental Figure 5D).

By taking advantage of the paired primary cell lines, RPTECs,
and diabetic human renal tubule epithelial cells (D-RPTECs), we
found that protein levels of MEX3C were higher in D-RPTECs
than in RPTECs (Figure 6H). High glucose stimulation induced
PTENK7PolUb decreased unmodified PTEN, upregulated a-SMA,
SNAI1, TWIST, and YAP, and downregulated E-cadherin/ZO-1in
RPTECs. D-RPTECs exhibited elevated PTENX?7royUb" reduced
unmodified PTEN, and augmented o-SMA and SNAI1 without
glucose stimulation (Figure 6H). Treatment with TPL inhibited
PTENX#7?olUb jny both cell types as well as the expression of a-SMA
and SNAI1 without affecting the protein level of MEX3C (Figure
6H). Biotin-TUBE (tandem ubiquitin binding entities) pulldown
indicated that TPL specifically inhibited PTEN*7#°b'® in glu-
cose-treated RPTECs and D-RPTECs, with minimal effect on the
global ubiquitination status (Supplemental Figure 5E).

Triptolide alleviates kidney fibrosis. We determined the efficien-
cy of TPL in alleviating kidney fibrosis using the Col4a37~ model
with a pure 12981 genetic background (36). We included 4 groups:
Col4a3 WT mice (Col4a3"/*), Col4a3 heterozygous mice treated
with vehicle (Col4a3*/~ + vehicle), Col4a3 homozygous mice treat-
ed with vehicle (Col4a37- +vehicle), and Col4a3 homozygous mice
treated with TPL (Col4a37- + TPL) (Figure 7A). The animals were
treated with vehicle or TPL, given orally daily and dosed 0.1 mg/
kg, starting from 3 weeks of age and continuing until death. At 8
weeks of age, Col4a3”~ + vehicle animals showed reduced body
weight and kidney weight compared with the Col4a3*~ + vehicle
group, while TPL-treated animals showed improved kidney and
body weight compared with the vehicle group (Supplemental Fig-
ure 6, A-C). The histology and liver function of the experimen-
tal animals were minimally affected (Supplemental Figure 6, D
and E). Kidneys of Col4a37- animals treated with TPL exhibited


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/3
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd
https://www.jci.org/articles/view/121987#sd

The Journal of Clinical Investigation

RESEARCH ARTICLE

A Sandwich ELISA Selleck customized Microplate
TMB substrate library
Anti-rabbit IgG-HRP 000800000000
44 Ub-PTEN (K80) 5
3 J PTENK27-polyUb o) g 'Y

S~ 21 6xHis-TUBE L)

o))

o 11

.% Q 0

[

S § -1 ° ° ‘

Q6 -2 [ )

29 3

;‘2 S 31 o ° o

44 R .
-5 1 - Triptolide °
. o= TPL) NSC697923 ~PYR-41
-6 - o
B Bio-Linker . oo o C  Streptavidin pulldown D ,00- N1
”2N\/\/\/\Ao/\/\/\/\/\/\-'HQ\,NH Bio-Linker Bio-TPL 1504 @ PSDI0
Bio-TPL ° M 100 TP TRMes o
v
' S MEX3C
I H S H ‘)_( 1 A
NH\/\/\/O\/\O/\/O\/\/N\I/\/\..Q,NH (kDa) o 30T
H —
,,O N 250 § 20- .\
Triptolide Spacer arm Biotin 150 10
100 v
E 25. —— GST-TRIM63, K, = 11.5 uM 75 2—ERCC3 olam— | —s T -
= —=— GST-MEX3C, K, = 27.5 nM g —MEX3C b**\ Y 6&3’ 22w
2 20, —+— GST-TRIM71, K, = 14.1 uM 50 ~—TRIM63 & @,@ & Q}@@ Q;z?b %,,,oé
é ﬁ 15 —&— GST, K,=N.D. 37
85
: st
EZ 20 G UBAT1 +UBE2S + Ub
s e + PTEN + MEX3C
~ 0 . — ' '
ilver inin ERCC3(XPB) - - + - - +
11-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 Silver Staining TPL - + 4+ -+ o+
log[TPL] (M) DMSO + - - + - -

F_ . &
s 15 E,ligase | TPL(IC,) . =
£5 - TRIMB3| 17.3 4.7 uM =
S 8_ 10 -=-MDM2 | 653.0 +26.8 uM 2
£ x —+RNF4 [152.4 +31.6 uM
52 5 ——UBE3A N.D.

Ke]

S ——ITCH N.D. & <PTEN

2 0 —e-MEX3C [ 0.048 +0.01 uM

G M98 7 65 432 1|B-§TE3I’\1 IB4'Ub5PTESN
log[TPL] (M) ' " (K80)

H Streptavidin pulldown | | Streptavidin pulldown |

Input " Biotin-TPL Biotin-Linker Input Biotin-Linker _ Biotin-TPL
[ 17 1 1

f 1T 1T 1 Q o < QO o < Q o <

x w - Y] x w = Y] x w = N . (] ® W «© o W ] @ ']

c z I I = zZ I I c zZ T I Recombinant ¥ o o ¥ o o ¥ © o

FAGMEXaC & = 3 % % 2 5 N ¥ ¥ 28 N ¥ Y His-MEX3C 6 8¢5 8 8¢5 88 ¢
- - -

= - .
IB:FLAG-tag = s S - B:MExsc| MM O W
_—
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improved tubular health, decreased sclerotic glomeruli, reduced
myofibroblast deposition, lower degrees of a-SMA deposition,
and reduced PTENK#elUb without a significant effect on the
MEX3C protein level in tubules (Figure 7, B-G). Treating Col4a37~
mice with TPL significantly reduced the protein levels of TWIST,
SANI1, and YAP in kidney tubules (Figure 8, A-D and Supplemen-
tal Figure 6, F-H).

Increased urine concentration of PTENX7PolvUb was detected
in Col4a37- animal urine compared with the vehicle treatment
(Figure 8E). TPL treatment resulted in reduced urine PTENK#7polytb
levels, which is consistent with the pathology and expression of
EMT markers in these tissues (Figure 8E). Furthermore, while
Col4a37- mice with vehicle treatment exhibited elevated serum
BUN, creatinine, and ACR at 8 weeks of age, these characteristics
were improved in Col4a37- mice with TPL treatment (Figure 8,
F-H). TPL treatment significantly improved survival times, with
a median survival time of 83 days compared with 59 days for the
vehicle treatment group (Figure 8I).

We determined the effect of PTEN #»olUb in folic acid-
induced (FA-induced) chronic progressive kidney fibrosis (37)
(Figure 9A). Three days after FA injection, the serum BUN con-
centrations of PtenV/X$°R animals were significantly higher than
in the Pren**°%/X°R animals (Figure 9B). Compared with bicarbon-
ate only, FA injection induced interstitial fibrosis 5 weeks after
injection. We detected altered tubular morphology, excessive col-
lagen deposition, upregulation of Pten*?”?°¥V® and MEX3C, and
tubular accumulation of TWIST, SNAI1, and YAP proteins (Fig-
ure 9, C-I and Supplemental Figure 8, A-E). Genetic inhibition
of Pten*27polUb (PrepX80R/K80R) reduced FA-induced kidney fibrosis
compared with the Pten™W7*® animals (Figure 9, C-1 and Supple-
mental Figure 7, A-H). Whether EMT plays important roles in the
acute injury remains to be investigated. It is likely that the FA-
induced damage during the acute phase triggers EMT of tubular
epithelial cells (38). Consistent with this hypothesis, mitochon-
drial-derived ROS potentially induces EMT during FA-induced
acute renal injury (39, 40). The mesenchymal-like cells triggered
by EMT release multiple cytokines/chemokines (41), which fur-
ther recruit inflammatory cells for kidney damage and conse-
quently elevate the level of BUN.

Next, we treated the WT C57BL/6] mice with FA, followed
by oral administration of vehicle or TPL 1 week after the FA injec-
tion until the end of the experiment (Figure 10A). TPL treatment
resulted in improved tubular morphology, reduced collagen depo-
sition, and decreased Pten*? PP status in mouse kidneys (Figure
10, B-F and Supplemental Figure 9, A-I). Compared with vehicle
administration, TPL treatment significantly reduced the expres-
sion of TWIST, SNAI1, and YAP (Figure 10, G and H, and Supple-
mental Figure 10, A-E).

Inhibition of Pten*? %" attenuates STZ-induced nephropathy.
Streptozotocin-induced (STZ-induced) diabetic mouse models
mimic type 1 diabetes by disrupting the insulin-producing pancreat-
ic beta cells (42). To address the hypothesis that genetic inhibition of
Pten*?7P"U* may reduce STZ-induced kidney injury, we included 3
groups of animals: PtenV7/X8® with vehicle injection, PtenV7/*8* with
STZ injection, and Pten*°%/ 80k with STZ injection (Figure 11A). The
plasma glucose concentrations of these animals were determined
2 weeks after STZ injection and every 2 weeks until the end of the
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experiment. Pten"V X0k and Pren S0%/X8OR animals that were subject-
ed to the STZ injection exhibited similar levels of hyperglycemia
(Supplemental Figure 11A). Pten ®o%/X°R animals showed signifi-
cantly reduced ACR, improved body weight, and reduced kidney
weight compared with PtenV/*® [ittermates upon STZ injection
(Figure 11B and Supplemental Figure 11, B-G), suggesting that
genetic inhibition of Pten*?#¥U* may improve kidney function in
hyperglycemia. Pten"7V 8k kidneys exhibited expanded mesangial
area, collagen deposition, elevated Pten*?» and expression of
TWIST1 25 weeks after STZ injection, which were attenuated by
genetic inhibition of Pten** ¥ (Figure 11, C-H and Supplemental
Figure 11, H-K). Therefore, our data suggested that Pten*?»%*ig an
important contributor to the development of DKD.

To assess the effect of the EMT inhibitor TPL on DKD, we
treated male C57BL/6] mice with or without STZ-induced dia-
betes (Figure 12A). Two weeks after injection, the presence of
Pten*?7P°'® in mouse urine (Figure 12B) indicated the occurrence
of EMT in the diabetic kidneys, which provided rationale for TPL
treatment. Hyperglycemic animals were subjected to vehicle or
TPL treatment 3 weeks after STZ injection. Although blood glu-
cose concentrations were not significantly affected by TPL treat-
ment, body weight, ACR, and BUN concentration in the animals
treated with TPL were significantly improved compared with the
vehicle treatment group (Figure 12, C and D and Supplemental
Figure 12, A-F). Animals treated with TPL exhibited reduced glo-
merular tuft, decreased mesangial area, lowered Pten*?”PvV® and
inhibited expression of mesenchymal markers (Figure 12, E-J and
Supplemental Figure 12, G-J).

We further determined the efficacy of TPL in BTBR 0b/0b-in-
duced nephropathy. BTBR 0b/0b mice exhibit increased albumin-
uria and glomerular mesangial matrix accumulation but marginal
interstitial fibrosis (43). We treated BTBR 0b/0b mice with TPL from
6 weeks old to 12 weeks old. The body weight, blood glucose, and
ACR were monitored biweekly (Figure 13A). Treatment with TPL
did not affect the blood glucose level or body weight of BTBR 0b/0b
mice. However, it significantly reduced proteinuria as indicated by
reduced ACR, kidney weight, and BUN, but showed minimal effect
on serum creatinine concentration and liver functions (Figure 13,
B and C and Supplemental Figure 13, A-E). At 12 weeks of age, the
animals were sacrificed for histological analysis. BTBR 0b/0b mice
exhibited enlarged glomerular tuft area and expansion of the glo-
merular mesangial matrix (Figure 13, D-H). BTBR 0b/0b animals
treated with TPL showed reduced glomerular tuft and a decreased
mesangial matrix compared with the vehicle group (Figure 13,
D-H). BTBR 0b/0b kidneys increased PTEN 272" and the status
of Twistl protein in both glomerular and tubular areas, which was
efficiently inhibited upon TPL treatment (Figure 13, D-H and Sup-
plemental Figure 13, F-G). Our findings indicated that the admin-
istration of TPL significantly improved glomerulosclerosis under
diabetic conditions compared with the vehicle group.

Discussion

About 40% of diabetic patients develop DKD, and the resultant
kidney damage often leads to kidney failure, which requires dial-
ysis or a kidney transplant. Once renal structural damage occurs,
it is exceedingly difficult to reverse the damage that has already
taken place. Our findings suggest that although the level of the
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Figure 7. Triptolide alleviates kidney fibrosis. (A) Representative images of H&E staining, Sirius red staining, PAS staining, immunofluorescence staining
of a-SMA, MEX3C, and Ub-PTEN (K80) per Na*K*-ATPase* tubule. Scale bars: 100 um. (B-G) Statistical analysis of tubular injury score (B), percentage of
Sirius red staining area (C), percentage of sclerotic glomeruli (D), staining intensity of a-SMA (E), MEX3C (F) and Ub-PTEN (K80) (G) per Na*K*-ATPase*
tubules of Col4a3+*/*, Col4a3*~ + vehicle, Col4a3-~ + vehicle, and Col4a3~"- + TPL kidneys. Error bars indicate SD; n = 5, 8, 8, and 8 animals; 6 independent
fields per animal were calculated (1-way ANOVA). NS indicates P > 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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unmodified form of Pten is reduced, the level of Pten¥?-poyUb jg
significantly increased with kidney tubular injury in mice. Once
modified, Pten*?®b achieves adequate protein serine/thre-
onine phosphatase activity to remove the phospho-groups of
TWIST, SNAIL, and YAP. As a consequence, these EMT master
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regulators are stabilized to activate the EMT program. By taking
advantage of CRISPR technology, we generated a mouse model
harboring a single nucleotide mutation of Pten, Pten*°%/X80r to
genetically inhibit Pten*? P and convert the modified Pten to
unmodified Pten. We reasoned that unmodified PTEN (EMT-pre-
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Figure 10. Triptolide reduces FA-induced kidney fibrosis. (A) Scheme of the experimental approach. C57BL/6) mice were treated with vehicle or FA,
followed with vehicle or TPL treatment. (B) Representative images of H&E staining, Sirius red staining, and immunofluorescence staining using
indicated antibodies in vehicle, FA and FA + TPL kidneys. Scale bars: 100 pm. (C-H) Statistical analysis of tubular injury score (C), percentage of Sirius
red-positive area (D), Ub-PTEN (K80) (E), staining intensity of a-SMA (F), MEX3C (G), and TWIST (H) per Na*K*-ATPase-positive tubule per visual field.
Error bars indicate SD; n = 8 animals; 6 independent fields per animal were calculated (1-way ANOVA). NS indicates P > 0.05, *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001.

venting) and Pten*?"?°vU® (EMT-promoting) are dynamically regu-
lated in kidney disease, and knockout of Pten leads to a combined
phenotype. On the contrary, Pten*8°®/kR genetically inhibited the
EMT-promoting role of PTEN, leading to alleviated kidney dam-
age and improved mouse survival. The proliferation of fibroblasts
also contributes significantly to the progression of kidney fibrosis.
Genetic or pharmaceutical inhibition of PTENX?reUb showed
minimal effect on the proliferation of kidney resident fibroblasts.

The core signaling MEX3C-catalyzed PTENK#obUb axis is
triggered by multiple stimuli, including TGF-p, CTGF, SHH, IL-6,
and hyperglycemia. It is noteworthy that TGF-p, CTGF, SHH,
IL-6, and hyperglycemia had all been linked to kidney fibrosis, but
the underlying mechanisms remained unknown. The MEX3C-
PTENK#PolUb axis regulates the downstream protein targets of
TWIST, SNAIL, and YAP concurrently. TWIST, SNAI1, and YAP
all contribute to kidney fibrosis. Hence, targeting TWIST or SNAI1
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Figure 11. Inhibition of Pten*¥*°"'® a|leviates STZ-induced diabetic nephropathy. (A) Scheme of the experimental approach. Three groups of animals were
compared: Pten"W" e with vehicle injection, Pten"W"*&® with STZ injection, and Pten®R/k80R with STZ injection. (B) Measurement of ACR of PtenT/keR +
vehicle injection, Pten"W"*®R + STZ and Pten*®oR/k80R + STZ animals. Error bar indicates SD; n = 8, 9, 8 animals, respectively (1-way ANOVA). (C) Representative
images of H&E staining, PAS staining, and immunofluorescence staining using indicated antibodies in Pten"¥&R 1 vehicle injection; Pten"/8°R + STZ and
PteneoR/Ke0R 4 STZ kidneys. Scale bars: 50 um (black) and 100 um (white). White circle: glomerular; black arrow: expanded mesangial area. (D-H) Statistical
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alone would not maximally inhibit EMT due to potential compen-
sation by the other pathways. Targeting TWIST, SNAIL, and YAP
simultaneously with individual inhibitors is also not feasible giv-
en the likelihood for potential toxicity. Genetic or pharmaceutical
inhibition of MEX3C-PTENK7PelUb however, reduced the protein
levels of TWIST, SNAIL, and YAP simultaneously. The detection of
PTENX27polyUb concentrations in blood and urine can serve as a risk
assessment marker that suggests when the administration of TPL
would be beneficial for patients with DKD.

Triptolide, a natural compound originally extracted from the
traditional Chinese medicine Tripterygium wilfordii, has been used
to treat autoimmune diseases and chronic kidney diseases via
PTEN-dependent and independent mechanisms (44, 45). How-
ever, the direct target of TPL has remained elusive. TPL has been
reported to inhibit XPB (ERCC3) with a IC_; value of 109 nM + 8 nM
(29); undetermined for NF-«B in vitro (46); undetermined for PC2
in vitro (47); undetermined for ADAM10 (48); and undetermined
for the autosomal dominant polycystic kidney disease (ADPKD)
model (44). The interaction affinity between triptolide and TAB1
is between 9.7 uM-10.1 uM (49). Our research demonstrates that
TPL specifically binds with MEX3C with a K value of 27.5 nM, sug-
gesting that TPL exhibits a strong binding affinity toward MEX3C
in fibrotic kidneys. We further indicated that TPL directly associ-
ates with the RING domain of MEX3C, inhibiting the interaction
between MEX3C and UBE2S with a IC, | value of 48.2 nM, situating
TPL as a promising E3 ligase inhibitor. Clinical trials using TPL for
ADPKD indicated no noticeable changes in laboratory parameters
indicative of possible toxicity and no sign of bone marrow suppres-
sion or liver toxicity (50). The toxicity and solubility of TPL could be
improved using the nanoparticle coating method (51), pretreatment
with verapamil (52) or CYP3A (53), or development of TPL ana-
logues (54). Hence, we demonstrate that DKD patients with high
serum/urine PTENX7?yU could benefit from TPL-based treat-
ment options to inhibit progression of renal fibrosis.

Methods
Animal studies. Pten*$°*/¥8} mjce were generated by replacing Pten
lysine 80 with arginine using CRISPR/Cas system-mediated genom-
ic editing technology. A single-nucleotide (AAA-AGA) mutation of
founder mice was validated by TagMan PCR and Sanger sequenc-
ing. Col4a3-KO (Col4a37") mice were provided by Raghu Kalluri, MD
Anderson Cancer Center (Houston, TX). Genotyping was carried out
by PCR. Col4a37" mice were bred with Pten*®%/¥80} mjce to generate 4
different groups of mice in a mixed 12951 and FVB genetic background:
Col4a3*/~ PtenVV*sR  Col4a3*/~ Pten*SOVKOR " Col4a37/~ PtenVVKSOR
and Col4a37~ Pten*$%*oR We first crossed Col4a3”~ in 129S1 and
Pten®sO%/K8R jn FVB background animals to achieve Col4a3*"
Pten™WX80R animals in the first generation of 129S1/FVB mixed genet-
ic background. These animals were self-crossed to achieve Col4a3*/~
PtenWVV/RSOR - Col4a3+/~ Pten SOR/ X8R " Col4437/~ PtenV"/X8R "and Col4a3”/
Pten*80R/K8R gpimals in the second generation of 129S1/FVB mixed
genetic background. Male and female littermates were used for the
experiments. The sample size was chosen on the basis of our previous
experience and is indicated for each experiment in the figure legends.
For TPL treatment, Col4a37- mice were bred in a 129S1 genet-
ic background to reduce individual differences. Heterozygous mice
from the same litter were used as controls. TPL was dissolved in 30%
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PEG400, 0.5% Tween 80, and 5% propylene glycol to prepare a stock
concentration of 0.01 mg/ml. The treatment group mice received
daily gavages with TPL (0.1 mg/kg/day), while control group was
administered the same amount of vehicle. All the treatments were
initiated in 3-week-old mice and terminated when the mice reached
the end of disease.

To induce renal fibrosis, a single dose of folic acid (250 mg/kg
body weight) in 0.3 M NaHCO, or vehicle alone was intraperitoneally
administered to 8-week-old adult mice as described (55). For the TPL
treatment studies, the animals were administrated TPL or the vehicle
1week after FA injection until end of experiment. Blood was collected
before and 3 days after FA injection for BUN measurement. Mice were
euthanized at 34 days after FA injection, and the kidneys were collect-
ed for histopathological studies.

Induction of diabetes by STZ was performed as previously
described (56). Briefly, mice with the indicated genetic background (8
weeks old) were given 5 consecutive daily intraperitoneal injections of
STZ (40 mg/kg body weight in 0.1 M citrate buffer). The mice receiv-
ing the injection were administered 5% sucrose water within 24 hours
to prevent hypoglycemic shock. Blood glucose levels were examined
before the administration of STZ, after 24 hours, by end of the second
week, and every 2 weeks until the end of experiments using an Aim-
Strip Plus Blood Glucose Meter (Germaine Laboratories). Mice with
blood glucose levels greater than 300 mg/dl were considered diabet-
ic. When blood glucose levels exceeded 25 mM (450 mg/dl), diabetic
mice were given 0.4U of insulin every other day to prevent weight loss
while maintaining hyperglycemia (13.9 mM-25 mM) (42). For the TPL
treatment studies, the diabetic animals were administered TPL or the
vehicle 3 weeks after STZ injection until the end of the experiments.

Six-week-old male BTBR 0b/0ob mice were purchased from Jack-
son Laboratories and divided into 3 groups: BTBR wt/0b (n = 5), BTBR
ob/ob (n = 5), and BTBR 0b/ob treated with 0.1 mg/kg/day TPL (n =
5). The treatment group mice received daily gavages with TPL starting
from 6 weeks old, and lasting for 6 weeks until 12 weeks old, while the
control group was administered the same amount of vehicle. All ani-
mal studies were reviewed and approved by the MD Anderson Can-
cer Center Institutional Animal Care and Use Committee. No animals
were excluded from the analysis.

Blood and urine analysis. Mouse serum was collected by cardiac
puncture in anesthetized mice. Metabolic cages were used to collect
24-hour urine from mice. BUN concentrations were measured via
colorimetric assay (Arbor Assays). Alanine transaminase (ALT) and
aspartate aminotransferase (AST) activity were tested by Alanine
Transaminase Colorimetric Activity Assay Kit (Cayman Chemical)
and EnzyChrom Aspartate Transaminase Assay Kit (BioAssay Sys-
tems). Urinary ACR was determined using mouse albumin ELISA
kit (Molecular Innovations) and QuantiChrom Creatinine Assay Kit
(BioAssay Systems), per the manufacturers’ protocols. The absolute
concentration of serum creatinine was determined by Metabolomics
Core, Baylor College of Medicine (57).

Cell culture and treatments. Human tubule epithelial cell HK-2 cells
were purchased from ATCC and maintained in DMEM supplement-
ed with 10% fetal bovine serum (FBS) at 37°C in 5% CO, (vol/vol).
Mouse tubule epithelial MCT cells were provided by Raghu Kalluri,
MD Anderson Cancer Center (Houston, TX) and the Characterized
Cell Line Core Facility (MD Anderson Cancer Center), and were
maintained in DMEM supplemented with 10% FBS at 37°Cin 5% CO,
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Figure 12. Triptolide prevents diabetic nephropathy. (A) Scheme of the
experimental approach. C57BL/6) mice were treated with vehicle or STZ,
followed with vehicle or TPL treatment. (B-D) Measurement of urine
Pten*?-roivuo (B), BUN (C), or ACR (D) of vehicle, STZ and STZ + TPL animals
2 and 25 weeks after injection. Error bars indicate SD; n = 8, 8,12, 10, 12,12
animals (B-C) or n = 8, 10, 12 animals (D), respectively (1-way ANOVA). (E)
Representative images of H&E staining, PAS staining, and immunofluo-
rescence staining using indicated antibodies in vehicle, STZ, and STZ + TPL
kidneys. Scale bars: 50 um (black) or 100 um (white). White circle: glomer-
ular; black arrow: expanded mesangial area. (F-J) Statistical analysis of
PAS-positive mesangial area (F), staining intensity of a-SMA (G), staining
of Ub-PTEN (K80) (H), MEX3C (1), and TWIST1 ()) per Na*K*-ATPase-
negative glomerular (left panels) or -positive tubules (right panels) per
visual field. Error bars indicate SD; n = 8 animals; 6 independent fields per
animal were calculated (1-way ANOVA). NS indicates P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

(vol/vol). RPTECs and D-RPTECs were purchased from Lonza and
cultured in respective media (REGM) basal medium with REGM Bull-
etKit (Lonza) at 37°C in 5% CO, (vol/vol).

For glucose treatment, cells were washed and refreshed with glu-
cose-free DMEM with 10% dialyzed FBS. Eighteen hours later, cells
were treated with D-glucose (5 mM or 25 mM; Sigma-Aldrich) for
the indicated time in various experiments. For growth factor treat-
ment, cells were serum starved for 24 hours followed by treatment
with Angiotensin II (100 ng/ml), BMP2 (100 ng/ml), CCL18 (100
ng/ml), CoCl, (250 uM), Cripto-1 (100 ng/ml), hCTGF (10 ng/ml),
rCTGF (10 ng/ml), EGF (10 ng/ml), FGF2 (10 ng/ml), HGF (20 ng/
ml), IGF-1 (50 ng/ml), IL-1 (10 ng/ml), hIL-6 (10 ng/ml), mIL-6 (10
ng/ml), IL-8 (10 ng/ml), MMP2 (100 ng/ml), OSM (50 ng/ml), PDGF
(10 ng/ml), PGE2 (10 ng/ml), SDII-1, hSHH (10 ng/ml), mSHH (10
ng/ml), hTGF-B (10 ng/ml), mTGF-B (10 ng/ml), TNF-a (10 ng/ml),
and Wnt3a (50 ng/ml) (Peprotech) for 30 minutes or 72 hours, as indi-
cated in the figure legends. For inhibitor treatment, cells were serum
starved for 24 hours followed by treatment with 1 uM AO1 (Tocris),
AT406 (Sellekchem), Nutlin-3 (Tocris), GS143 (Tocris), Heclin (Toc-
ris), SZLP1-41 (Tocris), TAME (Tocris), and triptolide (Sellekchem) for
2 hours or 72 hours, as indicated.

Antibodies, constructs, recombinant proteins, and oligonucleotides.
Antibodies, constructs, recombinant proteins, and oligonucleotides
were purchased from a variety of manufacturers, as follows. Anti-
PTEN (D4.3) rabbit mAb (catalog 9188), anti-YAP (D8H1X) rabbit
mAD (catalog 14074), anti-SNAIL (L70G2) mouse mAb (catalog 3895),
anti-ZO-1 (D6L1E) rabbit mAb (catalog 13663), anti-UBE1 rabbit anti-
body (catalog 4890), anti-His-Tag rabbit antibody (catalog 2365),
anti-GST (26H1) mouse mAb (catalog 2624) were from Cell Signaling
Technology. Anti-sodium potassium ATPase rabbit mAb (Alexa Fluor
488, catalog ab197713), anti-E cadherin (M168) mouse mAb (catalog
ab76055), anti-vimentin rabbit pAb (catalog ab92547), anti-N cad-
herin rabbit pAb (catalog ab18203) were from Abcam. Anti-a-SMA
(1A4) mouse mAb (catalog A5228), anti-UBE2S (2G7) mouse antibody
(catalog SAB1405042), anti-FLAG M1 mouse mAb (catalog F3040)
were from Sigma-Aldrich. Anti-GAPDH (6C5) mouse mADb (catalog
sc-32233) and anti-TWIST (H81) rabbit pAb (catalog sc-15393) were
from Santa Cruz Biotechnology. Anti-MEX3C rabbit pAb (catalog
NBP1-76341) was from Novus Biologicals. Anti-ubiquitin TUBE1 (cat-
alog UM201) and anti-ubiquitin (catalog FK2) were from LifeSensors.
Anti-E cadherin (NCH-38) mouse mADb (catalog M3612) was from
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Dako. Anti-ZO-1 monoclonal antibody (catalog ZO1-1A12, Alexa Flu-
or 594) was from Thermo Fisher Scientific. Anti-Ub-PTEN(K80) was
raised against synthetic bunching peptides AERHYDTAK(GGRLRLV)
FN based on the human PTEN sequence flanking lysine 80, which was
custom generated by YenZym Antibodies, LLC, and used in immuno-
blotting, immunoprecipitation, immunofluorescence, and immuno-
histochemistry experiments.

The full-length of MEX3C and PTEN mammalian expression
vectors were obtained from OriGene. Bacterial expression vectors for
His -tagged MEX3C (WT and mutants) were subcloned into pET-28a
vector. His -tagged PTEN (WT and mutants) were constructed into the
pET-DEST42vectors (Life Technologies). The point or domain deletion
mutants were generated from the WT sequence using QuickChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies). Plas-
mid transfections were performed using Lipofectamine3000 (Life
Technologies) according to the manufacturer’s instruction.

The following recombinant proteins were used in this study.
GST-UBE1, GST-UBE2D3, UBE2S, ubiquitin, MDM2, RNF4, UBE3A,
and ITCH (BostonBiochem); USP2 and Biotin-TUBE1 (LifeSensors);
GST-PTEN, GST-MEX3C, GST-ERCC3 (Novus Biologicals); GST-
TRIM63 (Millipore); LIN-41 (Abcam); GST-PSMD10 (LSBio); GST-
DCTP1 (Proteintech). Recombinant His ,-MEX3C and Hisé-PTEN
proteins were expressed in E. coli strain BL21-CodonPlus (DE3)-RIPL
(Agilent Technologies) and purified using HisPur Cobalt Spin Col-
umns (Life Technologies).

Nontargeting control siRNAs (D-001320) and ON-TARGETplus
SMARTpool siRNA targeting MEX3C (L-006989) obtained from GE
Healthcare Dharmacon were used in this study. Control CRISPR/
Cas9 plasmid (catalog sc-418922) and PTEN double nickase plasmids
(catalog sc-400103-NIC, catalog sc-400103-NIC-2) were purchased
from Santa Cruz Biotechnology.

Biotinylated linker (Bio-Linker) and triptolide (Bio-TPL) were cus-
tom synthesized from KareBay Biochem Inc. with over 90% purity as
validated by vendor.

Cell lysis, immunoprecipitation, immunoblotting, and streptavidin
pulldown. Cells were homogenized in 1x RIPA buffer (EMD Millipore)
as previously described. Supernatants were analyzed for immunopre-
cipitation with the indicated antibodies and the immunoprecipitated
proteins were subjected to immunoblotting (58).

Chemical pulldown and mass spectrometry. Chemical pulldown fol-
lowed by mass spectrometry were performed using custom synthesized
Bio-TPL and control compound Bio-Linker from KareBay Biochem
Inc. Fresh kidneys were collected from 8-week-old male Col443"+ and
Col4a37~ animals. Tissues were minced to prepare single-cell suspen-
sions. They were washed 3-4 times with ice-cold PBS. The cell lysates
were freshly prepared as previously described (59). The biotinylated
compound-protein complexes were washed sequentially and eluted by
NuPAGE LDS Sample Buffer (Thermal Fisher Scientific), and boiled for
10 minutes. The eluted protein were analyzed in SDS-PAGE and virtual-
ized using Pierce Silver Stain for Mass Spectrometry Kit (Thermal Fisher
Scientific). Protein bands were excised, extracted, alkylated, and digest-
ed with immobilized trypsin (Promega) for MS analysis at MD Anderson
Cancer Center Proteomics Facility. The matched peptide queries are list-
ed in Supplemental Table 2. The Multidimensional Protein Identification
Technology (MudPIT) scoring for each identified protein is shown.

Measurement of PTEN®*#%%, Concentration of total K27-poly-
ubiquitinated PTEN was measured with the UbiQuant ELISA kit
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Figure 13. Pharmaceutical inhibition of Pten*? 7oV a|leviates diabetic nephropathy. (A) Scheme of the experimental approach. Three groups of animals
were compared: BTBR ob/wt + vehicle, BTBR ob/ob + vehicle, and BTBR ob/ob + TPL injection. (B-C) Measurement of blood glucose (B) or ACR (C) of BTBR
ob/wt + vehicle, BTBR ob/ob + vehicle, and BTBR ob/ob + TPL animals at 6, 8, 10, and 12 weeks of age (n = 5 animals per group). Error bar indicates SD
(1-way ANOVA). (D) Representative images of H&E staining, PAS staining, and immunofluorescence staining using indicated antibodies in BTBR ob/wt

+ vehicle, BTBR ob/ob + vehicle, and BTBR ob/ob + TPL kidneys. Scale bars: 50 um (black) and 100 um (white). White circle: glomerular. (E-H) Statistical
analysis of glomeruli tuft area (E), PAS-positive mesangial area (F), staining intensity of Ub-PTEN (K80) (G), and TWIST (H) per Na*K*-ATPase-negative
glomerular (left panels) or -positive tubules (right panels) per visual field. Error bars indicate SD; n = 5 animals; 6 independent fields per animal were calcu-
lated (1-way ANOVA). NS indicates P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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(LifeSensors) from serum or urine samples following the manufactur-
er’s protocol with minor modification using anti-Ub-PTEN (K80) as
primary antibody. Chemiluminescence was measured on an EnSpire
Multimode Plate Reader (PerkinElmer) and quantified by MaterPlex
ReaderFit software (Hitachi Solutions America, Ltd.)

Histology and histopathology. Kidneys were fixed in 10% neutral
buffered formalin and embedded in paraffin. Tissue sections (5 pm)
were used for hematoxylin and eosin (H&E) staining and Sirius red
staining. PicroSirius red stain (Abcam) was used according to the man-
ufacturer’s instructions. The extent of renal injury and fibrosis was
estimated using morphometric assessment of tubular damage and
interstitial fibrosis. Tubular injury was scored semiquantitatively by
a blinded pathologist who examined at least 10 cortical fields (x200
magnification) of PAS-stained sections (n = 8). Tubular injury was
defined as tubular dilation, tubular atrophy, tubular cast formation,
vacuolization, degeneration, and sloughing off of tubular epithelial
cells or loss of the brush border and thickening of the tubular base-
ment membrane. The tubules were evaluated according to the fol-
lowing scoring system: O = no tubular injury; 1 =10% or fewer tubules
injured; 2 = 11%-25% tubules injured; 3 = 26%-50% tubules injured;
4 = 51%-74% tubules injured; and 5 = 75% or more tubules injured.
The average value of random histological fields for each animal (5-8
animals per group as indicated in the figure legends) were used for
comparison between experimental groups.

For the analysis of the interstitial fibrosis, eight x200 visual fields
were randomly selected for Picrosirius red-stained kidney sections
and number of Sirius red-positive area was manually assessed by a
grid intersection analysis using Adobe Photoshop. The average val-
ue of 8 random histological fields for each animal (5 to 8 animals per
group asindicated in figure legend) were used for comparison between
experimental groups. Representative images were acquired with Zeiss
Axioskop2 plus microscope and analyzed with ProgRes Capture Pro
software. The slides were scanned on the Automated Cellular Image
System III (Dako, Agilent) for quantification by digital image analysis.

Kidney tissues fixed with paraformaldehyde were sectioned and
stained with periodic acid-Schiff (PAS). Light microscopic analysis was
performed by surveying the entire cortical area of a PAS-stained slide
containing 100-150 glomeruli per section. PAS-stained kidney tissue
was graded blindly depending on the amount of mesangial matrix.
Percentage of PAS-positive mesangial area was quantified as previous-
ly described (60). Briefly, 20 PAS-stained, nonoverlapping glomeruli
from each mouse were examined on a digital microscope screen grid
containing 667 (29 x 23) points. The number of grid points that hit pink
or red mesangial matrix deposition were divided by the total number of
points in the glomerulus to obtain the percentage of mesangial matrix
deposition (mesangial matrix index) in a given glomerulus.

The tuft area of each individual glomerular profile was measured
using a traditional stereologic point-counting method and an orthog-
onal grid system (each grid square measured 2.5 x 2.5 cm). Glomeru-
lar profiles that were closer than one glomerular diameter to the edge
of the sections were excluded from the study. All glomerular profiles
within the more central parts of the samples were measured and aver-
aged as the average glomeruli tuft area (100-150 glomeruli per ani-
mal, n =5 animals per experimental condition were measured).

Immunofluorescence. Frozen sections of kidneys embedded in
optimum cutting temperature (OCT, Sakura Finetek) medium, and
5-um frozen sections were blocked for 1 hour with 5% normal goat
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serum and immunostained using antibodies against Na‘K*-ATPase
(Abcam, EP1845Y, 1:200), a-SMA-Cy3 (Sigma-Aldrich, C6198,
1:200), MEX3C (Santa Cruz, D-10, 1:100), Ub-PTEN (K80, 1:200),
YAP (CST, D8H1X, 1:400), Twist (Santa Cruz, Twist2Cla, 1:100),
Snail (CST, C15D3, 1:100), ZO-1 (ZO1-1A12, Alexa Fluor 594, 1:200),
E-cadherin (ab76055, 1:400), vimentin (ab92547, 1:400), and N-cad-
herin (ab18203, 1:400). Nuclei were stained with Vectashield Antifade
Mounting Medium with DAPI (Vector Laboratories) and imaged with
confocal microscope (Zeiss). The slides were scanned on the Auto-
mated Cellular Image System III (Dako, Agilent) for quantification by
digital image analysis. The staining intensity and measurement area
(x400) for 6 random glomerular or Na*K*-ATPase-positive tubules
per animal per channel were scored by Image]. The average intensi-
ty of 6 random microscopic fields per channel for each animal (5-8
animals per group as indicated in the figure legends) were used for
comparison between experimental groups. The measurement area
per tubule for each experimental condition is shown in corresponding
Supplemental Figures.

For EMT analysis, HK-2 and RPTECs were fixed with 4% para-
formaldehyde at room temperature for 15 minutes and stained as pre-
viously described (61) with primary antibodies for 1 hour. Cells were
then incubated with anti-Alexa Fluor 488 (Thermal Fisher Scientific,
1:500) or anti-AlexaFluor 594 (Thermal Fisher Scientific, 1:500) for 1
hour if necessary, followed by nuclear staining using Vectashield Anti-
fade Mounting Medium with DAPI. Images were acquired with Zeiss
Axioskop2 plus microscope and analyzed with ProgRes Capture Pro
software. The slides were scanned on the Automated Cellular Image
System III (Dako, Agilent) for quantification by digital image analysis.

Screening of small molecule inhibitors targeting MEX3C. The small
molecular inhibitor screening were performed as previously described
(58) using Ub-PTEN (K80) antibody. A validated library of 2027 bio-
active compounds (Selleck Chemicals) was tested. The polyUb forma-
tion of PTEN was detected by incubation with Ub-PTENX® antibody.
Background-subtracted average absorbance of each tested com-
pounds was normalized to DMSO-treated samples and the log, fold
change was plotted.

Determination of K, value using alpha assay and in vitro ubiquiti-
nation assay. Alpha binding assay was used to determine K, for inter-
actions as previously described (62), using streptavidin donor beads
and anti-His, AlphaLISA acceptor beads or anti-His, AlphaLISA donor
beads and anti-GST AlphaLISA acceptor beads as pair (PerkinElmer).
The K, was determined by a competition experiment in which unla-
beled TPL was titrated in serial of 2-fold dilution from 10 uM to 0.06
nM. The competitive inhibition curve were calculated based on alpha
signal readings by fitting to a “log (inhibitor) versus response-variable
slope (4 parameters)” model respectively (GraphPad Prism 6 software).

E_LITE MEX3C ubiquitin ligase assay. The ubiquitin ligase activity
was determined using the E,LITE Customizable Ubiquitin Ligase Kit
from LifeSensors as instructed by the manufacturer. The IC,  value of
TPL was determined by a serial of 2-fold dilution from 10 uM to 0.06
nM in triplicate. The competitive inhibition curve were calculated
by fitting to a nonlinear regression “log (inhibitor) versus response-
variable slope (4 parameters)” model (GraphPad Prism 6 software). In
vitro ubiquitination assays were performed using an ubiquitin protein
conjugation kit as manufactory instructed (BostonBiochem).

Statistics. The experiment was set up to use 3-8 samples/repeats
per experiment/group/condition to detect a 2-fold difference with
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power of 80% and at the significance level of 0.05 by a 2-sided test for
significant studies. For immunofluorescence and immunohistochemi-
cal staining, the representative images are shown. Each of these exper-
iments was independently repeated for 3-5 times. Results are report-
ed as mean = SEM or SD of at least 3 independent experiments. Each
exact n value is indicated in the corresponding figure legend. Compar-
isons were performed using unpaired 2-tailed Student’s ¢ test or 1-way
ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) as
indicated in individual figures. Pearson y? test was implemented for
statistical analyses of the correlation between markers. Kaplan-Meier
survival curves were compared using the log rank test with GraphPad
Prism (GraphPad Software). A P value of less than 0.05 was consid-
ered statistically significant.

Study approval. All human subject studies were approved by the
Institutional Review Board of the University of Texas, MD Ander-
son Cancer Center. Human serum samples from healthy donors and
patients with diabetic kidney disease (DKD), human urine samples
from healthy donors and kidney disease patients, and paired serum/
urine samples from the same patients were purchased from Repro-
CELL. Human serum samples of type 1 and type 2 diabetic patients
and fresh frozen human kidney tissues within normal limit or diabetic
nephropathy were purchased from ProteoGenex, Inc. All tissue sam-
ples were collected in compliance with informed consent policy. Clin-
ical information is summarized in Supplemental Table 1. All animal
experiments were performed in accordance with protocol approved by
the Institutional Animal Care and Use Committee of the MD Ander-
son Cancer Center.
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