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Given the critical role of SCF E3 ligases in autophagy by modulating the protein stability of various autophagic components, the
activity of SCF should be tightly controlled to maintain the autophagic flux. We here showed that Numb, a multifunctional adaptor
protein, increased the protein abundance of DEPTOR, which is an inhibitor of mTORC1, leading to increased autophagy flux. In vitro
ubiquitination assay demonstrated that Numb inhibited SCF®T"? mediated ubiquitination of DEPTOR. Mechanistically, Numb
interrupted the interaction between B-TrCP2 and SKP1 by directly binding with SKP1. In the presence of wild type 3-TrCP2, Numb
overexpression inhibited DEPTOR degradation. Whereas, in the presence of the mutant 3-TrCP2 which lacks the F-box domain,
Numb overexpression did not affect the protein abundance of DEPTOR. In mouse model of renal fibrosis induced by unilateral
ureteral obstruction, the expression of Numb was significantly increased. Consistently, the upregulation of Numb was observed in
renal fibrotic lesions of chronic kidney disease patients. Specifically depleting Numb in proximal renal tubules decreased the protein
abundance of DEPTOR, attenuated autophagy in fibrotic lesions and protected the kidney from development of renal fibrosis

in vivo. Taken together, both in vitro and in vivo data indicated that Numb functions as a novel regulator to fine tuning the activity

of SCF*T™P2 in modulating autophagy.
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INTRODUCTION

Autophagy is an evolutionary conserved pathway which is
essential to maintain cellular homeostasis through lysosome
degradation [1-3]. Autophagy recycles needless cytoplasmic
substances and organelles in basal condition, and be activated
in response to intracellular and extracellular stimuli such as energy
reduction, DNA damage, and cell death stress [4-7]. The
dysregulated autophagy has been proved to be involved in a
series of human disorders [8-10].

The modulating mechanisms of autophagy have been exten-
sively investigated. Mammalian target of rapamycin complex 1
(MTORC1) has been recognized as a key negative regulator of
autophagy [11-13], which consists of RAPTOR (Regulatory-
associated protein of mTOR), DEPTOR, mTOR and GpL (Target of
rapamycin complex subunit LST8). Under nutrient-rich conditions,
RHEB activates mTORC1 with the assistance of Rag GTPases [14],
thus, mTORC1 binds to ULK1 and maintain the inactivated state of
ULK1. In low energetic state, AMPK (AMP-activated protein kinase)
is activated to turn off mTORC1 through phosphorylating RAPTOR.
In response to starvation, DEPTOR, a negative regulator, is
elevated leading to the dissociation of mTORC1 from ULK1 and
allowing its activation [15].

Increasing evidence indicate that post-translational modifica-
tions regulate the autophagy by modulating the activity, stability,
and assembly of autophagic components [16-18]. Cullin-RING
ligases (CRLs) is the largest family of E3 ubiquitin ligases in

mammalian cells [19]. The SCF (SKP1 (S-phase-kinase-associated
protein 1), Cullin-1, F-box protein) E3 ligases, the founding
members of CRLs, consist of adaptor protein SKP1, scaffold
protein cullin-1, the F-box protein, and one out of two RING
(Really Interesting New Gene) family proteins RBX1(RING-box
protein 1) or RBX2 (RING-box protein 2). The F-box proteins, by
binding to SKP1 and cullin-1 through the F-box domain and
substrates through their WD40 or leucine-rich repeats (LRRs)
domains, determine the substrate specificity of the SCF complex.
Several components of autophagy machinery, as well as
regulators of autophagy, are subjected to SCF-mediated ubiqui-
tination. For example, DEPTOR, a direct mTOR inhibitor, under-
goes ubiquitin-mediated degradation by SCFPTP. Second,
REDD1, an inhibitor of mTORC1, is subjected to CUL1PT™P-
mediated ubiquitination and degradation with GSK-3B as a
corresponding kinase for phosphorylation. Third, PDCD4, a
substrate of SCF*"T" [20], negatively regulates ATG5 expression
and autophagy [21]. Forth, RagA inhibits mTORC1 lysosomal
localization and activation relies on K63-linked ubiquitinated by
SCF**"2 [22]. These findings indicated that the activity of SCF
complex must be tightly regulated during the process of
autophagy, to make sure the autophagic modulators are exactly
regulated. Therefore, the mechanisms that govern SCF activity
should be explored thoroughly.

Numb is an evolutionary conserved multi-function protein that
is firstly discovered as an cell fate determinant during the
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development of nervous system in Drosophila [23]. Further studies
revealed that Numb is ubiquitously expressed in various tissues
and functions as adaptor protein regulating both clathrin-
dependent and clathrin-independent endocytic of multiple
molecules including Notch [24], integrin [25], E-cadherin [26],
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etc. In addition, Numb interacts with a couple of E3 ligases,
including Mdm2 [27, 28] and ltch [29, 30], via its N-terminal PTB
domain and thus modulates their ligase activity. These findings
suggest that Numb might play a regulatory role in autophagy. In
this study, we provided evidence that Numb interrupts the
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Fig. 1
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Numb overexpression-augmented LC3B-Il accumulation. A Vector or FLAG-tagged Numb was transfected into HEK293 cells for 24 h,

then the cells were treated with EBSS for indicated time. Western blotting analyses (left panel) and quantitative data of LC3B protein level
(right panel) are presented. B Vector or FLAG-tagged Numb was transfected into HEK293 cells for 24 h, then the cells were treated with EBSS
for indicated time. Western blotting analyses (upper panel) and quantitative data of SQSTM1 protein level (lower panel) are presented.
C HEK293 cells were transfected with vector or FLAG-tagged Numb for 24 h, then treated with 10 nM of rapamycin for indicated time. Western
blotting analyses (left panel) and quantitative data of LC3B protein level (right panel) are presented. D HEK293 cells were transfected with
vector or FLAG-tagged Numb for 24 h, then treated with 10 nM of rapamycin for indicated time. Western blotting analyses (left panel) and
quantitative data of SQSTM1 protein level (right panel) are presented. E, F Representative images of the LC3B puncta in control or Numb
overexpressing cells under EBSS or rapamycin treatment. Scale bar, 10 um. To quantify the numbers of LC3B puncta, more than 80 cells were
scored. G-1 WT or Numb-KO cells were incubated with rapamycin (10 pM) or EBSS for 2 h. Western blotting analyses show the protein levels of
LC3B-Il and SQSTM1. Statistical analysis was performed using t-test. Data are means + SEM of six independent experiments, ***p < 0.001.

interaction between B-TrCP2 and SKP1 by directly binding with
SKP1, inhibits SCFPT"P2-mediated DEPTOR protein degradation,
and thus promotes autophagic flux.

RESULTS

Numb promotes autophagosome formation

To evaluate the role of Numb in autophagy, FLAG-tagged Numb
was transfected into HEK293 cells. Compared with vector
transfected cells, Numb overexpression increased the protein
abundance of LC3B-Il at basal level, as well as in EBSS starved
(Fig. TA) and rapamycin treatment condition (Fig. 1C). As
expected, the protein level of SQSTM1/p62 was decreased in
Numb overexpressing cells at basal level, and in EBSS starved
(Fig. 1B) and rapamycin treatment condition (Fig. 1D). Immuno-
fluorescence staining confirmed that the number of endogenous
LC3B puncta was significantly increased in Numb-overexpressing
cells (Fig. 1E, F). In addition, forced expression of p72, p71, p66, or
p65, which are four isoforms of mammalian Numb, showed similar
effect on LC3B-Il accumulation (Supplementary Fig. 1). Next, we
knocked down endogenous Numb in HEK293 cells using CRISP/
Cas9 technique (Numb-KO cells). Western blotting showed that
Numb depletion significantly decreased the level of LC3B-I,
increased SQSTM1 at basal level, and in EBSS starved and
rapamycin treatment condition (Fig. 1 G-I).

The augmented LC3B-Il accumulation in Numb-overexpressing
cells might result from either enhanced autophagosome forma-
tion or decreased autophagosome degradation [31]. To address
this issue, Numb-overexpressing cells were treated with BafA1l
for 2 h. Surprisingly, BafA1 treatment did not affect Numb-
elevated LC3B-Il in growth media and EBSS treatment condition
(Fig. 2A). In contrast, Wortmannin, an inhibitor of PI3K that has
been widely used to stop autophagosome formation, totally
abolished the increase of LC3B-Il in Numb overexpressing cells in
growth media and EBSS treatment condition (Fig. 2C, D). Similar
result was obtained when cells were treated with another PI3K
inhibitor LY294002 (Supplementary Fig 2). Furthermore, deple-
tion of PTEN, an endogenous antagonist of PI3KC1, decreased
the level of LC3B Il level in empty-vector transfected cells, but
not in Numb over-expression cells (Fig. 2E, F). Moreover, a GFP-
RFP-LC3B reporter assay was employed to evaluate the
autophagic flux. Forced expression of Numb significantly
induced autophagy flux in both basal and EBSS treatment
conditions, as shown by the increased number of RFP-positive
only LC3B puncta (Fig. 2G-H). Collectively, these results suggest
that Numb functions downstream of PI3KC1 to promote
autophagosome formation.

Numb regulates the activity of mTORC1

Given the critical role of mTORC1 in modulating autophagy
induction [32, 33], we assessed whether Numb modulates mTORC1
activity. Western blotting showed that Numb overexpression
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significantly decreased the level of phosphorylated S6K (p-S6K) in
both nutrient-rich and EBSS treatment conditions. In addition, the
activity of UNC-51-like kinase (ULK1) was further increased in
Numb over-expressing cells after EBSS treatment, which is
evidenced as phosphorylation at serine 757 (p-ULK1) (Fig. 3A-C).
In contrast, Numb depletion increased the level of p-S6K and
p-ULK1 in both growth media and EBSS treatment condition
(Fig. 3D-F). In addition, we examined the effect of Numb on the
activity of mTORC2 using pS473-AKT as a readout. Numb
overexpression decreased the level of pS473-AKT (Fig. 3G). While,
Numb depletion increased the level of pS473-AKT in both growth
media and EBSS treatment condition (Fig. 3H). These data
indicated that Numb overexpression inhibited the activity of
mTORC1T and mTORC2.

Endogenous INK has been reported to be required for
starvation-induced Bcl-2 phosphorylation, and regulated autopha-
gic activity in response to nutrient limitation [34, 35]. However, the
level of phosphorylated JNK (p-JNK) was not changed by Numb
overexpression (Fig. 3l). In addition, Numb overexpression did not
interfere with the level of phosphorylated AMPK (p-AMPK), a key
cellular energy sensor and functions to trigger autophagy upon
nutrient starvation (Fig. 3I). Collectively, these data suggest that
Numb overexpression augmented autophagy induction at least
partially by inhibiting mTORC1 activity.

Numb positively regulates DEPTOR protein stability

To dissect the mechanism by which Numb inhibits mTORC1
activity, we examined the expression of mTORC1 complex. As
shown in Fig. 4A, B, Numb overexpression significantly increased
the abundance of DEPTOR, in both basal and EBSS treatment
condition, but did not cause any obvious change to the level of
GpBL, RAPTOR and mTOR. Conversely, the protein level of DEPTOR
was decreased in Numb-KO cells in both growth media and EBSS
treatment condition (Fig. 4C, D). Next, we measured the protein
levels of REDD1 and TSC2, which are inhibitors of mTOR. As shown
in Supplementary Fig. 3, Numb over-expression increased the
protein level of REDD1, but not TSC2.

To determine at which regulatory level Numb controls DEPTOR
expression, we conducted real time PCR. In Numb overexpressing
cells, the mRNA level of DEPTOR remained almost unchanged
(Fig. 4E). Furthermore, when protein synthesis was blocked by
cyclohexamine (CHX), Numb depletion significantly shortened the
half-life of endogenous DEPTOR protein (Fig. 4F, G). Furthermore,
we conducted co-immunoprecipitation (Co-IP) assay using anti-
mTOR antibody. As shown in Fig. 4H-I, Numb overexpression led
to an increased association of endogenous DEPTOR with mTOR,
but did not influence the abundance of RAPTOR or GBL to mTOR.
Moreover, the reduced levels of p-ULK1 and p-S6K by Numb
overexpression were rescued when endogenous DEPTOR was
silenced by siRNA (Fig. 4J-L). These data indicate that Numb acts
as a negative regulator of mMTORC1 activity via regulating DEPTOR
protein degradation.
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Fig. 2 Numb promotes the autophagy initiation. A, B HEK293 cells were transfected with vector or FLAG-tagged Numb p72 for 24 h, then
treated with EBSS with or without BafA1 (100 nM) for 2 h. Western blotting analyses show the protein levels of LC3B-Il. C, D HEK293 cells were
transfected with vector or FLAG-tagged Numb for 24 h, and then incubated with or without EBSS and Wortmannin (10 uM) for 2 h. Western
blotting analyses show the protein levels of LC3B-II. E, F HEK293 cells were co-transfected with Numb together with negative control siRNA or
SiPTEN for 24 h. The levels of LC3B were measured by Western blotting. G, H HEK293 cells were co-transfected with Numb and RFP-GFP-LC3B
for 24 h, then incubated with or without EBSS for 3 h. Representative confocal images of LC3B puncta (G) and quantification of numbers of
RFP-positive and GFP-negative LC3B-labeled autolysosomes (H) were shown. More than 50 cells were scored. Scale bar, 5um. Statistical
analysis was performed using t-test. Data are means + SEM of six independent experiments, **p < 0.01, ***p < 0.001, NS not significant.
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measured by Western blotting. D-F WT or Numb-KO cells were treated with EBSS for 2 h. The levels of phosphorylated S6K, total S6K,
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were measured by Western blotting. Statistical analysis was performed using t-test. Data are means + SEM of six independent experiments,

**¥p < 0,001.

Numb interferes with SCF* 2. mediated DEPTOR
ubiquitination

Since DEPTOR is the substrate of SCFPT™P2 for ubiquitin-mediated
degradation [36], we next asked whether Numb inhibits the E3
ligase activity of SCFPT™2, To assess this possibility, we treated
cells with MLN4924, an inhibitor of the NEDD8-activating enzyme
[37, 38], to inhibit the activity of CUL1. As shown in Fig. 5A, the
decreased protein level of DEPTOR in Numb-KO cells was blocked
by MLN4924. Furthermore, silencing endogenous CUL1 or
[B-TRCP2 rescued the protein abundance of DEPTOR in Numb-KO
cells (Fig. 5B, C). To conduct in vitro ubiquitination assay, Flag-
CUL1 and His-tagged B-TrCP2 was transfected into HEK293 cells,
respectively. The complex co-immunoprecipitated with Flag-CUL1
or His-B-TrCP2 was used as E3 in in vitro ubiquitination assay,
respectively. As shown in Fig. 5D, E, the existence of immunopur-
ified Numb significantly inhibited CUL1-SKP1-3-TrCP2 mediated
ubiquitination of DEPTOR.

Cell Death & Differentiation (2022) 29:1409 — 1422

Numb directly interacts with SKP1 leading to the dissociation
of B-TrCP2 from SKP1

To elucidate the mechanism by which Numb regulates the
activity of SCF complex, we conducted GST-PTB pull down
using PTB domain of Numb as the bait. The protein complex
binding to Numb-PTB was identified by mass spectrometry.
As shown in Table 1, CUL4B, DNA damage-binding protein 1
(DDB1), S-phase kinase-associated protein 1 (SKP1), Elongin-B
(ELOB), COP9 signalosome complex subunit 1 (CSN1), and
COP9 signalosome complex subunit 5 (CSN5) were identified.
Since DEPTOR is the substrate of CUL1, we conducted GST- PTB
pull down assay to confirm the interaction of Numb with CUL1
and SKP1. As shown in Fig. 6A, Numb PTB domain was able to
pull down endogenous SKP1, exogenous His-tagged CULT. In
addition, in Flag-tagged full length Numb, but not a mutant
Numb lacking PTB domain (Numb-APTB), transfected cells,
endogenous SKP1 and CUL1 were co-precipitated with Numb

SPRINGER NATURE
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using anti-FLAG antibody (Fig. 6B), indicating that the PTB domain
mediates the interaction of Numb with SKP1 and CUL1. Consistently,
the protein level of DEPTOR was not elevated in Numb-APTB
overexpressing cells (Supplementary Fig. 4). Besides DEPTOR, the
protein levels of Cyclin E and p27, which are substrates of SKP1-

SPRINGER NATURE

CUL1, were increased in Numb-overexpressing cells, but decreased
in Numb-KO cells (Supplementary Fig. 5).

Next, to determine whether Numb interacts with SKP1
directly, the association of bacterially produced GST-SKP1 with
His-Numb was analyzed in vitro. GST-SKP1, but not GST alone,

Cell Death & Differentiation (2022) 29:1409 - 1422
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Fig. 4 Numb inhibits mTOR signaling by stabilizing DEPTOR protein abundance. A, B HEK293 cells were transfected with vector or FLAG-
tagged Numb for 24 h, and then treated with EBSS for 2 h. The levels of DEPTOR, RAPTOR, mTOR, and GfL were measured by Western blotting.
Quantitative data of DEPTOR protein level (B) are presented (t-test, ***p < 0.001, n =6). C, D WT or Numb-KO cells were treated with EBSS for
2 h. The levels of DEPTOR were measured by Western blotting. Quantitative data of DEPTOR protein level (D) are presented (t-test, ***p < 0.001,
n=6). E The mRNA level of DEPTOR in empty vector or Numb transfected cells (t-test, NS not significant, n =5). F, G WT or Numb-KO cells
were treated with cycloheximide (CHX) for indicated time period. The protein levels of DEPTOR proteins were measured by western blotting
(F). Half-lives were derived from simple linear regression using Prism 8 (G). H, | HEK293 cells were transfected with vector or FLAG-tagged
Numb for 24 h. Whole cells lysates were subjected to immunoprecipitation (IP) using goat IgG or anti- mTOR antibody and analyzed by
immunoblotting using indicated antibodies. The ratio of band density of immunoprecipitated DEPTOR relative to immunoprecipitated mTOR
was presented (t-test, **p < 0.01, n = 5) (I). J-L HEK293 cells were co-transfected with Numb together with negative control siRNA or siDEPTOR
for 24 h, and then treated with or without EBSS for 2 h. The levels of phosphorylated S6K, total S6K, phosphorylated ULK1 and total ULK1 were
measured by Western blotting. Representative western blots (J) and quantitative data of p-ULK1/Total ULK1 (K) and p-S6K/ Total S6K (L) are

presented (t-test, ***p < 0.001, n =6).

bound to His-tagged Numb (Fig. 6C). Next, we generated a
series of different parts of SKP1 truncations, including SKP1
lacking the N-terminal (SKP1-AN) and SKP1 C-terminal only
(SKP1-C). In vitro binding assay demonstrated that both SKP1-
AN and SKP1-C can bind to Numb (Fig. 6D). Collectively, these
data indicate that Numb PTB domain directly interacts with the
C-terminal of SKP1.

Since C-terminal of SKP1 mediates the binding with F-box
proteins [39], we wonder whether Numb interferes with the
interaction between B-TrCP and SKP1. Most recent study showed
that B-TrCP2 preferentially degrades DEPTOR [36]. We thus
specifically analyzed the binding of B-TrCP2 with SKP1. Interest-
ingly, the protein level of 3-TrCP2 was reduced in Numb-KO cells.
While, the protein level of 3-TrCP1 was also reduced but not as
much as that of B-TrCP2 (Supplementary Fig. 6). Co-IP assay
revealed that the amounts of endogenous B-TrCP2 co-precipitated
with SKP1 were increased although the total amount of B-TrCP2
was reduced (Fig. 6E). In Numb-overexpressing cells, the amounts
of B-TrCP2 co-precipitated with SKP1 were reduced. However, the
association of B-TrCP2 with SKP1 was not affected in Numb-APTB-
overexpressing cells (Fig. 6F). Then we determined the role of PTB
domain in regulating autophagy. HEK293 cells were transfected
with empty-vector, full-length Numb or Numb-APTB, respectively.
The protein level of LC3B were measured by western blotting in
both basal and EBSS treatment condition. As shown in Fig. 6G, full-
length Numb, but not Numb-APTB, increased the LC3B Il level,
suggesting PTB domain mediates the modulating effect of Numb
on autophagy.

To clarify whether the interaction between (3-TrCP2 and SKP1
is critical for Numb-mediated DEPTOR degradation, 3-TrCP2 was
knocked down by siRNA to eliminate the interference of
endogenous (-TrCP2, and then wild type B-TrCP2 was co-
transfected with either empty vector or Numb into cells,
respectively. Compared with empty vector, Numb overexpres-
sion increased DEPTOR protein (Fig. 6H). Next, we generated a
mutant B-TrCP2 which lacks the F-box domain to disrupt the
interaction between (-TrCP2 and SKP1, and then the mutant
B-TrCP2 was co-transfected with either empty vector or Numb
into cells depleted endogenous 3-TrCP2. Compared with empty
vector, Numb overexpression did not change the protein level
of DEPTOR (Fig. 6H), indicating that the effect of Numb on
DEPTOR degradation at least partially dependent on the
[3-TrCP2-SKP1 interaction.

Prompted by the above findings, we next examined whether
Numb interferes with the association of DEPTOR with SKP1 during
the process of autophagy. Western blotting revealed that the
amount of endogenous DEPTOR was significantly increased
after 2 h EBSS treatment, and decreased slightly after 12 h. Co-IP
assay revealed that the association of DEPTOR with SKP1 was
decreased after 2 h EBSS treatment, but partially reversed at 12 h
although the total amount of DEPTOR protein was decreased
(Fig. 6l). However, Numb overexpression disrupted the dynamic
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association of DEPTOR/B-TrCP2 with SKP1 during the process of
autophagy. Noteworthy, the amount of endogenous -TrCP2 was
decreased after 12h EBSS treatment together with decreased
endogenous Numb. In addition, B-TrCP2 was significantly
increased in Numb overexpressed cells. These data indicated that
Numb also implicates in the degradation of B-TrCP2 during the
process of autophagy.

Numb regulates the stability of DEPTOR protein and
autophagy in vivo

We previously reported that Numb is upregulated in mouse model
of TIF induced by unilateral ureteral obstruction (UUO). We further
investigated the expression of Numb in Nakagawa CKD Kidney
Dataset (Nephroseq database [40]), which includes renal biopsies
from 53 chronic kidney disease (CKD) patients and eight controls.
Compared with healthy controls, the mRNA level of Numb was
significantly upregulated in renal biopsies of CKD patients (Fig. 7A).
These data demonstrated the upregulation of renal Numb in both
mouse and human CKD.

Next, we explored whether Numb regulates the stability of
DEPTOR protein and autophagy in vivo. Immunohistochemical
staining showed that Numb, DEPTOR and B-TrCP2 were localized
in the same segment of renal tubules in UUO kidney (Fig. 7B).
Furthermore, we employed a conditional knockout mouse model
with Numb specifically deleted from renal proximal tubules (PT-
Numb-KO) which has been generated by our lab previously [41],
and subjected to UUO. As shown in Fig. 7C, the protein levels of
DEPTOR and (-TrCP2 were significantly upregulated in fibrotic
lesions induced by UUO together with upregulated Numb
expression. Compared with control mice, the protein levels of
DEPTOR and [-TrCP2 were remarkably decreased in the
obstructed kidneys of PT-Numb-KO mice. Moreover, Numb
depletion dramatically decreased LC3B-Il protein, and blocked
the degradation of SQSTM1/p62. Extracellular matrix proteins like
Fibronectin, collagen | (COL 1) and a-smooth muscle actin (a-SMA)
expression was also decreased in Numb knock-out kidney as
expected (Fig. 7D-G). These data suggest that Numb over-
expression contributes to the increased abundance of DEPTOR
protein and persistently activated autophagy flux in the progres-
sion of fibrosis in kidney.

DISCUSSION

In the current study, we demonstrated that Numb functions as a
positive regulator of autophagy initiation. This conclusion is
supported by the following findings: first, Numb overexpression
significantly increased the conversion of LC3B-I to LC3B-Il and p62
degradation, two markers to measure autophagy flux, at basal level
and in EBSS starved and rapamycin treatment condition. Second,
Numb inhibits mTORCT, preferentially preventing DEPTOR protein
degradation. Third, specific deletion Numb from renal proximal
tubular cells attenuated UUO-induced autophagy in fibrotic renal
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Fig. 5 Numb regulates DEPTOR through SCF complex. A WT and Numb KO cells were treated with or without MLN4924 for 12 h. The protein
levels of DEPTOR and Numb were analyzed by western blotting. Representative western blots (upper panel) and quantitative data of DEPTOR
level (lower panel) are presented (t-test, ***p <0.001, n=6). B WT and Numb KO cells were transfected with negative-control (NC) siRNA or
CUL1 siRNA. The protein level of DEPTOR and CUL1 were measured by Western blotting. Representative western blots (upper panel) and
quantitative data of DEPTOR level (lower panel) are presented (t-test, ***p < 0.001, NS not significant, n =6). C WT and Numb KO cells were
transfected with negative control siRNA or p-TrCP2 siRNA, respectively. The protein level of DEPTOR and B-TrCP2 were measured by Western
blotting. Representative western blots (upper panel) and quantitative data of DEPTOR level (lower panel) are presented (t-test, ***p < 0.001, NS
not significant, n = 6). D In vitro DEPTOR ubiquitination assay using immunopurified FLAG-tag CUL1/RBX1 and Myc-DEPTOR from HEK293 cells
together with recombinant His-Ubiquitin. Reactions were performed in the presence or absence of E1 (UBA1) /E2 (UbcH5c) or CUL1T to verify
ubiquitination reaction specificity. DEPTOR ubiquitination were evaluated upon IP by immunoblotting using anti-His antibody. E In vitro DEPTOR
ubiquitination assay using immunopurified His-tag p-TrCP2 and Myc-DEPTOR from HEK293 cells together with recombinant Flag-Ubiquitin.
Immunopurified SKP1729F P2 complex was used as the E3, and reactions were performed in the presence or absence of E1 (UBA1)/E2 (UbcH5¢)
or E3. DEPTOR ubiquitination were evaluated upon IP by immunoblotting using anti-Flag antibody.

HA-Numb

tissues in vivo. Previous study reported that Numb depletion efficiency of CRISR-CAS9 system might result in the effect of Numb
impaired autophagic flux by interfering with autophagic degrada- depletion on autophagic initiation more dramatic. In support of this
tion [42]. Our finding did not exclude the involvement of Numb in explanation, it has been shown that clathrin is critical in both
autophagic degradation. One explanation for this discrepancy might autophagosome formation and autophagic lysosome reformation.
be the efficiency of Numb depletion. In the current study, Numb However, a highly efficient knocking out technique is required to
depletion was achieved by CRISR-CAS9 knock out system. The high observe the effect of clathrin on autophagosome formation, while
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Table 1. Numb-PTB domain binding proteins identified by LC/MS.
Sequence Expect value Protein
K.QATGIEDGELR.R 0.0069 CUL4B_HUMAN
K.QATGIEDGELRR.T 0.0148 CUL4B_HUMAN
R.LYAAEGQK.L 0.1190 CUL4B_HUMAN
K.TLEDPDLNVR.R 0.2410 CAND1_HUMAN
K.DSAATTDEER.Q 0.0001 DDB1_HUMAN
K.TYEVSLR.E 0.0416 DDB1_HUMAN
R.LGDSQLVK.L 0.5220 DDB1_HUMAN
R.LYEWTTEK.E 0.0114 DDB1_HUMAN
K.NDFTEEEEAQVR.K 0.0001 SKP1_HUMAN
K.QSVTIK.T 0.0707 SKP1_HUMAN
R.KENQWCEEK.- 0.0018 SKP1_HUMAN
K.ESSTVFELK.R 0.0396 ELOB_HUMAN
KTTIFTDAK.E 0.1320 ELOB_HUMAN
R.LYKDDQLLDDGK.T 0.0001 ELOB_HUMAN
R.LYKDDQLLDDGK.T 0.0040 ELOB_HUMAN
R.DIIFK.F 0.8630 CSN1_HUMAN
R.EGSQGELTPANSQSR.M 0.4430 CSN1_HUMAN
K.LEQSEAQLGR.G 0.0370 CSN5_HUMAN

moderate depletion reveals the requirement of clathrin in
autophagic lysosome reformation [43, 44].

Post-translational modifications and the diversity of the
receptor subunits are critical for SCF complex in recruiting
substrates for ubiquitination. However, the E3 ligase activity is
regulated mainly at the level of complex constitution. For
example, CSN-5 and CUL-associated and neddylation-
dissociated-1 (CAND-1) limit the SCF E3 ligase activity through
disassembling the complex [45]. Our results suggest that Numb is
a new negative regulator of SCF®"2 activity by interfering with
complex assembly. This conclusion is supported by the following
findings: first, GST pull down and Co-IP assay revealed that Numb
is in the complex of CUL1 and SKP1, but not B-TrCP2. Second,
in vitro binding assay revealed that the C-terminal part of SKP1,
which is critical in binding with F-box proteins, directly interacted
with the PTB domain of Numb. Numb overexpression abolished
the SKP1-B-TrCP2 interaction. Similarly, previous studies reported
that CENP-W incorporates into the SCF complex as a substitute for
SKP-1, and interacts with CUL-1 and B-TrCP1 through highly
overlapped binding sites with SKP-1 [46]. Unlike CENP-W, Numb
competes the binding of B-TrCP to SKP1, but not the binding of
SKP1 to CUL1. Secondly, Numb-induced dissociation of 3-TrCP2
from SCF complex increased the protein stability of B-TrCP2, but
not promoting its degradation. Third, Numb is mainly localized in
the cytosol, while CENP-W is in the nucleus. Our finding further
emphasizes the complexity of the modulation of SCF function.

Noteworthy, F-box proteins share the common binding site
with SKP1. Therefore, Numb might influence the protein
abundance of various SCF targets. Indeed, Numb overexpression
increased the protein abundance of Cyclin E (a substrate of Fow7
[47]) and p27 (a substrate of Skp2 [48]). Consistently, previous
studies have shown that Numb regulates the protein abundance
of p53 (a substrate of FBXW?7; [47]), Gli1(a substrate of FBXL17;
[49]) and Notch1(a substrate of FBXW7; [47]).

In the current study, we demonstrated that the C-terminal part
of SKP1 directly interacts with the PTB domain of Numb. However,
the underlying mechanism regulating Numb and SKP1 interaction
remains unexplored. Phosphorylation has been reported to
modulate the physiological and pathological function of Numb.
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For example, phosphorylation of Numb by aPKC or PLK1 impaired
Numb/p53 pathway [50]. Whether Numb phosphorylation mod-
ulates Numb-SKP1 interaction remains further investigation.

Most recent study showed that B-TrCP2 itself is also the
physiological substrates of SCF E3 ligase. Consistent with previous
finding, we found that B-TrCP2 protein was decreased in Numb
KO cells, but elevated in Numb overexpressed cells. However, in
Numb KO cells, decreasing B-TrCP2 was not accompanied with
DEPTOR accumulation. This discrepancy might be caused by the
following reasons: First, co-IP assay revealed that, in Numb KO
cells, the binding of B-TrCP2 to SKP1 was increased although the
protein level of B-TrCP2 was decreased (Fig. 6E), suggesting that
limited amount of B-TrCP2 is sufficient to recruit DEPTOR to SKP1-
CULI complex. Second, both B-TrCP1 and B-TrCP2 function as the
substrate adaptor of DEPTOR. In the absence of 3-TrCP2, DEPTOR
could be recognized by B-TrCP1. In supporting this hypothesis, we
found that, in Numb KO cells, the protein level of B-TrCP1 was
reduced not as much as that of B-TrCP2 (Fig Supplementary
Fig. 6). Previous studies showed that 3-TrCP1/2 homodimerization
promotes their E3 activity against the substrates and that
heterodimerization mediates their own degradation [36]. In Numb
KO cells, the lower amount of [B-TrCP2 might facilitate the
homodimerization of B-TrCP1 for DEPTOR degradation.

We previously reported that the expression of Numb was
upregulated in the fibrotic lesions and promoted renal interstitial
fibrosis via causing cell cycle arrest of proximal tubular cells. In the
current study, we provided further evidence that the expression of
Numb was significantly upregulated in renal biopsies of CKD
patients (Fig. 7A). According to the literatures, the key compo-
nents of Sonic Hedgedog signaling (Gli1) [49], Notch signaling
(Notch1) [51], and Wnt signaling (B-catenin) [52] are substrates of
SCF complex. Therefore, Numb might also contribute to the
constitutive activation of these signaling pathways in the
progression of renal fibrosis. Besides the upregulation of Numb
in fibrotic kidney, the downregulation of Numb has been
observed in various tumor tissues [53-55]. On the contrary, SKP1
with oncogenic SCF assembly components promotes develop-
ment breast, colon, prostate, lung and gastric cancers [56]. Our
data suggest that Numb might exert its tumor suppressor function
through modulating the function of SCF complex.

In summary, our data revealed that Numb is a novel regulator
of SCFPTP2 Numb directly interacts with SKP1, and thus
interferes with the SKP1-B-TrCP2 interaction leading to the
accumulation of DEPTOR and enhanced autophagic flux.
Specifically depleting Numb from renal tubules decreased
DEPTOR protein, attenuated autophagy and renal fibrosis. These
novel findings will provide valuable therapeutic insights for the
treatment of chronic kidney disease.

MATERIALS AND METHODS

Plasmid constructs and siRNAs

The full-length cDNA of Numb, CUL1, SKP1, B-TrCP2 and RBX1 were cloned
into CMV promoter Vector (Beyotime, Shanghai, China), or pGEX4T-2
(General Electric Company, Boston, USA), or pET-28a (+) (Novagen,
Massachusetts, USA). Ptf-GFP-RFP-LC3B was purchased from Addgene
(#21074). Oligonucleotide siRNA duplex was synthesized by RiboBio,
Guangzhou, China. RNAi oligonucleotides sequences are as follows:
DEPTOR: CGGCACCTTCCCATTGGATAATGAA, CUL1#1: AGGAACAACGAA
GAGTTCAGGTTTA, CUL14#2: GCCCTTCCAGCAGTCTTGTACATTT. B-TrCP2:
GCCCATGTTGCAGCGGGACTTTATT.

Cell culture and transfection

HEK293 cells were grown in DMEM (Thermofisher, Guangzhou, China) with
10% FBS (Biological Industries, Israel). Earl's balanced salt solution
(Thermofisher, Guangzhou, China) was used as the starvation medium.
Transfection with siRNA or plasmid were using jetPRIME reagent (Polyplus,
llikirch, France), following the protocols in the instruction.
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Generation of Numb-knockout cell lines

HEK293 cells were co-transfected with two lentiCRISPR v2 plasmids
[57] containing different sgRNA targeting hNumb gene. sgRNA#1:
GTGGCGCTTGAGTTGGTCGG, sgRNA#2: GATGAAGAAGGCGTTCGCAC.
Three days after transfection, cells were diluted and seeded into
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48-well plates. Seven days later, single cell clones were selected
and transferred to 12-well plates. After another subculture,
whole cell lysates were collected and the loss of Numb was
confirmed via immunoblot. Three Numb KO colonies were selected
and frozen.
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Fig. 6 Numb binds to SKP1 leading to the dissociation of DEPTOR from SCF complex. A Whole cell lysates from His-CUL1 transfected
HEK293 cells were incubated with purified GST-Numb PTB or GST, respectively. Bound protein was detected by Western blotting using anti-
B-TrCP2, anti-SKP1, or anti-His antibody. B HEK293 cells were transfected FLAG-Numb (full length) or PTB domain truncated (APTB) for 24 h.
Total cell extracts were subjected to IP using indicated antibody, and analyzed by Western blotting using anti-CUL1, anti-SKP1 or anti-Flag
antibody. € Numb binds to SKP1 in vitro: His-tag Numb were expressed and purified from BL21 E. coli strain, then incubated with bead-
conjugated GST-SKP1 or GST peptide, bound proteins were detected by IB using anti-His antibody. D Numb binds to SKP1 in vitro: His-tag
Numb were expressed and purified from BL21 E. coli strain, then incubated with bead-conjugated GST-SKP1 full length, GST-SKP1-AN, GST-
SKP1-C or GST alone peptide, followed by IB using anti-His Ab detected the bead-conjugated proteins. E WT or Numb KO cells were
transfected with His-SKP1 for 24 h. Total cell extracts were subjected to IP using either an anti-His or anti-IgG antibody, and analyzed by IB
using anti-His and anti-B-TrCP2 antibody. The ratio of band density of immunoprecipitated p-TrCP2 relative to immunoprecipitated His- SKP1
was presented in lower panel (t-test, ***p < 0.001, n=15). F HEK293 cells were co-transfected His-SKP1 with empty vector, FLAG-Numb (full
length) or PTB domain truncated (APTB) for 24 h, respectively. Total cell extracts were subjected to IP using either an anti-His or anti-lgG
antibody and analyzed by IB. G HEK293 cells were transfected empty-vector or FLAG-Numb, or Numb-APTB for 24 h, and then treated with
EBSS for indicated time period. Western blotting analyses showed the protein levels of LC3B. H HEK293 cells were transfected $-TrCP2 siRNA
for 24 h, and then co-tranfected WT B-TrCP2 or mutant B-TrCP2 which lacks the F-box domain with empty-vector or FLAG-Numb for another
24 h. The amount of WT B-TrCP2 or mutant B-TrCP2 plasmid were adjusted to make sure the equal expression of exogenous B-TrCP2 protein
between vector and Numb over-expression cells. The protein level of DEPTOR was measured by Western blotting. Representative western
blots and quantitative data of DEPTOR level are presented (t-test, ***p < 0.001, NS not significant, n = 6). | HEK293 cells were co-transfected
His-SKP1 with vector or FLAG-tagged Numb for 24 h, and then treated with EBSS for indicated time period. Total cell extracts were subjected

to IP using either an anti-His or anti-lgG antibody, and analyzed by immunoblotting using indicated antibody.

Immunofluorescence staining

Immunofluorescence staining was performed using an established
procedure [58, 59]. Cells were fixed with 4% (vol/vol) paraformaldehyde
and incubated with primary antibodies for overnight at 4 °C, followed by
incubation with Alexa Fluor secondary antibodies (Abcam, Shanghai,
China). Cover slips were mounted on DAPI (Zsbio, Beijing, China) medium.
Images were taken with a FV1000 scanning confocal microscope (Olympus,
Tokyo, Japan). Primary antibodies were as follows: Anti-LC3B (SC-271625,
SANTA Cruz, Texas, USA). Donkey anti-Mouse 1gG H&L (Alexa Fluor® 594,
ab150108, Abcam, Shanghai, China).

Immunoprecipitation assays and western blot analysis

Cells were lysed in IP buffer (10 mM Tris pH 8.0, 150 mM NaCl, 0.5% NP-
40, and protease inhibitor mixture) at 4 °C for 30 min. For immunopre-
cipitating the mTOR complex, cells were lysed in CHAPS buffer (50 mM
Tris, pH7.5, 20 mM CHAPS, 120 mM NaCl, 10% Glycerol, and protease
inhibitor mixture). After incubating with indicated antibodies for 2 h on
ice, the immunocomplexes were recovered using ProteinA/G Sepharose
(Beyotime, Shanghai, China), resolved in SDS buffer and then loaded on
SDS-PAGE for western blotting. The antibodies were used as follows:
Anti-LC3B (SC-271625), and mTOR (SC-1524) were from Santa Cruz
(Texas, USA). Anti -COL | (AB0325) was from Boster (Wuhan, China). Anti
-FLAG(M185), HA (M180) were from MBL (Tokyo, Japan); anti-HIS (66005),
DEPTOR (20985), RAPTOR (20984), GAPDH (60004), B-TrCP2(13149-1-AP)
were from Proteintech (Wuhan, China). Anti-B-TrCP2 (ab137835) was
from Abcam (Shanghai, China); Anti-Numb (2756S), ser757-ULK1
(6888S), ULK1 (D8H5), T389-S6K1 (9234S), S6K1 (9202), DEPTOR
(11816 S), GBL (3274), p-AMPK (2535), AMPK (5832), p-JNK (9255), JNK
(9252), CUL1 (4995S), B-TrCP1(4394) were from Cell Signaling (Danvers,
USA). Anti-fibronectin (F3648) and anti-a-SMA (A5228) were from
Millipore (Burlington, USA).

Recombinant protein purification and GST pull down assay
Recombinant protein purification and GST pull down assay was
conducted as described previously [60]. Briefly, Escherichia coli (BL21)
were transformed with pGEX-4T-2 or pGEX-Numb PTB domain. The GST
fusion proteins were purified according to the manufacturer’s instruc-
tion (Beyotime, Shanghai, China). The GST-bound beads was then
washed with GST pull-down buffer (50 mM Tris-HCI, 200 mM Nacl,
1 mM EDTA, 1%NP-40, 1 mM DTT, 10 mM MgCl,, pH 8.0) and then mixed
with cell lysates at 4°C for 6h. For western blot, the conjugated
proteins were boiled with Laemmli buffer. For LS-MS/MS analysis, the
beads were eluted with SDT buffer (4%SDS, 100 mM Tris/HCIl, 1 mM
DTT, pH 7.6).

Liquid chromatography-tandem mass spectrometry

LC/MS analysis was conducted by Applied Protein Technology (Shang-
hai, China). After repeated ultra-filtrating with UA buffer (8 M Urea,
150 mM Tris-HCI pH 8.0), iodoacetamide (100 mM IAA in UA buffer) was
added to block reduced cysteine residues. The protein suspensions were
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digested with trypsin (Promega, Wisconsin, USA) and desalted on C18
Cartridges (Empore SPE Cartridges C18 (standard density), Sigma),
concentrated by vacuum centrifugation and reconstituted in 0.1% (v/v)
formic acid. The peptide mixture was loaded onto a reverse phase trap
column (Thermo Scientific Acclaim PepMap100, nanoViper C18) con-
nected to the C18-reversed phase analytical column (Thermo Scientific
Easy Column) in buffer A (0.1% Formic acid) and separated with a linear
gradient of buffer B (84% acetonitrile and 0.1% Formic acid). MS analysis
was performed on a Q Exactive mass spectrometer (Thermo Scientific)
that was coupled to Easy nLC (Thermo Scientific). MS spectra were
searched using MASCOT engine (Matrix Science, London, UK; version 2.4)
against the UniProtKB database.

In vitro ubiquitination assay

In vitro ubiquitination assay was performed as previously described [61].
Briefly, HEK293 cells were transfected with His- -TrCP2, FLAG-CUL1,
FLAG-RBX1 and myc-DEPTOR, respectively. HA-Numb was overexpressed
by infecting cells with adenovirus as described previously [41]. Twenty-
four hours after transfection/infection, cells were lysed in buffer (20 mM
HEPES, 2 mM EGTA, 1% NP-40 and 10% glycerol, PH 7.4, 1% protease
inhibitors) and immunopurified using anti-FLAG, anti-HA, anti-His or anti-
Myc antibodies. The assays were performed in a 20 ml reaction volume
containing indicated immunopurified proteins and the components as
follows: UBA1 (0.2 mg, Sinobiological, Beijing, China), UbcH5c (0.5 mg,
Darmstadt, Germany), and His-ubiquitin or FLAG-ubiquitin (100 mM,
Biochem, UK). The reaction was performed at 30°C for 4h, follow by
immunoblotting with anti-His antibody.

Real-Time PCR

Total RNA was extracted using TRIzol reagent (Takara, Kyoto, Japan) [62].
Real-time RT-PCR was performed on an ABI PRISM7500 Fast system
(Applied Biosystems, Foster City, CA). The primer pairs used were as follow:
GAPDH: (forward): GACAGTCAGCCGCATCTTCT and (reverse) ACCAAATC
CGTTGACTCCGA, DEPTOR: (forward): GAACAGCTACGGCTCAGGCT and
(reverse) GCGACAAAACAGTTTGGGTAGG.

Animals

Numb™1Numblike /% mice (C57BL/6J background) were purchased
from the Jackson Laboratory (Stock No. 005384). PEPCK-Cre mice were kindly
provided by Dr. Volker Haase (Vanderbilt University School of Medicine,
Nashville, TN). Numb™"*Numblike™/°* mice were crossed with PEPCK-
Cre mice to generate the Proximal tubule-specific Numb/Numblike ™~ mice.
The protocol of mouse breeding and genotyping was as previously described
[59]. Mice were housed in the Nanfang Hospital Animal Center. All animal
experiments were performed with approval of Ethics Committee for Animal
Experiments of the Southern Medical University.

For the UUO model, the left ureter was ligated using 4-0 nylon surgical
sutures at the level of the lower pole of kidney, and sham-operated mice
were used as controls. Mice were killed at day 7 after surgery. The kidneys
were harvested for further studies.
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Fig.7 Proximal tubular cell-specific Numb deletion regulates autophagy in fibrotic kidney. A Increased Numb expression in chronic kidney
disease from Nakagawa CKD Kidney Dataset in the Nephroseq platform (Mann-Whitney U-test, p=0.0019, fold change =2.23).
B Immunohistochemical staining of Numb and p-TrCP2/ DEPTOR in sequential sections of UUO kidneys. Co-localization of Numb with
B-TrCP2/ DEPTOR in the same tubules were marked with stars. Bar = 50 um. C Immunoblot analyses of proteins in the sham-operated and UUO
kidneys in PT-Nb-WT and PT-Nb-KO mice (left panel). Quantitative data of indicated proteins normalized to GAPDH (right panel) are presented
(two-way ANOVA, **p < 0.01, ***p < 0.001, n = 6). D-G Immunoblot analyses of proteins levels of Fibronectin, COL | and a-SMA in the UUO
kidneys in PT-Nb-WT and PT-Nb-KO mice. Representative western blots (D) and quantitative data of Fibronectin (E), COL | (F) and a-SMA (G)

levels was presented (t-test, ***p < 0.001, n = 6).

Immunohistochemical staining

Immunohistochemical staining was performed on 4um kidney sections. Every
two sequential sections were chosen to perform staining in order to identify
the same tubules. Sections were performed antigen repairing by microwave
heating, then incubated with the primary antibody for 8 h at 4 °C, followed by
incubating with HRP conjugated secondary antibodies for 60 min. Images
were taken using an BX51 microscope (Olympus, Tokyo, Japan).
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Statistical analysis

Statistical analysis was performed using Prism software (GraphPad 8).
Data were presented as means+SEM from five or six independent
experiments. Comparison between two groups was using Student’s t test
or Mann-Whitney U-test, as indicated. Comparison between more than
two groups was using one-way or two-way ANOVA, as indicated. Significance
was defined with p values. p values < 0.05 were considered significant.
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