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Abstract

Insulin deficiency may be due to the reduced proliferation capacity of islet p-cell, contributing to the onset of diabetes. It is
therefore imperative to investigate the mechanism of the p-cell regeneration in the islets. NKX6.1, one of the critical f-cell
transcription factors, is a pivotal element in 3-cell proliferation. The ubiquitin-binding enzyme 2C (UBE2C) was previously
reported as one of the downstream molecules of NKX6.1 though the exact function and mechanism of UBE2C in f-cell
remain to be elucidated. Here, we determined a subpopulation of islet f-cells highly expressing UBE2C, which proliferate
actively. We also discovered that -cell compensatory proliferation was induced by UBE2C via the cell cycle renewal path-
way in weaning and high-fat diet (HFD)-fed mice. Moreover, the reduction of f-cell proliferation led to insulin deficiency
in pUbe2cKO mice and, therefore, developed type 2 diabetes. UBE2C was found to regulate PER1 degradation through the
ubiquitin—proteasome pathway via its association with a ubiquitin ligase, CUL1. PER1 inhibition rescues UBE2C knockout-
induced B-cell growth inhibition both in vivo and in vitro. Notably, overexpression of UBE2C via lentiviral transduction
in pancreatic islets was able to relaunch p-cell proliferation in STZ-induced diabetic mice and therefore partially alleviated
hyperglycaemia and glucose intolerance. This study indicates that UBE2C positively regulates pB-cell proliferation by promot-
ing ubiquitination and degradation of the biological clock suppressor PER1. The beneficial effect of UBE2C on islet -cell
regeneration suggests a promising application in treating diabetic patients with -cell deficiency.
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Introduction

Diabetes is characterized by hyperglycaemia caused by a
relative or absolute low level of insulin [1, 2]. As a unique
source of insulin, islet f-cells are either insufficient or van-
ished [3-5]. C-peptide, which protects kidney function,
[6, 7] and hepatic glucose output inhibitory non-coding
RNA are both produced from p-cells [8, 9], indicating an
important role of pB-cells in preventing diabetes progression.
Therefore, protecting and promoting p-cell regeneration is
more beneficial than traditional treatments such as insulin
injection.
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A lineage-tracing assay using p-cell-specific fluorescent
mice showed that replication is the primary mode of f-cell
regeneration [10]. Islet B-cells proliferate explosively dur-
ing infancy and early childhood but gradually decline asso-
ciated with the maturation of insulin secretory machinery.
However, certain pathophysiological conditions, includ-
ing obesity and pregnancy, can boost p-cell proliferation
[11-13]. A major cause of type 2 diabetes is an unhealthy
lifestyle, especially a high-fat diet, which causes the high
incidence of type 2 diabetes in many countries [14, 15].
According to the previous reports, the patients develop-
ing type 2 diabetes are a group of people who cannot
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compensate for increasing insulin requirement in the body,
and the main cause of this problem is the decline of islet
B-cell proliferative capacity [16]. Exploring the mecha-
nism of B-cell compensatory replication would provide
key insights into B-cell regeneration and treatment of type
2 diabetes.p-cells show significant heterogeneity in islets
for their spatial distribution and maturation stages [17]. In
the present study, single-cell RNA sequencing (scRNA-
seq) was introduced to define different subgroups of islet
B-cells, and scRNA-seq was also performed on high-fat
diet (HFD)-induced obese mouse islets. A $-cell subgroup
with high replication capacity was identified, and ubiqui-
tin-binding enzyme 2C (UBE2C) was a top three charac-
teristic gene of this group of cells. UBE2C is an important
member of the ubiquitin-conjugating enzymes (E2) family,
and its overexpression promotes proliferation and inhib-
its apoptosis of tumour cells [18, 19]. Although UBE2C
has been reported as one of the downstream molecules of
NKX6.1, a critical transcription factor regulating -cell
proliferation [20], the exact function and mechanism of
UBEZ2C in pancreatic islets remain unknown.

To investigate the regulatory mechanism of UBE2C in
f-cell replication, B-cell-specific UBE2C conditional knock-
out (BUbe2cKO) mice were generated. fUbe2cKO mice
developed hyperglycaemia due to f-cell deficiency-induced
insulin insufficiency. Using immunoprecipitation and mass
spectrometry (MS), the core protein of the SCF E3 ubiqui-
tin ligase complex, CUL1, was confirmed to associate with
UBE2C. Moreover, the negative regulator of cellular circa-
dian rhythm PER1 was found as the target of the UBE2C/
CUL1 complex. The complex promoted the degradation
of PER1 and then stimulated the proliferation of p-cells
through cell cycle reinitiation. Our investigation revealed a
previously unexplored role of UBE2C in f-cell regeneration
both in vitro and in vivo and demonstrated the effectiveness
of introducing UBE2C to treat STZ-induced diabetic mice.

Materials and methods
Animal experiments

Animal use procedures were approved (IACUC1804001) by
the Medicine Animal Care Committee of Nanjing Medical
University. Experiments were conducted in accordance with
relevant institutional guidelines and regulations.

C57BL/6] and Ube2c¢™™ mice were purchased from the
Model Animal Research Center of Nanjing University.
Ins1-Cre mice were obtained from Jackson Laboratory.
To produce p-cell-specific knockout mice, Ube2¢™ mice
were hybridized with MIP-Cre mice. In this study, mice
with INS1-specific deletion of UBE2C were defined as
BUbe2c¢KO mice and Ube2c™ mice were used as controls.

The genotype of the mice was analysed through polymerase
chain reaction (PCR) using mouse tail genomic DNA, and
Western blotting (WB) was used for verification at the pro-
tein level (Supplementary Fig. 2). Male pUbe2cKO mice,
Ube2cV mice, and C57BL/6 J mice were maintained at
22 °C on a 12-h light—dark cycle with ad libitum access
to a normal chow diet (CD, 13.5% fat; LabDiet 5001) or
HFD (60% fat; Research Diets D12492). Body weights were
monitored periodically.

Tests for glucose and insulin

Mice were subjected to an intraperitoneal glucose toler-
ance test (IPGTT) and insulin tolerance tests (ITT) using
established protocols [21]. Briefly, mice were fasted for 16 h
or 5 h at intervals of 4 weeks before the IPGTTs and ITT
experiment. D-glucose (2 g/kg) for the IPGTT or insulin
(0.75 U/kg; Humulin R; Eli Lilly, Indianapolis, IN, USA)
for the ITT was delivered by L.P. injection. Blood glucose
level and whole blood insulin level from the tail vein were
monitored at 0, 15, 30, 60, and 120 min.

Virus infusion within pancreatic ducts

Male C57BL/6J mice treated with STZ were injected with
pSLenti-SFH-EGFP-P2A-Puro-CMV-Ube2c-3xFLAG-
WPRE (LV-UBE2C) or pSLenti-SFH-EGFP-P2A-Puro-
CMV-MCS-3xFLAG-WPRE (Vector) (OBIO Technology).
Male BUbe2¢KO mice and Ube2c™™ mice after 4 weeks
HFD feeding were injected with pAV-4in1shRNA (control)-
CMV-GFP (shCTR) or pAV-4in1shRNA (PER1)-CMV-GFP
(shPER1) (WZ Biosciences). For the pancreatic ductal infu-
sion, mice were anaesthetized via inhalation of isoflurane.
A total volume of 150 viral solutions were infused through
the pancreatic/biliary duct at a rate of 6 pL/min with a clip
placed on the bile duct to avoid the perifusion of hepatic
duct [22].

Islet isolation and hormone secretion assay

Isolation and culture of islets, islet/p-cell line glucose-stim-
ulated insulin secretion (GSIS) assay, and islet perifusion
were performed as previously described [21]. For GSIS, a
total of 30 islets or p-cell lines were seeded in a 48-well plate
and incubated with glucose free Kreb’s buffer for 30 min,
before treatment with 2 mM or 20 mM glucose for 1 h.
Mice islets were isolated as follows: The entrance to the
duodenum was clamped with a haemostat and 0.5 mg/ml
collagenase P in cold Hanks’ balanced salt solution (HBSS;
Roche Diagnostics, Mannheim, Germany) was injected into
the bile duct. The expanded mouse pancreatic tissue was
digested at 37 °C for 14 min 30 s and then filtered using a
600-pm mesh. Cold HBSS with 10% foetal bovine serum
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(FBS) was added to stop the reaction. A gradient compris-
ing layers of HBSS and Histopaque-11191 (Sigma Aldrich)
was used to separate the islets, which were then manually
selected two times. The islets were then dispersed into sin-
gle cells using TrypLE (Thermo Scientific) for 15 min in a
37 °C water bath and then resuspended in Dulbecco phos-
phate-buffered saline with 2% FBS.

Primary islets were cultured overnight before the perifu-
sion assay. 120 islets were placed into the perifusion cham-
bers and firstly treated with Kreb’s buffer containing 0 mM
glucose for 40 min, followed by Kreb’s buffers containing
20 mM glucose for 30 min, at the rate of 1 ml/min. Frac-
tions were collected every minute, starting from the 30th
minute. Secreted insulin were normalized to total DNA
content of islets recollected from the chambers. Levels of
insulin (Mercodia), glucagon (Mercodia), and somatostatin
(Phoenix Pharmaceuticals) were measured using enzyme-
linked immunosorbent assay (ELISA) kits, according to the
manufacturer’s instructions.

Pancreatic insulin concentration

Mice were weighed and extracted for pancreas after 16 h
fasting. After weighed for insulin content correction, pan-
creas was put into the tissue grinding tube with 1 ml acid-
alcohol (75% ethanol, 0.15 mol/l HCL). Pancreatic homoge-
nate was extracted overnight at 4 °C after grinding by tissue
grinder. On the second day, tubes were centrifuged for
10 min at 3500r/min in 4 °C. After the collection of superna-
tants (store at —80 °C), equal volume of acid-alcohol (75%
ethanol, 0.15 mol/l HCL) was added into the tissue grinding
tube. The extraction was repeated for 4-5 times. Insulin in
total supernatants was determined by Elisa kits (Mercodia)
following the manufacturer’s instructions.

Transmission electron microscopy (TEM)

Islets were fixed in 2.5% glutaraldehyde and 2.5% paraform-
aldehyde in cacodylate buffer (0.1 M, pH 7.4), post-fixed
in osmium tetroxide, dehydrated in graded series of alco-
hol, and finally embedded in EPON 812. Ultrathin sections
(60 — 80 nm) of selected regions were obtained with a dia-
mond knife. Tecnai™ G2 Spirit BioTwin (FEI, Hillsboro,
OR, USA) with an accelerating voltage of 80 kV was used
to examine the samples [21]. Mature insulin granules were
quantified using grayscale threshold analyses. The imma-
ture and docked granules were counted manually. Granules
located within 100 nm of the plasma membrane without
signs of fusion were considered “docked”.
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Immunofluorescence staining

Pancreatic tissue was fixed in formalin, incubated in etha-
nol and xylene, and embedded in paraffin. It was sliced into
5-pm sections, dewaxed in xylene, and rehydrated using a
graded series of alcohol solutions. The sections were sub-
jected to antigen retrieval and blocked with serum. Sections
were incubated with primary antibodies overnight in the
dark at 4 °C. The antibodies used in this study are listed in
Supplementary Table 1. After rewarming to room tempera-
ture and washing, sections were incubated with secondary
antibodies for 2 h in the dark at room temperature. Images
were acquired using a fluorescence microscope (Zeiss).

Cell culture

The mouse f-cell line, MING6, was a kind gift from Profes-
sor Zhuoxian Meng (Zhejiang University Medical College).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) (25 mM glucose)
containing 15% foetal bovine serum (FBS; Gibco), HEPES
(10 mmol/L), sodium pyruvate (1 mmol/L), penicillin (100
U/mL), streptavidin (100 pg/mL), and p-mercaptoethanol
(50 pmol/L).

The mouse fB-cell line, PTC-6, was purchased from the
Cell Bank of the Chinese Academy of Sciences (Kunming,
China) and cultured in DMEM (25 mM glucose) containing
10% FBS, penicillin (100 U/mL), streptavidin (100 pg/mL),
and p-mercaptoethanol (50 pmol/L).

The human embryonic kidney cell line, 293 T, was pur-
chased from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China) and cultured in DMEM containing
10% FBS, penicillin (100 U/mL), and streptavidin (100 pg/
mL).

Co-immunoprecipitation

The cells were lysed in lysis buffer. After centrifugation,
10% of the supernatant was used as input, and the remainder
was immunoprecipitated with agarose A/G beads (Roche),
immunoglobulin G (IgG, negative controls), or with anti-
bodies for the target proteins overnight at 4 °C. Pellets were
washed thrice with wash buffer, resuspended in sodium
dodecyl sulphate (SDS, 2 X concentration), and subjected to
Western blotting (WB).

Western blotting

Cell lysates were prepared using RIPA lysis buffer on ice.
The protein concentration was measured using the bicin-
choninic acid (BCA) Assay Kit (Beyotime). WB was per-
formed using the indicated antibodies (Supplementary
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Table 2). Protein blots were visualized using SuperSignal
West Pico Chemiluminescent Substrate (Pierce Biotechnol-
ogy) in a ChemiDoc XRS + system (Bio-Rad Laboratories).

Mass spectrometry analysis

MS was performed on the precipitated protein using co-
immunoprecipitation with UBE2C antibody of pTC-6
cells transfected with lentivirus-UBE2C or empty vectors.
Through the use of a nanospray source, the labelled peptides
were analysed on the LTQ-Orbitrap instrument (Thermo
Fisher). LC-MS/MS was operated in positive ion mode,
with a linear gradient from 0 to 60% of buffer B (CH3CN)
in 150 min and a flow rate of 200 nl/min. Five MS/MS
scans were conducted on each of the five highest peaks from
BTC-6 cells for the analysis of proteins. MS/MS spectra of
precursor ions were submitted to Maxquant (version 1.2.2.5)
using the search parameters as previously described [23].

Tandem mass tag (TMT) quantification proteomics

TMT-labelled quantitative proteomics was performed on
the total extracted protein of BTC-6 cells transfected with
lentivirus-UBE2C or empty vectors using the TMT strategy,
as previously described [24]. Briefly, the samples were dis-
solved in lysate buffer consisting of 1% protease inhibitor,
8 M urea, 50 mM NAM, and 3 pM TSA.

After measuring protein concentration, protein samples
were treated with 5 mM DTT for 30 min at 56 °C, followed
by 11 mM iodoacetamide for 15 min at room temperature
in the dark. After trypsin digestion overnight, Strata X C18
SPE column was used to desalt the peptides overnight, fol-
lowed by vacuum drying, reconstituted with 0.5 M TEAB,
and labelled with TMT kit. For liquid chromatography
(LC)—tandem mass spectrometry (MS) analysis, tryptic pep-
tides were dissolved in liquid phase A (0.1% formic acid)
loaded on a reversed-phase analytical column and separated
with the EASY-nLC 1200 ultra-performance LC system
(Thermo Fisher Scientific). The gradient of liquid phase B
(90% acetonitrile containing 0.1% formic acid) was set as
0—40 min at 6-22%, 40-54 min at 22-32%, 54—57 min at
32-80%, or 57-60 min at 80% with 500 nL/min flow rate.
The peptides were then subjected to tandem MS using Q
Exactive (Thermo Fisher Scientific). Detection was con-
ducted using an Orbitrap ion trap mass analyser (Thermo
Fisher Scientific) at 2.1 kV. The primary MS system scanned
from 350 to 1600 m/z, while the secondary tandem MS
system scanned a startup of 100 m/z. A data-dependent
procedure was used with 30 s of dynamic exclusion. The
automatic gain control was set to 1ES. MaxQuant software
was used to retrieve MS2 data. Significantly differentially

expressed proteins were screened at P <0.05 and a fold
change of > 1.2 or <0.83.

siRNA and plasmid transfection

MING6 or BTC-6 cells were seeded in six-well plates and
24-well plates and cultured until they reached 70% conflu-
ence. Transient transfection with siRNA or plasmids was
done using Lipo3000 (Life Technologies, Carlsbad, CA,
USA). The siRNA sequences are listed in Supplementary
Table 3. All assays were performed 48 h after transfection.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from tissues and cells using TRI-
zol reagent (Life Technologies).

For each sample, RNA was reverse transcribed using Pri-
meScript™ RT reagent kit (Takara Bio, Kusatsu, Japan).
gRT-PCR was performed with SYBR Green PCR Master
Mix (Takara Biotechnology) and analysed using a real-time
PCR system (Roche), as previously described [21]. The
primer sequences used are listed in Supplementary Table 4.
The relative gene expression was calculated using the com-
parative CT (2 —-AACT) method with B-actin as a reference
gene.

Bulk RNA-seq

Islets for RNA-seq were collected from the BUbe2cKO
and control mice. RNA-seq methods have been previously
described [25]. Briefly, TRIzol reagent (Invitrogen, CA,
USA) was used to isolate total RNA from handpicked islets
according to the manufacturer's instructions. On-chip elec-
trophoresis was used to measure the quality and quantity
of extracted RNA using the Agilent RNA 6000 Nano Kit
and Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
USA). Library preparation was performed on samples exhib-
ited 1.9 <A260/A280<2.2, RNA integrity number > 8.0,
and 28S/18S > 1.0. By enriching poly (A) mRNA with
magnetic oligo (dT) beads, total RNA was purified. With
the random hexamer (N6) primers, double-stranded cDNA
fragments were synthesized and subjected to end repair and
adapter ligation. As a next step, PCR amplification was used
to construct cDNA libraries, which were then sequenced
on BGISEQ-500 by Beijing Genomics Institute (Shenzhen,
China). Gene expression was quantified using RSEM 1.1.12
software and normalized using the method of fragments per
kilobase of exon model per million reads mapped (FPKM).
DEseq2 (fold change >2 and p,gjygeq < 0-05) was used to
identify differentially expressed genes (DEGs) between the
BUbe2cKO and control groups.
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Single-cell (sc)RNA-seq and datasets analysis

Islet cells from HFD and CD mice were dispersed into single
cells and subjected to scRNA-seq, and the reads were pro-
cessed as our previous study described [26]. scRNA-seq was
performed by Shanghai Biotechnology Corporation. The sin-
gle cells were used to create gel beads in emulsion (GEM)
utilizing a Chromium™ Single Cell Platform (10 X Genom-
ics) with a Chromium™ Single Cell 3' GEM, Library &
Gel Bead Kit v3 and a Chromium™ Chip B Single Cell
Kit, according to the manufacturer’s guidelines. The beads
were then placed in a single tube and underwent reverse
transcription; each cDNA was tagged at the 5’ end with a
unique molecular identifier (UMI) and a label indicating
the cell of origin (according to the manufacturer’s standard
guidelines [CG000206 Rev D]). The libraries were quanti-
fied on a 2100 Bioanalyzer (Agilent) using a High Sensitiv-
ity DNA Chip (Agilent) and a Qubit High Sensitivity DNA
Assay Kit (Thermo Fisher Scientific). Lastly, a NovaSeq
6000 system (2 x 150 bp read lengths; Illumina) was used
to conduct sequencing. The data were scaled and princi-
pal component analysis (PCA) was based on the top 2000
high variable genes. The top 20 principles were used for
t-distributed stochastic neighbour embedding (t-SNE) and
uniform manifold approximation and projection (UMAP)
construction [27]. Using the Louvain method, the unsuper-
vised cell cluster result was based on the top 20 principal
components acquired using PCA [28]. We assigned p-cell
types according to the expression of the marker gene Insl.
For the sub-clustering of p-cells, we applied the same scal-
ing, dimensionality reduction, and clustering procedures.
We identified significant DEGs among the p-cell subpopu-
lations using the Wilcoxon rank-sum test. The DEGs were
subjected to Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis.

Cell proliferation assay

Cell number was determined using the Cell Counting Kit
(CCK)-8 assay (Beyotime). Percent cell proliferation was
detected using the 5-ethynyl-2'-deoxyuridine (EdU) assay
(RiboBio). The ratio of cells positive for EdU to cells posi-
tive for 4',6-diamidino-2-phenylindole (DAPI) was used to
denote the percentage of EdU-positive cells. The cell cycle
was detected using propidium iodide (PI) staining (Millipore
Sigma).

Beta cell mass calculation
Images from 4 to 6 insulin-stained pancreas sections per

mouse with each section separated by at least 250 pm were
measured using ImagelJ software to determine beta cell area.

@ Springer

Then, the beta cell mass was calculated by multiplying the
average percentage of beta cell area by the pancreas weight
of corresponding mice.

Statistical analyses

The immunostaining of mouse pancreas sections was ana-
lysed using ImagelJ software. Immunofluorescence micros-
copy was used to assess Ki67 + p-cell proliferation. DAPI-
stained insulin-positive cells were considered B-cells.
DAPI + and Ki67 + insulin-positive cells were considered
proliferative p-cells. p-cell proliferation index from each
mouse was calculated based on the ratio of the number of
Ins and Ki67 double-positive cells over the number of whole
INS + cells with DAPI staining. Sections were viewed with
10 x objective, and all beta cells on the entire section were
counted (1000-3000 B-cells per section for non-diabetic
mice). As beta cells were reduced after STZ treatment, more
than 15 islets (over 1000 pB-cells) in three pancreatic sections
were analysed per STZ-treated mouse. Data comparisons
between the two groups were performed using two-tailed
t-tests or analysis of variance (ANOVA) with Tukey’s test
which corrects for multiple hypotheses. AUC was calculated
by trapezoid analysis and was compared by #-test. Data are
the mean + SD. Statistical significance was set at P <0.05.
Graphs and statistical analyses were completed using Graph-
Pad Prism 8.0 (GraphPad Software, San Diego, CA, USA).

Results

ScRNA-seq data showed Ube2c was highly expressed
in human and murine proliferating p-cells

C57BL/6 J mice were fed an HFD for 8 weeks, which was
reported to induce the compensatory proliferation of islet
p-cells [21]. To get an expression profile of these actively
proliferating p-cells, we performed scRNA-seq to character-
ize them. Islet cells from HFD- and CD-fed mice were anno-
tated based on the expression of the predominant hormone
gene, Ins1, resulting in 14,108 p-cells and then clustered into
nine clusters using UMAP according to our previous study
[29] (Fig. 1A). The cell cycle analysis indicated that p-cells
in Cluster-7 were in the G2M phase, whereas the other clus-
ters were in the G1 and S phases (Fig. 1B). We, therefore,
would like to define Cluster-7 by specific gene expression
profile and found that Ube2c was rich-expressed gene in
Cluster-7, while it was barely expressed in other clusters
(Fig. 1C). With the finding above, we determined the cells
in Cluster-7 as Ube2c"#" B-cells and the others were defined
as Ube2c"" B-cells (Fig. 1D). The genes engaging in “DNA
replication”, “cell cycle”, and “ubiquitin-mediated proteoly-
sis pathways” were highly expressed in Ube2c"E" f-cells by
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Fig. 1 Heterogeneous expression of Ube2c on the islet p-cells of
mice. A Visualization of fB-cell clustering using uniform manifold
approximation and projection (UMAP) maps; B UMAP map show-
ing cell cycle distribution; C Violin map showing Ube2c expression
distribution in each B-cell subpopulation; D UMAP map showing
Ube2c™#" and Ube2¢™¥ subpopulations in f-cells. E Heatmap of dif-
ferentially expressed genes (DEGs) in Ube2c'™ and Ube2chieh sub-
groups. F GSEA pathway enrichment map showing Ube2c"2" p-cell

Gene set enrichment analysis (GSEA) (Fig. 1F). Differen-
tially expressed genes (DEGs) were examined through Gene
Ontology (GO) enrichment analysis, which revealed that the
genes involved in “mitosis”, “‘chromosome segregation”, and

“cell cycle-dependent serine/threonine kinase activity” were

Ube20% Ube2cah Ube2¢!oW ube2chigh Ube2cloW Ube2chigh

Ube2¢/OW Ube2chigh

subpopulations. G DEGs between Ube2c"" and Ube2c' subpopula-
tion of B-cell based on the GO database. H Violin plots of cell cycle-
and p-cell function-related genes expressed in Ube2¢'™Y and Ube2cMe!
subpopulations. Expression of Pcna, Ki67, Ccnb2, and Cdkl was
upregulated markedly in Ube2c™8" B-cells, expression of Slc2a2 and
Ucn3 was upregulated slightly in Ube2¢'® p-cells, and there was no
difference in expression of InsI or Ins2

expressed on a different level in Ube2cM&" and Ube2c™
B-cells (Fig. 1G).

Compared to the Ube2c'® subpopulation, genes related
to cell proliferation and cell cycle, such as Pcna, Mki67,
Ccnb2, and Cdkl, were highly expressed in Ube2cMe" sub-
population. Contrary to the phenomenon written above, the
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Fig.2 High expression of UBE2C promotes the proliferation of islet
B-cells. A Representative images of insulin (white), Ki67 (green),
UBE2C (red), and DAPI (blue) immunostaining in the pancreas
of 4-week-old C57BL/6J mice. Scale bar: 20 pm. B and C Islets of
chow-fed C57BL/6J mice 1, 1.5, 2, 3, 5, and 7 months after birth
were extracted. (B) RT-qPCR for measurement of expression of
Ube2c mRNA, (C) Western blotting to measure protein expression
of UBE2C. Band density was measured and normalized to GAPDH
(N=4-6 mice/group). D C57BL/6 J male mice were fed with nor-
mal chow diet (CD) or high-fat diet (HFD) from 4 weeks of age; then
islets were extracted at 1, 2, 4, and 6 months of feeding, and expres-
sion of UBE2C protein was measured in CD and HFD groups using
Western blotting, normalized to GAPDH, and represented graphi-
cally at the right of each panel. (N=3 mice/group). E Pancreatic sec-
tions of C57BL/6J mice after 4 weeks of HFD or CD feeding were
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assessed through immunohistochemistry using the UBE2C antibody.
Scale bar: 40 pm. F and I Cell proliferation was assessed using the
EdU assay 72 h after si-UBE2C transfection of fTC-6 cells. (N=4
per group) Scale bar: 40 pm. G and H Cell proliferation was assessed
using the EdU assay 72 h after infection with UBE2C-overexpressing
lentivirus (LV-UBE2C) of BTC-6 cells. (N=6 per group) Scale bar:
40 pm. J and K Cell number was assessed using the CCK-8 48 h after
si-UBE2C transfection of MIN6 (J) and fTC-6 cells (K). (N=6-10
per group). L and M Cell number was assessed using the CCK-8 72 h
after infection with UBE2C-overexpressing adenovirus (AV-UBE2C)
in MING6 (L) or lentivirus infection of pTC-6 cells (M). (N=6-10 per
group). N and O Representative images and proportional statistics of
cell cycle distribution using PI staining in fTC-6 cells after UBE2C
knockdown. (N=5 per group). *P<0.05, **P<0.01, ***P <0.001,
kP <0.0001
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genes related to -cell maturation, such as Slc2a2, G6pc2,
Ucn3, Chga, and Erollb, were less expressed in Ube2chieh
subpopulation. No difference was observed in the expression
of Ins1 and Ins2 (Fig. 1E and H). Other DEGs are presented
in Supplementary Table 5. UBE2C colocalize with Ki67 and
INS by immunofluorescence staining in islet sections, which
confirmed the data of scRNA-seq, indicating that high-level
expression of UbeZ2c is a distinct sign of proliferative p-cells
(Fig. 2A).

To determine UBE2C expression levels in human islets,
we used a recently reported dataset from non-diabetic donors
[30]. Based on the annotated human -cells, UBE2C was
particularly expressed in a tiny population of the p-cells
(Cluster-48). We defined Cluster-48 as UBE2CM#" B-cells
and the rest of the subpopulations as UBE2C'®" B-cells (Sup-
plementary Fig. 1A—C). Notably, proportion of G2M phase
cells increased significantly in UBE2CMe" p-cells group,
suggesting that UBE2C is also highly expressed in prolif-
erating human p-cells (Supplementary Fig. 1C). UBE2C"¢
B-cells were shown to express genes highly enriched in the
cell cycle and biological processes related to ubiquitination
and DNA replication by GO and KEGG analyses (Supple-
mentary Fig. 1D-E). The cell proliferation-related genes
MKI67, CCNB2, CDK1, PCNA, and PBK, and E3 ubiquitin
ligase CULI were highly expressed in UBE2CMe" B-cells
(Supplementary Fig. 1F). Other DEGs are presented in
Supplementary Table 6. Moreover, a higher proportion of
UBE2C"#" B-cells was observed in human islets from obese
donors (BMI > 28) than in lean donors (BMI < 24) (Sup-
plementary Fig. 1G). These results suggest that UBE2C is
highly expressed in human proliferating p-cells as well as
murine proliferating p-cells.

A higher expression level of UBE2C was found

in islet B-cells from weaning and HFD-fed mice
compared to control mice, and it promoted B-cell
proliferation

Previous reports showed that islet f-cells proliferate physi-
ologically during weaning but pathologically during the
overnutrition diet. To determine whether B-cell proliferation
is related to the expression level of UBE2C, we examined
its protein and RNA levels in islets from CD or HFD-fed
mice of different ages. The expression of UBE2C declined
soon after weaning at both RNA and protein levels. Com-
pared to CD-fed mice, the expression of UBE2C in islets
from HFD-fed mice was higher (Fig. 2B-D). Immunohisto-
chemical staining on the islets confirmed and visualized the
phenomenon described above (Fig. 2E). It is worth noting
that the decline of Ube2c¢ expression in islets coincided with
the decrease of Ki67-positive f-cells in mice with age in our
previous study [21].

To determine whether Ube2c was related to or does
regulate p-cell proliferation, knockdown and overexpres-
sion in vitro experiment were performed in two mouse
B-cell lines, MIN6 and PTC-6. Cells overexpressing Ube2c
demonstrated enhanced viability and proliferation while
cells with Ube2c knockdown showed reduced proliferation
(Fig. 2F-M). To further investigate whether reduced pro-
liferation in Ube2c¢ knockdown cells was due to cell cycle
regulation, PI staining and flow cytometry analysis were
performed. We found a reduced proportion of cells in the
G1 phase and an increased proportion of cells in the G2/M
phase in Ube2c¢ knockdown BTC-6 cells compared to the
control (Fig. 2N-0). Collectively, these data indicate that
UBE2C promotes B-cell proliferation through self-replica-
tion based on cell cycle renewal.

Impaired insulin secretion and glucose tolerance
were observed in Ube2cKO mice

B-cell-specific Ube2c knockout mice, pUbe2cKO, were
generated to define the in vivo function of Ube2c in p-cells
(Supplementary Fig. 2A). The expression level of UBE2C
was specifically reduced in pancreatic islets from pUbe2cKO
mice, while it showed no significant difference in other
organs or tissues, such as the liver, adipose tissue, and skel-
etal muscles, compared to the control mice (Supplementary
Fig. 2B—C). Physiologically, Ube2c knockout did not alter
body weight (Fig. 3A) or fasting blood glucose levels but
increased 2-h postprandial blood glucose levels in juvenile
mice during 4-week-old weaning (Fig. 3B). Compared to the
control mice, fUbe2cKO mice developed glucose intoler-
ance at 4 weeks of age and presented significantly higher
plasma glucose levels during the glucose tolerance test
(Fig. 3D). We further divided 4-week-old BUbe2cKO mice
and their littermates randomly into HFD and CD groups to
investigate the function of UBE2C during diabetic patho-
physiology. Continuous monitoring of body weight showed
increased body weight in HFD-fed mice compared with CD-
fed mice; however, no significant difference was observed
between BUbe2cKO and control mice (Fig. 3F). Different
sex could exhibit divergent metabolic phenotypes [31], so
we chose only male mice to do the rest of the research due
to no significant increase in body weight and blood glucose
level in female pUbe2cKO mice in HFD group compared
to CD group (Fig. 3G). We found that the glucose clear-
ance capacity of BUbe2cKO mice decreased significantly
with prolonged HFD feeding compared to that of control
mice (Fig. 3H-K). Also, pancreatic insulin concentration of
BUbe2cKO mice decreased from the beginning of weaning
stage to 32 weeks of age (Fig. 3L).

To determine the main cause of decreased glucose
clearance capacity, insulin and glucagon secretion, and
insulin sensitivity of metabolic tissues were analysed.
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Fig.3 Impaired glycaemic control in weaning and HFD-fed
BUbe2cKO mice. A Bodyweights of 4-week-old pUbe2cKO male
weaning mice and littermate controls. B and C Fasting blood glu-
cose and 2-h postprandial blood glucose (B), and fasting insulin and
2-h postprandial insulin (C) levels after a 12-h overnight fasting.
(N=4-10 mice/group). D and E Intraperitoneal glucose tolerance on
4-week-old BUbe2cKO weaning mice: D Blood glucose level during
IPGTT (2 g/kg glucose), E Plasma insulin concentration during the
IPGTT (3 g/kg glucose). (N=4-6 mice/group). F-O The 4-week-old
BUbe2cKO mice and controls were randomized into normal CD and
HFD feeding groups after 1 week of adaptive feeding. F, G Weekly

Compared to the control mice, BUbe2cKO mice showed
impaired insulin secretion at 4 weeks old both in the fast-
ing state or postprandially (Fig. 3C), and this phenomenon
persisted in HFD feeding mice (Fig. 3N, O). However,
glucagon secretion did not differ between pUbe2cKO and
the control mice (Supplementary Fig. 4A—C). In addition,
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body weight measurements of the male and female mice. H-J Blood
glucose levels at 0, 5, 15, 30, 60, 90, and 120 min under IPGTT
(2 g/kg glucose) at 1, 2, and 4 weeks of CD or HFD feeding from
male Ube2c™ and pUbe2cKO mice. K AUC calculation for glucose
levels during the IPGTT. L Insulin content from male Ube2c¢” and
BUbe2cKO mice was determined and normalized to pancreas weight
at indicated time. M Insulin levels at 0, 15, 30, 60, and 120 min dur-
ing IPGTT in the HFD group after 4 weeks of feeding. N, O Fast-
ing for 12 h after 4 weeks of HFD feeding, blood glucose, and serum
insulin levels of fasting and 2-h postprandial were measured. N=4-6
mice/group *P <0.05, **P <0.01

glucose-challenged insulin secretion was impaired in
BUbe2cKO mice both weaning period and HFD feeding
(Fig. 3E and M). The ITT was used to estimate whole-
body insulin sensitivity, and no difference was found
between the control and BUbe2cKO mice (Supplementary
Fig. 3A-C). We also assessed insulin sensitivity in the
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major insulin target organs; however, no significant change
in the phosphorylated protein kinase B (p-AKT)/AKT ratio
was found in BUbe2cKO mice compared to that in the con-
trol (Supplementary Fig. 3D-F). Collectively, these data
suggest that Ube2c specific deletion in islet f-cells impairs
insulin secretion, which contributes to hyperglycaemia in
BUbe2cKO mice.
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Decreased proliferation rate and secretory capacity
of B-cells in BUbe2cKO mice resulted in impaired
insulin secretion

To identify the factors contributing to the impaired insu-
lin secretion in pUbe2c¢KO mice, pancreatic sections
with various staining methods were used to visualize
the beta cell mass and the composition of the islets in
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Fig.4 PUbe2cKO leads to the reduced proliferative and secretory
capacity of islet B-cells to promote diabetes mellitus. A and B Rep-
resentative immunohistochemistry images of insulin in pancreatic
sections from male BUbe2cKO and control mice at 4 weeks of age
(A) or fed CD or HFD for 4 weeks (B) and total p-cell mass (mg)
assessed as described under Methods. (N=5 mice/group, at least 10
islet/mouse and 1000 beta cells /mouse) Scale bar: 200 pm. C, E
Representative immunofluorescence images showing Ki67" INS*
cells in pancreatic sections from male fUbe2cKO and control mice
at 4 weeks of age (C) or fed CD or HFD for 4 weeks (E) (scale bar:
40 pm). The percentage of Ki67" INS* cells in the total INS* cells
is shown on the right. (N=35 mice/group, at least 10 islet /mouse
and 1000 beta cells /mouse). D Representative immunofluorescence
images showing double-labelling for insulin (green) and glucagon
(red) on pancreatic sections from male pUbe2¢KO and control mice

Immature granules
/B cell area (um?)
Docked granules
/ membrane (um)

HFD

at 4 weeks of age (scale bar: 40 pm). Quantification of insulin- and
glucagon-stained areas is shown on the right side. (N==8-15 islets/
mice, N=4-5 mice/group). F and G Perifusion assays of islets were
performed in male BUbe2cKO mice of 4-week-old (F) and HFD feed-
ing for 4 weeks (G). Islets were perfused with glucose (0 mM) for
0-10 min and high glucose (20 mM) for 10-40 min (N=120 islets/
mouse, N=3 mice per group). First-phase insulin secretion, second-
phase insulin secretion, and intracellular insulin content are shown on
the right side. H Representative electron micrographs showing p-cells
from male BUbe2cKO and control mice at 4-week-old (F) or after
4 weeks of CD or HFD feeding (scale bar: 2 mm). I and J Quantifica-
tion of mature, immature, and docked insulin granules in B-cells of
islets of male BUbe2¢KO and control mice at 4 weeks of age (I) and
after 4 weeks of feeding with HFD or CD (J) (N=12 f-cells/group,
N=06-8 islets/group, N =3 mice/group)

@ Springer



226 Page 120f 21

H. Jiang et al.

BUbe2cKO mice. A significant reduction in islet size
(cross-sectional area) (Supplementary Fig. 5A, B) and
beta cell mass (Fig. 4A) of pUbe2¢cKO mice compared
to the control mice had occurred by 4-week-old weaning.
Moreover, islet size distribution analysis showed that the
proportion of large islets decreased, while the proportion
of small islets increased in Ube2cKO mice compared
with the control mice during CD feeding (Supplementary
Fig. 5C, D). Male BUbe2cKO mice also had a moderate
yet significant reduction in beta cell mass (Fig. 4B). The
same tendency, but a more pronounced decrease in p-cell
mass and islet size distribution (Fig. 4B, Supplemen-
tary Fig. SE), was found after 4 weeks of HFD feeding
in pUbe2cKO mice. Co-staining of insulin and glucagon
was further performed to estimate the islet composition.
Compared to the control mice, a smaller proportion of
B-cells but a larger proportion of a cells in BUbe2cKO
mice was observed (Fig. 4D). However, there is no dif-
ference of plasma glucagon levels in both fasting and
postprandial states indicated that the relative increase in
a-cell area was caused by p-cell reduction (Supplemen-
tary Fig. 4A—-C). As described above, Ube2c was associ-
ated with B-cell replication, the proliferation indicators
Ki67 and insulin were further co-stained, and the pro-
portion of Ki67-positive f-cells remarkably decreased in
BUbe2cKO mice during weaning or with HFD (Fig. 4C
and E). These data revealed that the absence of Ube2c in
islet f-cells reduced their proliferative capacity resulting
in insufficient compensation of B-cell proliferation under
metabolic stress such as weaning or a high-calorie diet.
Islet perfusion was performed on weaning mice
(4 weeks old) to examine insulin secretion capacity in
BUbe2cKO mice. After correction with the DNA mass, a
significant decrease in glucose-stimulated second-phase
insulin secretion was observed in BUbe2¢cKO mice com-
pared to the control mice (Fig. 4F). However, no differ-
ence was observed in the first phase of insulin secretion
and insulin content. After 4 weeks of HFD feeding, the
islet perifusion results of pUbe2cKO mice were similar
to those of weaned mice, despite no statistical differ-
ences (Fig. 4G). In vitro GSIS experiments also showed
that pUbe2cKO mice had significantly decreased insulin
secretion in both CD and HFD feeding (Supplementary
Fig. 4D and G). We further detected glucose-stimulated
glucagon and somatostatin secretion, and no signifi-
cant difference was found between pUbe2cKO and con-
trol mice in either CD or HFD feeding (Supplementary
Fig. 4D-I). Moreover, UBE2C overexpression in primary
islets and BTC-6 cells improved GSIS when corrected
based on protein levels (Supplementary Fig. 4 J-L),
whereas knockdown of UBE2C in fTC-6 cells decreased
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GSIS. These data indicated that UBE2C positively regu-
lates insulin secretion, except for its ability to promote
B-cell proliferation.

Considering the dampened glucose-stimulated insulin
secretion of the Ube2c¢ knockout, TEM was used to inves-
tigate the ultrastructure of p-cells, especially insulin gran-
ules. The total number of insulin granules decreased in
BUbe2cKO mice at 4 weeks old or after 4 weeks of HFD
feeding (Fig. 4H). The reduction in mature insulin gran-
ules was the primary reason for total granule reduction,
but not for immature or docked granules (Fig. 41 and J).
Collectively, these data suggest that reduced B-cell mass
contributes to the basal decrease in plasma insulin levels,
whereas reduced mature granules contribute to glucose-
stimulated insulin secretion in vivo, which finally pro-
motes diabetes onset.

UBE2C promotes B-cell proliferation
by ubiquitinating of PER1

Usually, UBE2C interacts with substrates and E3 ubig-
uitin ligases to ubiquitinate target proteins and degrade
them through the proteasome pathway. The Cys114 site of
human UBE2C protein is used to bind ubiquitin molecules.
We found that human and mouse UBE2C were highly con-
served; therefore, we constructed a mouse plasmid with
the Cys mutation at the UBE2C114 site (UBE2CC!!45),
The mouse cell line pTC-6 was transfected with WT,
mutant (MT), and vector plasmids, and WB experiments
revealed that UBE2CC!'*S did not affect UBE2C expression
(Fig. 5A). Moreover, the CCK-8 and EdU assays showed that
UBE2CC!'S Jost the capacity to promote p-cell prolifera-
tion compared to the WT plasmid (Fig. 5B-D), suggesting
that the ubiquitin-binding site of UBE2C contributes to its
molecular function.

To identify the possible substrate proteins and E3 binding
to UBE2C, immune precipitation and MS using the UBE2C
antibody were performed. Using the immunoglobulin (Ig)
G control, background proteins were removed, and 296 and
317 intercalating proteins were found in LV-GFP (physi-
ological condition) or LV-UBE2C (proliferative condition)-
infected BTC-6 cells, respectively. In the physiological state,
BTC-6 itself proliferates actively with high expression of
UBEZ2C, and the high number of identified proteins (296)
derived from the LV-GFP group reflects this condition.
More interacting proteins (317) were identified after UBE2C
overexpression, suggesting that the substrates of UBE2C in
B-cells under physiological and proliferative conditions may
differ. Among them, several core proteins in E3 ubiquitin
ligase, including CUL1 (a member of the SCF complex),
HERC2, CBLB, MID1, and members of the E1 ubiquitin
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Fig.5 Co-immunoprecipitation combined with MS and RNA-seq
for the target proteins of UBE2C ubiquitination. A-D The UBE2C
ubiquitin-binding site mutant plasmid of mice (UBE2CC''%S) was
constructed. The vector, WT, and MT plasmids were transfected with
BTC-6 cells, A Western blotting for UBE2C protein, B and C EdU
for cell proliferation and D CCK-8 for cell number. (N=5 per group)
*P<0.05, ****P<0.0001. E An LV-UBE2C stably transformed
BTC-6 cell line and the LV-GFP control strain were constructed.
Total protein was extracted by MG132 (10 pmol/L) pretreatment for
4 h and analysed by co-immunoprecipitation and mass spectrom-
etry with the UBE2C antibody. The KEGG database showed pro-

activator UBAG6, were detected (Fig. SE). Quantification
TMT proteomics of BTC-6 cell lines was also performed
to identify possible target proteins that were expressed at
lower levels after UBE2C overexpression (Fig. 5F). Venn
diagrams showed that PER1 was detected in both the
control and UBE2C overexpression groups using the co-
immunoprecipitation technique, and PER1 was decreased
significantly after UBE2C overexpression (Fig. 5G). As ever
reported that PER1 is an important negative regulator of
“biological clock” that negatively regulates tumour prolif-
eration, and the SCF complex can degrade PER1 through
ubiquitination, CULLI is the core region of the SCF complex
[32, 33]. Besides, RNA-seq performed on HFD-fed control
and BUbe2cKO mouse islets revealed that significantly
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teins to be enriched in “ubiquitination-mediated protein hydrolysis”,
“cell cycle”, and “circadian entrainment” using mass spectrometry.
F Volcano plots of differentially expressed proteins (DEPs) for LV-
UBE2C vs. the negative control (LV-NC) using TMT quantification
proteomics. G Venn diagrams of protein analysis by CO-IP mass
spectrometry and downregulated DEPs from TMT quantification
proteomics (LV-UBE2C vs LV-NC). H-J Extracted islets from HFD-
fed BUbe2cKO and control mice at 4 weeks of age were subjected to
RNA-seq, and DEGs were screened using IFCI>2 and P<0.05. H
and I Volcano plots and heatmaps of DEGs. J Analysis of signalling
pathway enrichment of DEGs using the KEGG database

expressed genes enriched in “circadian entrainment path-
way” (Fig. SH-J), which corresponds to the function of the
biological clock gene Perl. Together, these data provide evi-
dence that the UBE2C-CUL1-PER1 complex participates in
f-cell proliferation.

We further proved that PER1 and CUL1 could co-pre-
cipitate using the UBE2C antibody (Fig. 6A), indicating
that UBE2C interacts with PER1 and CULI1. The colo-
calization of UBE2C and PERI in islet B-cells was fur-
ther verified by immunofluorescence (Fig. 6E). The tran-
scriptional level of Perl was detected using PCR, and we
found that neither Ube2c overexpression nor knockout in
primary islets influenced Perl expression (Fig. 6F). How-
ever, WB showed that PER1 expression was reduced upon
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«Fig.6 UBE2C regulates PER1 degradation by ubiquitination. A
LV-UBE2C stably transfected PTC-6 cell line and control line were
constructed. Pretreatment with MG132 (10 pmol/L) for 4 h was per-
formed. Total protein was extracted for co-immunoprecipitation with
UBE2C antibody. Protein expression of PER1, UBE2C, and CUL
was measured using Western blotting. B Islets were overexpressed/
knockout for UBE2C followed using Western blotting detection of
expression of PER1 protein. Band density was measured and normal-
ized to GAPDH (N=3). C Western blotting detection of PER1 pro-
tein expression in BTC-6 cells transfected with null, wild-type (WT),
mutant (MT) UBE2C plasmids. Band density was measured and nor-
malized to GAPDH (N=3). D Western blotting detection of protein
expression of PER1 and UBE2C in BTC-6 cells treated with CHX
(50 pg/mL) with or without MG132 (10 pmol/L) for 0, 3, 6, and 9 h.
The rate of PER1 degradation was calculated on the right. (N=3).
E Representative images of UBE2C (white), PER1 (green), INS
(red), and DAPI (blue) immunostaining in the pancreas of 4-week-
old C57BL/6J mice. Scale bar: 20 pm. F Per/ mRNA expression in
BTC-6 and islets overexpressing UBE2C; Per/ mRNA expression in
BUbe2cKO mice at 4 weeks of age and fed with HFD for 4 weeks
in islets. (N=3-6 per group). G After treatment of fTC-6 cells with
si-UBE2C and treatment with CHX (50 pg/mL) for 0, 3, 6, and 9 h
before sample collection, protein expression of PER1 and UBE2C
was detected using Western blotting and the rate of PER1 degrada-
tion was calculated. (N=3). H HA-UB, 6*HIS-PER1, and UBE2C
vector control or WT or MT overexpression plasmids were co-trans-
fected into HEK293T cells, treated with or without MG132 for 4 h
before sample collection, and PER1 ubiquitination in each group
was measured using Western blotting of a ubiquitin antibody after
co-immunoprecipitation with HIS-tagged antibody. I fTC-6 treated
with si-UBE2C was transferred into HA-UB plasmids with or with-
out MG132 treatment for 4 h before sample collection, and PERI
ubiquitination in each group was detected using Western blotting of a
ubiquitin antibody after co-immunoprecipitation with PER1 antibody.
J BTC-6 treated with si-CUL1 was transferred into HA-UB plasmids
along with UBE2C plasmids or Vector plasmids, treated with MG132
for 4 h before sample collection, and PER1 ubiquitination in each
group was detected using Western blotting of HA antibody after co-
immunoprecipitation with PER1 antibody. K si-CUL1 or si-NC with
vector or UBE2C overexpression plasmids were co-transfected with
BTC-6 cells. EdU assay for cell proliferation and CCK-8 assay for
cell number in the Vector+si-NC, UBE2C +si-NC, and UBE2C +si-
CUL1 groups (scale bar: 40 pm) (N=5-8 per group). "P<0.05,

“P<0.01, "P<0.001, P <0.0001

UBE2C overexpression but increased in pUbe2cKO mice
(Fig. 6B). We questioned whether UBE2C regulates PER1
expression through ubiquitination. Thus, we transfected the
UBE2C WT and UBE2C®'!*S plasmids into BTC-6 cells
and found that the UBE2C®!'*S plasmid did not cause a
change in PERI1 expression (Fig. 6C). The protein synthe-
sis inhibitor cycloheximide (CHX) and proteasome inhibi-
tor MG132 were then applied, and PER1 degradation was
found to be significantly inhibited by MG132 (Fig. 6D),
similar to the effect of Ube2c¢ knockdown (Fig. 6G). The
ubiquitination of PER1 was then detected in UBE2C WT
and UBE2CC114S plasmid-overexpressing cells. UBE2C
WT, but not UBE2CC!'*S| mediated the notable increase in
PER1 ubiquitination (Fig. 6H). Co-immunoprecipitation
also showed that UBE2C knockdown significantly reduced
PERI ubiquitination (Fig. 6I).

To demonstrate that CUL1 as an E3 ligase is also
involved in UBE2C-mediated PER1 ubiquitination, the
cell proliferation and ubiquitination of PER1 were also
detected after CUL1 knockdown along with UBE2C plas-
mids or Vector plasmids. We found that the ubiquitination
level of PER1 was indeed reduced after CUL1 knockdown
(Fig. 6]). Moreover, CUL1 knockdown also inhibited cell
proliferation induced by UBE2C overexpression (Fig. 6K),
suggesting that UBE2C and CUL1 co-participate in p-cell
proliferation and achieve this through ubiquitination to
degrade the target protein PER1.

PER1 inhibition rescues UBE2C knockout-induced
B-cell growth inhibition both in vivo and in vitro

To verify the role of PER1 in UBE2C-induced p-cell
proliferation on HFD-induced diabetes, Ube2ct and
BUbe2cKO mice were transfected with either shPER1
or vehicle adeno-associated viruses (AAV) (Fig. 7A).
After treatment with HFD, UBE2C knockout signifi-
cantly impaired glucose tolerance and inhibited insulin
secretion as determined using IPGTT (Fig. 7B-E) prior
to shPER1 treatment as expected. Notably, decreased
PER1 completely abolished the UBE2C knockout-induced
impairment glucose tolerance and inhibited insulin secre-
tion (Fig. 7F-I). With comparable transfection efficiency
(Fig. 7)), the histological studies demonstrated that knock-
down of PER1 increased the number of Ki67 and insulin
co-staining cells (Fig. 7K, L), as well as the B-cell mass
and islet size distribution in HFD-treated pUbe2cKO mice
(Fig. 7Q, R, Supplementary Fig. SH, I).

The regulatory role of UBE2C to PERI1 in p-cell prolif-
eration and insulin secretion was further confirmed in vitro.
PER1 inhibition significantly rescued UBE2C knockdown-
induced growth inhibition, and insulin secretion in BTC-6
cells (Fig. 7M-P). Collectively, these results indicate that
UBE2C reduced PER1 expression through ubiquitin-medi-
ated proteasomal degradation, which contributes to the pro-
liferation and glucose-stimulated insulin secretion of p-cells.

Restored UBE2C expression promotes f3-cell
regeneration in streptozotocin (STZ)-induced
diabetic mice

STZ-induced p-cell damage causes spontaneous p-cell
regeneration in neonatal and adult rodents [34]. The neo-
natal beta cells are from pre-existing, surviving beta cells
[35]. Therefore, it is a widely used rodent models of -cell
regeneration [36, 37]. As UBE2C promotes f-cell prolifera-
tion, we treated STZ-induced diabetic mice with massive
B-cell deficiency (Fig. 8A). Low doses of STZ were injected
into 4-week-old C57BL/6J mice for 5 d, and hyperglycaemia
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Fig.7 PER1 inhibition rescues UBE2C knockout-induced f-cell
growth inhibition. A Experimental procedure (schematic). B-E
IPGTT glucose (B) and insulin release curves (D) and AUC of the
GTT results (C, E) from male BUbe2cKO and Ube2c™ mice (N=8
mice/group) after 3 weeks of HFD feeding. The mice were fasted
overnight prior to the test (16 h). F-I After 4 weeks of high-fat feed-
ing, the mice were randomly injected with shCTR or sh-PER1 AAV
virus into the pancreatic duct (N=4 mice/group). Then, mice were
fed for another 4 weeks after the virus treatment. IPGTT glucose
(F) and insulin release curves (H) and AUC of the GTT results from
each group of mice (G, I). The mice were fasted overnight prior to
the test (16 h). J Immunofluorescence co-staining of GFP (green)
and INS (red) in pancreatic sections after 5 weeks of AAV injec-
tion in the Ube2c”+shCTR group, the Ube2c” +shPERI group,
the PBUbe2cKO+shCTR group, and the PUbe2cKO+shPER1
group to observe pancreatic GFP expression (scale bar: 40 pm). K
and L Representative images of immunofluorescent double-stained
INS (green) and Ki67 (red) (K) and statistical plots of Ki67 and
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in the Ube2c”™+shCTR group, the Ube2c™+shPER1 group, the
BUbe2cKO+shCTR group, and the PUbe2cKO+shPER1 group
based on immunofluorescence staining (scale bar: 40 pm). (N=4
mice per group, at least 10 islet/mouse and 1000 beta cells/mouse).M-
P si-UBE2C and si-PER1 were co-transfected with PTC-6 cells.
M, O EdU assay for cell proliferation in the si-NC, si-UBE2C, and
si-UBE2C +s5i-PER1 groups (scale bar:40 pm); N CCK-8 assay
for cell number and P glucose-stimulated insulin secretion (GSIS)
assay and cell culture medium with 25 mM glucose overnight for
insulin secretion. (N=7-8 per group). Q and R Representative
immunohistochemistry images of insulin (Q) and total B-cell mass
(mg) assessed as described under Methods (R) (scale bar:200 pm)
in the Ube2c™+shCTR group, the Ube2c” +shPER1 group, the
BUbe2cKO+shCTR group, and the PUbe2cKO+shPER1 group.
(N=4 mice per group, at least 10 islet/mouse and 1000 beta cells/
mouse). "P<0.05, “P<0.01, “"P<0.001, P <0.0001
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was monitored 1 month before virus injection (Fig. 8E, F).
Supplementary Fig. 5J showed the p-cell deficiency changes
after STZ treatment. Ube2c-overexpressing and control len-
tiviruses were injected into the pancreatic duct at 8 weeks
old. Two weeks post-injection, the UBE2C-restored mice
began to show a decrease in blood glucose levels and an
increase in insulin levels (Fig. 8G-J). Moreover, pancreatic
insulin concentration increased significantly after Ube2c
overexpression treatment (Fig. 8L).

With decreasing glucose levels, the body weight of
UBE2C-restored mice increase gradually compared to
that of the control mice (Fig. 8B). Glucose tolerance was
also partially improved in Ube2c-restored mice owing to
the increased glucose-stimulated insulin secretion in vivo
(Fig. 8C and D). However, glucagon levels were not different
between the groups (Fig. 8K), suggesting a specific effect of
UBE2C on p-cells.

The co-staining of GFP and insulin showed that the lenti-
virus infects the entire pancreas and islets in both STZ-LV-
NC and STZ-LV-UBE2C groups (Fig. 8M). Interestingly,
co-staining of Ki67 and insulin showed an increased prolif-
eration rate of B-cell from Ube2c-restored mice (Fig. 8N),
which improved the proportion of P-cells to a-cells
(Fig. 80), and partially recovered beta cell mass and islet
size terminally (Fig. 8P, Supplementary Fig. SF, G). These
data indicate the molecular function of UBE2C in p-cell
proliferation and show its application prospects in diabetic
patients with p-cell deficiency.

Discussion

We identified a vigorously proliferating subtype of p-cells,
the highly expressed ubiquitin-binding enzyme UBE2C,
which binds to the ubiquitin ligase CUL1 and jointly recog-
nizes the target protein PERI to activate p-cell replication.
The increased UBE2C promotes PER1 degradation through
the ubiquitinated proteasome degradation pathway; then
the blocked cell cycle begins to renew. Our investigation
extended the previous mechanistic study of the NKX6.1/
UBE2C axis in B-cell replication. Moreover, our results sup-
ported that regenerated p-cells can secrete insulin adaptive
to blood glucose fluctuations, suggesting a better treatment
compared to insulin injection.

Human and mouse pancreatic p-cells are heterogene-
ous which could reflect fixed subpopulations with distinct
cell cycle and functional states [26, 38]. The proportion
of B-cells with proliferation capacity is nearly 1% in both
adult human and murine islets but increases significantly
in infants or in the initial stage in adults with chronic fuel
surfeit [10-12]. Single-cell RNA sequencing (scRNA-seq)
has emerged as a powerful approach to explore intercel-
lular heterogeneity. Due to the heterogeneity of p-cells,

proliferation is only carried out in a small group of B-cells
in adult, not all p-cells. Our investigation using bioinfor-
matics and BUbe2cKO mice proved that UBE2C could be a
signature gene of the proliferative subgroup. Ube2c™e" -cell
subpopulation represents -cell under replication at that time
point. B-cell replication is an instantaneous process but the
resulting enlargement of islets is a cumulative process. It
could be the reason why UBE2C exert significant influence
the size of islets.p-cells with vigorous proliferation capacity
were typically considered to have a weaker GSIS function
and a lower maturity [39, 40]. In addition, genes associated
with B-cell function, such as Slc2a2, G6pc2, Ucn3, Chga,
and Erollb, were found to be slightly decreased, suggesting
a relatively immature of these cells. However, BUbe2cKO
mice showed impaired GSIS either in vivo or ex vivo, indi-
cating the essential role of UBE2C in GSIS function main-
tenance. Although we did not reveal the detailed mechanism
of impaired insulin secretion, a recent study showed that
PBK kinase-inactivated mice had a significant decrease in
beta cell proliferation and insulin secretion, whereas Pbk was
found to be highly co-expressed with Ube2c in the subgroup
of vigorously proliferating B-cells identified by us, which
supports the plausibility of this phenomenon in BUbe2cKO
mice [41]. We speculate that marker genes with high expres-
sion in proliferating p-cells may play similar functions as a
functional population.

UBE2C has been reported to mostly bind to the APC/C
complex to promote target protein degradation [42]; how-
ever, more than 600 types of E3 ubiquitin ligases have been
found [43], and the details downstream of NKX6.1/UBE2C
were elusive. Using a co-immunoprecipitation assay, our
present study speculated that several targets of UBE2C,
except for the APC/C complex, among which CULI, the
core subunit of the SCF complex, has been reported to par-
ticipate in ubiquitination degradation as E3 ubiquitin ligase
[44, 45].

The biological clock system regulates the circadian clock
as well as the cell cycle system, leading to regular mitosis
and rhythmic DNA replication physiologically [46—49]. In
circadian clock regulation, PER1 and PER2 combine CRY 1
and CRY2, respectively, to inhibit CLOCK-BMAL1 activa-
tion [50]. As a negative regulator of cell division, PER1
also interacts with the cell cycle checkpoint proteins ATM/
ATR and CHK1/2 [32]. Our co-immunoprecipitation and
MS analyses identified PER1 as a target of the UBE2C/
CUL1 complex. It has been reported that fBmallKO mice
exacerbated the progression of HFD-induced diabetes, as
manifested by poor glucose tolerance and impaired beta cell
proliferation [51], which was similar to our observations in
BUbe2cKO mice. p-cell-specific Per2 knockout mice showed
alleviated glucose tolerance, in contrast to bmall knock-
out mice [51-53]. Consistent with our finding that PER1
inhibition rescues UBE2C knockout-induced p-cell growth
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Fig.8 UBE2C promotes islet B-cell regeneration in STZ-induced
DM mice. A Experimental procedure (schematic). B Bodyweights
of UBE2C-overexpressing and control mice were measured weekly
after STZ injection. N=4 mice/group. C, D IPGTT glucose and insu-
lin release curves 4 weeks after in situ injection within pancreatic
ducts. N=4 mice/group. E-J Blood glucose and serum insulin lev-
els before (E, F), 2 weeks (G, H), and 4 weeks (I, J) post-injection
(corresponding to 4, 6, and 8 weeks after STZ modelling) fasting, and
2 h after resumption of feeding in the pancreatic ducts before in situ
injection of UBE2C lentivirus. K Serum glucagon levels 4 weeks
after in situ pancreatic duct injection, fasting, and 2 h after meal con-
sumption; N=4 mice/group, *P <0.05, **P <0.01. L Insulin content
from STZ-LV-NC and STZ-LV-UBE2C group was determined and
normalized to pancreas weight. M Immunofluorescence co-staining
of GFP (green) and INS (red) in pancreatic sections after 4 weeks of
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treatment to observe pancreatic GFP expression (scale bar:40 pm).
N Representative images of immunofluorescent double-stained INS
(green) and Ki67 (red) and statistical plots of Ki67 and INS double-
positive cells as a percentage of total INS* cells in normal C57BL/6 J
mice, the STZ Vector group, and the STZ-LV-UBE2C group based
on immunofluorescence staining (scale bar: 40 pm). (N=4 mice per
group, at least 10 islet/mouse and 1000 beta cells/mouse). O Immu-
nofluorescence double-stained INS (green) and GCG (red) islets and
area values showing the percentage of insulin and glucagon positivity
in islets (scale bar:40 pm); (N>30 islets/group, N=4 mice/group).
P Representative immunohistochemistry images of p-cells and total
B-cell mass (mg) assessed as described under Methods (scale bar:
200 pm). (N=4 mice per group, at least 10 islet/mouse and 1000 beta
cells/mouse). *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001
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inhibition both in vivo and in vitro, these data suggest that
PER1, as a negative regulatory molecule of BMALI in
fB-cells, may also be involved in compensatory proliferation
and insulin secretion.

Streptozocin (STZ) can be used to cause extensive dam-
age to endogenous f-cells and induce hyperglycaemia and
diabetes. STZ-induced p-cell damage causes spontaneous
B-cell regeneration in neonatal and adult rodents [34]. The
neonatal beta cells are all from pre-existing, surviving beta
cells [35]. Therefore, it is a classical rodent models of p-cell
regeneration and is widely used in multiple studies [36, 37].
Our study showed that UBE2C-induced f-cell replication
was efficient in p-cell restoration. In addition, anti-apoptotic
effects were observed in UBE2C highly expressed tumour
cells [19]. Therefore, the molecular function of UBE2C in
f-cell restoration requires further investigation.

Despite the explored mechanism of UBE2C in B-cell
replication, our study had some limitations. First, NKX6.1
was reported to be the up-regulator of Ube2c transcription,
whereas NKX6.1 was highly expressed in p-cell lifelong
but not UBE2C, suggesting that the regulatory mechanism
may be different between weaning and high-fat feeding.
Therefore, it was predicted by IPA (data not shown) that
upstream transcription factors SMAD3 and TP53 were acti-
vated in BUbe2cKO mice. Both SMAD3 and TP53 reported
to negatively regulated beta cell proliferation [54, 55]. Also,
according to our previous study [21], the expression of both
Smad3 and Tp53 decreased after high-fat feeding. We specu-
lated that both TP53 and SMAD3 may be negative regula-
tors upstream of UBE2C, but further experimental proof is
needed. Additionally, further studies should be performed
to determine the specific molecular mechanisms of UBE2C
knockout-induced decline in beta insulin secretion and their
relationship with PBK.

In summary, we found that the conditional highly
expressed gene “Ube2c” is a signature of vigorous replicat-
ing p-cells. UBE2C positively regulates p-cell compensatory
proliferation by promoting ubiquitination and degradation
of the biological clock suppressor PER1. The mechanism
of UBE2C in promoting fB-cells replication was used to
treat STZ-induced diabetes in mice. Generally, the benefi-
cial effect of UBE2C on islet B-cell regeneration suggests
a promising application in treating diabetic patients with
B-cell deficiency.
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