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Clec16a, Nrdp1, and USP8 Form a Ubiquitin-Dependent
Tripartite Complex That Regulates 3-Cell Mitophagy
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Mitophagy is a cellular quality-control pathway, which is
essential for elimination of unhealthy mitochondria. While
mitophagy is critical to pancreatic -cell function, the
posttranslational signals governing B-cell mitochondrial
turnover are unknown. Here, we report that ubiquitination
is essential for the assembly of a mitophagy regulatory
complex, comprised of the E3 ligase Nrdp1, the deubiquitinase
enzyme USP8, and Clec16a, a mediator of 3-cell mitophagy
with unclear function. We discover that the diabetes gene
Clec16a encodes an E3 ligase, which promotes nonde-
gradative ubiquitin conjugates to direct its mitophagy ef-
fectors and stabilize the Clec16a-Nrdp1-USP8 complex.
Inhibition of the Clec16a pathway by the chemotherapeutic
lenalidomide, a selective ubiquitin ligase inhibitor associ-
ated with new-onset diabetes, impairs 3-cell mitophagy,
oxygen consumption, and insulin secretion. Indeed, patients
treated with lenalidomide develop compromised g-cell
function. Moreover, the B-cell Clec16a-Nrdp1-USP8 mitoph-
agy complex is destabilized and dysfunctional after
lenalidomide treatment as well as after glucolipotoxic
stress. Thus, the Clec16a-Nrdp1-USP8 complex relies
on ubiquitin signals to promote mitophagy and maintain
mitochondrial quality control necessary for optimal B-cell
function.

Pancreatic B-cells rely on mitochondrial bioenergetics to
fuel glucose-stimulated insulin secretion (GSIS), which is
essential for normal glucose homeostasis and is impaired
in all forms of diabetes (1). Beyond respiratory function, the
mass of healthy mitochondria, regulated by a balance of
mitochondrial biogenesis and turnover, is vital to maintain

energy demands for proper stimulus-secretion coupling. Mi-
tochondrial autophagy (mitophagy) is a quality-control mech-
anism necessary for the selective elimination of dysfunctional
mitochondria to maintain optimal mitochondrial respiration
in many cell types, including B-cells (2,3). Despite the im-
portance of mitophagy to B-cell function (4-7), the molec-
ular signals dictating mitophagy and their significance to
mitochondrial health remain largely undefined.

Ubiquitination of protein substrates, catalyzed by the
linkage of activated ubiquitin by three distinct enzymes (E1,
E2, and E3), leads to diverse responses, including substrate
degradation by the ubiquitin-proteasome system, protein
trafficking, complex assembly, and cellular signaling (8).
Posttranslational modification of downstream mitophagy
effectors, including the E3 ligase Parkin, by ubiquitination
is necessary for efficient mitochondrial turnover (9); how-
ever, evidence of posttranslational control of proximal
mitophagy regulators has not been identified. The E3
ubiquitin ligase neuregulin receptor degradation protein
1 (Nrdpl) and the deubiquitination enzyme ubiquitin-
specific protease 8 (USP8) counterbalance ubiquitin dynamics
to direct Parkin action or its proteasomal degradation
(10,11). Nrdpl controls Parkin-mediated mitophagy in
B-cells through its interaction with, and regulation by, the
diabetes gene C-type lectin domain family 16, member A
(Clecl6a) (4,5); however, the precise action of Clecl6a in
mitophagy remains poorly understood. While these factors
(Nrdpl, USP8, and Clecl6a) act upstream as sentinels to
ensure that mitophagy is utilized appropriately, the role of
ubiquitination as a control mechanism for their actions is
unknown.
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Here, we discover that formation of a ubiquitin-dependent
Clec16a-Nrdpl-USP8 complex is necessary for control of
mitophagy in 3-cells. We identify that inhibition of Clec16a-
mediated Nrdpl ubiquitination by the chemotherapeutic
agent lenalidomide impairs Clec16a-mediated mitophagy
and, ultimately, reduces (3-cell function. We demonstrate that
Clecl6a is an E3 ubiquitin ligase, which ubiquitinates Nrdpl
to promote assembly of the Clec16a-Nrdp1-USP8 mitophagy
complex. Lastly, we determine that mobilization and func-
tion of the B-cell Clec16a-Nrdpl-USP8 mitophagy complex
is disrupted by glucolipotoxicity.

RESEARCH DESIGN AND METHODS

Patient Samples

Samples were provided from de-identified multiple myeloma
patients without diabetes by the University of Michigan
Hematologic Malignancies Tissue Bank and in compliance
with the University of Michigan Institutional Review Board.
Fasting samples were collected prior to chemotherapy and
again 12 weeks later. Patients received a combination of
perifosine, bortezomib, liposomal doxorubicin, Bexxar,
and/or carfilzomib in the presence/absence of lenalido-
mide (25 mg PO daily for 28 days X 4 cycles). All patients
received corticosteroids (dexamethasone 40 mg PO daily X
12 doses/cycle). C-peptide and glucose concentrations were
measured by chemiluminescence and the glucose oxidase
method, respectively, by the Michigan Diabetes Research
Center Clinical Core at the University of Michigan. HOMA
of B-cell function (HOMA-B) and insulin resistance were
calculated by HOMA2 (12).

Animals

Animal studies were approved by the University of Michigan
Institutional Animal Care and Use Committee. Clec164'*®
mice (5) were mated to MIP-CreERT?2 mice (13) to generate
experimental groups. Recombination was induced with
three i.p. injections of 150 wg/g body wt tamoxifen (Cayman
Chemical) every other day over 5 days. 10-week old
C57BL/6 mice were injected daily with 50 mg/kg of lenali-
domide i.p. or vehicle control for 3 weeks. Mice were left to
recover for 1 week before undergoing glucose tolerance
testing. Animals were housed on a standard 12-h light/12-h
dark cycle with ad libitum access to food and water unless
fasted prior to testing.

Antibodies
A full listing of antibodies is provided in Supplementary
Table 1.

Proximity Ligation

Studies were performed with a commercially available kit
(Duolink; Sigma-Aldrich) per the manufacturers’ protocols
utilizing Nrdpl-specific (Bethyl Laboratories) and USP8-
specific (Sigma-Aldrich) antisera. Counterstaining to identify
B-cells was performed in dissociated human islets utilizing
PDX-1 antisera (Santa Cruz Biotechnology). Proximity liga-
tion events were quantified via ImageJ similar to published
approaches (14). Imaging was performed with an IX81
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microscope (Olympus). Z-stack images were captured us-
ing an ORCA-Flash.4 CMOS digital camera (Hamamatsu
Photonics) and then subjected to deconvolution (cellSens;
Olympus). Co- localization analysis was performed as pre-
viously described (5).

Islet Isolation and Tissue Culture

Primary dermal fibroblasts from wild-type (WT) and Ubc-
CreBRT;Clec164" mice were treated ex vivo with tamox-
ifen as previously described (5). Stably expressing Flag-Clec16a
NIH3T3 cells, and Min6 cells (a gift from Dr. Doris Stoffers),
were maintained as previously described (5). Mouse islets
were isolated and cultured as previously described (15). Cell
treatments included DMSO (Fisher BioReagents), lenalido-
mide (Ark Pharm), chloroquine (Santa Cruz Biotechnology),
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
(Sigma-Aldrich), bafilomycin A1, MG132, and cycloheximide
(all from EMD Millipore). Palmitate/BSA couplings were
generated as previously described (16).

Human Islets

Studies performed on human islets procured from the
Integrated Islet Distribution Program approved by the
University of Michigan Institutional Review Board. Donor
information is provided in Supplementary Table 2. Human
islets were cultured in PIM(S) (Prodo Laboratories) sup-
plemented with 10% FBS, 1% antibiotic/antimycotic (Life
Technologies), and 1% PIM(G) (Prodo Laboratories). After
culture and treatments, islets were dissociated into single
cells using trypsin, cytocentrifuged to glass slides, and pre-
pared for immunostaining.

Transfections

Transfection of human embryonic kidney (HEK)293T, Hela,
and NIH3T3 cells (Lipofectamine 2000; Life Technologies)
and Min6 cells (Amaxa Nucleofector) was performed as
previously described (5). A detailed list of plasmids utilized
or generated for this study can be found in Supplementary
Data.

Protein Expression/Purification

Recombinant Clec16a and Nrdpl were expressed in NiCo21
(DE3) strain Escherichia coli (New England Biolabs) after
culture in auto-induction media as previously described (17).
Glutathione S-transferase (GST)-tagged and 6xHis-tagged
proteins were purified utilizing glutathione matrix or nickel-
charged resin (HiCap and Ni-NTA agarose; Qiagen) per the
manufacturers’ protocols. In vitro transcribed/translated
Clec16a and Nrdpl were expressed in T7-driven mammalian
expression systems (Promega) per the manufacturers’ pro-
tocols. Clec16a and Nrdpl protein expression/purification
was confirmed by silver staining (Bio-Rad) and/or Western
blotting.

Ubiquitination Assays

Detection of protein ubiquitination in vivo was performed
in cell lines similar to previously described approaches
(18). Detection of protein ubiquitination in vitro was per-
formed after incubation of 1 pmol/L GST-Clec16a-Flag or
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Clec16a-6xHis-Flag with a commercially available kit (E2
Select; Bio-Techne). Ubiquitin conjugation assays were per-
formed with 1 pwmol/L GST-Clec16a-Flag/Clec16a-6xHis-Flag,
2.5 pmol/L GST-Nrdpl CSHQ, 50 nmol/L E1, 5 pmol/L
Ube2d3/Ube2¢, 50 pmol/L HA-tagged (HA-)ubiquitin,
Mg-ATP, and conjugation reaction buffers (Bio-Techne). (A
description of Nrdpl CSHQ appears below.) Conjuga-
tion assays were performed in solution for 60 min at 37°C.
Ubiquitination and protein interaction assays from in
vitro transcribed/translated Flag-tagged (Flag)-Clec16a and
HA-Nrdp1 were incubated in 40 mmol/L Tris-HCl (pH 7.6),
5 mmol/L MgCl,, and 2 mmol/L dithiothreitol with or
without the addition of 75 pmol/L 4[4-(5-nitro-furan-2-
ylmethylene)-3,5-dioxo-pyrazolidin-1-yl]-benzoic acid ethyl
ester (PYR-41) (EMD Millipore) for 3 h at 37°C, similar to
previously published approaches (19).

Glucose/Insulin Measurements, Respirometry, Gene
Expression, Immunoprecipitation, Inmunofluorescence,
and Western Blotting Assays

All assays were performed as previously described (5).

Statistics

Data are presented as mean = SEM, and error bars denote
SEM. Statistical comparisons were performed using one-
or two-tailed Student t test or two-way ANOVA as appro-
priate (Prism GraphPad). A P value <0.05 was considered
significant.

RESULTS

Inhibition of Nrdp1 Ubiquitination Impairs Human B-Cell
Function and Mitophagy

We hypothesized that ubiquitination of upstream mitoph-
agy regulators regulates (3-cell mitochondrial quality control
to preserve the well-functioning mitochondria necessary for
proper stimulus-secretion coupling and GSIS. To this end,
we assayed B-cell function in multiple-myeloma patients
who received lenalidomide, a chemotherapeutic agent and
selective ubiquitin ligase inhibitor (20), which, along with
its parent compound thalidomide, is associated with new-
onset glucose intolerance (21,22). Lenalidomide has also
been shown to impair ubiquitination of the E3 ligase
Nrdpl (23), an essential regulator of B-cell mitophagy
(4,5). To evaluate the effect of lenalidomide in vivo, we
estimated B-cell function by HOMA-$ in patients treated
with or without lenalidomide for 12 weeks (Fig. 1A and
Supplementary Table 3). Although all patients received glu-
cocorticoids as part of their treatment regimen (see meth-
ods described above), none had prior documented diabetes
or glucose intolerance. Interestingly, we observed decreased
HOMA-B (Fig. 14) in lenalidomide-treated patients. Im-
paired B-cell function was not secondary to advanced age
or increased insulin resistance, as lenalidomide-treated
patients were younger and had no differences in HOMA
of insulin resistance compared with control subjects (Sup-
plementary Table 3 and data not shown). We also observed
that short-term i.p. lenalidomide treatment (3 weeks) in-
duced modest glucose intolerance in mice (Supplementary
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Fig. 1A and B); however, the milder effects of lenalidomide
in mice could be attributed to the rapid clearance of i.p.
lenalidomide (versus oral) as well as a shorter duration of
exposure (24). We also confirmed that lenalidomide im-
paired ubiquitination of Nrdpl in Min6 (3-cells (Supplemen-
tary Fig. 1C). Further, lenalidomide significantly reduced
both GSIS and oxygen consumption in isolated islets (Fig.
1B and O).

Given the importance of Nrdpl to mitophagy and main-
tenance of insulin secretion, we hypothesized that lenali-
domide would lead to dysfunctional mitophagy in B-cells.
Indeed, the B-cells of lenalidomide-treated mice developed
an accumulation of autophagosomes containing mitochondria,
as shown by increased colocalization of the autophagosome
marker LC3 with the mitochondrial protein succinate
dehydrogenase A (SDHA) Fig. 1D and E). Additionally,
lenalidomide-treated islets developed an increase in the total
number of LC3" puncta (Fig. 1E) without overt changes
in LC3-1I/1I protein levels (Fig. 1F), suggesting that lena-
lidomide disrupts selective rather than bulk autophagy.
As a complementary approach, we investigated the effects
of lenalidomide on mitophagic flux by assessing the coloc-
alization of mitochondria with autophagosomes using
fluorescent-labeled markers (mitochondria, mito-DsRed;
autophagosomes, LC3-GFP) in Min6 (-cells at baseline
and after mitochondrial damage by the uncoupler FCCP (5).
Concordantly, lenalidomide treatment led to increased coloc-
alization of LC3-GFP and mito-DsRed (Fig. 1G and H). It is
unlikely that lenalidomide enhances mitophagic flux, how-
ever, as the increased colocalization of mito-DsRed and LC3-
GFP at baseline is not maintained after FCCP treatment
(Fig. 1G and H), suggesting that dysfunctional mitochon-
dria are not efficiently removed. Taken together, we ob-
serve that lenalidomide impairs glucose homeostasis, GSIS,
mitochondrial respiration, and Nrdpl ubiquitination, and
our results implicate the importance of Nrdpl ubiquitina-
tion in maintenance of mitophagy and 3-cell function.

Clec16a Promotes Ubiquitination of Nrdp1

Protein ubiquitination leads to several posttranslational
effects, including targeting for proteasomal degradation,
trafficking, or the activation of downstream signaling cas-
cades. Our observation of a lenalidomide-sensitive effect on
Nrdpl ubiquitination and {3-cell mitophagy led us to assess
the role of Nrdpl interaction partners that have down-
stream consequences on mitophagy. Nrdpl interacts with
two upstream regulators of mitophagy: Clecl6a and the
deubiquitinase (DUB) enzyme USP8 (5,25). Specifically,
Clecl6a prevents the proteasomal degradation of Nrdpl
to control downstream events in [-cell mitophagy (5);
therefore, we investigated the role of Clecl6a on Nrdpl
stability and ubiquitination. Clec16a deficiency decreased
Nrdpl levels and protein stability (Supplementary Fig. 2A
and C), while Clecl6a overexpression increased Nrdpl
protein accumulation, consistent with previous reports in
B-cells (4). Surprisingly, we observed that Clecl6a over-
expression resulted in enhanced Nrdpl ubiquitination,
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Figure 1—The selective ubiquitin ligase inhibitor lenalidomide impairs B-cell function, Nrdp1 ubiquitination, and mitophagy. A: Calculated HOMA-3
measured in multiple myeloma patients preinitiation (pre) and 12 weeks postinitiation (post) of chemotherapy (n = 11 control and 14 lenalidomide).
B: GSIS after static incubations in 1.67 mmol/L and 16.7 mmol/L glucose performed in isolated CD1 islets pretreated with vehicle (DMSO) or
10 wmol/L lenalidomide for 24 h (hr) (n = 4/group). C: Fold oxygen consumption rates (OCR) in isolated islets pretreated with vehicle or 10 umol/L
lenalidomide for 24 h prior to dispersion to single cells for analysis as adherent monolayers on Seahorse flux analyzer (n = 10/group). D:
Representative images of pancreas sections from C57BL/6 mice treated for 3 weeks in vivo with 50 mg/kg lenalidomide or vehicle alone, stained
for insulin (cyan), LC3 (green), and SHDA (red). Nuclei are demarcated with DAPI (blue). Inset (lower right): Focused area of LC3/SDHA colocalized
structures demarcated by yellow arrows. Scale bars = 10 wm. n = 4/group. E: Quantification of LC3/SDHA colocalization and total LC3* puncta
in islets from C57BL/6 mice treated in vivo with or without 50 mg/kg lenalidomide (n = 4/group and ~900 B-cells and ~25,000 total LC3/SDHA
structures quantified/group). F: Representative Western blot of LC3 levels in isolated islets treated with vehicle or 10 wmol/L lenalidomide for 24 h
with quantification (by densitometry) of LC3-Il levels normalized to cyclophilin B. n = 4/group. G: Representative deconvolution images of Min6
B-cells (transfected with LC3-GFP and mito-DsRed plasmids) then treated with vehicle or 10 mol/L lenalidomide for 24 h with addition of 5 umol/L
FCCP for the final 4 h. n = 4/group. H: Quantification of LC3-GFP/mito-DsRed and mito-DsRed colocalization and total LC3-GFP puncta in Min6
B-cells treated with vehicle or 10 wmol/L lenalidomide for 24 h with addition of 5 wmol/L FCCP for the final 4 h. (n = 4/group and ~1,500 total GFP
and DsRed puncta quantified per experiment) *P < 0.05, **P < 0.01, **P < 0.001 by nonpaired Student t test; $$P < 0.01 by paired Student ¢ test.
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while Clec16a knockout primary fibroblasts exhibited re-
duced Nrdpl ubiquitination (Fig. 2A-C and Supplementary
Fig. 2B).

Clec16a-mediated enhancement of Nrdpl ubiquitination
and stability is in contrast to the effects of USP8, a DUB enzyme
that stabilizes Nrdp1 by opposing its auto-ubiquitination
and preventing proteasomal degradation (Fig. 2A and
ref. 25). We tested the importance of USP8 to Clecl6a-
mediated Nrdp1 stability by both gain- and loss-of-function
approaches. We reproduced published findings of enhanced
Nrdpl levels after USP8 overexpression (Supplementary
Fig. 2D) (25). We observed no changes in basal Nrdp1 levels
with USP8 short hairpin RNA (shRNA) (Supplementary Fig.
2E), consistent with previous studies (26), possibly suggest-
ing that other factors stabilize Nrdpl after USP8 loss of
function. Clec16a increased Nrdpl levels independent of
USP8 levels (Supplementary Fig. 2D and E), suggesting
that USP8 and Clecl6a act via distinct, yet complemen-
tary, means to promote Nrdpl protein accumulation. While
Clecl6a is an endolysosomal protein, it also appears to pro-
mote Nrdp1 levels independent of lysosomal degradation
(Supplementary Fig. 2F). To investigate whether Clec16a
promotes Nrdpl ubiquitination by enhancing the auto-
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ubiquitination activity of Nrdpl, we generated an Nrdpl
RING-domain mutant (C34S H36Q, also known as Nrdpl
CSHQ) lacking E3 ligase activity (27). In the presence of
Clec16a, both Nrdpl WT and Nrdpl CSHQ exhibited
enhanced ubiquitination (Fig. 2D), suggesting that Clec16a
promotes Nrdpl ubiquitination independent of Nrdp1 self-
ubiquitination.

The similar effects of Clecl6a loss of function and
lenalidomide treatment on Nrdpl ubiquitination led us to
hypothesize that lenalidomide may act through Clecl6a
to impact B-cell function. Indeed, lenalidomide abrogated
Clec16a-mediated Nrdpl ubiquitination (Fig. 2E). To investigate
how Clec16a-mediated Nrdpl ubiquitination affects -cell
function, we studied tamoxifen-inducible and B-cell-specific
Clec16a knockout mice (MIP-CreERT2; Clec164 1%
hereafter referred to as B-Clec16a). B-Clec16a"° mice
exhibited reduced Clec16a mRNA levels and impaired
glucose tolerance similar to what has been previously
described (5) (Supplementary Fig. 3A-C). As expected, lena-
lidomide treatment or Clecl6a deficiency resulted in de-
creased GSIS compared with vehicle-treated MIP-CreERT?2
controls (Fig. 2F). Importantly, we did not observe any
additive impairment of lenalidomide on B-Clec16a*® islets
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Figure 2—Clec16a promotes the ubiquitination of Nrdp1. A: Representative Western blot (WB) of in vivo ubiquitination assay of overexpressed
HA-Nrdp1 performed in HEK293T cells transfected with Myc-tagged ubiquitin (Myc-Ub), Flag-empty vector, Flag-Clec16a, or Flag-USP8 (as
well as whole-cell lysate HA-Nrdp1, Flag-Clec16a, and Flag-USP8 levels) treated with DMSO (-) or 20 wmol/L MG132 (+) overnight. n = 3/group.
B: Representative Western blot of in vivo ubiquitination assay of endogenous Nrdp1 performed in 293T cells transfected with Myc-ubiquitin and
Flag—empty vector or Flag-Clec16a (as well as whole-cell lysate Nrdp1 and Flag-Clec16a levels). n = 3/group. C: Representative WB of in vivo
endogenous ubiquitination assay of endogenous Nrdp1 ubiquitination performed in primary dermal fibroblasts derived from WT and Clec16a-
deficient mice (as well as whole-cell lysate Nrdp1 levels). n = 3/group. D: Representative Western blot of in vivo ubiquitination assay of
overexpressed HA-WT or C34S H36Q mutant (CSHQ) Nrdp1 performed in HEK293T cells transfected with Myc-ubiquitin and Flag-empty
vector or Flag-Clec16a (as well as whole-cell lysate HA-Nrdp1 and Flag-Clec16a levels). n = 3/group. E: Representative Western blot of in vivo
ubiquitination assay of overexpressed HA-Nrdp1 performed in HEK293T cells transfected with Myc-ubiquitin and Flag-empty vector or Flag-
Clec16a (as well as whole-cell lysate HA-Nrdp1 and Flag-Clec16a levels) treated with DMSO (—) or 10 wmol/L lenalidomide (+) for 24 h. n =
3/group. F: GSIS after static incubations in 1.67 mmol/L and 16.7 mmol/L glucose performed in isolated MIP-CreERT2 control or B-Clec1 6a"©
islets pretreated with vehicle (DMSO) or 10 pmol/L lenalidomide for 24 h (hr) (n = 4/group). *P < 0.05 nonpaired Student t test. IP, immuno-
precipitation.
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(Fig. 2F), suggesting that lenalidomide acts through the
Clec16a pathway to regulate Nrdpl ubiquitination and -cell
function. Notably, lenalidomide treatment did not affect
Clec16a mRNA and protein levels (Fig. 2E and Supple-
mentary Fig. 3D). These results suggest that lenalidomide
inhibits Clec16a ubiquitination of Nrdpl and that this activity
is essential for downstream maintenance of maximal glucose-
stimulated insulin release from B-cells.

Clec16a Is an E3 Ubiquitin Ligase

Despite the connection between Clecl6a and mitophagy/
autophagy (5,28,29), the direct molecular/enzymatic func-
tion for Clec16a has remained elusive. We questioned
whether Clecl6a possesses intrinsic ubiquitin ligase ac-
tivity and investigated its capacity to induce ubiquitination
in vitro. A vital characteristic of E3 ubiquitin ligases is their
ability to auto-ubiquitinate (30), and thus we screened
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26 independent E2 conjugation enzymes for their ability
to participate in Clec16a auto-ubiquitination. Recombinant
Clecl6a protein was incubated with each E2 enzyme and
evaluated for the presence of an increased molecular weight
shift by SDS-PAGE, which would be suggestive of ubiquiti-
nated Clecl6a.

Interestingly, we observed that both UbE2C and UbE2D3
were able to promote high-molecular weight Clecl6a pro-
tein (Fig. 3A). Concordantly, we observed that recombinant
Clecl6a (Fig. 3B and C) was sufficient to promote auto-
ubiquitination in an ATP-, UbE2C/UbE2D3-, and ubiquitin-
dependent manner. Moreover, addition of Clecl6a to an
auto-ubiquitination—deficient Nrdpl mutant (Nrdpl CSHQ)
led to enhanced Nrdp1 ubiquitination, suggesting that Clec16a
directly ubiquitinates Nrdpl (Fig. 3D).

Ubiquitination leads to diverse cellular effects, dependent
in part upon the linkages in the ubiquitin chain. Linkages
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Figure 3—Clec16a possesses E3 ligase activity and directly ubiquitinates Nrdp1 via a non-K48 linkage. A: Representative «-Flag Western blot
(WB) from purified Clec16a-6xHis-Flag protein after incubation in vitro with ATP, ubiquitin, E1, and 26 unique E2-conjugating enzymes at 37°C
for 1 h. Arrows demarcate both the expected and novel high-molecular weight Clec16a proteins identified by Western blot. n = 3/group. B and
C: Representative Western blot of in vitro ubiquitination assay of recombinant GST-Clec16a-Flag (B) or Clec16a-6xHis-Flag (C) protein after
incubation with ATP, HA-ubiquitin (HA-Ub), and E1 in the presence or absence of E2 conjugation enzymes UbE2D3 and/or UbE2C at 37°C for
1 h. n = 3/group. D: Representative Western blot of in vitro ubiquitination assay of recombinant GST-Nrdp1-CSHQ after incubation with ATP,
HA-ubiquitin, and E1 in the presence or absence of UbE2D3 and recombinant Clec16a-6xHis-Flag at 37°C for 1 h. n = 3/group. E: Represen-
tative WB of in vivo ubiquitination assay of overexpressed Myc-tagged Nrdp1 (Myc-Nrdp1) performed in HEK293T cells transfected with Flag—
empty vector or Flag-Clec16a in the presence of HA-WT ubiquitin as well as ubiquitin mutants with all lysines converted to arginines (KO),
ubiquitin only capable of K48-linked ubiquitination (K48), ubiquitin incapable of K48-linked ubiquitination (K48R), or ubiquitin only capable of
K63-linked ubiquitination (K63) (as well as whole-cell lysate Myc-Nrdp1 and Flag-Clec16a levels). n = 3/group. IP, immunoprecipitation.
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can occur on one of seven distinct ubiquitin lysine residues,
and proteasomal degradation generally only follows K48-
linked ubiquitination (8). Furthermore, K48-independent
ubiquitination plays crucial signaling roles in mitophagy
(10,31,32). Given that Clecl6a promotes Nrdpl protein
accumulation, we postulated that Clec16a might link non-
degradative ubiquitin moieties to Nrdpl. Clecl6a potenti-
ated WT ubiquitin linkages on Nrdpl, which was lost after
the addition of a ubiquitin mutant rendered incapable of
ubiquitin laddering by mutagenesis of all seven lysine residues
to arginine (KO) (Fig. 3E). Furthermore, Clec16a potentiated
Nrdp1 ubiquitination in the presence of a ubiquitin mutant
incapable of K48-degradative linkages (K48R) but not in the
presence of mutants capable of K48 and K63 linkages only
(K48 and K63) (Fig. 3E). This suggests that Clec16a relies
upon K48- and K63-independent nondegradative ubiquitin
linkages to posttranslationally regulate Nrdpl. Taken alto-
gether, Clecl6a is an E3 ligase, which directly ubiquitinates
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its mitophagy partner and substrate Nrdpl with nondegra-
dative conjugates.

Clec16a, USP8, and Nrdp1 Interact in a Ubiquitin-
Dependent Complex

The convergence of Clec16a and USP8 in the regulation of
Nrdp1 and control of mitophagy led us to question whether
Clec16a, Nrdpl, and USP8 occupy the same subcellular
compartment to participate in a tripartite complex. Clec16a
is an endolysosomal protein and may colocalize with Nrdpl
and USP8, which have previously been observed within
the endosomal compartment (33). Indeed, we observed that
Clec16a as well as Nrdpl and USP8 were isolated within the
membrane protein fraction (which contains endolysosomal
proteins) after differential centrifugation (Fig. 44). Further-
more, we observed Clec16a, Nrdpl, and USP8 colocalization
by immunostaining, (Fig. 4B), indicating they do indeed
occupy a common compartment.
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vectors. n = 3/group. F: Representative WB of in vivo K6-linkage—specific ubiquitination assay of overexpressed Parkin performed in HEK293T
cells transfected with HA-K6-ubiquitin, Flag-empty vector or Flag-USP8, and GFP-empty vector or GFP-Clec16a (as well as whole-cell lysate
GFP-Clec16a, Flag-USP8, and Parkin levels). n = 3/group. P, pellet; S, supernatant; WC, whole cell.
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To determine the role of ubiquitination on complex as- complex assembly, we also doubled the amount of Flag-
sembly, we studied the interaction of in vitro transcribed/ Clecl6a plasmid in the presence of KO ubiquitin, resulting
translated Clec16a and Nrdpl expressed in reticulocyte in increased levels of Clec16a, USP8, and Nrdpl (Fig. 4E,
lysates and verified their interaction in this system (Fig. lane ++). While levels of constituent proteins were rescued,
4C). We next coincubated in vitro-derived Clecl6a and interactions with Nrdpl were only partially restored with
Nrdpl with the E1 initiation inhibitor PYR-41 to test the Clecl6a—yet not with USP8. Collectively, these findings
role of ubiquitination independent of its cytotoxic effects  suggest that functional ubiquitination is necessary for main-
observed in vivo (19). PYR-41 reduced the interaction taining levels of the constituents of the Clec16a-Nrdp1-USP8
between Clec16a and Nrdpl (Fig. 4D), implicating ubiquiti- complex as well as providing vital signals for complex assembly.
nation in maintenance of the Clec16a-Nrdpl complex. USP8 shares functional overlap with Clec16a/Nrdpl in the
We next determined the role of ubiquitination and regulation of mitophagic flux, coinciding in their oppos-
Clec16a in stabilization of Nrdp1-USP8 binding utilizing ing regulation of the E3 ligase Parkin, a critical effector in
WT and mutant ubiquitin. While Clec16a enhanced Nrdpl- mitophagy (34). While Clec16a and Nrdpl limit excessive
USP8 complex assembly, addition of the ubiquitin KO mutant  Parkin activity to ensure healthy mitochondria are not degraded
reduced Nrdpl levels as well as Nrdpl interaction with both  (5), USP8 promotes Parkin translocation to the mitochon-
Clec16a and USP8 (Fig. 4E). To darify whether impaired drial outer membrane by removal of Ké-linked ubiquitin
ubiquitination affected the Clec16a-Nrdpl-USP8 complex conjugates (10). Therefore, we investigated whether Clec16a
as a result of reduced levels of constituents or by impaired influences the K6-linked ubiquitination state of Parkin.
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Figure 5—Specific Nrdp1 ubiquitination is vital for B-cell function. A: Representative Western blot (WB) of in vivo ubiquitination assay of overex-
pressed HA-WT or K-R mutant Nrdp1 performed in HEK293T cells transfected with Myc-tagged ubiquitin (Myc-Ub) and Flag-empty vector or
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vehicle (DMSO) or 10 pmol/L lenalidomide; bottom, quantification of relative Nrdp1:USP8 PLA events in Min6 B-cells (fold change vs. vehicle
controls) after treatment conditions as noted. (n = 3/group and ~2,900 PLA events quantified/group per experiment.) #P < 0.05, paired Student
t test, P < 0.01, nonpaired Student ¢ test.
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Utilizing a mutant ubiquitin only capable of K6-linked con-
jugates, we observed the expected reduction of K6-linked
Parkin ubiquitination by USP8 (Fig. 4F). Conversely, Clec16a
promotes K6-linked Parkin ubiquitination independent of USP8
(Fig. 4F) indicating that Clec16a opposes USP8-mediated K6
deubiquitination of Parkin. Consequently, we conclude that
Clec16a, Nrdpl, and USP8 assemble in a tripartite ubiquitin-
dependent mitophagy complex to promote maintenance of
Parkin.

Nrdp1 Ubiquitination Is Pivotal for Complex Formation
and B-Cell Function
Given the importance of ubiquitination to Clec16a-Nrdpl-
USP8 complex assembly, we hypothesized that specific
ubiquitination of Nrdpl may influence formation of the
Clec16a-Nrdpl-USP8 complex. To investigate how Nrdpl
ubiquitination could influence Clecl6a-mediated processes,
we generated an Nrdpl mutant (Nrdpl K-R), in which all
11 lysine residues were mutated to arginine, thereby ren-
dering it incapable of ubiquitination. As expected, ubiquitin
laddering was not observed on the Nrdpl K-R mutant des-
pite Clecl6a overexpression (Fig. 5A). Not surprisingly, over-
all levels of the Nrdpl K-R mutant protein were higher than
those of WT Nrdpl, potentially due to a loss of degradative
Nrdpl auto-ubiquitination (25) (Fig. 5A). Furthermore,
Clecl6a was incapable of increasing Nrdpl levels in the
presence of the K-R mutant, reinforcing the importance of
Clec16a-mediated Nrdpl ubiquitination to enhance Nrdpl
stability (Fig. 5A). We next assessed the role of Nrdp1l ubig-
uitination on formation of the Clec16a-Nrdpl-USP8 com-
plex. Interestingly, Clec16a interacts with endogenous USPS,
and this interaction is maintained in the presence or ab-
sence of Nrdpl ubiquitin ligase activity (Fig. 5B). However,
Clec16a-USP8 binding as well as USP8 levels are reduced
after overexpression of the Nrdpl K-R mutant (Fig. 5B).
These results suggest, again, that Clecl6a drives assembly
of the Clec16a-Nrdpl-USP8 complex by providing essential
ubiquitin signals and stabilizing its component proteins.
To determine whether the Clec16a-Nrdpl-USP8 axis
regulates 3-cell function, we assessed the role of Clecl6a-
mediated ubiquitination on GSIS in Min6 B-cells. We found
that shRNA-mediated reduction of Clec16a decreased GSIS
(Supplementary Fig. 3E and F). Clec16a shRNA treatment
also led to reduced WT-Nrdp1 levels, whereas Clec16a does
not modulate levels of the ubiquitin-deficient Nrdpl K-R
mutant (Fig. 5C). Overexpression of WT-Nrdpl, but not
Nrdpl K-R, restored GSIS in shClec16a-treated Min6 [-cells
(Fig. 5D), suggesting that Clecl6a-mediated ubiquitination
of Nrdp1 is necessary for optimal 3-cell function. To assess
the role of Clecl6a-mediated ubiquitination on formation
of the B-cell mitophagy complex, we utilized a proximity
ligation assay (PLA) to visualize Nrdpl-USP8 association
in situ after lenalidomide treatment (35). Lenalidomide
impaired Nrdpl-USP8 interaction in Min6 B-cells (Fig. SE),
suggesting that Clecl6a-mediated ubiquitination main-
tains the Clec16a-Nrdpl-USP8 complex as well as B-cell
function.
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The Clec16a-Nrdp1-USP8 Complex Is Perturbed by
Glucolipotoxicity

Defects in -cell mitochondrial structure and function have
been observed under conditions of diabetogenic stimuli,
notably, glucolipotoxicity (36,37). To determine whether
the combination of reduced Clec16a expression and/or glu-
colipotoxicity impairs the upstream mitophagy complex, we
assessed Nrdpl-USP8 interaction by PLA. As expected,
Clecl6a- specific ShRNA reduced Nrdpl-USP8 binding in
situ (Fig. 64). Nrdp1-USP8 binding was also decreased after
palmitate treatment, indicating that glucolipotoxicity desta-
bilizes upstream mitophagy regulators (Fig. 64). However,
palmitate treatment did not additively reduce Nrdp1-USP8
binding in shClecl6a-treated Min6 B-cells (Fig. 64), sug-
gesting that palmitate acts to destabilize the Nrdp1l-USP8
complex through effects on the Clec16a pathway. We next
investigated the impact of glucolipotoxicity on the Clec16-
Nrdp-USP8 complex in human islets. Similarly, glucolipo-
toxicity decreased Nrdp1-USP8 interaction in primary human
B-cells (Fig. 6B). Given our findings suggesting that both
Nrdp1 stability and ubiquitination regulate formation of
the Clec16a-Nrdp1-USP8 complex, we next measured Nrdpl
levels after palmitate treatment in primary islets. Indeed, we
observed a significant reduction in Nrdpl levels during
glucolipotoxic conditions (Fig. 6C). Furthermore, we ob-
served that both Nrdpl stability and ubiquitination were
reduced in Min6 B-cells after palmitate treatment (Fig. 6D),
thus demonstrating effects consistent with impact on
the Clec16a pathway to maintain the upstream mitophagy
complex.

To determine whether glucolipotoxicity affects Clec16a
to impact formation of the Clec16a-Nrdp1-USP8 complex,
we overexpressed Clec16a in palmitate-treated Min6 3-cells.
Importantly, Clecl6a overexpression in palmitate-treated
cells raised Nrdp1 levels, Nrdpl ubiquitination, and Nrdpl-
USP8 binding back to baseline levels (BSA alone) (Fig. 6D
and E). While palmitate-treated Clec16a-overexpressing cells
did not rescue the above parameters completely to the
same degree as Clec16a overexpression alone, it is notewor-
thy that palmitate treatment itself reduced levels of Clec16a
(Fig. 6D and E), suggestive of an effect of palmitate on
Clecl6a.

Beyond mitochondrial functional defects, chronic gluco-
lipotoxicity can ultimately promote B-cell apoptosis (1,36).
To determine the importance of maintenance of the Clec16a-
Nrdp1-USP8 complex to B-cell survival during glucolipotox-
icity, we assessed B-cell apoptosis by cleaved caspase-3
levels after Clecl6a overexpression. As expected, palmitate
significantly induced B-cell apoptosis in Min6 B-cells (Fig.
6F). Interestingly, Clec16a overexpression reduced cleaved
caspase-3 levels after palmitate treatment (Fig. 6F), suggest-
ing that restoration of the Clec16a pathway partially ameli-
orates the negative effects of glucolipotoxicity on [3-cell
survival. Taken altogether, these results indicate that gluco-
lipotoxic insults destabilize the ubiquitin-dependent Clec16-
Nrdpl-USP8 mitophagy complex, which could ultimately
impact the ability of B-cells to withstand noxious stimuli.
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Figure 6—The Clec16a-Nrdp1-USP8 complex is perturbed by glucolipotoxicity. A: Top, representative deconvolution image of Nrdp1:USP8
Proximity Ligation Assay (PLA, red; DAPI, blue) in Min6 B-cells 72 h after transfection with nontargeting (NT) or Clec16a-specific shRNA plasmids
after treatment with BSA control or 0.4 mmol/L palmitate for 48 h; bottom, quantification of relative Nrdp1:USP8 PLA events in Min6 B-cells (fold
change vs. NT shRNA BSA controls). (n = 4/group and ~1,200 PLA events quantified/group per experiment.) B: Top, representative deconvo-
lution image of Nrdp1:USP8 PLA (PLA, red; PDX1, green; and DAPI, blue) in B-cells of dissociated human islets after 48 h treatment with BSA
control (BSA) or 0.4 mmol/L palmitate and 0.92% BSA + 20 mmol/L glucose (palmitate); bottom, quantification of relative Nrdp1:USP8 PLA
events in B-cells of dissociated human islets after control BSA (white bar) or 0.4 mmol/L palmitate and 0.92% BSA + 20 mmol/L glucose (gray
bar) treatment for 48 h (n = 3 donors and ~900 B-cell PLA events quantified/group per donor). C: Top, representative Western blot (WB) of Nrdp1
levels in isolated mouse islets treated for 48 h with or without 0.4 mmol/L palmitate + 20 mmol/L glucose; bottom, relative quantification (by
densitometry) of Nrdp1 levels by Western blot in isolated islets from mice treated for 48 h with (gray bars) or without (white bars) 0.4 mmol/L
palmitate and 0.92% BSA + 20 mmol/L glucose. n = 3/group. D: Representative Western blot of in vivo ubiquitination assay of HA-Nrdp1 in Min6
cells transfected with HA-Nrdp1, Myc-tagged ubiquitin (Myc-Ub), and Flag-empty vector or Flag-Clec16a plasmids and treated for 48 h with or
without 0.4 mmol/L palmitate/BSA coupling. n = 3/group. E: Representative Western blot after Flag-immunoprecipitation (IP) in Min6 cells
transfected with HA-Nrdp1, Flag-USP8, and either GFP-empty vector or GFP-Clec16a plasmids and treated for 48 h with or without 0.4 mmol/L
palmitate. n = 4/group. F: Top, representative WB of cleaved caspase-3 levels in Min6 cells transfected with or without GFP-Clec16a and treated
for 48 h with BSA or palmitate; bottom, relative quantification (by densitometry) of cleaved caspase-3 levels (hormalized to actin loading control)
by Western blot in Min6 cells transfected with or without GFP-Clec16a and treated for 48 h with BSA (white bars) or palmitate (gray bars)
couplings. n = 5/group. *P < 0.05, **P < 0.001, nonpaired Student t test. ns, not significant.
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Figure 7—Schematic model of the Clec16a-Nrdp1-USP8 mitophagy
complex. A: Under physiologic conditions, Clec16a promotes nonde-
gradative ubiquitination (Ub) of the E3 ligase Nrdp1 to facilitate com-
plex formation between Clec16a, USP8, and Nrdp1. This complex
functions to promote normal mitophagy initiation and balance mito-
chondrial quality control, which in turn leads to normal B-cell function
and regulated insulin release. B: However, under conditions of im-
paired Clec16a function, such as pharmacologic inhibition by the che-
motherapeutic lenalidomide or glucolipotoxicity, Clec16a-mediated
Nrdp1 ubiquitination is inhibited and the Clec16a-USP8-Nrdp1 com-
plex is destabilized. This leads to dysfunctional mitophagy, loss of
mitophagic quality control, and dysregulated mitochondrial respira-
tion, ultimately leading to compromised B-cell insulin release.

DISCUSSION

Here, we describe that ubiquitination is essential for the
function and assembly of upstream mitophagy regulators in
their maintenance of 3-cell function. Pharmacologic impair-
ment of Clecl6a-mediated ubiquitination by the chemo-
therapeutic agent lenalidomide impairs mitophagy and
insulin release. We identify that the diabetes gene Clec16a
encodes an E3 ligase that promotes Nrdp1 ubiquitination. Fur-
thermore, Clecl6a-mediated Nrdpl ubiquitination is essential
for assembly of the Clec16a-Nrdpl-USP8 complex and preser-
vation of 3-cell function (Fig. 7). We observe that glucolipo-
toxicity perturbs the assembly and function of this complex
in B-cells. Thus, Clec16a, Nrdpl, and USP8 function in a ubiquitin-
dependent protein complex to regulate B-cell mitophagy.
Posttranslational control of Parkin by ubiquitination and
phosphorylation is necessary for the execution of mitophagy
(38). However, the direct convergence of Clec16a, Nrdpl,
and USP8, and the dependence on ubiquitination for up-
stream control of mitophagy, has not previously been ap-
preciated. The tripartite Clec16a-Nrdp1-USP8 complex that
we identify coordinates mitophagy in part through their
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integrated actions on Parkin and cohesively harmonizes
the effects of these mitophagy regulators (5,10,25). Several
DUB enzymes, including USP8, regulate Parkin action dur-
ing mitophagy (39-41). While Parkin auto-inhibition and
K6 ubiquitination are relieved by USP8 to promote its mi-
tochondrial localization, it is unclear how Clecl6a opposes
USP8-mediated deubiquitination of Parkin. Nrdpl binds
and opposes USP8 action on cytokine receptor signaling
(42), and Clecl6a could function through Nrdpl to counter
USP8 effects on Parkin. Clec16a may also directly (or indi-
rectly through other E3 ligases) promote K6-linked conjugates
on Parkin. While the dynamics of the Clec16a-Nrdpl-USP8
complex are still a mystery, it is dear that Clec16a-mediated
ubiquitination orchestrates mitophagic flux in (3-cells.

Our discovery of Clecl6a as an E3 ligase, whose function
is inhibited by lenalidomide, expands our insight into its
functional role in mitophagy. Initial prediction of Clec16a
function was challenging owing to a lack of recognizable
conserved motifs, incuding the misidentified predicted C-
lectin domain, suggesting that Clec16a is a misnomer (5,43).
While it is clear that Clec16a has E3 ligase activity, we could
not identify a consensus domain consistent with known
ubiquitin ligases. Indeed, future studies of Clec16a domains
coupled to structural prediction of lenalidomide-Clec16a
binding sites may reveal a potential ubiquitin ligase domain.
Additionally, lenalidomide inhibits other E3 ligases, notably
cereblon (20). Cereblon function in B-cells is unknown;
therefore, additional study is needed to determine the con-
tribution of cereblon and/or Clec16a inhibition to B-cell dys-
function caused by lenalidomide in humans.

Clec16a ubiquitinates its principal partner Nrdpl, lead-
ing to ubiquitin laddering of unknown composition, which
could occur at one or several lysine residues. Clec16a-mediated
Nrdpl ubiquitin conjugates may also be modified by the
cooperative actions of USP8 to favor nondegradative linkages
while removing K48 linkages. Alternatively, there may be
Clecl6a-independent effects to Nrdpl activity that regulate
B-cell function. Notably, the endoplasmic reticulum struc-
tural protein reticulon 4A (Rtn4a or Nogo-A) and retinoic
acid derivatives modulate Nrdpl activity (44,45) in non-
B-cells, and they do not intersect with the Clec16a pathway
in our previous interactome studies (5). Rtn4a has also been
implicated in the regulation of GSIS (46). Therefore, elud-
dating Clec16a/USP8-dependent and -independent effects
on Nrdpl function will provide insight into shared and
unique pathways that could be evaluated for their contri-
bution to B-cell function.

Single nucleotide polymorphisms (SNPs) within the
CLEC16A locus on chromosome 16 are associated with di-
abetes as well as several human diseases of both autoimmune
and nonautoimmune origin (47,48). We previously described
that a diabetogenic SNP within the CLECI16A locus corre-
lated with impaired B-cell function, diminished glycemic
control, and functioned as an expression quantitative trait
locus for human islet CLEC16A levels, while not affecting
levels of other nearby genes (ref. 5 and data not shown).
While a diabetogenic CLECI6A SNP does correlate with
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abnormal B-cell function, we can only speculate that these
SNPs directly lead to abnormalities within the CLEC16A-
mitophagy pathway in human {3- cells. Clec16a is also a ubig-
uitously expressed gene with functions in other cell types,
including immune cells and neurons (5,28,49). An effect of
disease-related CLEC16A SNPs to influence CLEC16A expres-
sion or the expression of nearby related genes in immune
cells remains controversial (48). While Clec16a and Nrdpl
both play vital roles within immune cells (28,50), the func-
tion of CLEC16A SNPs (on mitophagy or other processes)
within other human cell types requires future investigation.
These studies clarify a role for ubiquitin-dependent mito-
phagy complex assembly in the maintenance of (3-cell func-
tion. Mitochondrial competence is essential for B-cell function,
and deficient mitochondrial quality control could exacerbate
-cell dysfunction by diabetogenic insults. Previous observa-
tions of defective mitochondrial integrity after glucolipotoxicity
(7,36), coupled with our findings here of glucolipotoxicity-
mediated destabilization of the Clec16a-Nrdp1-USP8 complex,
could inspire future in vivo studies to evaluate the importance
of dysfunctional mitophagy to (3-cell failure in diabetes. Ad-
ditional examination will be required to determine whether
nutrient excess, insulin resistance, and/or inflammation
(among other diabetogenic stressors) interfere with the
mitophagy machinery but may prove to illuminate a more
profound understanding of diabetes pathogenesis.
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