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Irp2 regulates insulin production through iron-
mediated Cdkal1-catalyzed tRNA modification
Maria C. Ferreira dos Santos 1,2,18, Cole P. Anderson2,3,12,18, Susanne Neschen4,5,18,

Kimberly B. Zumbrennen-Bullough2,3, Steven J. Romney1,2,13, Melanie Kahle-Stephan4,14, Birgit Rathkolb 4,5,6,

Valerie Gailus-Durner 4, Helmut Fuchs 4, Eckhard Wolf 6, Jan Rozman 4,5,15,

Martin Hrabe de Angelis 4,5,7, Weiling Maggie Cai8,9,16, Malini Rajan 1,2, Jennifer Hu10,17,

Peter C. Dedon 9,11 & Elizabeth A. Leibold 1,2,3*

Regulation of cellular iron homeostasis is crucial as both iron excess and deficiency cause

hematological and neurodegenerative diseases. Here we show that mice lacking iron-

regulatory protein 2 (Irp2), a regulator of cellular iron homeostasis, develop diabetes. Irp2

post-transcriptionally regulates the iron-uptake protein transferrin receptor 1 (TfR1) and the

iron-storage protein ferritin, and dysregulation of these proteins due to Irp2 loss causes

functional iron deficiency in β cells. This impairs Fe–S cluster biosynthesis, reducing the

function of Cdkal1, an Fe–S cluster enzyme that catalyzes methylthiolation of t6A37 in

tRNALys
UUU to ms2t6A37. As a consequence, lysine codons in proinsulin are misread and

proinsulin processing is impaired, reducing insulin content and secretion. Iron normalizes

ms2t6A37 and proinsulin lysine incorporation, restoring insulin content and secretion in

Irp2−/− β cells. These studies reveal a previously unidentified link between insulin processing

and cellular iron deficiency that may have relevance to type 2 diabetes in humans.
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D iabetes is characterized by high blood glucose levels due to
the inability of pancreatic β cells to produce sufficient
insulin to meet the needs of the body. Accumulating

evidence reveals a role for iron in the pathogenesis of diabetes.
Excess body iron stores are associated with an increased risk of
type 2 diabetes (T2D) in patients with the genetic iron-overload
disease hemochromatosis and in healthy individuals1–3. Phle-
botomy improves insulin sensitivity, insulin secretion, and glu-
cose regulation in these individuals showing a causal role of iron
in T2D1. The mechanisms through which excess iron contributes
to development of T2D are not yet fully understood but likely
involves insulin resistance as well as impaired pancreatic β-cell
function. Iron is important for normal glucose-stimulated insulin
secretion4; however, excess iron causes oxidative stress and
increases apoptosis in β cells4–6. While the consequences of excess
iron in β-cell function and survival are established, the effects of
iron deficiency on β-cell function and diabetes risk in humans are
not yet fully understood.

Eukaryotic cells require iron for survival due to its presence in
proteins involved in key cellular processes. Iron is used for the
mitochondrial synthesis of Fe–S clusters and heme, which are
cofactors for electron transport complexes and tricarboxylic acid
(TCA) cycle enzymes and for the maturation of extra-
mitochondrial Fe–S proteins involved in DNA metabolism,
translation, and tRNA modification7–9. Precise regulation of
cellular iron content is crucial as excess iron generates reactive
oxygen species (ROS) that damage DNA and proteins, while
cellular iron deficiency causes mitochondrial dysfunction and cell
cycle arrest. All organisms have thus developed mechanisms to
sense, acquire, and store iron.

In vertebrates, cellular iron homeostasis is controlled post-
transcriptionally by iron-regulatory protein 1 (Irp1, Aco1) and
iron-regulatory protein 2 (Irp2, Ireb2)10–12. Irps bind to RNA
stem-loops known as iron-responsive elements (IREs) in the 5′-
or 3′-untranslated regions (UTRs) of mRNAs involved in iron
uptake (transferrin receptor 1; TfR1, Tfrc) and sequestration
(ferritin-H and -L subunits; Fth1, Ftl1), and regulate the sta-
bility or translation of these mRNAs. When cells are iron
deficient, Irps bind IREs with high affinity, inhibiting the
translation of ferritin mRNA, while stabilizing TfR1 mRNA.
When cells are iron-sufficient, Irps bind with low affinity to
IREs, increasing ferritin synthesis, and promoting TfR1 mRNA
degradation. Iron regulates Irp1 and Irp2 by different post-
transcriptional mechanisms: Irp1 assembles a Fe–S cluster and
is converted to cytosolic aconitase lacking RNA-binding
activity, while Irp2 is targeted for proteasomal degradation by
the E3 ubiquitin ligase Fbxl513,14. By sensing cellular iron
concentration, Irps regulate the amount of iron acquired by
TfR1 and sequestered by ferritin, thus maintaining cellular iron
within a narrow range to avoid adverse consequences of iron
excess or depletion.

Our studies as well as others reported that Irp2−/− mice
develop microcytic anemia15–17 and adult-onset neurodegen-
erative disease17,18 caused by dysregulation of iron homeostasis
and functional iron deficiency in erythroid precursor cells and
in neurons, respectively. Here, we show that Irp2−/− mice
develop diabetes as a consequence of functional iron deficiency
in pancreatic β cells. We found that cellular iron deficiency
impairs the function of Cdk5-regulatory subunit-associated
protein 1-like 1 (Cdkal1), a radical S-adenosylmethionine
(SAM) enzyme that contains 4Fe–4S clusters required for its
methylthiotransferase activity. Cdkal1 catalyzes the methyl-
thiolation of N6-threonylcarbamoyl adenosine 37 (t6A37) in
cytosolic tRNALys

UUU to generate ms2t6A37, which is required
for the accurate translation of lysine codons in proinsulin19,20.
As a consequence of reduced Cdkal1 function in Irp2−/− β cells,

lysine codons in proinsulin are misread and proinsulin pro-
cessing is impaired, reducing insulin content and secretion. The
ms2t6A37 modification in tRNALys

UUU is also relevant to
humans as genome-wide association studies showed CDKAL1
as a strong T2D susceptibility gene21–24. Our studies show a
critical role for Irp2 in the regulation of β cell iron homeostasis
and reveal a previously unrecognized role for iron in proinsulin
processing and insulin secretion in these cells.

Results
Irp2−/− mice develop glucose intolerance. While performing
neurological analysis of aged Irp2−/− mice17, we found that
plasma glucose concentrations were elevated in both random-fed
and fasted 12-month-old male Irp2−/− mice compared with WT
(random-fed: WT, 150 ± 13 mg/dl versus Irp2−/−, 211.2 ± 13.6
mg/dl glucose, n= 9–10, p < 0.01, and fasted: WT, 95.0 ± 5.3 mg/
dl versus Irp2−/−, 118 ± 7.1 mg/dl glucose, n= 7–10, p < 0.05).
Glucose concentration also showed a tendency to be elevated in
random-fed 3-month-old male Irp2−/− mice, and significantly
elevated in female Irp2−/− mice (Supplementary Table 1). The
observed changes in glucose homeostasis in 3-month-old mice
were not attributable to alterations in lipid homeostasis as plasma
total cholesterol, triglycerides, nonesterified fatty acids, and
electrolytes were similar in WT and Irp2−/− mice (Supplemen-
tary Table 1). Similar to aged Irp2−/− mice17, male and female 3-
month-old mice showed mild microcytic anemia characterized by
reduced hemoglobin and hematocrit and decreased erythrocyte
indices (Supplementary Table 2).

To assess whole-body glucose metabolism, intraperitoneal
glucose tolerance tests (ipGTTs) were performed on overnight
fasted male WT and Irp2–/− mice. After glucose injection, Irp2−/−

mice at 5-months of age exhibited an increased peak glucose
concentration and reduced glucose clearance compared with WT
mice (Fig. 1a). Increased area under curve (AUC) values indicated
that Irp2−/− mice had developed glucose intolerance already at
age of 2.5-months without worsening over time in mice at ages 5,
12–16, and 18 months (Fig. 1b). At all ages, Irp2−/− mice showed
significantly higher elevated fasting glucose levels compared with
WT mice (Fig. 1c). WT and Irp2−/− mice had indistinguishable
body weights at 3.5-months of age; however, starting around 7-
months of age, body weight of Irp2−/− mice was significantly
lower compared with WT mice, and Irp2−/− mice showed
reduced fat mass and increased lean mass (Supplementary
Fig. 1a–c). Irp2−/− female mice (10- and 20-weeks of age) also
displayed significant but less pronounced glucose intolerance
compared with males (Supplementary Fig. 2a, b), and therefore,
subsequent studies were performed solely in male mice.

To determine whether impaired glucose clearance in Irp2−/−

mice is due to insulin resistance, insulin tolerance tests were
performed in 7-month-old WT and Irp2−/− mice. Comparable
glucose disposal rates suggested glucose intolerance in Irp2−/−

mice was not a consequence of insulin resistance (Fig. 1d). We
next performed euglycemic-hyperinsulinemic clamps in over-
night fasted 7-month-old mice in order to analyze whole-body
and organ-specific insulin action in more detail. When exogenous
insulin was administered to Irp2−/− mice, they displayed
increased insulin sensitivity evident by higher glucose infusion
rates compared with age- and body composition-matched WT
mice (Fig. 1e). Comparable whole-body glucose turnover rates
(Fig. 1f) in both genotypes suggested improved insulin sensitivity
in Irp2−/− mice is not caused by peripheral alterations in insulin
action, but rather a more pronounced suppression of hepatic
glucose production by insulin (Fig. 1g). Taken together, these data
suggest that glucose intolerance in Irp2−/− mice is primarily
related to impaired β-cell function.
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Insulin secretion is blunted in Irp2−/− mice. To determine
whether diabetes in Irp2−/− mice is caused by insulin insuffi-
ciency, we measured plasma insulin levels after intraperitoneal
glucose injection. In the fasted state (0 min), basal insulin levels in
7- and 18-month-old Irp2−/− mice were similar to their WT
controls (Fig. 2a, b). Intraperitoneal glucose injection in 7-month-
old Irp2−/− mice is followed by an increase in plasma insulin
concentrations from baseline levels, but is blunted compared with
WT mice, and was weaker in 18-month-old mice, suggesting an
age-dependent effect (Fig. 2a, b). To measure pancreatic β-cell
sensitivity in response to elevations in plasma glucose, hyper-
glycemic clamps were carried out in overnight fasted 7-month-
old WT and Irp2−/− mice. Irp2−/− mice showed fasting hyper-
glycemia (WT, 6.06 ± 0.23 versus Irp2−/−, 7.17 ± 0.39 mmol glu-
cose/L; p= 0.02; Fig. 2c) and reduced basal plasma insulin
concentrations (WT, 1.87 ± 0.773 versus 0.489 ± 0.105 ng/ml
insulin, p < 0.05; Fig. 2d). Insulin secretion in response to
hyperglycemia (~18 mM) is blunted in Irp2−/− mice (Fig. 2d).
Calculation of the AUC during the first phase (0–15 min) and
steady-state second phase (60–105 min) of the clamp showed that
insulin secretion was reduced by 62% (p < 0.05) and 67% (p <
0.05), respectively, in Irp2−/− mice compared with WT mice
(Fig. 2e). These results indicate that glucose intolerance in
Irp2−/− mice is caused by impaired insulin secretion from β cells.

Irp2 deficiency causes proinsulin accumulation in β cells. To
determine the basis for reduced insulin secretion in Irp2−/− mice,
pancreatic insulin content was quantified in WT and Irp2−/−

mice. The total pancreatic insulin was reduced in 2.5-, 7.5-, and
18-month-old Irp2−/− mice compared with age- and weight-
matched WT mice (Fig. 3a). By contrast, pancreatic proinsulin
content and the proinsulin-to-insulin (P/I) ratio significantly
increased in 2.5-, 7.5-, and 18-month-old Irp2−/− mice compared
with WT mice (Fig. 3b, c). The plasma P/I ratio also significantly
increased in 7.5-month-old Irp2−/− mice compared with WT
mice (Fig. 3d). Reduced insulin content in Irp2−/− mice was not
due to changes in insulin transcription as transcript levels of the

two insulin genes, Ins1 and Ins2, were similar to WT islets
(Fig. 3e). Morphometric quantification of insulin-stained paraf-
fin-embedded pancreatic sections showed that islet area and β-cell
mass in 2.5- and 7.5-month-old Irp2−/− mice were similar to age-
matched WT mice, although islet area and β-cell mass tended to
be reduced in 18-month-old Irp2−/− mice (Fig. 3f, g; Supple-
mentary Fig. 3a–d). Insulin, glucagon, and the glucose transporter
Glut2 immunostaining displayed normal subcellular localization,
showing islet morphology is normal in Irp2−/− islets (Supple-
mentary Fig. 4a, b). These results suggest that proinsulin pro-
cessing to mature insulin is impaired in Irp2−/− β cells.

We next assessed the secretory responses of WT and Irp2−/−

islets under conditions of basal (2.5 mM) glucose and high
(16.7 mM) glucose concentrations in a 1-h static assay. Consistent
with pancreatic studies, insulin content decreased, and proinsulin
content and the P/I ratio increased in Irp2−/− islets compared
with WT islets (Fig. 3h–j). Insulin secretion was blunted in
Irp2−/− islets under high glucose compared with WT islets
(Fig. 3k), while proinsulin secretion increased in Irp2−/− islets
under basal glucose compared with WT islets and further
increased under high glucose (Fig. 3l). To account for reduced
insulin content in Irp2−/− islets, insulin secretion was calculated
as a percentage of total insulin content. Normalization of insulin
secretion to total islet insulin content showed that Irp2−/− islets
secreted similar amount of insulin compared with WT, suggesting
that impaired insulin secretion results mostly from reduced
insulin content (Fig. 3m). Normalization of proinsulin secretion
to total proinsulin content showed that Irp2−/− islets secreted
more of their total proinsulin compared with WT islets under
high glucose, suggesting that proinsulin secretion is enhanced by
Irp2 deficiency (Fig. 3n). Together, these data suggest that
impaired glucose-stimulated insulin secretion in Irp2−/− islets is
primarily caused by reduced insulin content, and that this defect
is intrinsic to the β cell.

Cellular iron homeostasis is dysregulated in Irp2−/− islets.
Given that Irp2 controls cellular iron homeostasis by regulating
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the expression of ferritin and TfR1, the levels of Fth1- and Ftl1-
subunits, and TfR1 were assessed in WT and Irp2−/− islets.
Western blot analysis showed no detectable Irp2 and no change
in Irp1 levels in Irp2−/− islets (Fig. 4a). Ftl1 levels were similar in
WT and Irp2−/− islets, while Fth1 was not detected in WT islets,
but notably increased in Irp2−/− islets (Fig. 4a). As expected,
TfR1 protein and mRNA levels were lower in Irp2−/− islets
compared with WT islets, consistent with destabilization of TfR1
mRNA caused by Irp2 loss (Fig. 4a, b). Ftl1 mRNA levels were
similar in WT and Irp2−/− islets, but unexpectedly, Fth1 mRNA
levels decreased in Irp2−/− islets, which may be a transcriptional
response to compensate for increased Fth1 protein (Fig. 4b).
Double-immunofluorescence studies revealed prominent ferritin
costaining with insulin, and reduced TfR1 costaining with insulin
in Irp2−/− β cells compared with WT in agreement with western
blot analysis (Fig. 4c, d). Consistent with reduced TfR1 levels,
total iron content, as quantified by inductively coupled proton
optical emission spectroscopy (ICP-OES), was reduced by 48% in
Irp2−/− islets compared with WT islets, whereas the content of
other metals (Cu, Mn, and Zn) was unchanged (Table 1). These
data show that Irp2 deficiency in β cells reduces TfR1 levels and
iron content, and increases ferritin levels and iron sequestration,
causing functional cellular iron deficiency.

Iron normalizes insulin secretion in Irp2−/− mice. Because
cellular iron homeostasis is dysregulated in Irp2−/− islets, we
questioned whether insulin and proinsulin secretion can be
normalized by iron supplementation in Irp2−/− islets. For these
experiments, insulin and proinsulin secretion were first assessed
in freshly isolated WT and Irp2−/− islets under basal glucose

(2.5 mM). Islets were then cultured overnight in medium con-
taining the iron chelator desferrioxamine (DFO) or iron (ferric
ammonium citrate (FAC)) and assessed for insulin and proin-
sulin secretion under high glucose (16.7 mM). Consistent with
islet studies in Fig. 3k, l, insulin secretion was blunted and
proinsulin secretion increased in Irp2−/− islets compared with
WT islets (Fig. 5a, b). DFO reduced insulin secretion and
increased proinsulin secretion in WT islets compared with
untreated WT islets (Fig. 5a, b), while FAC had no significant
effect on insulin and proinsulin secretion in WT islets, but nor-
malized insulin and proinsulin secretion in Irp2−/− islets to levels
observed in untreated WT islets (Fig. 5a, b). Likewise, DFO
reduced insulin content and increased proinsulin content in WT
islets, while FAC normalized insulin content and partially nor-
malized proinsulin content in Irp2−/− islets to levels observed in
untreated WT islets (Fig. 5c, d). FAC also restored the proinsulin-
to-insulin ratio in Irp2−/− islets to the untreated WT ratio
(Fig. 5e). These results show that iron normalizes proinsulin and
insulin secretion and content in Irp2−/− islets.

To determine whether iron supplementation normalizes
insulin and proinsulin content in vivo, WT and Irp2−/− mice
were intraperitoneally injected with iron dextran or PBS as a
control for 5 days, after which mice were sacrificed, and
pancreatic insulin and proinsulin content were quantified. Iron
dextran increased pancreatic and liver iron content in WT and
Irp2−/− mice compared with untreated mice (Fig. 5f, g). Iron
dextran partially normalized insulin content and fully normal-
ized proinsulin content in Irp2−/− mice to WT levels (Fig. 5h,
i). The partial normalization of insulin content in Irp2−/− mice
by iron may be due to reduced TfR1 expression in these islets
(Fig. 4a). Of note, iron dextran reduced insulin content in WT
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mice (Fig. 5h), suggesting that pancreatic iron overload may
impair insulin production in normal mice. Collectively, these
data indicate that maintenance of cellular iron homeostasis by
Irp2 is critical for normal proinsulin processing and insulin
secretion.

Impaired insulin secretion in Irp2-depleted insulinoma cells.
The role of Irp2 in insulin production and secretion was further
studied in rat insulinoma INS-1 832/13 cells depleted of Irp2 by
stable expression of a short-hairpin Irp2 RNA (shIrp2 RNA).
These cells provided a tool for elucidating the mechanism
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Fig. 3 Irp2 deficiency leads to proinsulin accumulation in β cells. a Quantification of pancreatic insulin content, b proinsulin content, and c pancreatic
proinsulin-to-insulin ratio (P/I) in 2.5-, 7.5-, and 18-month-old WT and Irp2−/− mice. d Plasma P/I ratio in 7.5-month-old WT and Irp2−/− mice. e qPCR
shows no difference in Ins1 and Ins2 expression in WT and Irp2−/− islets from 10-month-old mice. Values are normalized to β-actin mRNA and are
expressed as fold change relative to WT. f, g Quantification of islet area (f) and β-cell mass (g) in insulin-stained paraffin-embedded pancreatic sections
from 2.5-, 7.5-, and 18-month-old WT and Irp2−/− mice. Mass was calculated by multiplying the fraction of insulin-positive β-cell area by pancreatic wet
weight. h The total islet insulin content, i proinsulin content, and j islet P/I ratio measured in WT and Irp2−/− islets from 7.5-month-old mice. k, l Glucose-
stimulated insulin (k) and proinsulin secretion (l) measured in islets under basal (2.5 mM) glucose and after stimulation with high (16.7 mM) glucose for
1 h and normalized to total islet protein.m, n Insulin (m) and proinsulin (n) secretion measured in islets in (k, l) normalized to total islet insulin or proinsulin
content. Data are expressed as means ± s.e.m., unpaired two-tailed Student’s t test for a–j and a one-way ANOVA with Tukey’s multiple comparisons test
for k–n, *p < 0.05, **p < 0.01, ***p < 0.001. The number of mice is indicated in parentheses. Source data are provided as a Source Data file.
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underlying β-cell dysfunction caused by Irp2 deficiency. Western
blot analysis confirmed reduced Irp2 expression in shIrp2 cells
concomitant with the expected increase in ferritin and reduction
in TfR1 levels compared with cells expressing empty vector (EV)
(Fig. 6a). Treatment of cells with DFO stabilized Irp2, reduced
ferritin and increased TfR1 levels, whereas FAC reduced Irp2,
increased ferritin and reduced TfR1 levels in both EV and shIrp2
cells (Fig. 6a). Irp2 RNA-binding activity, as measured by an
RNA-electrophoretic mobility shift assay (RNA-EMSA),
decreased in shIrp2 cells concomitant with increased Irp1 RNA-
binding activity, consistent with reduced total iron content in
these cells (Fig. 6b, c). Consistent with Irp2−/− islets studies,
shIrp2 cells displayed reduced insulin content, increased proin-
sulin content, as well as reduced glucose-stimulated insulin
secretion and increased proinsulin secretion compared with EV
cells (Fig. 6d–g). When the amount of secreted insulin was nor-
malized to insulin content, shIrp2 cells secreted slightly
less insulin compared with EV cells, suggesting that secretion may
be somewhat impaired (Fig. 6h). No significant difference in
proinsulin secretion was observed under high glucose in EV and
shIrp2 cells after normalization to total proinsulin content
(Fig. 6i). FAC supplementation restored insulin and proinsulin
content, and glucose-stimulated insulin and proinsulin secretion
to levels observed in EV cells (Fig. 6d–g). Together, these results
show that shIrp2 cells recapitulate the abnormal
proinsulin–insulin phenotype observed in primary Irp2−/− islets.

Irp2 deficiency impairs Fe–S cluster protein function. Previous
studies have shown that the activities of Fe–S cluster containing
respiratory complexes I, II, and III, and aconitase are reduced in
motor neurons of Irp2−/− mice18 and in hepatocytes of Irp1−/−;
Irp2−/− mice25. We therefore examined Fe–S cluster biosynthesis
in Irp2-deficient INS-1 832/13 cells by measuring the activity of
mitochondrial (m)- and cytosolic (c)-aconitases, and complex I,
as well as complex IV, which lacks Fe–S clusters. For these stu-
dies, additional Irp2-deficient INS-1 832/13 cells lines were gen-
erated using CRISPR/Cas9-editing (sgIrp2.1 and sgIrp2.2), and
Irp2 depletion and iron regulation were validated in these cell
lines by western blot analysis (Fig. 7a). The total iron content was
reduced in sgIrp2.1 and sgIrp2.2 cells compared with control
parental INS-1 cells (Fig. 7b). M-aconitase and c-aconitase
activity, and complex I activity were lower in sgIrp2.1 and
sgIrp2.2 cells, and shIrp2 cells, respectively, compared with
control cells, and FAC normalized activities of all proteins to
levels observed in control cells (Fig. 7c–e). Reduced c-aconitase
activity in sgIrp2.1 and sgIrp2.2 cells is consistent with increased
Irp1 RNA-binding activity observed in shIrp2 cells (Figs. 7b, 6b).
Complex IV activity was not significantly altered in shIrp2 cells
(Fig. 7f). ATP production, as measured under basal glucose (5
mM) and after stimulation with 15 mM glucose, was blunted in
sgIrp2.1 and sgIrp2.2 cells compared with control cells with FAC
partially normalizing ATP production in sgIrp2.1 and sgIrp2.2

cells (Fig. 7g). Together, these data suggest that cellular iron
deficiency caused by loss of Irp2 impairs Fe–S cluster biosynth-
esis, resulting in reduced mitochondrial and cytosolic Fe–S pro-
tein function and ATP production.

The UPR is activated in Irp2-depleted insulinoma cells.
Accumulation of proinsulin in the endoplasmic reticulum (ER)
lumen can lead to its misfolding or unfolding triggering ER stress
and activating the unfolded protein response (UPR)26. Increased
proinsulin levels in Irp2-deficient INS-1 cells suggested that the
UPR might be activated in these cells. UPR activation was
assessed using the UPR indicator markers, phosphorylated
eukaryotic translation initiation factor 2α (eIF2α-P), a protein
that attenuates translation, and Grp78/BiP, an ER chaperone that
increases protein folding27,28. For these experiments, eIF2α-P and
Grp78/BiP levels were examined in control, sgIrp2.1, and sgIrp2.2
cells under basal glucose (5 mM) and after stimulation with
15 mM glucose to induce stress. eIF2α-P increased in sgIrp2.1 and
sgIrp2.2 cells under basal and high glucose compared with control
cells, while eIF2α-total levels were unchanged (Fig. 7h). Grp78/
BiP was highly expressed in all cells and under all glucose con-
ditions at similar levels (Fig. 7h). These data suggest eIF2α-P
upregulation in Irp2-deficient INS-1 cells may provide a
mechanism to attenuate proinsulin translation, ensuring cellular
adaptation to iron deficiency.

Loss of Irp2 impairs proinsulin translation. The reduction in
Fe–S cluster biosynthesis in Irp2-deficient INS-1 cells suggested
the possibility that a Fe–S cluster protein related to proinsulin
function might be impaired. After reviewing the literature, we
focused on the radical SAM enzyme Cdkal1 that uses 4Fe–4S
clusters to catalyze the methylthiolation of t6A to ms2t6A on
adenosine 37 in tRNALys

UUU
19,20 (Fig. 8a). This modification is

critical for the accurate reading of lysine AAA and AAG codons
in proinsulin, and its loss in β cells in Cdkal1 KO mice and in
Cdkal1-deficient INS-1 cells results in reduced insulin content
and secretion20,29. Because many Fe–S proteins depend on their
Fe–S clusters for stability30, we examined Cdkal1 levels in
sgIrp2.1 and sgIrp2.2 cells, and in Irp2−/− islets. Cdkal1 levels
were modestly reduced in sgIrp2.1 and sgIrp2.2 cells, but were
noticeably reduced with DFO compared with control cells
(Fig. 8b). Notably, Cdkal1 levels were reduced in Irp2−/− islets
compared with WT islets (Fig. 8c). Brambillasca et al.29 reported
that (pro) chromogranin A (CgA), a protein that is co-sorted and
co-processed with proinsulin in insulin secretory granules31, was
reduced in Cdkal1-deficient INS-1 cells. Similarly, we found
reduced CgA levels in Irp2−/− islets compared with WT islets
(Fig. 8c). Pcsk1, a prohormone convertase that processes proin-
sulin and CgA to their mature forms, was unchanged in Irp2−/−

islets (Fig. 8c). These data show that Irp2 deficiency results in
reduced levels of Cdkal1 as well as CgA in Irp2−/− islets.

Reduced Cdkal1 expression in Irp2−/− islets suggested that the
ms2t6A modification may also be reduced. To test this premise,
we used liquid chromatography-coupled mass spectrometry (LC-
MS) to measure ms2t6A levels in control, sgIrp2.1, and sgIrp2.2
cells. Levels of ms2t6A were significantly reduced in sgIrp2.1 cells,
and showed a tendency to be reduced in sgIrp2.2 cells compared
with control INS-1 cells (Fig. 8d; Supplementary Fig. 5a). Iron
supplementation restored ms2t6A levels in sgIrp2.1 and sgIrp2.2
cells to levels in control cells (Fig. 8d). No significant differences
were observed in t6A levels in sgIrp2.1 and sgIrp2.2 cells
compared with control cells (Fig. 8e; Supplementary Fig. 5b).

We next questioned the impact of reduced ms2t6A levels on
proinsulin translation in Irp2-deficient INS-1 cells. Rat, mouse,
and human proinsulin each contain a lysine residue at the

Table 1 Metal content in WT and Irp2−/− islets.

WT (7) Irp2−/− (6)

Cu 53.0 ± 8.8 48.8 ± 10.3
Fe 475.4 ± 48.1 250.0 ± 46.7**

Mn 10.4 ± 1.23 10.2 ± 3.8
Zn 779.9 ± 41.1 640.0 ± 61.3

Data are expressed as means (pg metal/islet) ± s.e.m., compared by unpaired two-tailed
Students t test, **p < 0.001 relative to WT. Metal content was determined by ICP-OES. The
number of mice use are indicated in parentheses. Age of mice, 10-month-old males. Source data
are provided as a Source Data File
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Pcsk1 cleavage site between the A-chain and the C-peptide,
and lysine residues within the B-chain, and misreading of these
lysine codons could impair proinsulin cleavage and/or folding.
To examine proinsulin translation accuracy, control, sgIrp2.1,
and sgIrp2.2 INS-1 cells were grown with or without
supplemental iron, metabolically labeled with 3H-leucine and
14C- lysine, and the relative incorporation of 14C-lysine versus
3H-leucine in immunoprecipitated proinsulin was determined.
The relative incorporation of 14C-lysine versus 3H-leucine in

proinsulin in sgIrp2.1 and sgIrp2.2 cells was significantly
reduced compared with control cells, and iron supplementa-
tion fully normalized proinsulin 14C-lysine incorporation
in sgIrp2.1 cells and partially in sgIrp2.2 cells (Fig. 8f).
Together, these data show that reduced Cdkal1 function caused
by Irp2 deficiency reduces the ms2t6A modification in
tRNALys

UUU, leading to misreading of lysine codons in
proinsulin, which impairs proinsulin processing and insulin
production (Fig. 8g).
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Discussion
Iron overload is a known risk factor in the development of
T2D1–3, but the physiological and cellular impact of iron defi-
ciency in β-cell dysfunction and diabetes are not yet fully
understood. In this report, we demonstrate that cellular iron
deficiency as a consequence of Irp2 loss in β cells causes diabetes.
We found that iron deficiency in β cells impairs Fe–S cluster
biosynthesis that reduces Cdkal1 function and the ms2t6A mod-
ification in tRNALys

UUU. As a consequence, lysine codons in
proinsulin are misread, proinsulin processing is impaired, and
insulin content and secretion are reduced (Fig. 8g). Our work
thus implicates iron deficiency as a potential mechanism for β-cell
dysfunction in humans.

Single-nucleotide polymorphisms (SNPs) in the CDKAL1 gene
locus are a strong risk factor for the development of T2D21–24 and
are associated with impaired glucose metabolism and insulin
secretion in humans32–35. The importance of Cdkal1 in β-cell
function arises from studies in Cdkal1 β-cell KO mice showing
that the ms2t6A modification in tRNALys

UUU is critical for the
accurate reading of lysine AAA and AAG codons, notably during
conditions that increase protein synthesis20. In this study, Bacillus
subtilis wild-type and ygeV mutants (lack the ms2t6A modifica-
tion) were transformed with dual-luciferase reporter gene con-
taining replacement of a lysine codon critical for luciferase activity
with either AAA or AAG. Upon IPTG induction, luciferase
activity was reduced in ygeV mutants expressing either the AAA
or AAG compared with wild-type, consistent with misreading of
lysine codons caused by loss of vgeV20. In mammals, proinsulin
synthesis constitutes ~30–50% of the total protein synthesis in the

β cell36, and the ms2t6A modification in tRNALys
UUU may be

critical for efficient and accurate proinsulin translation. In agree-
ment with studies in Cdkal1 β-cell KO mice20, proinsulin accu-
mulation in Irp2-deficient INS-1 cells is associated with UPR
activation of PERK-dependent eIF2α phosphorylation, which is
known to reduce global translation26–28. Because β-cell mass was
not reduced in 2.5- and 7.5-month-old Irp2−/− mice, this suggests
that phosphorylated eIF2α-mediated translational attenuation
may allow Irp2-deficient β cells to adapt to cellular iron deficiency,
thereby providing protection against UPR activation of apoptotic
signaling pathways.

Cdkal1 deficiency in INS-1 cells has been shown to be asso-
ciated with reduced expression of proinsulin as well as other
insulin secretory granule proteins, such as (pro) CgA and (pro)
ICA512/IA-2, that are processed with proinsulin in insulin
secretory granules29. Consistent with this study, CgA expression
was reduced in Irp2−/− islets compared with WT islets. It is
therefore possible that Cdkal1 deficiency may affect the function
of other insulin secretory granule proteins that could also con-
tribute to insulin secretory defect observed in Irp2−/− mice.

Irp2 deficiency in β cells is associated with impaired mito-
chondrial function characterized by reduced complex I and m-
aconitase activities, and reduced ATP production. Reduced
activity of these proteins is likely due to impaired Fe–S cluster
biosynthesis caused by iron deficiency in Irp2-deficient β cells.
ATP is required for exocytosis of insulin secretory granules37, and
reduced ATP production in Irp2−/− β cells could affect glucose-
stimulated insulin secretion. Our data, however, showed no major
difference in insulin secretion in Irp2−/− islets or Irp2-deficient
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Fig. 6 Iron normalizes insulin and proinsulin secretion in Irp2-deficient insulinoma cells. a Western blotting of Irp2, Ftl1, Fth1, and TfR1 in INS-1 832/13
insulinoma cells expressing a shIrp2 or empty vector (EV) control (−). Cells were grown in medium with no treatment (NT) or in the presence of DFO (50
µM) or FAC (50 µg/mL) for 18 h. β-Actin is a loading control. Asterisk, nonspecific band. b Irp1 and Irp2 RNA-binding activity was assessed in EV (−) and
shIrp2 (+) cell lysates by RNA-EMSA. Whole-cell lysates were incubated with a 32P-labeled ferritin IRE RNA probe followed by resolution of the Irp1- and
Irp2-RNA complexes on non-denaturing polyacrylamide gels. Irp1- and Irp2-RNA complexes and 32P-labeled ferritin IRE are indicated. c The total iron
content in EV and shIrp2 cells as quantified by ICP-MS and normalized to total cellular protein. d–g The total insulin (d) and proinsulin content (e) and
glucose-stimulated insulin (f) and proinsulin (g) secretion in EV and shIrp2 cells grown in the presence of FAC overnight and assayed under basal (5 mM)
glucose and after stimulation with high (15 mM) glucose for 1 h. h, i Samples in f and g were normalized to total insulin content (f) or total proinsulin (g)
content. n= 3 independent biological experiments. Data are expressed as means ± s.e.m., one-way ANOVA with Tukey’s multiple comparisons test for d–i
and unpaired two-tailed Student’s t test for c, **p < 0.01. Source data are provided as a Source Data file.
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INS-1 832/13 cells compared with controls when insulin secretion
is normalized to insulin content, suggesting that reduced insulin
secretion in Irp2−/− mice and Irp2-deficient cells is mostly caused
by reduced insulin content. Of note, studies have reported
reduced glucose-stimulated ATP production and first-phase
insulin secretion in Cdkal1−/− mice and in Cdkal1 β-cell KO
mice, but how Cdkal1 deficiency impairs mitochondria function
is not yet fully understood20,38.

Our studies using global Irp2−/− mice reveal Irp2 as a critical
regulator of β cell iron homeostasis. We show that the abnormal
proinsulin phenotype in Irp2−/− mice is recapitulated in
Irp2−/− islets and in Irp2-deficient INS-1 cells, indicating that
this defect is intrinsic to the β cell. It is possible, however, that
signals from other tissues may modulate β-cell function in
Irp2−/− mice. Iron has been shown to negatively regulate adi-
ponectin and leptin expression in adipocytes39,40, and these
adipokines are known to facilitate β-cell proliferation and
survival41–43. In addition, Cdkal1 deficiency has been shown to
regulate adipocyte differentiation in murine 3T3-L1 cells44 and
mitochondrial function in adipocyte-specific Cdkal1 KO mice45

as well as regulation of growth hormone expression in pituitary
adenomas46, suggesting that reduced Cdkal1 function in cell
types other than β cells might modulate β-cell function in
Irp2−/− mice. The generation of β-cell-specific Irp2 KO mice
will be useful to determine whether changes in iron content in
other tissues affect β-cell function.

A recent study using a distinct Irp2−/− mouse strain reported
that 18-month-old male Irp2−/− mice displayed hyperglycemia,
insulin resistance as determined by ITTs, and no change in early-
phase glucose-stimulated insulin secretion47, while we found that
18-month-old male Irp2−/− mice displayed reduced pancreatic
insulin content and glucose-stimulated insulin secretion com-
pared with WT mice. An explanation for this discrepancy is not
clear, but may stem from differences in strain backgrounds or
different assay conditions.

Iron deficiency and its role in anemia is well known, but the
physiological and cellular effects of iron deficiency on non-
erythropoietic cells and tissues are less clear. There is one case
report of a patient with iron deficiency anemia and diabetes that
was attributed to autoreactive antibodies against the TfR148,49,
suggesting the possibility that diabetes in this patient may be
related to impaired proinsulin processing shown in our current
study. Other studies in humans have shown that iron deficiency is
associated with pulmonary arterial hypertension50–52, and car-
diovascular53 and neurodegenerative diseases54. Studies in rats
have revealed that chronic dietary iron deficiency causes mito-
chondrial dysfunction and remodeling of the pulmonary vascu-
lature55. Similarly, TfR1 deficiency in murine dopaminergic
neurons causes mitochondrial dysfunction and neuronal degen-
eration56. Recently, two patients with mutations in IREB2 have
been identified that exhibit early onset and progressive neurolo-
gical disease, and microcytic anemia57,58; however, insulin
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Fig. 7 Irp2 deficiency impairs Fe–S cluster protein function and causes ER stress. a CRISPR/Cas9 depletion of Irp2 in INS-1 832/13 cells (sgIrp2.1,
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g, *p < 0.05; **p < 0.01, ***p < 0.001. Source data are provided as a Source Data file.
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sensitivity and secretion were not reported for these patients. We
anticipate that our study will thus have relevance not only to β-
cell function but also to other cell types and tissues that are
functionally iron deficient. Our findings will also provide a
foundation for further investigation of the role of iron deficiency
in the pathogenesis of diabetes.

Methods
Animals. Mice with global deficiency Irp2−/− mice were generated by inserting a
self-excision cassette containing neomycin (Neor) linked to cre-recombinase (Cre)
into exon 3 of the mouse Irp2−/− gene, as previously described17. This cassette
(pACN) contains the Cre gene (driven by the testes-specific angiotensin-converting
enzyme (tACE promoter) linked to Neor (driven by the polymerase II promoter)
and is flanked by loxP sites allowing for excision of Neor, as it passes through the
male germ line. Irp2−/− mice were generated on a C57BL/6J and 129/Sv back-
ground, and backcrossed with C57BL/6J for five generations. Irp2−/− and WT
littermates were obtained from intercrosses from Irp2+/− parents. Male and female
mice from 2- to 18-months of age were used. Mice were kept in accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Utah (Protocol
Number: 18-12018). Mice were euthanized according to AVMA Guidelines for the
Euthanasia of Animals. At the GMC, mice were maintained in IVC cages with free
access to water and standard mouse chow containing 183 mg Fe/kg (Altromin
no.1324, Altromin, Lage, Germany). All experiments and housing of the animals in
the GMC were performed according to the German Law on the Protection of
Animals by the Government of Upper Bavaria (Regierung von Oberbayern).

Animal iron treatment. Iron overload in mice was achieved by daily intraper-
itoneal injections of 1 mg of iron dextran (Sigma-Aldrich, cat # D8517) or PBS as a
control for 5 consecutive days59. Mice were sacrificed, and pancreas and liver were
harvested for iron content by ICP-MS, and pancreas for insulin and proinsulin
measurements using ELISAs.

Preparations for glucose clamp experiments. To enable i.v. substrate infusion, a
permanent silicone catheter was inserted into the left jugular vein under ketamine/
xylazine anesthesia. For matching body fat and fat-free mass, mice were subjected
to 1H-NMR analysis (MiniSpec, Bruker Optics Inc, Ettlingen, Germany) 6 days
later. On the morning of the seventh postsurgical day, conscious mice were placed
in restrainers (Opti-Lab, Munich, Germany) set on top of heating pads. The
subcutaneously located catheter end, accessible via attached silk protruding from a
small interscapular skin incision, was connected to 1cc syringes fastened in a
microdialysis pump (CMA 402, Solna, Sweden). For immediate measurement of
plasma glucose concentrations (Glucometer Ascensia Elite, Bayer, Leverkusen,
Germany), tail-tip blood samples were collected in heparinized CB300 LH
Microvettes. Plasma insulin concentrations were measured via an Ultrasensitive
Mouse Insulin ELISA (Mercodia, cat#10-1249-01).

Hyperglycemic clamp. Experiments were carried out after 16 h fasting, 30.5 ±
0.3 weeks old, male WT (n= 8) and Irp2−/− (n= 10) mice. By means of a primed
10% intravenous glucose infusion, plasma glucose concentrations were acutely
raised by adjusting the glucose infusion rate to reach and maintain target hyper-
glycemia (steady state, mmol/l: 17.9 ± 0.6 in WT vs. 18.5 ± 0.6 in Irp2−/−). Steady
state was defined as the last 45 min of the experiment. Blood samples were with-
drawn from tail tips under basal conditions (min −10) as well as during the glucose
clamp at min 5, 7.5, 10, 15, 20, 30, 45, 60, 75, 90, and 105 for the measurement of
plasma glucose and insulin. At the end of the experiment, mice were anesthetized
with an i.v. ketamine/xylazine overdose, and various organs were dissected and
freeze-clamped. Statistical analyses were made using a two-tailed Student’s t test
and for all hypotheses the significance level was p < 0.05. All data are expressed as
mean ± s.e.m.

Euglycemic-hyperinsulinemic clamp. Experiments were carried out after 15 h
fasting Irp2−/− (n= 6) and WT (n= 5) male mice at an age of 29.1 ± 0.1 weeks. By
means of a primed-continuous insulin infusion (100 mU/kg min−1 within 3 min,
then 3.5 mU/kg min−1, Humulin-R, Eli Lilly, Indianapolis), insulin levels were
acutely raised and maintained at a physiological level until 120 min (“steady state”
conditions, pmol/l: 372 ± 86 Irp2−/− vs. 374 ± 64 in WT), as previously
described60,61. The resulting decline in plasma glucose concentration was coun-
teracted and euglycemia maintained by a 20% glucose infusion applied at a variable
rate. “Steady state” conditions were usually achieved within 60 min, and “steady
state” defined as the last 30 min of the experiment (“steady state” plasma glucose,
mmol/l: 8.1 ± 0.6 Irp2−/− vs. 8.2 ± 0.7 in WT). “Steady-state” glucose infusion rate
(GINF) equals whole-body glucose utilization, and is considered an index of an
organism’s sensitivity to exogenous insulin. To assess whole-body glucose turnover,
a continuous [3-3H]glucose infusion (0.1 µCi/min, Biotrend, Cologne, Germany)
was administered during a 120 min basal tracer equilibration period and continued

throughout the subsequent euglycemic-hyperinsulinemic clamp. In order to allow
estimation of insulin-stimulated glucose uptake in individual tissues, an i.v.
injection of a 2-deoxy-D-[1-14C]glucose bolus (10 µCi, Biotrend, Cologne,
Germany) was administered at “steady-state” min 75. The experiment was ter-
minated by an i.v. ketamine/xylazine injection, and tissues (liver, M. gastrocnemius
and quadriceps, epididymal adipose tissue, heart) were immediately dissected and
freeze-clamped. Plasma [3-3H]glucose, 3H2O (measurement of whole-body gly-
colysis rate) and 2-[14C]DG concentrations between clamp min 77.5 and 120 and
in the final 10 min of the basal period were measured in Somogyi filtrates. The rate
of whole-body glucose turnover was calculated as the ratio of [3-3H]glucose
infusion rate (dpm/min) and plasma [3-3H]glucose-specific activity (dpm/min
µmol) during “steady-state”. Hepatic [3-3H]glucose production (HGP) was deter-
mined by subtracting the “steady-state” glucose infusion rate (GINF) from the rate
of glucose whole-body turnover. Statistical analyses were made using a two-tailed
Student’s t test, and for all hypotheses the significance level was p < 0.05. All data
are expressed as means ± s.e.m.

Hematology and clinical chemistry. Basic hematological parameters were ana-
lyzed with a blood analyzer, which was validated for the analysis of mouse blood
(ABC-Blutbild-Analyzer, Scil Animal Care Company GmbH; Viernheim, Ger-
many), using the C57BL/6-mouse-chip-card. The number and size of red blood
cells, white blood cells, and platelets were measured by electrical impedance and
hemoglobin by spectrophotometry. Mean corpuscular volume (MCV), mean pla-
telet volume (MPV), and red blood cell distribution width (RDW) were calculated
directly from the cell volume measurements. The hematocrit (HCT) was assessed
by multiplying the MCV with the red blood cell count. Mean corpuscular hemo-
globin (MCH) and mean corpuscular hemoglobin concentrations (MCHC) were
calculated from hemoglobin/red blood cell count (MCH) and hemoglobin/hema-
tocrit (MCHC), respectively. Clinical chemistry parameters were measured using
an Olympus AU 400 autoanalyzer, and adapted reagents from Olympus (Hamburg,
Germany). Creatinine was measured using a kit from Biomed (Oberschleißheim,
Germany) and NEFA (nonesterified fatty acids) using a kit of WAKO Chemicals
(Neuss, Germany). Twenty-three different parameters were measured including
various enzyme activities, and plasma concentrations of specific substrates and
electrolytes. Besides the routinely applied clinical chemistry screen, unsaturated
iron-binding capacity (UIBC) was determined and transferrin saturation calculated
in these animals. Data were statistically analyzed with the level of significance set at
p < 0.05 by ANOVA.

Glucose and insulin tolerance tests. For glucose tolerance tests, mice were fasted
for 16–17 h, and baseline blood glucose was determined from tail-vein blood
(Ascencia Elite XL Glucometer, Bayer Corp and the Accu Check Aviva, Roche).
Conscious animals were then challenged with an intraperitoneal (i.p.) injection of
glucose (2 g/kg body weight, Sigma-Aldrich), and blood glucose levels were
determined at 15, 30, 60, 90, and 120 min post injection. Animals were tested at
10–12 weeks, 20–22 weeks, and 74–78 weeks of age. For insulin tolerance tests,
random-fed conscious animals (20–22 weeks and 50–64 weeks of age) were
injected with human recombinant insulin (0.75 U/kg body weight, Novolin R,
Novo Nordisk). Tail-vein blood samples were taken before and 15, 30, 60, 90, 120,
150 and 180 min post injection.

Insulin and proinsulin measurements. For plasma insulin and proinsulin ana-
lyses, 100 µl of tail-vein blood was collected from overnight fasted mice for baseline
insulin measurements, and 30 min post-i.p. glucose injection (2 g/kg body weight).
For pancreatic insulin and proinsulin content, freshly harvested pancreata were
incubated overnight in acid–ethanol mixture (1.5% HCl in 70% EtOH) at −20 °C.
Tissue was homogenized and incubated overnight at −20 °C. Samples were cen-
trifuged at 3000 × g for 15 min at 4 °C. Supernatants were neutralized with equal
volume of 1M Tris-HCl pH 7.5 and centrifuged at 15,000 × g for 10 min at 4 °C.
Insulin and proinsulin were quantified in mouse pancreata, islets and plasma, and
in INS-1 832/13 cells using a Mouse Insulin ELISA (ALPCO, cat# 80-INSMS-E01)
and a Rat/Mouse Proinsulin ELISA (Mercodia, cat# 10-1232-01), respectively, and
normalized to total lysate protein determined by Coomassie Plus Protein Assay
Reagent (ThermoFisher, cat# 23200).

Islet isolation and insulin and proinsulin secretion assays. Mice were anes-
thetized using Avertin (0.015 mL/g body weight) and killed by cervical dislocation.
Pancreata were perfused through the common bile duct with 9 mL of Hanks
balanced salt solution (HBSS, Invitrogen) containing 0.1 mg/mL DNase I (Roche),
25 mM HEPES, and 0.3 mg/mL Liberase RI Purified Enzyme Blend (Roche).
Pancreata were extracted and incubated in a 37 °C water bath for ~12 min in HBSS/
Liberase RI solution. Pancreatic tissue was disrupted by vigorous shaking for 10 s
and washed twice with HBSS containing 0.1 mg/mL DNase I and 10% heat inactive
fetal bovine serum (FBS, Invitrogen). Islets were handpicked twice from exocrine
tissue. For glucose-stimulated insulin and proinsulin assays, ten islets were size-
matched and handpicked to a 96-well plate and incubated in Krebs–Ringer
bicarbonate (KRB)-HEPES buffer (10 mM HEPES, pH 7.35, 140 mM NaCl,
3.6 mM KCl, 0.5 mM NaH2PO4, 0.5 mM MgSO4, 1.5 mM CaCl2, 2 mM NaHCO3,
0.1% bovine serum albumin (BSA), 2.5 mM glucose) for 1 h at 37 °C. Triplicate
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assays were performed for each mouse. Islets were then treated with 16.7 mM
glucose for an additional 1 h at 37 °C. Islets were sonicated in 1 mL HBSS at settling
4 with 10 × 1 s bursts (Brinkmann Sonic Dismembrator, Fisher Scientific) and
lysates used for insulin and proinsulin quantitation.

For iron and DFO experiments, freshly isolated islets were assessed for insulin
and proinsulin secretion in KRB–HEPES buffer containing 2.5 mM glucose, as
described above. Islets were then cultured overnight in RPMI-1640 medium
supplemented with 10% fetal calf serum, 10 mM HEPES, 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.05% β-mercaptoethanol (β-ME), and 5% gentamicin along with
DFO (50 µM) or FAC (50 µg/mL) at 37 °C with 5% CO2. Islets were washed and
then incubated in KRB–HEPES buffer supplemented with 16.7 mM glucose for an
additional 1 h at 37 °C. Supernatants were collected and islets sonicated as
described above.

For glucose-stimulated insulin and proinsulin secretion assays in EV and shIrp2
expressing INS-1 832/13 cells, ~0.05 × 106 cells were plated onto a 24-well plate and
grown to 100% confluency. The standard culture medium containing 11 mM
glucose was changed to medium containing 5 mM glucose 18 h before performing
secretion assays62. Cells were washed and preincubated for 2 h in HBSS (20 mM
HEPES, pH 7.2 with 114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.16 mM
MgSO4, 2.5 mM CaCl2, 25.5 mM NaHCO3 and 0.2% BSA). Insulin and proinsulin
secretion were measured by static incubation in 0.8 mL of HBSS containing 5 mM
or 15 mM glucose for a 2 h-period. For all experiments, insulin and proinsulin
secretion and content were assayed by the Mouse Insulin ELISA and the Rat-
Mouse Proinsulin ELISA, respectively, and normalized to total lysate protein using
Coomassie Plus Protein Assay Reagent.

Generation of stable Irp2-deficient insulinoma cell lines. The rat insulinoma
INS-1 832/13 cell line was kindly provided by Dr. Chris Newgard (Duke Uni-
versity). Cells were cultured in the RPMI-1640 medium supplemented with 10%
fetal calf serum, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.05
β-ME and 5.0 µg/mL puromycin, and grown at 37 °C with 5% CO2, as described62.
For Irp2 depletion by short-hairpin RNA (shIrp2 RNA), INS-1 832/13 cells were
stably transduced with empty vector (EV) (pLentiLox3.7puro) or shIrp2 RNA
(pLentiLox3.7puro::IRP2-4)63 kindly provided by Dr. Othon Iliopoulos (Massa-
chusetts General Hospital Cancer Center). The sequences for shIrp2 RNAs are:

Irp2-forward: 5′-TGGATTCTGGGGTGGGGGGTCTCTTCACCCCCCAC
CCCAGAATCCTTTTTTC-3′

Irp2-reverse: 5′-TCGAGAAAAAAGGATTCTGGGGTGGGGGGTGAAGAG
ACCCCCCACCCCAGAATCCA-3′

For CRISPR/Cas9-targeted depletion of Irp2, two distinct short guide RNAs
(sgRNAs) against rat Irp2 E3-S7 (sgIrp2.1) and E5-S14 (sgIrp2.2) were obtained
from the Mutation Generation and Detection Core (University of Utah) and used
to generate sense and antisense oligonucleotides containing 5′-CACC and 3′-
CAAA overhangs, respectively. The sgRNAs were annealed and ligated into
CRISPR-Cas9 vector pSpCas9(BB)-2A- Puro (PX459) V2.0 provided by Feng
Zhang (Addgene plasmid # 62988)64. Irp2 sgRNA sequences are:

sgIrp2.1-forward: 5′-GCTTGAAGAACAACACGGGCG-3′
sgIrp2.1-reverse: 5′-CGAACTTCTTGTTGTGCCCGC-3′
sgIrp2.2-forward: 5′-GCGAGGCCAGACTACCTGCCG-3′
sgIrp2.2-reverse: 5′-CGCTCCGGTCTGATGGACGGC-3′.
INS-1 832/13 cells were grown to 70–90% confluency in complete RPMI-

1640 medium on 60-mm tissue culture plates. Cells were thoroughly washed
with 1× Dulbecco’s phosphate-buffered saline (DPBS, ThermoFisher cat#
14190250) and transfected with 20 µg of sgIrp2.1 or sgIrp2.2 plasmid constructs
containing puromycin resistance using Lipofectamine 2000 (ThermoFisher, cat#
11668027). Transfected cells were selected 48 h later with 5 µg/mL puromycin
dihydrochloride. Puromycin resistant cells were assayed for loss of Irp2 by
western blot analysis.

Western blot analysis. Isolated islets (100–150) were lysed in Triton Lysis Buffer
(10 mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM EDTA, 1% Triton X-100, 1 mM
DTT, and Halt Protease & Phosphatase Inhibitor Cocktail (ThermoFisher, cat
#78446) using a micro-dounce. Lysates were cleared by centrifugation, and protein
concentration was determined using Coomassie Plus Protein Assay Reagent. Islet
lysates were boiled in lithium dodecyl sulfate (LDS) sample buffer (Invitrogen)
containing 2.5% β-ME and analyzed by NuPAGETM4–12% Bis-Tris gels (Invi-
trogen) with MES SDS-running buffer. INS-1 832/13 cells expressing EV,
shIrp2, sgIrp2.1, or sgIrp2.2 were treated with ferric ammonium citrate FAC
(10–50 µg/mL) or the iron chelator desferrioxamine (50 µM) for 18 h, and lysed in
Triton Lysis Buffer and cell lysates (15–30 µg protein) were analysis by 4–12% Bis-
Tris gels. Proteins were transferred to a Hybond-ECL nitrocellulose membrane
(Amersham) and probed with the following antibodies: chicken anti-Irp1 poly-
clonal antibody (PAb) (1:5000)65; rabbit anti-Irp2 PAb antibody (1:2000)65; rabbit
anti-ferritin PAb (UT106, custom made Covance, 1:3000); mouse TfR1 mono-
clonal antibody H68.4 MAb (ThermoFisher, cat# 16-6800, 1:1000); rabbit Cdkal1
PAb (ThermoFisher, cat# PA5-29077, 1:1000); rabbit PC1/3 (Pcsk1) PAb (Milli-
pore, cat# AB10553, 1:1000); mouse chromogranin A SP12 MAb (ThermoFisher
cat# MA5-14536); mouse eIF-2α MAb (ThermoFisher, cat# AHO0802, 1:2000);
rabbit phospho-eIF2α Ser52 PAb (ThermoFisher, cat# 44-728 G, 1:500); rabbit BiP/
Grp78 PAb (ThermoFisher, cat# PA1-014A, 1:2000); mouse β-actin MAb

(ThermoFisher, cat# 8H10D10, 1:2000); and mouse GAPDH MAb (ThermoFisher,
cat# MA5-15738, 1:2000). Horseradish peroxidase-conjugated secondary anti-
bodies were bound, and proteins were visualized using Western Lighting Chemi-
luminescence Reagent Plus (PerkinElmer Life Sciences). Membranes were stripped
for 10 min at 65 °C in stripping buffer (62.5 mM Tris-HCl, pH 6.8, 100 mM β-ME
and 2% SDS) or for 5–15 min at 37 °C in RestoreTM PLUS Western Blot Stripping
Buffer (ThermoFisher, cat# 46430). Uncropped and unprocessed scans are located
in the Source Data file.

RNA-electrophoretic mobility shift assays. RNA-EMSAs were performed by
incubating whole-cell lysates (15 µg) with a [32P]GTP-labeled ferritin L-IRE probe
in 10 mM HEPES, pH 7.6, 3 mM MgCl2, 40 mM KCl, 5% glycerol, 1 mM DTT for
20 min at room temperature66. Heparin (Sigma) (50 µg/µl) and RNase T1 (Roche)
(1 U/µl) were added simultaneously to the lysates for 10 min. Irp1- and Irp2-RNA
complexes were resolved by 5% non-denaturing PAGE (acrylamide:methylene
bisacrylamide ratio, 60:1), and the dried gel exposed to a PhosphorImager screen
for analysis.

Tissue metal content measurement. Metal content was determined by digesting
20–30 mg of pancreas or liver or 100–200 isolated islets in 40% metal-free nitric
acid at 95 °C. Samples were diluted in water and analyzed by PerkinElmer Optima
3100XL inductively coupled plasma optical emission spectrometer (ICP- OES) for
islets and Agilent 7900-ICP (inductively coupled plasma mass spectrometer (ICP-
MS)) for liver and pancreas. Metal concentrations were corrected for dilution and
normalized to the total protein or number of islets. Iron content in shIrp2, sgIrp2.1,
sgIrp2.2, and control INS-1 832/13 cell lines was determined by ICP-MS. Iron
content was normalized to total protein.

Immunohistochemistry and immunofluorescence. Pancreata were fixed with 4%
buffered formalin immediately after dissection and embedded in paraffin. Pancreas
sections (5 µm) were rehydrated with xylene followed by decreasing concentrations
of ethanol, and antigen retrieval was performed using Target Retrieval Solution
(Dako, cat# S1699) at 90 °C for 30 min followed by cooling at room temperature for
20 min. Sections were incubated in blocking solution (5% donkey serum, 1% BSA)
for 1 h at room temperature and then stained with guinea pig anti-insulin PAb
(Dako, cat# A0564, 1:200) for 16 h. Sections were washed in PBS and incubated
with Peroxidase AffiniPure Donkey anti-guinea pig IgG secondary antibody
(Jackson ImmunoResearch, cat# C706-035-48, 1:500) for 1 h and visualized using
by 3’3’-diaminobenzidine (DAB). For islet morphometric analysis, sections were
taken at 120 um intervals. Images (4×) spanning the entire pancreas were acquired
using a Nikon Widefield CCD/Spinning Disk microscope that automatically stit-
ched images together to generate a compound image. Image J software was used to
quantify islet area and the fraction of insulin-stained tissue area in four sections per
pancreas for 2.5-, 7.5-, and 18-month-old mice (n= 3–6 mice per genotype). Five
cell clusters were considered to be an islet. β-cell mass was calculated by multi-
plying the fraction of insulin-stained tissue area by pancreas weight. Hematoxylin
and eosin (H&E) staining of paraffin-embedded pancreatic sections was performed
by the Huntsman Cancer Biorepository and Molecular Pathology Shared Resource
(University of Utah).

For double-immunofluorescence studies, pancreas sections were deparaffinzed
and antigen retrieval was performed as described above. Sections were incubated in
TBST blocking solution (Tris-buffered saline containing 0.1% Tween) containing
1% BSA for 1 h at room temperature and then incubated with the following
antibodies in TBST at 4 °C for 16 h: rabbit anti-ferritin PAb (UT106, 1:100), mouse
anti-TfR1 MAb (H68.4, ThermoFisher, cat# 13-6800, 1:250), rabbit anti-Glut2 PAb
(Millipore, cat# 07-1402, 1:200). Sections were washed in TBST, costained with
guinea pig anti-insulin PAb (Dako, cat# A0564, 1:200) for 1 h, washed in PBS and
incubated with secondary antibodies Alexa FluorTM 546 goat anti-guinea pig
(ThermoFisher, A-11074, 10 µg/ml) along with Alexa FluorTM 488 goat anti-rabbit
(ThermoFisher, cat# A-11034, 10 µg/ml) or Alexa FluorTM 488 goat anti-mouse
(ThermoFisher, A-11001, 10 µg/ml) in TBST plus 1% BSA for 1 h at room
temperature. Images were acquired using an Olympus FV1000 confocal
microscope at the same time using identical camera settings.

Quantitative real-time RT-PCR (qPCR). The total RNA was extracted from islets
isolated from 39–49-week-old WT and Irp2−/− mice using TRIzol reagent (Invi-
trogen). cDNA synthesis was performed with total RNA (0.5–1 µg) using Super-
Script III First-Strand synthesis SuperMix for qPCR (Invitrogen). qPCR was
performed on an ABI Prism 7900HT Sequence Detection System using TaqMan
master mix and TaqMan Gene Expression Assays: Ins1 Mm01259683_g1; Ins2
Mm00731595_gH; Fthl1 Mm00850707_g1; Ftl1 Mm03030144_g1 and Tfrc
Mm00441947_g1 (ThermoFisher). The ΔΔCT method was used to determine
mRNA-fold change. All experiments were performed using 5–6 mice per genotype
with duplicate technical replicates, and fold changes were normalized to actb levels.

Enzyme activity and ATP measurements. Complex I and IV activities were
measured in INS-1 832/13 cell extracts using Complex I Enzyme Activity Dipstick
Assay Kit (Abcam, cat# ab109720) and Complex IV Rodent Enzyme Microplate
Assay Kit (Abcam, cat# ab109911) following the manufacturer’s protocols. Whole-
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cell extracts (25 µg for Complex I assay and 50 µg for Complex IV assay) were used.
Aconitase activity was measured in INS-1 832/13 cells enriched mitochondrial and
cytosolic extracts (Mitochondria Isolation Kit for Cultured Cells, ThermoFisher,
cat# 89874) using the Aconitase Enzyme Activity Microplate Assay Kit assay
(Abcam, cat# 109712). Cell lysates (n= 4 independent biological experiments)
were stored at −80 °C and then assayed together. For measurement of intracellular
ATP, INS-1 832/13 cells were preincubated in HBSS (secretion buffer) with 2.5 mM
glucose for 30 min at 37 °C. Cells were then incubated with 5 mM glucose or with
16.7 mM glucose for 1 h. ATP content was measured in triplicate samples using the
ATP Determination Kit (Molecular Probes, cat# A22066) and normalized to total
cellular protein. For enzyme activity and ATP assays, cells were treated with FAC
(10 µg/mL) for 18 h before performing the assay.

Mass spectrometric analysis of the ms2t6A modification. All chemicals and
reagents used were obtained at the highest purity available and were used without
further purification unless stated. Benzonase, calf intestinal alkaline phosphatase,
butylated hydroxytoluene, acetonitrile, and buffer salts were purchased from
Sigma-Aldrich. Coformycin was obtained from the National Cancer Institute.
Phosphodiesterase I was purchased from (Worthington cat# LS003926). Water
purified through a Milli-Q system (Millipore) was used throughout our studies.
VWR-brand 10 kDa MWCO centrifugal filters were used for digestion clean up.
Small RNA isolation: RNA was isolated from parental, sgIrp2.1, and sgIrp2.2 INS-1
832/13 cells (4 × 106 cells) grown for 18 h in medium with or without supple-
mented FAC (10 µg/mL). RNA isolation was performed using miRNA Pure Link
kit according to the manufacturer’s instructions (ThermoFisher, cat# K157001).
RNA was resuspended in RNASE/DNASE-free water, and TapeStation was used to
determine RNA quality and concentration. Nucleoside preparation: Small RNA
(1–2 µg) from each sample was digested using a mixture of Benzonase (0.075 U),
phosphodiesterase I (0.001 U), and calf intestinal alkaline phosphatase (0.17 U) in a
final reaction volume of 50 µl. The reaction was supplemented with MgCl2 at a final
concentration of 5 mM. Coformycin (NCI), a nucleobase deaminase inhibitor, was
added at a concentration of 1 µg/mL, and butylated hydroxytoluene (an anti-
oxidant) was included at a concentration of 0.3 mM. The digestion was allowed to
proceed for 2 h at 37 °C, and was stopped upon removal of the enzymes by
microfiltration with 10 kDa spin filters. LC-MS analysis of RNA nucleosides:
Ribonucleosides were resolved using a Synergy Fusion RP (2.5 µm, 100 Å, 100 × 2
mm) HPLC column (Phenomenex), on an Agilent 1290 HPLC system equipped
with a diode array detector. Mobile phase A was 5 mM ammonium acetate, and
mobile phase B was pure acetonitrile. Gradient elution started with 100% A for 1
min, increased to 10% B after 10 min, 40% after 14 min, 80% after 20 min and
regeneration of starting conditions with 100% A for 5 additional min. The flow rate
was 0.35 mL/min, and the column temperature 35 °C. The effluent from the col-
umn was directed through the DAD before entering the Agilent 6490 triple
quadrupole mass spectrometer in dynamic multiple reaction monitoring (MRM)
mode. The MS was operated in positive ion mode with the following parameters:
electro-spray ionization (ESI-MS), fragmentor voltage 380 V, cell accelerator vol-
tage 7 V, N2-gas temperature 250 °C, N2 gas flow 11 L/min, nebulizer 20 psi,
capillary 1800 V. Modified nucleosides were identified based on having both the
correct retention time and mass transition. Under our chromatography conditions,
ms2t6A eluted at 12.5 min with a mass transition of m/z 459→ 327, corresponding
to the neutral loss of ribose. Data analysis: In each sample, the MS peak areas for
the four canonical ribonucleosides (cytidine, uridine, guanosine, and adenosine)
were integrated and summed. Peaks corresponding to the transitions for modified
nucleosides were normalized to the summed peak areas of the canonical nucleo-
sides to account for the amount of injected RNA. The adjusted peak areas of the
knockout and iron-supplemented samples were then calculated as a percentage of
the INS-1 832/13 control sample.

Metabolic 14C-lysine and 3H-leucine labeling. Parental control, sgIrp2.1, and
sgIrp2.2 INS-1 832/13 cells were grown to 90% confluence in medium with or
without supplemented FAC (10 µg/mL) for 18 h. Cells were then incubated with
KRB containing 0.1% BSA and 2.8 mM glucose for 30 min at 37 °C. The buffer was
replaced with KRB containing 0.1% BSA and 16.7 mM glucose along with 10 µl of
L-[14 C(U)-lysine (1 μCi/reaction) (PerkinElmer, cat# NEC280E050UC) and 10 µl
of L-[3,4,5-3 H(N)-leucine (10 μCi/reaction) (PerkinElmer, cat# NET460250UC)
and incubated at 37 °C for 1 h. Cells were washed twice with PBS and then lysed in
T-PERTM Tissue Protein Extraction Reagent (ThermoFisher, cat# 78510). Protein
content was measured by the Coomassie Plus Protein Assay Reagent, and 500 µg of
protein from each sample was incubated with DynabeadsTM Protein A (Thermo-
Fisher, cat# 10001D) previously loaded with 5 µl proinsulin/insulin LB610 MAb
(Cell Signaling, cat# 8138). The beads were washed, and proinsulin was released
from the beads with 20 µl of elution buffer (50 mM glycine pH 2.8) plus 10 µl of
LDS sample buffer by heating the samples at 70 °C for 10 min. The samples were
diluted 1:1000 (5 µl/5000 µl) in scintillation fluid, and radioactivity measured in
triplicate. The results are expressed as relative incorporation of 14C-lysine versus
3H-leucine in proinsulin.

Statistical analysis. All experiments were performed using at least three inde-
pendent biological replicates that reflect different sources of material. Data are

expressed as means ± standard error (s.e.m.). For two group comparison, an
unpaired two-tailed Student’s t test was used. For multiple group comparisons,
one-way ANOVA was used followed by Tukey’s multiple comparison test. For all
hypotheses, the significance level was p < 0.05. Statistical analyses were performed
using GraphPad Prism 7.0, 7.04 and 8.30, and Excel 2013.

Data availability
The source data underlying Figs. 1a–g, 2a–e, 3a–n, 4a,b,e, 5a–i, 6a, c–i, 7a–h, 8b–f, and
Table 1 and unprocessed gel scans are provided as a Source Data file. All other data
supporting the findings of this study are available from the corresponding author upon
reasonable request.

Received: 3 December 2018; Accepted: 6 December 2019;

References
1. Rajpathak, S. N. et al. The role of iron in type 2 diabetes in humans. Biochim.

Biophys. Acta 1790, 671–681 (2009).
2. Simcox, J. A. & McClain, D. A. Iron and diabetes risk. Cell Metab. 17, 329–341

(2013).
3. Backe, M. B., Moen, I. W., Ellervik, C., Hansen, J. B. & Mandrup-Poulsen, T.

Iron regulation of pancreatic beta-cell functions and oxidative stress. Annu.
Rev. Nutr. 36, 241–273 (2016).

4. Hansen, J. B. et al. Divalent metal transporter 1 regulates iron-mediated ROS
and pancreatic beta cell fate in response to cytokines. Cell Metab. 16, 449–461
(2012).

5. Cooksey, R. C. et al. Oxidative stress, beta-cell apoptosis, and decreased insulin
secretory capacity in mouse models of hemochromatosis. Endocrinology 145,
5305–5312 (2004).

6. Ristow, M. et al. Frataxin deficiency in pancreatic islets causes diabetes due to
loss of beta cell mass. J. Clin. Invest. 112, 527–534 (2003).

7. Braymer, J. J. & Lill, R. Iron-sulfur cluster biogenesis and trafficking in
mitochondria. J. Biol. Chem. 292, 12754–12763 (2017).

8. Netz, D. J., Mascarenhas, J., Stehling, O., Pierik, A. J. & Lill, R. Maturation of
cytosolic and nuclear iron-sulfur proteins. Trends Cell Biol. 24, 303–312
(2014).

9. Rouault, T. A. Mammalian iron-sulphur proteins: novel insights into
biogenesis and function. Nat. Rev. Mol. Cell Biol. 16, 45–55 (2015).

10. Rouault, T. A. The role of iron regulatory proteins in mammalian iron
homeostasis and disease. Nat. Chem. Biol. 2, 406–414 (2006).

11. Hentze, M. W., Muckenthaler, M. U., Galy, B. & Camaschella, C. Two to
tango: regulation of Mammalian iron metabolism. Cell 142, 24–38 (2010).

12. Anderson, C. P., Shen, M., Eisenstein, R. S. & Leibold, E. A. Mammalian iron
metabolism and its control by iron regulatory proteins. Biochim. Biophys. Acta
1823, 1468–1483 (2012).

13. Vashisht, A. A. et al. Control of iron homeostasis by an iron-regulated
ubiquitin ligase. Science 326, 718–721 (2009).

14. Salahudeen, A. A. et al. An E3 ligase possessing an iron-responsive
hemerythrin domain is a regulator of iron homeostasis. Science 326, 722–726
(2009).

15. Cooperman, S. S. et al. Microcytic anemia, erythropoietic protoporphyria, and
neurodegeneration in mice with targeted deletion of iron-regulatory protein 2.
Blood 106, 1084–1091 (2005).

16. Galy, B. et al. Altered body iron distribution and microcytosis in
mice deficient in iron regulatory protein 2 (IRP2). Blood 106, 2580–2589
(2005).

17. Zumbrennen-Bullough, K. B. et al. Abnormal brain iron metabolism in Irp2
deficient mice is associated with mild neurological and behavioral
impairments. PLoS ONE 9, e98072 (2014).

18. Jeong, S. Y. et al. Iron insufficiency compromises motor neurons and their
mitochondrial function in Irp2-null mice. PLoS ONE 6, e25404 (2011).

19. Arragain, S. et al. Identification of eukaryotic and prokaryotic
methylthiotransferase for biosynthesis of 2-methylthio-N6-
threonylcarbamoyladenosine in tRNA. J. Biol. Chem. 285, 28425–28433
(2010).

20. Wei, F. Y. et al. Deficit of tRNA(Lys) modification by Cdkal1 causes the
development of type 2 diabetes in mice. J. Clin. Invest. 121, 3598–3608 (2011).

21. Steinthorsdottir, V. et al. A variant in CDKAL1 influences insulin response
and risk of type 2 diabetes. Nat. Genet. 39, 770–775 (2007).

22. Diabetes Genetics Initiative of Broad Institute of, H. et al. Genome-wide
association analysis identifies loci for type 2 diabetes and triglyceride levels.
Science 316, 1331–1336 (2007).

23. Scott, L. J. et al. A genome-wide association study of type 2 diabetes in Finns
detects multiple susceptibility variants. Science 316, 1341–1345 (2007).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14004-5

14 NATURE COMMUNICATIONS |          (2020) 11:296 | https://doi.org/10.1038/s41467-019-14004-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


24. Zeggini, E. et al. Replication of genome-wide association signals in UK
samples reveals risk loci for type 2 diabetes. Science 316, 1336–1341 (2007).

25. Galy, B. et al. Iron regulatory proteins secure mitochondrial iron sufficiency
and function. Cell Metab. 12, 194–201 (2010).

26. Arunagiri, A. et al. Misfolded proinsulin in the endoplasmic reticulum during
development of beta cell failure in diabetes. Ann. N. Y Acad. Sci. 1418, 5–19
(2018).

27. Back, S. H. & Kaufman, R. J. Endoplasmic reticulum stress and type 2 diabetes.
Annu. Rev. Biochem. 81, 767–793 (2012).

28. Papa, F. R. Endoplasmic reticulum stress, pancreatic beta-cell degeneration,
and diabetes. Cold Spring Harb. Perspect. Med. 2, a007666 (2012).

29. Brambillasca, S. et al. CDK5 regulatory subunit-associated protein 1-like 1
(CDKAL1) is a tail- anchored protein in the endoplasmic reticulum (ER) of
insulinoma cells. J. Biol. Chem. 287, 41808–41819 (2012).

30. Lill, R., Srinivasan, V. & Muhlenhoff, U. The role of mitochondria in
cytosolic-nuclear iron-sulfur protein biogenesis and in cellular iron regulation.
Curr. Opin. Microbiol. 22C, 111–119 (2014).

31. Koshimizu, H., Kim, T., Cawley, N. X. & Loh, Y. P. Chromogranin A: a new
proposal for trafficking, processing and induction of granule biogenesis. Regul.
Pept. 160, 153–159 (2010).

32. Groenewoud, M. J. et al. Variants of CDKAL1 and IGF2BP2 affect first-phase
insulin secretion during hyperglycaemic clamps. Diabetologia 51, 1659–1663
(2008).

33. Stancakova, A. et al. Single-nucleotide polymorphism rs7754840 of CDKAL1
is associated with impaired insulin secretion in nondiabetic offspring of type 2
diabetic subjects and in a large sample of men with normal glucose tolerance.
J. Clin. Endocrinol. Metab. 93, 1924–1930 (2008).

34. Kirchhoff, K. et al. Polymorphisms in the TCF7L2, CDKAL1 and SLC30A8
genes are associated with impaired proinsulin conversion. Diabetologia 51,
597–601 (2008).

35. Pascoe, L. et al. Common variants of the novel type 2 diabetes genes CDKAL1
and HHEX/IDE are associated with decreased pancreatic beta-cell function.
Diabetes 56, 3101–3104 (2007).

36. Oslowski, C. M. & Urano, F. The binary switch that controls the life and death
decisions of ER stressed beta cells. Curr. Opin. Cell Biol. 23, 207–215 (2011).

37. Muoio, D. M. & Newgard, C. B. Mechanisms of disease: molecular and
metabolic mechanisms of insulin resistance and beta-cell failure in type 2
diabetes. Nat. Rev. Mol. Cell Biol. 9, 193–205 (2008).

38. Ohara-Imaizumi, M. et al. Deletion of CDKAL1 affects mitochondrial ATP
generation and first-phase insulin exocytosis. PLoS ONE 5, e15553 (2010).

39. Gabrielsen, J. S. et al. Adipocyte iron regulates adiponectin and insulin
sensitivity. J. Clin. Invest. 122, 3529–3540 (2012).

40. Gao, Y. et al. Adipocyte iron regulates leptin and food intake. J. Clin. Invest.
125, 3681–3691 (2015).

41. Hussain, M. A., Akalestou, E. & Song, W. J. Inter-organ communication and
regulation of beta cell function. Diabetologia 59, 659–667 (2016).

42. Cantley, J. The control of insulin secretion by adipokines: current evidence for
adipocyte-beta cell endocrine signalling in metabolic homeostasis. Mamm.
Genome 25, 442–454 (2014).

43. Tao, C., Sifuentes, A. & Holland, W. L. Regulation of glucose and lipid
homeostasis by adiponectin: effects on hepatocytes, pancreatic beta cells and
adipocytes. Best. Pract. Res. Clin. Endocrinol. Metab. 28, 43–58 (2014).

44. Take, K. et al. CDK5 regulatory subunit-associated protein 1-like 1 negatively
regulates adipocyte differentiation through activation of Wnt signaling
pathway. Sci. Rep. 7, 7326 (2017).

45. Palmer, C. J. et al. Cdkal1, a type 2 diabetes susceptibility gene, regulates
mitochondrial function in adipose tissue. Mol. Metab. 6, 1212–1225 (2017).

46. Takesue, Y. et al. Regulation of growth hormone biosynthesis by Cdk5
regulatory subunit associated protein 1-like 1 (CDKAL1) in pituitary
adenomas. Endocr. J. 66, 807–816 (2019).

47. Zhou, Y. et al. Iron regulatory protein 2 deficiency may correlate with insulin
resistance. Biochem. Biophys. Res. Commun. 510, 191–197 (2019).

48. Larrick, J. W. & Hyman, E. S. Acquired iron-deficiency anemia caused by an
antibody against the transferrin receptor. N. Engl. J. Med. 311, 214–218
(1984).

49. Hyman, E. S. Acquired iron-deficiency anaemia due to impaired iron
transport. Lancet 1, 91–95 (1983).

50. Rhodes, C. J. et al. Iron deficiency and raised hepcidin in idiopathic
pulmonary arterial hypertension: clinical prevalence, outcomes, and
mechanistic insights. J. Am. Coll. Cardiol. 58, 300–309 (2011).

51. Ruiter, G. et al. Iron deficiency is common in idiopathic pulmonary arterial
hypertension. Eur. Respir. J. 37, 1386–1391 (2011).

52. van Empel, V. P., Lee, J., Williams, T. J. & Kaye, D. M. Iron deficiency in
patients with idiopathic pulmonary arterial hypertension. Heart Lung Circ. 23,
287–292 (2014).

53. von Haehling, S., Jankowska, E. A., van Veldhuisen, D. J., Ponikowski, P. &
Anker, S. D. Iron deficiency and cardiovascular disease. Nat. Rev. Cardiol. 12,
659–669 (2015).

54. Visanji, N. P. et al. Iron deficiency in parkinsonism: region-specific iron
dysregulation in Parkinson’s disease and multiple system atrophy. J.
Parkinsons Dis. 3, 523–537 (2013).

55. Cotroneo, E. et al. Iron homeostasis and pulmonary hypertension: iron
deficiency leads to pulmonary vascular remodeling in the rat. Circ. Res. 116,
1680–1690 (2015).

56. Matak, P. et al. Disrupted iron homeostasis causes dopaminergic
neurodegeneration in mice. Proc. Natl Acad. Sci. USA 113, 3428–3435
(2016).

57. Cooper, M. S., Stark, Z., Lunke, S., Zhao, T. & Amor, D. J. IREB2-associated
neurodegeneration. Brain 142, e40 (2019).

58. Costain, G. et al. Absence of iron-responsive element-binding protein
2 causes a novel neurodegenerative syndrome. Brain 142, 1195–1202
(2019).

59. Galy, B., Ferring-Appel, D., Kaden, S., Grone, H. J. & Hentze, M. W.
Iron regulatory proteins are essential for intestinal function and control
key iron absorption molecules in the duodenum. Cell Metab. 7, 79–85
(2008).

60. Neschen, S. et al. Prevention of hepatic steatosis and hepatic insulin resistance
in mitochondrial acyl- CoA:glycerol-sn-3-phosphate acyltransferase 1
knockout mice. Cell Metab. 2, 55–65 (2005).

61. Neschen, S. et al. n-3 Fatty acids preserve insulin sensitivity in vivo in a
peroxisome proliferator- activated receptor-alpha-dependent manner.
Diabetes 56, 1034–1041 (2007).

62. Hohmeier, H. E. et al. Isolation of INS-1-derived cell lines with robust ATP-
sensitive K+ channel- dependent and -independent glucose-stimulated insulin
secretion. Diabetes 49, 424–430 (2000).

63. Zimmer, M. et al. Small-molecule inhibitors of HIF-2a translation link its
5’UTR iron-responsive element to oxygen sensing. Mol. Cell 32, 838–848
(2008).

64. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 8, 2281–2308 (2013).

65. Guo, B., Yu, Y. & Leibold, E. A. Iron regulates cytoplasmic levels of a novel
iron-responsive element- binding protein without aconitase activity. J. Biol.
Chem. 269, 24252–24260 (1994).

66. Leibold, E. A. & Munro, H. N. Cytoplasmic protein binds in vitro to a highly
conserved sequence in the 5’ untranslated region of ferritin heavy- and light-
subunit mRNAs. Proc. Natl Acad. Sci. USA 85, 2171–2175 (1988).

67. Beaumont, C., Torti, S. V., Torti, F. M. & Massover, W. H. Novel properties of
L-type polypeptide subunits in mouse ferritin molecules. J. Biol. Chem. 271,
7923–7926 (1996).

68. Vendeix, F. A. et al. Human tRNA(Lys3)(UUU) is pre-structured by natural
modifications for cognate and wobble codon binding through keto-enol
tautomerism. J. Mol. Biol. 416, 467–485 (2012).

Acknowledgements
This work was supported by National Institute of Health (NIH) grants R01GM045201
and R01DK107712, and University of Utah SEED grant (to E.A.L.); NIH grants
R01GM070641, R01ES026856, R01ES024615 (to P.C.D.); the National Research
Foundation of Singapore through the Singapore-MIT Alliance for Research and
Technology (to. P.C.D.); and SMA3 Programme Fellowship (to W.M.C.); Hematology
Training Program grant T32DK007115 (to C.P.A. and K.B.Z.); NIEHS Toxicology
Training grant T32ES007020 (to J.H.); and American Diabetes Association Minority
Postdoctoral Fellowship Award 1-18-PMF-020 (to M.C.F.S.). This work was sup-
ported by NIDDK Cooperative Hematology Specialized Core Center grant
1U54DK110858, specifically the Mutation Generation and Detection Core and
Iron and Heme Core; by the German Federal Ministry of Education and Research
Infrafrontier grant 01KX1012 (to M.H.A) and the German Center for Diabetes
Research (D.Z.D.). The analysis of t6A and ms2t6A was performed in part in the
Bioanalytical Core Facility of the MIT Center for Environmental Health Sciences,
which is supported by NIH grant P30ES002109. We thank Ms. Diana Lim for figure
preparation.

Author contributions
Conceived the experiments and wrote the paper: E.A.L., M.C.F.S., C.P.A., S.N., K.B.Z.,
and P.C.D. Supervised the study at the GMC: V.G., H.F., E.W., J.R. and M.H.A. Per-
formed experiments: E.A.L., M.C.F.S., C.P.A., S.N., K.B.Z., S.J.R., M.K.S., B.R., J.R.,
W.M.C., M.R. and J.H. Analyzed the data: E.A.L., M.C.F.S., C.P.A., S.N., K.B.Z., S.J.R.,
B.R., J.R., W.M.C., J.H. and P.C.D. Writing, reviewing, and editing: E.A.L., M.C.F.S., S.N.,
K.B.Z., J.H. and P.C.D.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14004-5 ARTICLE

NATURE COMMUNICATIONS |          (2020) 11:296 | https://doi.org/10.1038/s41467-019-14004-5 | www.nature.com/naturecommunications 15

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-14004-5.

Correspondence and requests for materials should be addressed to E.A.L.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-14004-5

16 NATURE COMMUNICATIONS |          (2020) 11:296 | https://doi.org/10.1038/s41467-019-14004-5 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-14004-5
https://doi.org/10.1038/s41467-019-14004-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Irp2 regulates insulin production through iron-mediated Cdkal1-catalyzed tRNA modification
	Results
	Irp2−/− mice develop glucose intolerance
	Insulin secretion is blunted in Irp2−/− mice
	Irp2 deficiency causes proinsulin accumulation in β cells
	Cellular iron homeostasis is dysregulated in Irp2−/− islets
	Iron normalizes insulin secretion in Irp2−/− mice
	Impaired insulin secretion in Irp2-depleted insulinoma cells
	Irp2 deficiency impairs Fe–nobreakS cluster protein function
	The UPR is activated in Irp2-depleted insulinoma cells
	Loss of Irp2 impairs proinsulin translation

	Discussion
	Methods
	Animals
	Animal iron treatment
	Preparations for glucose clamp experiments
	Hyperglycemic clamp
	Euglycemic-hyperinsulinemic clamp
	Hematology and clinical chemistry
	Glucose and insulin tolerance tests
	Insulin and proinsulin measurements
	Islet isolation and insulin and proinsulin secretion assays
	Generation of stable Irp2-deficient insulinoma cell lines
	Western blot analysis
	RNA-electrophoretic mobility shift assays
	Tissue metal content measurement
	Immunohistochemistry and immunofluorescence
	Quantitative real-time RT-PCR (qPCR)
	Enzyme activity and ATP measurements
	Mass spectrometric analysis of the ms2t6A modification
	Metabolic 14C-lysine and 3H-leucine labeling
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




