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Islet b cell death has been proved to contribute to diabetes.
Studies suggest that the activation of nuclear factor kB (NF-
kB)-inducing kinase (NIK) is involved in the b cell dysfunction
encountered in obesity. However, the pathological significance
of NIK activation in diabetes remains largely unknown. Here,
we report that b cell-specific overexpression of NIK (b-NIK-
OE) results in spontaneous diabetes in male mice at a young
age (R10 weeks of age), which is likely due to insulin defi-
ciency, b cell death, and insulitis. Importantly, inhibiting the
kinase activation of NIK by the small molecule B022 prevents
NIK- or H2O2-induced b cell death and also reduces streptozo-
tocin (STZ)-induced b cell death while ameliorating hypergly-
cemia, suggesting that the kinase activity of NIK is essential in
inducing islet inflammation, b cell death, and diabetes. In all,
this study not only uncovers a role of NIK in b cell failure
but also provides a potential therapeutic target for the treat-
ment of diabetes.

INTRODUCTION
Islet b cell dysfunction causes both type 1 and type 2 diabetes. Inflam-
mation plays a key role in islet b cell dysfunction. The canonical nu-
clear factor kB (NF-kB) signaling pathway has been well studied in
the regulation of islet inflammation in both type 1 and type 2 dia-
betes.1,2 Recent studies suggest that the non-canonical NF-kB
signaling pathway plays an important role in islet b cell dysfunction
in obesity.3 However, the role of the non-canonical NF-kB signaling
pathway in the regulation of islet b cell failure in diabetes and its
detailed mechanisms are not fully understood.

NF-kB-inducing kinase (NIK), which is also known asMAP3K14, is a
key activator of the non-canonical NF-kB signaling pathway.4 Under
physiological conditions, the non-canonical NF-kB signaling
pathway is inactivated because of the low expression of NIK. Its pro-
tein levels cannot be detected using currently available commercial
antibodies, which is most likely due to TRAF2- and TRAF3-mediated
ubiquitination and degradation.4 Under pathological conditions,NIK
mRNA levels are increased,5,6 and NIK protein stability is also
improved due to cytokine-mediated degradation of TRAF2 and
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TRAF3. In turn, NIK/IKKa fully activates the non-canonical NF-
kB signaling pathway by inducing p52 formation.4,7 This p52 is the
active form of NF-kB2,8 which is translocated into the nucleus
from where it induces the expression of inflammatory genes.9 Recent
studies have shown that the activation of NIK either by a pharmaco-
logical tool or by b cell-specific deletion of negative regulators
(TRAF2 or TRAF3) of NIK impairs islet b cell function in obesity.3

The genome-wide association study (GWAS) shows that a single-
nucleotide polymorphism (SNP) rs17759555 of NIK (MAP3K14) is
strongly associated with type 1 diabetes.10 However, the contribution
of NIK in the development of diabetes is still largely unknown.

In this study, we demonstrate that the NIK in islet b cells plays a key
role in the development of diabetes. b cell-specific NIK-overexpress-
ing (b-NIK-OE) mice display spontaneous diabetes at a young age
(R10-weeks of age), which is likely due to insulin deficiency, b cell
death, and insulitis. Importantly, inhibiting the kinase activation of
NIK by the small molecule B022 prevents NIK- or H2O2-induced b

cell death and also ameliorates streptozotocin (STZ)-induced b cell
death and hyperglycemia, which suggests that the kinase activity of
NIK is essential in inducing islet dysfunction and diabetes, and inhi-
bition of NIK activity is a potential strategy to ameliorate b cell failure
in diabetes.
RESULTS
IsletbCell-SpecificOverexpression ofNIKCausesSpontaneous

Diabetes in Mice

Inflammation and oxidative stress are twomajor causes of both type 1
and type 2 diabetes. Tumor necrosis factor alpha (TNF-a) and H2O2

can increase the expression of NIK and its kinase activity.3,6 The
LTbR/NIK/NF-kB2 signaling pathway is present in both islet a11

and b cells (Figures S1A–S1C). In the MIN6 cells, LTbR was highly
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Figure 1. Islet b-NIK-OE Induces Non-obese Diabetes

(A) Pancreatic islets were isolated from C57BL6 mice and treated with LIGHT at different concentrations (0, 1, and 5 mg/mL) for 2 h. NF-kB2 and Actin protein levels were

measured by immunoblotting. (B and C) Pancreatic islets were isolated frommale b-NIK-OEmice and control littermates at 8 weeks of age.NIKmRNA levels were measured

by qRT-PCR and normalized to 36B4 levels (B) (b-NIK-OE: n = 4; control: n = 4). NF-kB2, IkBa, and Actin protein levels were measured by immunoblotting (C). (D) Feeding

(legend continued on next page)
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expressed (Figure S1A). Immunofluorescent data also showed that
LTbR was highly expressed in insulin-positive cells (Figure S1B).
Activation of LTbR by an anti-LTbR antibody can induce p100-to-
p52 processing in a dose-dependent manner (Figure S1C). LIGHT,
a ligand for LTbR, is abnormally increased in patients with type 2 dia-
betes and impairs islet b cell function.12 LIGHT activated the LTbR/
NIK/NF-kB2 signaling pathway and induced p52 production in a
dose-dependent manner (Figure 1A). The GWAS has shown that
an SNP rs17759555 of NIK (MAP3K14) is strongly associated with
type 1 diabetes.10 To determine whether activation of NIK in pancre-
atic b cells contributes to diabetes, we generated b cell-specific over-
expression of NIK (b-NIK-OE) mice by crossing STOP-NIK mice
with Rip-Cre transgenic mice. NIK mRNA levels were increased by
more than 10-fold (Figure 1B), and the p52 production was signifi-
cantly increased by�17.6-fold (Figure 1C), which is within the range
of LIGHT (1–5 mg/mL)-induced p52 production (Figure 1A). The
blood glucose levels in male b-NIK-OE mice under fed conditions
were gradually increased at 3 weeks of age and reached about
20 mM at 9 weeks of age (Figure 1D). All of the male b-NIK-OE
mice developed non-obese diabetes (NOD) at 10 weeks of age,
whereas the blood glucose in control mice did not change at 3–
16 weeks of age (Figure 1D). The incidence rate of diabetes was
100% in male b-NIK-OE mice after 10 weeks of age. The b-NIK-
OE mice displayed decreased body weights starting from 11 weeks
of age (Figure 1E), most likely because of the severe diabetic pheno-
types. Expectedly, the b-NIK-OE mice showed severe glucose intoler-
ance with no insulin resistance (Figures 1F and 1G).

Decreased insulin level is the major cause of hyperglycemia in type 1
diabetes, and decreased serum C-peptide is a marker of type 1 dia-
betes. Therefore, we measured plasma insulin and C-peptide levels
in b-NIK-OE and control mice. The feeding serum insulin levels
were dramatically reduced by 86.3% (Figure 1H), and the serum C-
peptide levels were decreased by 65% (Figure 1I), indicating severely
impaired insulin secretion in male b-NIK-OE mice. Absolute insulin
deficiency resulted in ketoacidosis as revealed by the dramatically
increased serum b-hydroxybutyrate levels in b-NIK-OE mice (Fig-
ure 1J). The serum glucagon levels were significantly increased by
about 2.8-fold in b-NIK-OEmice (Figure 1K), contributing to the hy-
perglycemia. Accordingly, pancreatic insulin contents were signifi-
cantly decreased by 98.1%, whereas the glucagon contents were
increased by about 1.83-fold in b-NIK-OEmice relative to the control
mice (Figures 1L and 1M). Immuno-histological analyses showed that
both the size of individual islets and the total islet area were signifi-
cantly decreased in male b-NIK-OE mice as compared with the
control mice (Figure 1N). The relative insulin-positive area was
blood glucose levels were measured every week from 3 to 18 weeks of age (b-NIK-OE

littermates (b-NIK-OE: n = 6–9; control: n = 6–11). (F and G) Glucose tolerance test (GTT

mice at 18 weeks of age (b-NIK-OE: n = 6; control: n = 7). (H–K) Serum insulin (H), C-pep

OE and control mice at 18 weeks of age (b-NIK-OE: n = 11; control: n = 10–12). (L and M

and control mice at 18 weeks of age (b-NIK-OE: n = 11; control: n = 12). (N) Representa

immunostained with insulin and glucagon. The scale bar represents 100 mm. (O) Relative

age (b-NIK-OE: n = 5; control: n = 5). (P) Ratio of islet glucagon-positive area/islet areas

control: n = 5). *p < 0.05, **p < 0.01. Data represent the mean ± SEM.
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dramatically decreased (Figure 1O), whereas the relative glucagon-
positive area in the islets was significantly increased in b-NIK-OE
mice (Figure 1P). These data indicate that insufficient secretion of in-
sulin and higher levels of serum glucagon thus contribute to the
observed hyperglycemia in male b-NIK-OE mice.

b-NIK-OE Mice at a Young Age Display Increased b Cell Death

and Glucose Intolerance

Islet b cell death may have occurred at an early age in b-NIK-OE
mice, which contributed to the dramatic reduction of insulin-positive
areas at an old age (18 weeks of age). To test this hypothesis, we
measured islet b cell apoptosis by TUNEL staining in b-NIK-OE
mice at a young age (8 weeks of age). Pancreatic sections were co-
immunostained with anti-insulin antibody to visualize b cells. The
number of TUNEL-positive b cells was significantly more in
b-NIK-OE mice than that in control mice (Figure 2A), which caused
a significant reduction of islet b cell mass in b-NIK-OE mice at
8 weeks of age (Figure 2B). As expected, b-NIK-OE mice at a young
age (8 weeks of age) also showed severe glucose intolerance with no
insulin resistance (Figures 2C and 2D). We did not observe any dif-
ference in the insulin content between b-NIK-OE and control mice
at birth (b-NIK-OE: 2,398.4 ± 501.9 ng/mg protein, n = 5; control:
2,165.9 ± 285.1 ng/mg protein, n = 7; p = 0.6751), which indicates
that b-NIK-OE of NIK does not affect the embryonic development
of b cells. Taken together, these data suggest that increased apoptosis
of b cells contributes to the reduced islet b cell mass and the decreased
serum insulin levels observed in the adult b-NIK-OE mice.

b-NIK-OE Mice at a Young Age Display Increased Lymphocyte

Infiltration in Islets

It has been well-known that type 1 diabetes is associated with
increased lymphocyte infiltration in islets, which contributes to the
disease progression in both NOD mice and human patients with
type 1 diabetes.1,13 Immunostaining data showed that both B220+

and CD3+ lymphocytes were significantly increased in islets of
b-NIK-OE mice (Figures 3A and 3B), suggesting that b-NIK-OE
mice developed insulitis and lymphocyte infiltration. To further
confirm the infiltration of lymphocytes into islets, we performed
flow cytometry. At 6 weeks of age, the percentage of CD45.2+ CD3+

T cells in islets was about 1.16% in b-NIK-OE mice (Figures 3C
and 3D; Figure S2), whereas only 0.06% of the total cells were
CD45.2+ CD3+ T cells in the islets of control mice. About 0.4% of
all cells were CD8+ T cells and 0.18% were CD4+ T cells in the
b-NIK-OE islets (Figures 3C and 3D; Figure S2), whereas fewer
CD4+ and CD8+ T cells were observed in the control islets (Figures
3C and 3D; Figure S2). These data indicate that b-NIK-OE leads to
: n = 6–9; control: n = 6–11). (E) Body weights of male b-NIK-OE mice and control

) (F) and insulin tolerance test (ITT) (G) were measured in male b-NIK-OE and control

tide (I), b-hydroxybutyrate (J), and glucagon (K) levels were measured in male b-NIK-

) Pancreas insulin (L) and glucagon (M) contents were measured in male b-NIK-OE

tive islets from male b-NIK-OE mice and control littermates at 18 weeks of age were

insulin-positive areas of male b-NIK-OEmice and control littermates at 18 weeks of

in male b-NIK-OE mice and control littermates at 18 weeks of age (b-NIK-OE: n = 5;



Figure 2. b-NIK-OE Mice at Young Age Display Increased b Cell Death and Glucose Intolerance

(A) Islet b cell apoptosis in male b-NIK-OE mice and control mice at 8 weeks of age was measured by TUNEL assays (b-NIK-OE: n = 5; control: n = 5). (B) Relative insulin-

positive areas (b cell mass) of male b-NIK-OE mice and control littermates at 8 weeks of age (b-NIK-OE: n = 6; control: n = 5). The scale bars represent 100 mm. (C and D)

Glucose tolerance test (GTT) (C) and insulin tolerance test (ITT) (D) were measured in male b-NIK-OE and control mice at 8 weeks of age (b-NIK-OE: n = 6–7; control: n = 8).

*p < 0.05, **p < 0.01. Data represent the mean ± SEM.
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lymphocyte infiltration, which further induces b cell death and
diabetes.

Next, we performed qRT-PCR on cDNA from the islets of b-NIK-OE
and control mice. Transcripts that demonstrated inflammation of the
islets, including Cxcl1, Cxcl10, Cxcl11, and Tnfa, were all upregulated
in 8 weeks of b-NIK-OE mice (Figure 3E). Coincident with T cell
entry, we detected an upregulation of T cell-associated gene (Cd3)
(Figure 3E). Finally, we analyzed canonical markers of B cells
(Cd19) by qPCR. The expression of Cd19 was significantly increased
in the islets of b-NIK-OE mice (Figure 3E), further supporting the
infiltration of B cells.

NIKActivation in IsletbCells Inhibits Glucose-Stimulated Insulin

Secretion

To determine whether NIK directly inhibits glucose-stimulated insu-
lin secretion (GSIS), we isolated islets from b-NIK-OE and control
mice and treated them with low (2.8 mM) and high (16.7 mM)
glucose, respectively. Insulin secretion and islet insulin content
were measured by ELISA. As shown in Figures 4A and 4B, GSIS
was dramatically decreased in the islets of b-NIK-OE mice, and the
insulin content was also significantly reduced. Consistently, the
expression of insulin-secretion-related genes, such as Glut2 and
Gck, was significantly decreased in the islets of b-NIK-OE mice. Insu-
lin1/2mRNA levels were also decreased, which also contributed to the
downregulation of insulin content. In addition to Gck (also named as
MODY2), otherMODYs (maturity-onset diabetes of the young), such
as Hnf4a (MODY1), Hnf1a (MODY3), Pdx1 (MODY4), Hnf1b
(MODY5), and Neurod1 (MODY6), were dramatically downregu-
lated in the islets of b-NIK-OE mice (Figure 4C). These data demon-
strate that the downregulation of insulin-secretion-related genes
contributes to b cell failure and diabetes in b-NIK-OE mice.

NIK Activity Is Essential for NIK to Induce b Cell Failure

NIK is the key activator of the non-canonical NF-kB signaling
pathway.4 To determine whether NIK can regulate islet b cell
function, we overexpressed NIK and NIK(KA) in INS-1 832/13 cells
by infecting them with ad-NIK and ad-NIK(KA) adenovirus and then
assessed insulin secretion and cell viability. NIK protein levels were
very high in ad-NIK- and ad-NIK(KA)-infecting INS-1 832/13 cells
Molecular Therapy Vol. 28 No 11 November 2020 2433
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(Figure 5A). NIK, but not NIK(KA), induced p100-to-p52 processing
(Figure 5A), which further supports the fact that KA mutations block
the activation of the non-canonical NF-kB signaling pathway. As
shown in Figure 5B, GSIS was present in the b-Gal control and
NIK(KA) groups, whereas GSIS was completely blocked in NIK-over-
expressing INS-1 832/13 cells. Moreover, insulin protein levels (insu-
lin content) were significantly decreased in INS-1 832/13 cells after
activation of NIK signaling (Figure 5C). Additionally, cell viability
was significantly decreased (Figure 5D), and the number of TU-
NEL-positive cells was dramatically increased in NIK-overexpressing
INS-1 832/13 cells (Figure 5E). However, the kinase death mutations
NIK(KA) showed moderate effect on insulin content and cell death
compared with the b-Gal control (Figures 5C–5E).

To further determine the molecular mechanisms involved in the NIK
regulation of b cell function, we performed RNA sequencing (RNA-
seq) analysis in b-Gal-overexpressing (control), NIK-overexpressing
INS-1 832/13, and NIK(KA)-overexpressing INS-1 832/13 cells. As
shown in Figure 5F, a total of 471 genes were upregulated and 249
genes were downregulated following NIK overexpression. Gene
Ontology (GO) analysis indicated that the upregulated genes were
primarily related to the immune response, whereas the downregu-
lated genes were primarily related to insulin secretion (Figure 5G).
The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis showed that signaling pathways related to insulin
secretion, protein processing in endoplasmic reticulum, and MODY
were significantly decreased (Figure S3A), whereas immune signaling
pathways, including the TNF, NF-kB, and antigen processing and
presentation signaling pathways, were significantly activated by
NIK overexpression in INS-1 832/13 cells (Figure S3B). NIK(KA),
the dominant-negative mutant of NIK, does not induce the expres-
sion of genes related to immune response in INS-1 832/13 cells
(Figure 5F).

Among the upregulated genes, the expression of TNF, NF-kB, and an-
tigen processing and presentation signaling pathways were confirmed
by qPCR (Figure 5H). Inflammation-related genes, such as Il1, Tnfa,
Ccl5, Cxcl1, Cxcl10, and Cxcl11, were dramatically increased in NIK-
overexpressing INS-1 832/13 cells (Figure 5H). Antigen-processing
and -presentation-related genes, including RT1-CE4, RT1-CE7,
RT1-M2, RT1-M3, B2M, RT1-Ba, and RT1-Da, were also significantly
increased in NIK-overexpressing INS-1 832/13 cells (Figure 5H).
However, NIK(KA), the dominant-negative mutant of NIK, sup-
pressed the expression of genes related to inflammation (Il6, Ccl11,
Cxcl1, and Cxcl11) and antigen presentation (RT1-CE4, RT1-M2,
Figure 3. b-NIK-OE Mice Display Increased Lymphocyte Infiltration in Islets at

(A) B lymphocytes were immunostained with anti-B220 antibody. Pancreatic sections w

n = 6; control: n = 5). (B) T lymphocytes were immunostained with anti-CD3 antibody

Pancreatic sections were also immunostained with anti-insulin antibody to identify islet

were isolated from male b-NIK-OE mice and control mice at 6 weeks of age. Single ce

staining for total T (CD45.2+CD3+) cells, CD4 T (CD45.2+CD3+CD4+) cells, and CD8 T (C

n = 3 pooled samples; control: n = 4 pooled samples; each pooled sample contained is

mice were measured by qRT-PCR (b-NIK-OE: n = 7; control: n = 7). *p < 0.05, **p < 0
RT1-M3, and B2M) in INS-1 832/13 cells (Figure 5H), indicating
that the inhibition of NIK may prevent b cell dysfunction. Among
the downregulated genes, the expression of insulin-secretion-related
genes, such as Gck, Glut2, Hnf1a, Hnf4a, Insulin1/2, Neurod1, and
Pdx1, was confirmed by qPCR (Figure 5H). However, NIK(KA)
does not affect the expression of genes related to insulin secretion
in INS-1 832/13 cells (Figure 5H). These data indicate that NIK activ-
ity is essential for NIK to inhibit GSIS and to induce cell death in b

cells.

Inhibition of NIK Activity by Small Molecule B022 Prevents NIK-

and H2O2-Induced b Cell Death

We recently reported that B022 is a specific inhibitor of NIK activity,
and B022 can ameliorate CCl4-induced liver injury and inflammation
in mice.5,14 To determine whether inhibition of NIK activity by B022
can prevent NIK-induced b cell failure, we infected INS-1 832/13 cells
with ad-NIK adenovirus in the presence of B022 for 16 h, after which
p100-to-p52 processing, cell viability, and gene expression were
measured. As expected, B022 (10 mM) completely blocked NIK-
induced p100-to-p52 processing (Figure 6A). B022 also dose-depen-
dently prevented NIK- or H2O2-induced cell death (Figures 6B and
6C). Furthermore, B022 dose-dependently rescued the inhibitory ef-
fects of NIK on genes related to insulin secretion, such as Insulin1/2,
Pdx-1, and Neurod1 (Figure 6D). The induction of genes related to
inflammation, such as Cxcl1, Il1, Il6, and Tnfa, was blocked by
B022 (Figure 6E). The induction of genes related to antigen process-
ing and presentation, such as RT1-Ba, RT1-Da, and RT1-M2, was also
dramatically inhibited by B022 (Figure 6F). These data demonstrate
that NIK directly impairs b cell function and its kinase activity is
essential for NIK- or H2O2-induced b cell death.

Inhibiting the Kinase Activation of NIK by B022 Ameliorates STZ-

Induced Diabetes in Mice

To further determine whether the inhibition of NIK activity by B022
can ameliorate STZ-induced diabetes in vivo, we intraperitoneally in-
jectedC57BL6wild-type (WT)mice with a high dose of STZ to induce
diabetes and then injected B022 or vehicles via tail veins four times a
day as shown in Figure 7A. STZ is able to increase blood glucose levels
in C57BL6WTmice (Figure 7B). Intravenous administration of B022
ameliorated STZ-induced hyperglycemia (Figure 7B) and glucose
intolerance (Figure 7C). The insulin sensitivity determined by insulin
tolerance test (ITT) was similar between B022- and vehicle-treated
mice (Figure 7D). B022 also ameliorated STZ-induced b cell death
as revealed by higher serum insulin levels (Figure 7E), a higher
pancreas insulin content (Figure 7F), and a higher b cell mass (Figures
Young Age

ere also immunostained with anti-insulin antibody to identify islet b cells (b-NIK-OE:

in pancreatic sections of male b-NIK-OE mice and control mice at 8 weeks of age.

b cells (b-NIK-OE: n = 5; control: n = 6). The scale bars represent 100 mm. (C) Islets

lls were dispersed and subjected to FACS analysis. Representative FACS plots of

D45.2+CD3+CD8+) cells were presented. (D) Quantification of FACS data (b-NIK-OE:

let cells from 2–8 mice). (E) mRNA levels in islets of male b-NIK-OE mice and control

.01. Data represent the mean ± SEM.
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Figure 4. NIK Activation in Islet b Cells Inhibits Glucose-Stimulated Insulin

Secretion

(A and B) Islets were isolated frommale b-NIK-OE and control mice (8 weeks of age)

and treated with low (2.8 mM) glucose for 1 h and then high (16.7 mM) glucose for 1

h. Insulin secretion (A) and islet insulin content (B) were measured by ELISA (b-NIK-

OE: n = 5; control: n = 5). (C) The expression of genes related to insulin secretion

(Gck, Glut2, Hnf1a, Hnf1b, Hnf4a, Insulin1/2, Neurod1, and Pdx-1) was measured

by qRT-PCR (b-NIK-OE: n = 7; control: n = 7). *p < 0.05, **p < 0.01. Data represent

the mean ± SEM.
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7G and 7H) in B022-treated mice. Together, these results demon-
strate that B022 ameliorates STZ-induced diabetes, indicating that
inhibition of NIK activity by a small molecule could be a potential
strategy for the treatment of diabetes.

DISCUSSION
GWAS has shown that an SNP rs17759555 of NIK (MAP3K14) is
associated with type 1 diabetes.10 Some indirect evidence shows
that the activation of NIK by cytokine treatment, small molecules,
or b cell-specific deletion of negative regulators (TRAF2 or TRAF3)
of NIK impaired islet b cell function both in vitro and in vivo.3,12

However, direct evidence is still lacking, and whether or not activation
of NIK leads to diabetes is still largely unknown. In this study, we pro-
vided direct evidence of the fact that NIK plays a key role in the pro-
gression of diabetes. Islet b-NIK-OE results in diabetes at a very early
age, which is due to insulin deficiency, b cell death, and insulitis.
2436 Molecular Therapy Vol. 28 No 11 November 2020
These observations indicate that islet b cell failure induced by NIK
is directly linked to diabetes.

Our results demonstrate that NIK activation leads to diabetes through
several pathways. Overexpression of NIK in islet b cells results in
impaired insulin synthesis and secretion, both in vitro and in vivo,
and this is most likely due to decreased expression of MYODs
(Hnf4a [MODY1], Hnf1a [MODY3], Pdx1 [MODY4], Hnf1b
[MODY5], Neurod1 [MODY6]), insulin1/2, and Glut2. In addition,
overexpression of NIK causes islet b cell death both in vitro and
in vivo, leading to a dramatically decreased islet b cell mass, further
contributing to hypoinsulinemia in b-NIK-OE mice. In addition,
glucagon-positive cell mass and serum glucagon levels were
significantly increased in b-NIK-OEmice, which is similar to the phe-
notypes observed in type 1 diabetes.15–17 It has been shown that up-
regulated Ca2+-dependent activity of mTOR in a cells leads to
increased proliferation in recent-onset type 1 diabetes, which is due
to the insufficient release of GABA from the b cells.17 Whether or
not this mechanism also happens in b-NIK-OE mice needs to be
further tested in the future. Insufficient secretion of insulin and higher
levels of serum glucagon thus contribute to the observed hyperglyce-
mia in b-NIK-OE mice.

Islet inflammation and insulitis may also contribute to the diabetic
phenotypes in b-NIK-OE mice. Overexpression of NIK causes the in-
duction of cytokines, chemokines, antigen-processing- and -presenta-
tion-related factors, such as major histocompatibility complex
(MHC) class I and class II, both in vitro and in vivo. These inflamma-
tory factors (such as cytokines and chemokines) and danger signals
from dying islet b cells could induce immune cell infiltration during
the early development of diabetes.1 The percentage of CD45.2+ cells
in islets is significantly increased in b-NIK-OE mice as compared
with control mice. CD3+ T cells, including CD4+ and CD8+ T cells
within the islets, are significantly increased in b-NIK-OE mice,
whereas fewer CD3+ T cells were observed in the islets of control
mice. It is still unknown whether these immune cells in the islets
also contribute to b cell death in b-NIK-OE mice. However, the inhi-
bition of NIK activity either by NIK(KA) or by the small molecule
B022 completely blocks NIK-induced inflammation, which indicates
that NIK activity is essential for the induction of inflammation.

TRAF2 and TRAF3 negatively regulate NIK protein levels.9 It has
been shown that TRAF2/TRAF3 deficiency in b cells increases NIK
and p52 protein levels, which leads to impaired b cell function.3 In
this work, we show that NIK overexpression specifically in b cells
causes b cell death and diabetes. These data consistently show that
activation of the noncanonical NF-kB signaling pathway results in
b cell dysfunction. However, even though the induction of p52
protein levels is similar, the phenotypes in b-NIK-OE mice are
more significant than that in bTRAF2KO or bTRAF3KO mice, and
the transcriptional changes in bTRAF2KO, bTRAF3KO, and NIK-
overexpressing b cells only partially overlap. These data indicate
that NIK may have other targets, which needs to be further studied
in the future.
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NIK overexpression in b cells leads to impaired insulin secretion, b
cell death, and inflammation. Inflammation could cause impaired
insulin secretion and induce b cell death in both type 1 and type 2 dia-
betes.1,2,18 NIK-induced inflammation surely contributes to impaired
insulin secretion and induces b cell death. NIK may also inhibit
insulin secretion independent of inflammation. The molecular mech-
anisms need to be further studied. Due to the impaired insulin secre-
tion, b cell death, and insulitis, 100% of male b-NIK-OEmice develop
NOD at 10 weeks of age that is much earlier than that in NOD mice.
Compared with NODmice, b-NIK-OEmice show clear advantages in
that 100% of male mice develop stable diabetic phenotypes at a very
early age (10 weeks of age). Therefore, b-NIK-OE mice may be a dia-
betes mouse model for basic study and drug screening.

NIK activity is essential for NIK or oxidative stress to induce b cell
dysfunction, such as b cell death, inflammation, and decreased insulin
synthesis and secretion. Inhibition of NIK by either NIK(KA) muta-
tion or small molecule B022 prevents NIK-induced cell death, inflam-
mation, and inhibitory effects of insulin secretion. B022 also prevents
H2O2-induced b cell death. Intravenous administration of B022 ame-
liorates STZ-induced hyperglycemia, b cell death, and hypoinsuline-
mia. However, it should be noted that the in vivo pharmacokinetic
properties of B022 are not good.5,14 Therefore, multiple injections
of B022 per day are required to achieve the in vivo inhibition of
STZ-induced b cell death and hyperglycemia. To determine whether
inhibition of NIK in b cells by small molecules can ameliorate dia-
betes in the chronic mouse models (e.g., multiple low-dose STZ injec-
tions or NOD mice), further modifications to B022 are required.

In conclusion, we have provided direct evidence that NIK plays a key
role in b cell function. Islet b-NIK-OE induces diabetes at a very early
age by inducing the expression of cytokines and chemokines, and
causing immune cell infiltration and b cell death. NIK activity is
essential for NIK or oxidative stress to induce islet b cell failure. Inhi-
bition of NIK by small molecule B022 ameliorates STZ-induced b cell
death and hyperglycemia. These data suggest that NIK might be a
drug target for the treatment of diabetes.
MATERIALS AND METHODS
Animal Experiments

Animal experiments were carried out in strict accordance with the
Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health (NIH publication no. 85-23, revised
Figure 5. NIK Activity Is Essential for NIK to Induce b Cell Failure

INS-1 832/13 cells were infected with b-Gal, NIK, and NIK(KA) adenovirus for 16 h. I

expressing (control), NIK-overexpressing, and NIK(KA)-overexpressing INS-1 832/13 c

blotting. (B) Glucose (16.7mM)-stimulated insulin secretion (GSIS) wasmeasured by ELIS

E) Cell viability (D) and the number of TUNEL-positive cells (E) were measured after viru

Heatmap derived from RNA-seq expression data of the differentially expressed genes (

enriched in downregulated and upregulated genes in NIK-overexpressing INS-1 83

inflammation (Il1, Il6, Tnfa, Ccl5, Ccl11, Cxcl1, Cxcl10, and Cxcl11), antigen presentatio

secretion (Gck, Glut2, Hnf1a, Hnf1b, Hnf4a, Insulin1/2, Neurod1, and Pdx-1) was mea

mean ± SEM.

2438 Molecular Therapy Vol. 28 No 11 November 2020
1996). Animal experiment protocols were approved by the Institu-
tional Animal Care and Use Committee of Harbin Institute of Tech-
nology (IACUC/HIT). The approval number is IACUC-2018001.
STOP-NIK and Rip-Cremice (C57BL/6J background) were described
previously.5,11,19 STOP-NIK mice were crossed with Rip-Cre mice to
generate islet b-NIK-OE mice. Mice were housed on a 12-h light/
12-h dark cycle and fed a normal chow with free access to water.
We used male b-NIK-OE (homozygous STOP-NIK with heterozygous
Rip-Cre) and control mice (homozygous STOP-NIK) for all of the ex-
periments. Blood glucose wasmonitored daily or weekly and after two
consecutive readings of R11.1 mM (200 mg/dL), mice were consid-
ered diabetic. Blood glucose levels were measured as described previ-
ously.5 Blood samples were collected from orbital sinus. Serum
glucagon and insulin levels were measured using glucagon ELISA
kits (DGCG0; R&D Systems) and insulin ELISA kits (MS100; EZas-
say), respectively. The detailed information of the reagents was listed
in Table S1.

Cell Cultures, Adenoviral Infection, and GSIS

INS-1 832/13 cells were cultured at 37�C and 5% CO2 in RPMI-1640
medium supplemented with 10% FBS and 50 mmol/L b-mercaptoe-
thanol as shown previously.20 INS-1 832/13 cells were infected with
b-Gal, NIK, and NIK(KA) adenovirus for 48 h and subjected to
MTT and TUNEL assays. For GSIS assay, INS-1 832/13 cells were in-
fected with b-Gal, NIK, and NIK(KA) adenovirus for 16 h, and these
cells were incubated at 37�C in 200 mL of Hank’s balanced salt solu-
tion (HBSS) (pH 7.4) containing 2.8 or 16.7 mM glucose for 1 h. Islets
were isolated from b-NIK-OE and control mice. After overnight cul-
ture, islets were incubated at 37�C in 200 mL of HBSS (pH 7.4) con-
taining 2.8 mM glucose for 1 h and then in HBSS containing
16.7 mM glucose for 1 h. The medium was collected to measure
GSIS. Cells or islets were then harvested in a lysis buffer, and protein
concentrations were measured. The cell extracts were then mixed
with acid-ethanol (1.5% HCl in 70% EtOH) and used to measure
the insulin content. Insulin secretion and insulin content were
measured using a rat insulin RIA kit (Linco Research, St. Charles,
MO, USA) or insulin ELISA kits (MS100; EZassay) and normalized
to protein levels.

Immunoblotting

INS-1 832/13 cells were harvested in a lysis buffer (R0020; Solarbio).
Cell extracts were immunoblotted with the indicated antibodies and
visualized using the enhanced chemiluminescence (ECL). Antibody
nsulin secretion, RNA-seq, and qRT-PCR analysis were performed in b-Gal-over-

ells. (A) Flag-NIK, NF-kB2, and Tubulin protein levels were measured by immuno-

A (n = 3–4 for each group). (C) Insulin content wasmeasured by ELISA (n = 4). (D and

s infection for 48 h (n = 5–6 for each group). The scale bar represents 100 mm. (F)

DEGs)(|log2(FoldChange)| > 1 and q < 0.005). (G) Top GO biological process terms

2/13 cells compared with b-Gal control. (H) The expression of genes related to

n (RT1-CE4, RT1-CE7, RT1-M2, RT1-M3, B2M, RT1-Ba, and RT1-Da), and insulin

sured by qRT-PCR (n = 6 for each group). *p < 0.05, **p < 0.01. Data represent the



Figure 6. Inhibition of NIK Activity by Small Molecule B022 Prevents NIK- or H2O2-Induced b Cell Failure In Vitro

INS-1 832/13 cells were infected with NIK adenovirus in the presence of B022 at different doses (0, 1, and 10 mM) for 16 h. (A) Flag-NIK, NF-kB2, and Tubulin protein levels

were measured by immunoblotting. The quantification of p52/p100 was present on the right (n = 3 for each group). (B) Cell viability was measured by MTT (n = 6 for each

group). (C) INS-1 832/13 cells were treated with H2O2 (50 mM) in the presence of B022 at different doses (0, 1, and 10 mM) for 16 h. Cell viability was measured by MTT (n = 5

for each group). (D–F) The expression of genes related to insulin secretion (Insulin1/2, Pdx-1, and Neurod1) (D), inflammation (CXCL1, IL1, IL6, and TNFa) (E), and antigen

presentation (RT1-Ba, RT1-Da, and RT1-M2) (F) was measured by qRT-PCR (n = 5–6 for each group). *p < 0.05, **p < 0.01. Data represent the mean ± SEM.
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dilution ratios were as follows: FLAG (F1804, 1:5,000 dilution;
Sigma), NF-kB2 (4882, 1:2,000; CST), b-actin (60008-1-lg; 1:5,000;
Proteintech), IkBa (10268-1-AP, 1:2,000; Proteintech), and Tubulin
(sc5286, 1:5,000 dilution; Santa Cruz).

Quantitative Real-Time PCR Analysis

Total RNAs were extracted using TriPure Isolation Reagent (Roche,
Mannheim, Germany), and the first-strand cDNAs were synthesized
using random primers and M-MLV reverse transcriptase (Promega,
Madison, WI, USA) as shown before.5,11,21 Gene expression was
quantified by the comparative threshold cycle (DDCT) method, and
results were normalized to the expression of 36B4. Primers for quan-
titative real-time PCR were listed in Table S2.

Immunostaining and TUNEL Assays

Immunostaining was performed as shown previously.11,20 In brief,
pancreata were fixed in 4% paraformaldehyde for 3 h and then in
30% sucrose overnight. Five frozen pancreatic sections (8–10 mm,
spaced >200 mm apart) for each mouse were taken for staining and
analyzing. These sections were stained with the indicated antibodies
(Table S1). The dilution ratios were as follows: insulin (A0564,
1:1,000 dilution; Dako), glucagon (G2654, 1:1,000 dilution; Sigma),
LTbR (20331-1-AP, 1:200 dilution; Proteintech), CD3 (100236,
1:100 dilution; BioLegend), and B220 (103222, 1:100 dilution;
BioLegend). Islet insulin- and glucagon-positive areas were measured
using ImageJ software and normalized to pancreatic section areas.
TUNEL assays were performed by using cell death detection kits
(Roche Diagnostics) following the manufacturer’s recommended
procedure. The sections were also stained with DAPI to visualize total
cells. Cell number was counted manually.

Fluorescence-Activated Cell Sorting (FACS) Analysis

Pancreatic islets were isolated from b-NIK-OE and control mice at
6 weeks of age following a published protocol.11,20 Islets were hand-
picked from b-NIK-OE and control mice. Islets were pooled from
two to eight b-NIK-OE and control mice. Each genotype included
three to four pooled samples. Single cells were dispersed by shaking
islets in Ca2+-and Mg2+-free Hank’s buffered solution containing
Molecular Therapy Vol. 28 No 11 November 2020 2439
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Figure 7. Inhibition of NIK Activity by Small Molecule B022 Ameliorates STZ-Induced Diabetes In Vivo

C57BL6 WT mice were intraperitoneally injected with a high dose of STZ (200 mg/kg) to induce diabetes, and then B022 or vehicles were injected via tail vein four times per

day. (A) Experiment schedule. (B) Blood glucose (n = 10 for each group). (C) Glucose tolerance test (GTT) (n = 10 for each group). (D) Insulin tolerance test (ITT) (n = 7 for each

group). (E) Serum insulin levels (n = 10 for each group). (F) Pancreas insulin contents (n = 10 for each group). (G) Representative islets from B022- and vehicle-treated mice

were immunostained with insulin. The scale bar represents 100 mm. (H) Relative insulin-positive areas of B022- and vehicle-treated mice (n = 6–7 for each group). *p < 0.05,

**p < 0.01. Data represent the mean ± SEM.
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1 mM EGTA and 10 mg/mL BSA. Dispersed single cells were stained
with indicated antibodies as shown in Table S1. The dates were
collected with a BD FACSAria III flow cytometer with three laser lines
(405, 488, and 633 nm).

RNA Sequencing

INS-1 832/13 cells were infected with b-Gal, NIK, and NIK(KA)
adenovirus for 16 h. Islet total RNAs were extracted using TriPure
Isolation Reagent (Roche, Mannheim, Germany). RNA-seq was per-
formed by using HiSeq X Ten platform. Paired-end clean reads were
aligned to the Rat reference genome with TopHat (version 2.0.12),
and the aligned reads were used to quantify mRNA expression by us-
ing HTSeq-count (version 0.6.1) as described previously.11,22 RNA-
seq data that support the findings of this study have been deposited
in GEO under accession code GEO: GSE130121.

Statistical Analysis

Data were presented as means ± SEM. Differences between groups
were analyzed by two-tailed Student’s t tests. p <0.05 was considered
statistically significant.
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