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Abstract

Aims: Insulin resistance is a hallmark of obesity and type 2 diabetes. Reactive oxygen species (ROS) have been
proposed to play a causal role in insulin resistance. However, evidence linking ROS to insulin resistance in
disease settings has been scant. Since both oxidative stress and diabetes have been observed in patients with the
Fanconi anemia (FA), we sought to investigate the link between ROS and insulin resistance in this unique disease
model. Results: Mice deficient for the Fanconi anemia complementation group A (Fanca) or Fanconi anemia
complementation group C (Fancc) gene seem to be diabetes-prone, as manifested by significant hyperglycemia
and hyperinsulinemia, and rapid weight gain when fed with a high-fat diet. These phenotypic features of insulin
resistance are characterized by two critical events in insulin signaling: a reduction in tyrosine phosphorylation of
the insulin receptor (IR) and an increase in inhibitory serine phosphorylation of the IR substrate-1 in the liver,
muscle, and fat tissues from the insulin-challenged FA mice. High levels of ROS, spontaneously accumulated or
generated by tumor necrosis factor alpha in these insulin-sensitive tissues of FA mice, were shown to underlie
the FA insulin resistance. Treatment of FA mice with the natural anti-oxidant Quercetin restores IR signaling and
ameliorates the diabetes- and obesity-prone phenotypes. Finally, pairwise screen identifies protein-tyrosine
phosphatase (PTP)-o and stress kinase double-stranded RNA-dependent protein kinase (PKR) that mediate the
ROS effect on FA insulin resistance. Innovation: These findings establish a pathogenic and mechanistic link
between ROS and insulin resistance in a unique human disease setting. Conclusion: ROS accumulation con-
tributes to the insulin resistance in FA deficiency by targeting both PTP-a and PKR. Antioxid. Redox Signal. 17,
1083-1098.

Introduction .
Innovation

The article presents biochemical and genetic evidence
that links reactive oxygen species (ROS) to insulin resis-
tance and obesity. Clinical data show that diabetes and
other abnormalities of glucose metabolism are common
among children and adolescents with the Fanconi anemia,
but the underlying molecular etiology of the diabetes is not
known. This study employs both cell-based and genetic
models that establish a pathogenic and mechanistic link
between ROS and insulin resistance in a unique human
disease setting and, thus, highlights the fact that studying
rare disorders can elucidate important new clinical and
biological principles. In addition, our pairwise screen has
identified factors that mediate the ROS effect on Fanconi
insulin resistance, thus giving us a hope for applying these
findings to clinical interventions.

FANCONI ANEMIA (FA) is a genetic disorder that is associ-
ated with bone marrow failure, developmental defects,
and an extremely high disposition to leukemia and other
cancers(4, 20). Fifteen complementation groups encoded by
the respective FANC genes (A, B, C,D1,D2,E, F,G, L], L, M,
N, O, and P) have been identified thus far (4, 20, 27). Among
them, mutations in the Fanconi anemia complementation
group A (FANCA) and Fanconi anemia complementation
group C (FANCC) genes have been identified in more than
70% of FA patients worldwide (4, 20, 27). One of the clinical
hallmarks of FA is the metabolic disorder, which is manifested
by diabetes and other abnormalities of glucose metabolism
(10, 11, 41). A recent clinical investigation performed at our
Medical Center shows that near half of the FA patients en-
rolled in the study had abnormalities in glucose metabolism
(10). In addition, studies from several other Institutes
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involving more FA patients found that abnormalities of glu-
cose homeostasis were frequent (up to 81% of FA patients)
and included hyperglycemia (impaired glucose tolerance or
diabetes mellitus) and hyperinsulinemia (10, 11, 41). Notably,
the FA female heterozygote is about six times more likely to
develop diabetes than the general population (28, 41).

Studies conducted on FA patients and knockout mice in-
dicate that reactive oxygen species (ROS) levels are increased
in both models (25, 34). Pathological ROS can cause oxidative
stress, which has been considered a critical factor in the
pathogenesis of FA (8, 25, 33, 34). Significantly, recent studies
have shown that the FA proteins play important roles in ox-
idative stress response (OSR) (26, 36, 37). One of the earliest
events in OSR is tyrosine phosphorylation activated by pro-
tein tyrosine kinases (PTKs) (30, 47). Insulin receptor (IR), one
of the PTKs, is phosphorylated by insulin binding and initi-
ates the IR signaling pathway, which plays critical roles
during glucose and lipid metabolism (22, 42, 49). The IR is
activated through phosphorylation at multiple tyrosine resi-
dues of the beta-subunit, which then phosphorylates and re-
cruits different substrate adaptors, including members of the
insulin receptor substrate (IRS) family. Phosphorylated IRS-1
at Tyr302 can display binding sites for several signaling
partners. Among them, PI3K has a major role in insulin
function, mainly via the activation of the AKT/PKB and the
PKCzeta cascades (6, 12, 17, 43). The IR signaling pathway
can be activated or inhibited by ROS. Exposure to oxidants
such as hydrogen peroxide (H,O,) can mimic the insulin effect
and trigger the activation of IR by inducing the phosphory-
lation of the receptor at tyrosine residues 1158/1162/1163
(IRTYTH58/1162/1163) i mytiple cell types, including rat adi-
pocytes, hepatocytes, and human B- and T- lymphocytes (14,
44, 45). On the other hand, high levels of ROS increase the
activity of the c-Jun NH2-terminal kinase (JNK) or double-
stranded RNA-dependent protein kinase (PKR) (6, 29).

Since both oxidative stress and diabetes have been ob-
served in patients with the FA, we sought to investigate the
link between ROS and insulin resistance in this unique disease
model characterized by abnormal ROS accumulation and
dysfunctional OSR (25, 34, 38). The results indicate that FA
mice show phenotypic features of insulin resistance, which
are associated with elevated levels of ROS production in in-
sulin-sensitive tissues of the mice. Treatment of the FA mice
with the natural anti-oxidant Quercetin ameliorates the dia-
betes-prone phenotypes by restoring insulin signaling.

Results

Receptor tyrosine kinases array identifies
defective IR signaling in FA

To identify tyrosine kinases involved in the OSR in FA cells,
we used human phosphor-receptor tyrosine kinase (RTK)
arrays to screen 78 different RTKs for differentially activated
kinases in response to the oxidative stress induced by H,O,
treatment in human lymphoblastic cell lines (LCLs) derived
from a normal donor (HSC93) or an FA patient assigned to the
complementation group C (FA-C; HSC536). We found that
tyrosine phosphorylation of IR was selectively and signifi-
cantly decreased in FA-C cells compared with normal cells
(Fig. 1), suggesting impaired OSR-induced insulin signaling
in FA cells. To demonstrate that the impaired insulin signaling
also occurred in other FA complementation groups, we
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stimulated another pair of LCLs derived from a normal donor
(JY) or an FA-A patient (HSC72) with or without insulin, and
conducted a similar tyrosine kinase array. We were able to
show that IR phosphorylation was also decreased in FA-A
cells (Supplementary Fig. S1; Supplementary Data are avail-
able online at www. liebertonline.com/ars). To confirm the
array results, we analyzed the tyrosine phosphorylation of IR
in normal, FA-A, and FA-C cells. Again, we observed de-
creased IR tyrosine phosphorylation in FA cells, suggesting
that FA deficiency impairs insulin signaling (Fig. 1E).

FA mice show diabetes-prone

Insulin signaling is critical for the regulation of glucose
levels and the avoidance of diabetes mellitus; whereas de-
fective insulin signaling may cause insulin resistance, leading
to multiple diseases, including type 2 diabetes (T2D) and
obesity (23, 46). Since cells from FA patients show impaired
insulin signaling, we hypothesized that the diabetes-prone
phenotypes observed in FA patients are due to insulin resis-
tance. We, thus, sought to address the consequence of FA
deficiency on insulin-regulated glucose metabolism using two
FA knockout mouse models: Fanca™/~ and Fancc™/~. We
observed higher fasting blood glucose, albeit not statistically
significant, in both Fanca™’~ and Fance™’~ mice compared
with wild-type (WT) littermates (Fig. 2A). We also measured
whole-body sensitivity to glucose or insulin in response to
glucose/insulin challenge using the standard intraperitoneal
(IP) glucose tolerance test (GTT) or insulin tolerance test (ITT).
Glucose challenge induced a significant increase in whole-
blood glucose in Fanca™/~ or Fancc™/~ mice compared with
WT littermates (Fig. 2B). Similarly, persistent higher blood
glucose levels were observed in Fanca™/~ or Fancc™/~ mice
than in WT mice 30 min after an insulin injection (Fig. 2C). We
also measured the serum levels of insulin in glucose-injected
animals. Despite basal insulin levels being comparable be-
tween WT and FA mice, acute insulin release as measured at
5min in response to glucose was increased by approximately
twofold inboth Fanca~/~ and Fancc ™/~ mice when compared
with their WT littermates (Fig. 2D). In addition, the fasting
plasma insulin levels in Fanca™/~ and Fancc™/~ mice were
nearly twice higher than those of WT mice (Fig. 2E). These
results suggest the presence of insulin resistance in FA mice.

These results suggest that both Fanca™/~ and Fancc™’~
mice suffer from glucose intolerance and insulin resistance.

FA mice show obesity-prone

Since impaired insulin signaling is a key contributor to the
pathogenesis of obesity (18), we next examined whether FA
mice were susceptible to high-fat diet (HFD)-induced obesity.
Both Fanca™/~ and Fancc™/~ mice were smaller than WT
mice either at the embryonic stage (Fig. 3A) or at birth (Fig.
3B). Although there was no significant difference in food and
water intake between genotypes (Supplementary Fig. S2), the
size of the FA mice remained smaller after birth compared
with their WT littermates with the normal chow (Fig. 3C,
Supplementary Fig. S3). Remarkably, FA mice gained weight
much faster than control animals after fed with HFD (Fig. 3D,
E). Further, HFD had a profound effect on glucose/insulin
metabolism, including significantly higher fasting blood glu-
cose level (Fig. 3F) and reduced insulin tolerance (Fig. 3G), in
FA mice compared with WT controls.
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FIG. 1. RTK array identifies de- '
fective IR signaling in FA cells.
(A-D) Human normal lympho-
blastic cell line HSC93 (A, B) and
FA-C patient-derived lymphoblas-
tic cell line HSC536 (C, D) were
treated with (A, C) or without (B, D)
H,O, (0.5mM) for 15min, and
WCEs were subject to RTK array
analysis. Phosphorylation status
was determined by subsequent in-
cubation with biotin-conjugated
anti-phosphotyrosine antibody and
streptavidin-linked horseradish per-
oxidase. Each RTK is spotted in
duplicate, and the positive control
includes six dots of the first layer
and two dots of the last layer. (E)
The indicated cells were treated
with or without H,O, (0.5 mM) or
insulin (10 ug/ml) for 15min.
WCEs were separated by SDS-
PAGE and probed with antibodies
against phospho-IR and IR, and
actin as loading control. FA, Fan-
coni anemia; H;O,, hydrogen
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peroxide; IR, insulin receptor; RTK,
receptor tyrosine kinase; SDS-
PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis;
WCESs, whole-cell extracts.

Biochemical analysis of insulin signaling
in FA deficiency

To elucidate the molecular mechanism by which FA defi-
ciency leads to insulin resistance and diabetes-prone, we ex-
amined insulin signaling in three insulin-responsive tissues,
liver, fat, and skeletal muscle from Fanca™’~ or Fance™/~
mice and their WT littermates. As shown in Figure 4A and B,
the expression level of IR and AKT was comparable between
the genotypes. However, insulin-stimulated phosphorylation
of IR at tyrosine residues 1158/1162 /1163 (IRTYr1158/1162/1163
was attenuated in all three tissues of both Fanca™/~ and
Fancc™/~ mice compared with the WT controls (Fig. 4A, B).
Consistent with this, AKT phosphorylation was also de-
creased in the FA mice (Fig. 4A, B). To verify the insulin-
dependent signaling in a more defined in vitro system, we
isolated beta cells from FA and WT mice, subjected the cells to
insulin challenge, and examined activation of the insulin

pathway by probing the phosphorylation of IR and AKT. As
with the in vivo results just described, insulin-stimulated IR
and AKT was reduced in FA beta cells compared with WT
cells (Supplementary Fig. S4).

We next performed rescue experiments to confirm the role
of FA proteins in insulin signaling. Due to the difficulties
involved in viral transduction using primary insulin sensitive
cells from mice, we used gene-corrected LCLs derived from
an FA-A patient (HSC72) or an FA-C patient (HSC536)
that genetically corrected with or without the human FANCA
or FANCC gene, respectively. Consistent with the results in
FA mice, we observed a marked reduction in the level of
[RTYrH58/1162/1163 * 55 well as tyrosine phosphorylation of
the IRS-1, which activates insulin signaling (14), in insulin-
induced FA LCLs compared with normal (JY) cells (Sup-
plementary Fig. S5). As expected, insulin-stimulated
phosphorylation of AKT was also markedly decreased in FA
LCLs relative to normal controls (Fig. 4C). Correction of the
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FIG. 2. FA mice seem to be diabetes mellitus prone. (A) Whole-blood glucose was measured in mice fasted overnight by
using tail blood (1 =6-8 per genotype). (B, C) After having been fasted, mice (4-5 months old) were given an injection (IP) of
either glucose (1 g/Kg of body weight) (B) or insulin (1.0 U/Kg of body weight) (C), and whole-blood glucose was examined at
the indicated time points by using the Glucometer. The results are shown as the percentage of the initial glucose levels. *p <0.05,
***and p <0.001for Fanca™/~ or Fancc ™/~ mice versus wt mice. (D) Increased acute-phase insulin release in FA mice. Mice were IP
injected with glucose (1 g/kg body weight), and whole blood was collected from tail vein samples at the indicated times for
insulin measurements. (E) Mice were fasted overnight, and whole blood was collected from tail vein samples at the indicated

times for insulin measurements. Values are means = SD (n=4-6). *

p<0.05 versus WT. FANCA, Fanconi anemia complementation

group A; FANCC, Fanconi anemia complementation group C; IP, intraperitoneal; WT, wild-type.

FA-A or FA-C cells with the human FANCA or FANCC gene,
respectively, restored insulin responsiveness to the level
comparable to normal cells (Fig. 4C). Conversely, knock-
down of FANCA or FANCC in two insulin-sensitive cell
lines, the human hepatocellular liver carcinoma cell HepG2

or mouse embryonic fibroblast-adipose like cell 3T3-L1, sig-
nificantly reduced insulin-induced phosphorylation of both
IR and AKT (Fig. 4D, Supplementary Fig. S6). Together, these
rescue and knockdown experiments establish a role of the FA
proteins in insulin signaling.
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FIG. 3. FA mice show a high risk for diabetes induced by a high fat diet. (A) Images of embryos of the indicated
genotypes at E12.5. Genotypes of the embryos were determined by PCR. (B-D) Size comparison between wt (+/+) and FA
(—/—) mice at day one (B) or day 30 (C) after birth, or 4 months after being fed with HFD (D). (E) wt or FA mice were fed
with HFD starting at 7 weeks old, and the weight was examined at the indicated time points. The results are shown as the
original readout (leff) and fold increase from the starting weight (right). *p<0.05 for Fanca™’~ or Fancc™’~ mice versus wt
mice. (F) Mice (8-9 weeks old, n=6-8 per genotype) were fed with HFD for 2 months, fasted overnight, and whole-blood
glucose was measured using tail blood. *p<0.05; **p<0.01 for a comparison between groups of mice fed with HFD for 9
weeks versus before the feeding. (G) HFD-fed mice described in (F) were fasted overnight and given an injection (i.p) of
insulin (1.0 U/Kg), and whole-blood glucose was examined at the indicated time points by using the glucometer. The results
are shown as the original readout. *p<0.05 for Fanca™/~ or Fancc™/~ mice versus wt mice. HFD, high-fat diet. (To see this
illustration in color the reader is referred to the web version of this article at www liebertpub.com/ars).
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FIG. 4. Decreased IR™Y™158/1162/1163 11y 5sphorylation in FA mice. (A, B) Fanca™’~ (A) or Fancc™’~ (B) and wt littermates
were fasted overnight followed with an injection of saline or insulin (5U/Kg of body weight), and tissue samples were
collected 10 min after the injection. Western blot analysis of IR and AKT was performed by separating freshly prepared tissue
homogenates on an SDS-PAGE gel and probed with antibodies against phosphorylated IR (p-IR) Tyr1158/1162/1163 and
total IR (beta-subunit), or AKTSer308 (p-AKT) and total AKT. The data are presented as mean=+SD. *p <0.05, **p<0.01 for
Fanca™’~ or Fancc™/~ mice versus WT mice. (C) HepG2 cells transduced with lentivirus carrying shRNA for the human
FANCA or FANCC gene were starved overnight and treated with insulin (10 pg/ml) for 15 min. Cell lysates were separated
with SDS-PAGE and probed with antibodies against p-IR, IR, p-AKT, AKT, FANCA, FANCC, and actin. Protein band
intensities were analyzed using Image] software. The level of each phosphorylated form or its corresponding total protein
was first normalized to that of actin and then, the ratio for the phosphorylated form/total protein was calculated. The data
are presented as mean+SD. *p <0.05, **p <0.01 versus the control groups.

1088



FA LINKS ROS TO INSULIN RESISTANCE

shRNA-FANCA

C _shRNA
+ - +

IR

-

--__—'_r i

l

Insulin -
p-IR

p-AKT

AKT

FANCA

actin

1089

shRNA shRNA-FANCC

+ +
-
=

FANCC

. e
S e e actin

4- =
« | PR » 0] P-AKT
[ ]
3 34 3 control shRNA ; 44 [ control shRNA
% 3 shRMA-FANCA £ 5 3 shRNA-FANCA
B 2] EE shRNA-FANCC 2‘23 EE shRNA-FANCC
= a | *
2 2
B | .I 8 4
@ [
2 4

0-

Basal Insulin Basal Insulin
FIG. 4. (Continued).

ROS contribute to impaired insulin signaling
in FA deficiency

Previous studies suggested that ROS could cause insulin
resistance (16). In FA, one physiological source of ROS is the
pro-inflammatory cytokine tumor necrosis factor alpha (TNE-
o) (25, 34, 38). To establish the link between ROS and insulin
resistance, we treated FA mice with TNF-o to produce phys-
iologically relevant ROS. Flow cytometric analysis shows that
TNF-o markedly increased ROS in beta cells isolated from
Fanca™’~ mice compared with the vehicle-treated animals
(Fig. 5A), which could be completely eliminated by Quercetin
(3,5,7,3' 4-pentahydroxy-flavone), a natural ROS scavenger
(Fig. 5A). It should be noted that a high-fat diet did not sig-
nificantly increase ROS production in either WT or Fanca™/ ~
mice compared with normal chow (Supplementary Fig. S7).

We next determined the contribution of ROS to FA insulin
resistance in vitro and in vivo. First, we used the anti-oxidant
Quercetin to analyze the effect of TNF-a-generated ROS on
insulin signaling in beta cells isolated from WT and Fanca ™/~
mice. TNF-o treatment decreased the insulin-induced tyrosine
phosphorylation of IR and IRS-1 but increased the serine
phosphorylation of IRS-1 on residue 307 (Fig. 5B), which was
reported to inhibit IR-stimulated IRS-1 tyrosine phosphory-
lation (1). Remarkably, Quercetin treatment completely re-
versed the inhibitory effect of TNF-o (Fig. 5B). Next, we
investigated the in vivo effect of TNF-o-generated ROS on the
insulin signaling. We pretreated WT or Fanca™/~ mice with
Quercetin followed by the TNF-o injection. The mice were
then fasted and injected with insulin, and liver, fat, and
muscle tissues were isolated and analyzed for ROS produc-
tion and insulin signaling. We observed significantly in-
creased ROS accumulation in all three insulin-responsive

tissues from TNF-o-treated Fanca™/~ mice compared with

WT controls; whereas Quercetin pretreatment completely
eliminated TNF-u-generated ROS in those tissues (Fig. 5C).
Biochemical analysis shows that TNF-u treatment decreased
the insulin-stimulated tyrosine phosphorylation of IR and
IRS-1 in the tested tissues from mice of both genotypes
(Fig. 5D). Interestingly, a more robust increase in the level of
inhibitory IRS-15%%” was repeatedly found in TNF-a-treated
Fanca™’/~ mice relative to WT controls (Fig. 5D). Again,
Quercetin effectively restored insulin signaling in both geno-
types, as demonstrated by the increased tyrosine phosphor-
ylation of IR and IRS-1 and decreased inhibitory IRS-1°"%”
(Fig. 5D).

Quercetin ameliorates FA insulin resistance

We next investigated the role of TNF-a-generated ROS on
FA diabetes-prone phenotypes in vivo. We treated Fanca™/~
and WT mice with TNF-« to produce physiological oxidative
stress. The mice were also treated for 10 days with daily in-
jections of Quercetin or vehicle followed by four sets of ana-
lyses: fasting blood glucose, whole-body sensitivity to glucose
or insulin in response to glucose or insulin challenge using the
GTT or ITT, and HFD-induced weight gain. TNF-« signifi-
cantly increased fasting-blood glucose in Fanca™/~ mice
compared with WT animals, whereas co-treatment with
Quercetin largely prevented this increase (Fig. 6A). We ob-
served no statistical difference in the levels of fasting blood
glucose in WT mice treated with or without Quercetin (Fig.
6A). GTT test shows that Quercetin treatment significantly
decreased whole-blood glucose in Fanca™/~ mice 15 min after
glucose challenge (Fig. 6B). Similarly, in response to insulin
challenge, there was a significant decrease in the blood
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glucose level at 45min postinsulin injection in Quercetin-
treated Fanca™/~ mice compared with the vehicle-treated

glycemic phenotypes as well as HFD-induced obesity in mice,
confirming the causal role of ROS in FA insulin resistance.

controls (Fig. 6C). Moreover, Quercetin partially reversed the
HFD-induced obesity in Fanca™/~ mice, with weight gain
being not statistically different from that of normal diet-fed
animals (Fig. 6D). Together, these results demonstrate that the
anti-oxidant Quercetin can effectively prevent the FA hyper-

Screen for factors that mediate ROS effect on insulin
resistance

To gain insights into the molecular mechanism by which
ROS induce insulin resistance, we sought to identify the
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FIG.6. Quercetin attenuates the diabetes phenotype in FA mice. (A) Fanca+/+ and Fanca™’~ mice (3—4 months old, n=6—-
8 each group) were injected with Quercetin (50 mg/Kg) twice per week for 2 weeks. After the final injection, whole-blood
glucose was measured in mice fasted overnight by using tail blood. The data are presented as mean+SD. *p<0.05 for
Fanca™/~ mice versus Fanca+/+mice. (B, C) The mice as described in (A) were fasted and given an injection (IP) of either
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the original readout. *p<0.05 for Fanca™/~ fed with HFD without Quercetin treatment versus Farnca+/+mice.

factors that mediated the inhibitory effect of ROS on insulin
signaling. To this end, we screened for inhibitors that
could rescue insulin signaling in FA cells. Since in vitro and
in vivo results clearly demonstrated that ROS-induced FA
insulin resistance results from reduced IR phosphorylation
(IRTYr1158/1162/1163) and /or increased IRS-1 serine phosphor-
ylation (IRS-1%°""), we focused on targeting these two mo-
lecular events by blocking the kinases with specific inhibitors
or knocking down protein-kinases phosphatases by shRNA.
It has been shown that protein-tyrosine phosphatases (PTPs)
PTP-o, PTP-1B, and LAR can dephosphorylate and, thus,
deactivate IR in a variety of experimental settings, although a
consensus has not emerged as to whether any one or all of
these PTPases play a physiological role in inactivating insulin
signaling under physiological conditions (7, 24, 40). On the
other hand, increased ROS accumulation is known to activate
JNK, which phosphorylates IRS-1 on Ser307 and causes in-
sulin resistance (15, 19). The PKR has also been shown to
directly phosphorylate IRS-1°°"**” and be deregulated in FA
cells (35, 48, 50). The primary screen was performed to iden-
tify the kinases or phosphatases involved in insulin signaling.
We subjected stably transduced HepG2 cells carrying the

lentiviral sShRNA targeting human FANCA gene either to each
inhibitor or to PTPs knockdown. We then examined the effect
of each compound or PTP knockdown on TNF-o-induced
insulin resistance by analyzing the level of [R™Y*1158/1162/1163
and IRS-15%”. We anticipated that the amelioration of TNF-
o-induced insulin resistance could be achieved only by com-
pound(s) that would both restore IR tyrosine phosphorylation
and suppress inhibitory IRS-1°"*"” phosphorylation. The
initial set of screens shows that PKR inhibitor II suppressed
IRS-1Ser307 phosphorylation (Fig. 7A); whereas a PTP-o
shRNA was able to increase IR tyrosine phosphorylation (Fig
7B). The inhibitors for PTP-1B, PTP-1D, LAR, and JNK
showed no effect on TNF-o-induced insulin resistance, as
demonstrated by no change in the level of IR™Y*'128/1162/1163
or IRS-1%%7 (Supplementary Fig. S8).

Since either of the two inhibitors identified from the primary
screen could not rescue both steps of FA insulin resistance, that
is, restore IR tyrosine phosphorylation and suppress inhibitory
IRS-1%% phosphorylation, we next performed a pairwise
screen to evaluate the insulin-stimulated activation of the
downstream kinase AKT in stably transduced HepG2 cells
with combinations of inhibitors. Using this insulin-responsive
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insulin resistance and obesity. The natural anti-oxidant Quercetin proves effective in antagonizing the negative effect of ROS
on insulin signaling and maintaining metabolic homeostasis. IRS, insulin receptor substrate; PKR, double-stranded RNA-
dependent protein kinase; PTPs, protein-tyrosine phosphatases.
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cell system, we were able to show that while PTP-a knock-
down or the PKR inhibitor worked effectively in their re-
spective target; either inhibitor by itself did not substantially
alter the level of pAKT (Fig. 7). However, the combination of
these two inhibitors completely normalized insulin-induced
AKT activation in FANCA-deficient HepG2 cells (Fig. 7C). As
expected, all other pairwise combinations failed to restore in-
sulin signaling (Supplementary Fig. S9). Together, these re-
sults suggest that TNF-o-generated ROS target both PTP-« and
PKR for FA insulin resistance.

Discussion

Insulin resistance, a state that precedes many clinical
manifestations of the metabolic syndrome by inhibiting the
action of insulin, is a key contributor to the pathogenesis of
obesity and T2D mellitus (3, 13). Diabetes and other abnor-
malities of glucose metabolism are common among children
and adolescents with FA, but the underlying molecular eti-
ology of the diabetes remains to be elucidated (10, 11, 41). In
this article, we show that mice deficient for the Fanca or Fancc
gene seem to be diabetes- and obesity-prone. Mechanistically,
we demonstrate that FA insulin resistance is associated with
two critical molecular events in insulin signaling: a reduction
in the tyrosine phosphorylation of IR and an increase in the
inhibitory serine phosphorylation of IRS-1. Further, we show
that high levels of ROS, accumulated spontaneously or gen-
erated by the pro-inflammatory cytokine TNF-« in several
major insulin-sensitive tissues of FA mice, contribute to the
FA insulin resistance. The treatment of FA mice with the
natural anti-oxidant Quercetin restores IR signaling and
ameliorates the diabetes- and obesity-prone phenotypes. The
current study also identifies the factors that mediate the ROS
effect on FA insulin resistance. Together, these findings es-
tablish a pathogenic and mechanistic link between ROS and
insulin resistance in a unique human disease setting and
highlight the fact that studying rare disorders can elucidate
important new clinical and biological principles.

Oxidative stress, defined as an imbalance between the
production of ROS and anti-oxidant defense, is associated
with many disease states, including FA, which is arguably the
only human genomic instability syndrome that is uniquely
sensitive to oxidative stress (31). FA oxidant hypersensitivity
has been documented in many studies using primary and
immortalized cell cultures as well as ex vivo materials from
patients (4, 20, 25, 31, 34). While FA murine models do not
recapitulate some of the major FA clinical manifestations such
as bone marrow failure and leukemia, cells from FA-deficient
mice exhibit extreme oxidant sensitivity (25). All the obser-
vations indicated that the altered redox state in these FA mice
was responsible for an impairment of cell proliferation or
survival. In the context of metabolic disorders, it is also be-
coming increasingly apparent that oxidative stress accom-
panies insulin resistance, T2D, and obesity (3, 16, 18). The
abnormal accumulation of ROS can contribute to insulin re-
sistance by antagonizing insulin signaling, thereby impairing
insulin-dependent glucose metabolism and contributing to
insulin resistance (3, 16, 18). We have employed both cell-
based and genetic models to establish a causal role of ROS in
FA insulin resistance. First, the protein kinase array identified
IR in response to oxidative stress is impaired in FA cells.
Second, we demonstrate that TNF-o-induced FA insulin re-
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sistance is mediated by ROS. Third, Quercetin restores IR
signaling and ameliorates the diabetes- and obesity-prone
phenotypes as a consequence of ROS elimination. Finally, we
have identified the molecular targets of ROS that are re-
sponsible for FA insulin resistance.

Our in vivo study shows that FA mice are highly susceptible
to TNF-o-induced insulin resistance, and this is mediated by
ROS. FA patients have abnormally high levels of TNF-g,
which is a major mediator of inflammation and ROS pro-
duction (25, 34, 38). It is conceivable that the presence of
TNF-a and increased oxidative stress in FA may account for
profound physiologic changes, including the development of
insulin resistance and diabetes. TNF-z-induced inflammatory
ROS can activate the stress kinase PKR (29, 35, 50). Indeed, our
previous work shows that TNF-a induced persistent PKR
activation in FA mice (35, 50). Increased ROS levels are known
to stimulate PKR phosphorylation, a kinase linked to insulin
resistance by interfering with IRS-1 activation (29). Specifi-
cally, PKR phosphorylates IRS-1 on Ser312 in human liver
cells HepG2 (IRS-15%7 in mouse cells) (48). This inhibitory
phosphorylation of IRS-1 blocks the tyrosine phosphorylation
of IRS-1 by the IR. We envision that increased availability of
TNF-a in FA would produce a high level of ROS, which, in
turn, impairs insulin signaling through deregulation of the
PKR activity. To test this notion, we performed inhibitor
screens and identified PKR kinase as one of the two factors
that mediate the ROS effect on FA insulin resistance.

The screen also identified the tyrosine phosphatase PTP-o
as being the other factor that mediates ROS effect on FA in-
sulin resistance. The regulation of IR tyrosine phosphoryla-
tion is a key step that is involved in the control of insulin
signaling (6, 12). Augmented IR tyrosine dephosphorylation
byPTPs may contribute to insulin resistance. PTP-o negatively
regulates insulin signaling by dephosphorylating key tyrosine
residues within the regulatory domain of the beta-subunit of
IR and attenuates receptor tyrosine kinase activity. The inhi-
bition of PTP-u is, therefore, anticipated to improve insulin
resistance (24). The identification of PKR kinase and PTP-«
phosphatase that mediate the inhibitory effect of ROS on in-
sulin signaling provides a potential mechanistic link between
ROS and insulin resistance. Strikingly, the inhibition of PKR
failed to restore insulin signaling in FA cells (Fig. 7, Supple-
mentary Fig. S5). Similarly, targeting PTP-u alone was not
sufficient in rescuing FA insulin resistance. This suggests that
the amelioration of FA insulin resistance may require simul-
taneously targeting both molecular events, which can both
restore IR tyrosine phosphorylation and suppress inhibitory
IRS-15¢r307 phosphorylation. Indeed, the combined inhibition
of both PKR and PTP-u rescues FA insulin resistance caused
by TNF-o in FANCA-knockdown cells (Fig. 7C).

The knockdown and rescue experiments using FANCA or
FANCC shRNA and gene-corrected FA-A and FA-C, respec-
tively, established a role of the FA proteins in insulin signaling
(Fig. 4C, D, Supplementary Fig. S4). While the role of FA
proteins in the prevention of insulin resistance remains to be
elucidated, it is likely that FA proteins can function toward
eliminating physiologic ROS in insulin-sensitive tissues. In-
deed, we show that high levels of ROS are spontaneously
accumulated in the liver, fat, and muscle tissues of FA mice
(Supplementary Fig. 5C). To put this in perspective, we re-
cently described an oxidative damage-specific interaction
between FANCD2 and FOXO3a (26), a member of the
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mammalian forkhead class O (FOXO) transcription factors
that functions as a master regulator of oxidative stress
(2, 32). Our study also shows that FANCD2-deficient cells
exhibit a significant downregulation of the FOXO3a-
targeting genes encoding superoxide dismutases (SOD1
and SOD2), glutathione peroxidase 1, and catalase involved
in anti-oxidant defense (26). However, it is also possible
that FA proteins themselves can directly influence the
expression of antioxidant enzymes (such as glutathione
S-transferases) or the biosynthesis of ROS metabolic mole-
cules such as glutathione. Another possibility is that FA
proteins can function toward disrupting downstream ROS
signaling by protecting chromosomal DNA from ROS
attack or facilitating the repair of oxidative DNA damage.
FA patients are often found to have an overproduction of
TNF-o (10, 25, 35, 38), and studies have shown that these
physiologic ROS generated by TNF-« at inflammatory sites
causes chromosomal DNA damage (9). It is perceivable that
FA cells may be highly susceptible to an ROS attack or fail to
repair oxidative DNA damage.

The current study used a number of anti-oxidants, includ-
ing N-acetyl-L-cysteine and Quercetin, to detect the effect in
the insulin resistance and diabetes. Among them, Quercetin
was found to be less toxic in mice. Quercetin, a naturally oc-
curring flavonoid found in a variety of fruits and green veg-
etables, has a wide range of biological activities such as free
radical scavenging, iron chelating, ant-inflammation, and
anti-cancer (21, 39). The ameliorative effect of Quercetin on FA
insulin resistance induced by oxidative stress is mediated
through decreasing ROS accumulation. This suggests that
ROS generation is a necessary upstream event for FA insulin
resistance. New insights on the potential role of oxidative
stress in insulin resistance and on the action of natural anti-
oxidants such as Quercetin may be therapeutically beneficial
for patients with diabetes and obesity. Figure 7D illustrates a
model, in which excessive ROS generated by the overpro-
duction of TNF-« at inflammatory sites in disease state like
FA, inhibit insulin signaling through two critical steps:
decreasing IR phosphorylation by PTP-o phosphatase and
increasing IRS-1 inhibitory phosphorylation by the PKR.
Whether ROS acts directly on these enzymes or other un-
known factors remains to be defined. The natural anti-oxidant
Quercetin proves effective in antagonizing the negative effect
of ROS on insulin signaling and maintaining metabolic ho-
meostasis, and may be useful for therapies against insulin
resistance-associated metabolic syndrome, as demonstrated
in the FA disease model.

Materials and Methods
Chemicals and antibodies

All chemicals were purchased from Sigma unless indicated
otherwise. Insulin for the mice injection was bought from the
Novolin. Antibody against phosphor-IR (beta-subunit);
phosphotyrosine (4G10) and p-PKR were from Millipore. The
antibodies against phosphor-AKT (Thr 308, Ser 473), AKT,
phosphor-JNK (Ser1186), JNK, PKR, PTP-1B and PTP1D,
phosphor-IRS-1 (Ser 302, Ser 307), and IRS-1 were from Cell
signaling Technology. The antibodies against Topol and beta-
actin were from Santa Cruz Biotechnology and Sigma, re-
spectively. The antibody against PTPalpha was purchased
from Abcam, and the antibody against LAR was from BD
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Transduction Laboratories. 3T3-L1 preadipocyte and differ-
entiation medium were purchased from Zen-Bio.

Mouse models

Fanca™/~ and Fancc™/ ~ mice were originally developed by
and bred on the same genetic background (C57BL/6). All
experimental mice used in this study were bred in our mouse
facility and were 6-8 week-old at the start of the experiments.
The mice were fed a Se-adequate diet, given free access to feed
and distilled water, and housed in a constant temperature
(22°C) animal room with a 12-h light/dark cycle. All experi-
ments were approved by the Veterinary Services at Cincinnati
Children’s Hospital Medical Center and conducted in accor-
dance with the National Institutes of Health guidelines for
animal care.

HFD-fed mice

The mice were divided into two groups and either fed a
HFD (Harlan Teklad) or received continuous feeding of a
normal diet for approximately 3 months. On a caloric basis,
the HFD consisted of 42% fat from lard, 42.7% carbohydrate,
and 15.2% protein (total 4.5 Kcal/g), whereas the normal diet
contained 11.4% fat, 62.8% carbohydrate, and 25.8% protein
(total 3.0 Kcal/g). Food intake and body weight were mea-
sured once a week, and blood samples were taken at indicated
time points from the intraorbital retrobulbar plexus from
nonfasted anesthetized mice.

Cell culture

Human normal (JY) lymphoblastic cells, FANCA-deficient
(HSC72) lymphoblastic cells, and FANCC-deficient (HSC536)
lymphoblastic cells were incubated in RPMI 1640 containing
10% fetal bovine serum (FBS). Human liver hepatocellular cells
HepG2 cells were cultured in DMEM containing 10% FBS.
Mouse 3T3-L1 preadipocytes were from Dr. Mattew Grogg
(CCHMC). 3T3-L1 cells were differentiated 1 day after 100%
confluent (designated as day 0) by replacing the differentiation
medium from Zen-Bio. After 3 days, the cells were maintained
for an additional 24 days in the same medium, and fresh
medium was replenished every other day. The cells were har-
vested after 7-10 days. Mouse beta-cell line NIT-1 was cultured
in F-12K modified medium containing 10% Tet-approved FBS.

Knockdown by lentivirus

pLKO.1 lentiviral vector targeting human FANCA or
FANCC was provided by Dr. Susanne Wells (CCHMC, OH).
Hairpin sequence targeting FANCA, or FANCC were
(GCCGACCTCAAGGTTTCTATA), or (CACGAGATCATT
GGCTTTCTT), respectively. Hairpin sequence targeting the
mouse Fanca (CGGGTTTATATCGAACGCAAT), Fancc
(CGGGTTTATATCGAACGCAAT) or luciferase (CTTACGC
TGAGTACTTCGA) was cloned into the pTRIPZ empty vec-
tor (Open Biosystems). The pLKO.1-TRC-cloning control was
purchased from Addgene, and the hairpin sequence targeting
human PTPa, PTP1B, PTP1D or LAR were (GCTGGACC
TATGGGAATATTC), (GAAGCCCAAAGGAGTTACATT),
(CGCTAAGAGAACTTAAACTTT), or (CCGAGGACTAT
GAAACCACTA), respectively. The pLKO.1 lentiviruses ex-
pressing shRNA for FANCA, FANCC, PTPa, PTP1B, PTP1D,
or LAR were used to transduce HepG2 cells; while the pTRIPZ
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lentiviruses carrying shRNA for the mouse Fanca or Fancc
gene were used to transduce the mouse beta-cell line NIT-1 or
mouse adipocyte cell line 3T3-L1. Lentiviruses were prepared
by the Vector Core of Cincinnati Children’s Research Foun-
dation (Cincinnati Children’s Hospital Medical Center, Cin-
cinnati, OH). Viral supernatant was collected at 36, 48, and
72h, respectively, after transfection. For transduction, the cells
were seeded at 6-cm plates overnight till ~70% confluent. At
the 2nd day, virus particles were added to the cells and in-
cubated overnight in the medium containing 4 ug/ml poly-
brene overnight followed by changing the fresh medium and
continuing incubation for 48 h. After transduction, the cells
were selected with 1 ug/ml puromycin (Sigma) or sorted by
flow cytometry using Venus as a marker. For pTRIPZ shRNA
vectors, transduced cells were selected for puromycin resis-
tance, and induced with doxycycline (Clontech Laboratories,
Inc.) for 72 h before experimentation.

Insulin measurement

Mice were IP injected with glucose (1 g/kg body weight),
and whole blood was collected from tail vein samples at the
indicated times. Insulin levels were measured in plasma by
ELISA by using mouse insulin as a standard (Crystal Chem).

Body weight and food intake measurement

Food consumption and water intake index of every cage
containing three to four mice were daily measured. Cumu-
lative food intake (g/week) and water intake (ml/week) were
calculated as follows: Cumulative food intake=total food
consumption per week/body weight; water intake=total
water intake per week/body weight.

Receptor tyrosine kinase array

Cell lysates were exacted with NP40 buffer (1% NP-40,
20mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM
EDTA, 1 mM sodium orthovanadate, 2 mM sodium fluoride,
10 ug/ml Aprotinin, 10 ug/ml Leupeptin, and 10 ug/ml
Pepstatin), and equal amounts of proteins were used to per-
form receptor tyrosine kinase arrays (RayBiotech) or (R&D
Systems) according to the manufacturer’s manuals. Phos-
phorylation status was determined by chemiluminescence
and analyzed using the image analysis software Multi Gauge
V3.0 (FUJIFILM) compared with the positive and negative
controls.

Blood glucose

Mice (n=4-6 per genotype) were fasted overnight for 8h
before determinations of whole-blood glucose at indicated
time points. Whole-blood glucose was determined by clip-
ping tails and using the Glucometer Elite system (Bayer) with
Ascensia Elite blood glucose test strips as described by the
manufacturer.

Insulin/glucose tolerance

WT and FA mice (1=8-12 per genotype) that were 6
months old were fasted 8h and then given an IP injection of
either insulin (0.25U/Kg) or glucose (1 g/Kg). Whole-blood
glucose was determined at the indicated time points after the
injection, and the data were presented as the original readout
and the relative percentage of the initial levels.
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Isolation of islets

Islets were obtained from 6- to 8-week-old male mice as
previously described (5). Briefly, the mice were anesthetized,
and pancreases were distended through the pancreatic duct
with 2.5ml of Hanks’ balanced salt solution (Life Technolo-
gies) containing 2.0mg/ml of collagenase (Type V; Sigma
Chemical Co.). The distended pancreases were then removed
and incubated at 37°C for 15 min. The islets were purified by
discontinuous centrifugation on Ficoll (Sigma) gradients.
After centrifugation, the islets were handpicked and cultured
in HAM’s F10 medium (Sigma) supplemented with 12mM
HEPES, 2mM L-glutamine, 10% heat-inactivated fetal calf
serum, 100 U/ml penicillin, and 100 pug/ml streptomycin in
95% air, 5% CO2 at 37°C.

Biochemical analysis of insulin signaling

For determination of insulin signaling in the liver, fat, and
muscle tissues, the mice (6-months old, =8 per genotype) were
fasted overnight (8h) and were injected (IP) with insulin
(5U/kg). The mice were killed 10 min after the injection, and the
tissues were excised and frozen in liquid nitrogen till further
processing. The liver, fat, and muscle samples used for Western
blot analysis were homogenized in buffer A (100 mM Tris, pH
7.4, 250 mM sucrose and protease inhibitor mixture [1mM so-
dium pyrophosphate, 1 mM sodium orthovanadate, 10 ug/ml
Leupeptin, 10 ug/ml Aprotinin, 1 M microcystin, 1 mM PMSF,
and 10mM sodium fluoride]). The samples used for immuno-
precipitation were homogenized in buffer B (50 mM Hepes, pH
7.6, 100mM sodium chloride, 1% Triton X-100, 5mM EDTA,
and protease inhibitor mixture as in buffer A). The tissue ho-
mogenates were centrifuged at 14,000 g for 10min at 4°C, and
protein concentration was determined by the Bio-Rad Protein
Assay kit. The same amount of protein (100 ug) was separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) following the immunoblotting analysis with the
antibodies just described. For immunoprecipitation, the same
amount of protein (500-1000 ug) was incubated with the anti-
body against IRS-1 and 50 ul of protein A/G-Sepharose beads
overnight at 4°C with rotation. Then, the beads were washed
four times with 1 ml buffer B at 4°C, and 5x SDS buffer (20 pl)
was then added to the washed beads and used for Western blot
analysis with the antibody against p-IRS-15*? or p-IRS-15"".
Protein band intensities were analyzed using ImageJ software.
The level of each phosphorylated form or its corresponding total
protein was first normalized to that of actin and then, the ratio
for the phosphorylated form/total protein was calculated.

To determine insulin signaling in cultured cells, the cells
were plated in the 100-mm tissue culture plate and starved
overnight. After treatment as indicated, the reaction was
stopped by ice-cold PBS containing sodium vanadate, and the
cells were collected and lysed with NP-40 buffer (1% NP-40,
20mM Tris-HCI (pH 8.0), 137 mM NaCl, 10% glycerol,2 mM
EDTA, 1mM sodium orthovanadate, 10 ug/mL Aprotinin,
10 ug/mL Leupeptin, and10 ug/mL Pepstatin). The related
signaling proteins were examined as just described.

Statistical analysis

Data were analyzed by using the two-tailed, unpaired
student’s t-test or the one-Way analysis of variance using
Prism 4.0 software (GraphPad Software, Inc.).
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