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Laron syndrome (LS), or primary growth hormone (GH) insensitiv-
ity, is the best-characterized entity among the congenital insulin-
like growth factor 1 (IGF1) deficiencies. Life-long exposure to
minute endogenous IGF1 levels is linked to low stature as well as a
number of endocrine and metabolic abnormalities. While elevated
IGF1 is correlated with increased cancer incidence, epidemiological
studies revealed that patients with LS do not develop tumors. The
mechanisms associated with cancer protection in LS are yet to be
discovered. Recent genomic analyses identified a series of meta-
bolic genes that are overrepresented in patients with LS. Given the
augmented expression of these genes in a low IGF1 milieu, we
hypothesized that they may constitute targets for IGF1 action.
Thioredoxin-interacting protein (TXNIP) plays a critical role in cel-
lular redox control by thioredoxin. TXNIP serves as a glucose and
oxidative stress sensor, being commonly silenced by genetic or
epigenetic events in cancer cells. Consistent with its enhanced ex-
pression in LS, we provide evidence that TXNIP gene expression is
negatively regulated by IGF1. These results were corroborated in
animal studies. In addition, we show that oxidative and glucose
stresses led to marked increases in TXNIP expression. Supplemen-
tation of IGF1 attenuated TXNIP levels, suggesting that IGF1 exerts
its antiapoptotic effect via inhibition of TXNIP. Augmented TXNIP
expression in LS may account for cancer protection in this condi-
tion. Finally, TXNIP levels could be potentially useful in the clinic as
a predictive or diagnostic biomarker for IGF1R-targeted therapies.
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Insulin-like growth factor 1 (IGF1) plays an important role in the
regulation of metabolism, nutrition, and growth (1–3). Endocrine

and tissue IGF1 levels are tightly controlled throughout development,
with peak values typically reached at puberty (4) and reduced during
adulthood. Elevated IGF1 is associated with increased risk for cancer
development (5–7). Likewise, overexpression of the IGF1 receptor
(IGF1R) has been linked to malignant transformation (8, 9). En-
hanced expression of components of the IGF system in cancer cells
reflects the prosurvival activities of this growth factor axis.
Laron syndrome (LS), or primary growth hormone (GH) in-

sensitivity, is a rare form of dwarfism caused by deletion or mu-
tation of the GH receptor (GHR) gene, leading to congenital IGF1
deficiency (10–13). The typical features of LS are short stature,
typical face, obesity, and high GH and low IGF1 serum levels (10,
14). Epidemiological analyses provide evidence that homozygous
GH-insensitive individuals are protected from cancer (15–17). This
finding is consistent with the concept that congenital IGF1 de-
ficiency confers protection against future development of a tumor.
Hence, epidemiological studies highlight the key role of IGF1 in
cancer. The mechanisms responsible for cancer protection in LS
are yet to be identified.
Genome-wide association studies conducted on patients with LS

identified genes and signaling pathways that are differentially regu-
lated in LS and may provide a biochemical and genetic basis for
cancer evasion (18). Bioinformatics analyses allowed us to cluster
differentially expressed genes according to their biological functions.

Of interest, about 15% of the genes are involved in metabolic path-
ways. Given the key role of IGF1 in regulation of cancer cell me-
tabolism, it is reasonable to assume that alteration in the expression of
IGF1-dependent metabolic genes may constitute an important mech-
anism that contributes to establishment of a malignant phenotype.
Thioredoxin-interacting protein (TXNIP) was initially discov-

ered as a vitamin D3-induced gene in leukemia (19). Yeast two-
hybrid analyses identified TXNIP as a thioredoxin (TRX)-binding
protein (20). TXNIP binds to the catalytic active center of reduced
TRX and inhibits its expression and activity, highlighting the crit-
ical participation of TXNIP in redox regulation (21–25). TXNIP
belongs to the α-arrestin family (21) and inhibits proliferation via
activation of apoptosis signal regulating kinase 1 (ASK1) (26–29).
TXNIP functions as a tumor suppressor, being commonly silenced
by genetic or epigenetic events in cancer cells (30–32).
Given the important role of the IGF1 pathways in the regulation

of metabolic processes and in view of emerging information re-
garding the physiological and pathological activities of TXNIP, we
examined the hypothesis that TXNIP constitutes a target for IGF1
action. In addition, we investigated the involvement of TXNIP in
IGF1R-mediated glucose metabolism and oxidative stress. Our
results identify a regulatory link between the IGF1 pathway and
TXNIP. Specifically, we provide evidence that TXNIP gene ex-
pression is negatively regulated by IGF1. The ability of IGF1 to
down-regulate TXNIP under a number of stress conditions sug-
gests that the antiapoptotic effect of IGF1 is mediated via in-
hibition of TXNIP. Elevated TXNIP levels in patients with LS may
account for cancer protection in this pathology. Finally, we report a
mechanism for TXNIP autoregulation.

Significance

Insulin-like growth factor 1 (IGF1) plays an important role in the
regulation of metabolism and growth. Epidemiological studies
revealed that IGF1 deficiency is associated with cancer pro-
tection. Genomic analyses conducted on patients with Laron
syndrome (LS), a rare form of dwarfism linked to mutation of the
growth hormone receptor, identified thioredoxin-interacting
protein (TXNIP) as a downstream target for IGF1 action. TXNIP
is a metabolic gene involved in redox regulation that can also
function as a tumor suppressor. Data identify a regulatory link
between the IGF1 signaling pathway and TXNIP. Elevated TXNIP
levels in patients with LS may account for cancer protection in
this pathology. Furthermore, TXNIP may constitute a biomarker
to predict and/or monitor responsiveness to anti-IGF1R therapy.
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Results
Identification of Metabolic Genes Differentially Expressed in LS. To
identify differentially expressed genes that may account for cancer
protection in LS, a genome-wide profiling was conducted using
Epstein-Barr virus (EBV)-immortalized lymphoblastoid cells derived
from four female patients with LS and four healthy controls of the
same ethnic group (Irak, Iran, and Yemen) and age range (LS,
44.25 ± 6.08 y; controls, 51.75 ± 11.3 y; mean ± SD; P value = 0.29)
(18). Thirty-nine annotated genes that were differentially expressed
in LS compared with controls were identified (with a P value
of <0.05 and fold-change difference cutoff >j2j). Functional analyses
identified a number of metabolic genes that are highly expressed in
LS, in comparison with control, cells. These genes include: (i) UDP-
glucuronosyltransferase 2 (UGT2B15; fold change = 7.68); (ii)
ZYG-11 homolog A (ZYG11A; fold change = 3.06); (iii) ribosomal
modification protein RimK-like family member B (RIMKLB; fold
change = 3.04); and (iv) thioredoxin-interacting protein (TXNIP;
fold change = 2.04). These genes have not been previously linked
to the IGF1-insulin signaling pathway (33). Given the role of TXNIP
as a candidate tumor suppressor, and in view of its enhanced ex-
pression in patients with LS, further experiments were aimed at
evaluating the hypothesis that TXNIP constitutes a target for in-
hibitory regulation by IGF1.

Real-Time Quantitative Polymerase Chain Reaction Validation of TXNIP
mRNA Expression in LS. To validate the differences in gene ex-
pression between patients with LS and controls identified in gene
arrays, real-time quantitative polymerase chain reaction (RT-
QPCR) was performed. Levels of TXNIP mRNA were markedly
elevated in LS-derived lymphoblastoid cells compared with gen-
der-, age-, and ethnic origin-matched controls (2.04-fold) (Fig.
1A). These measurements confirm gene array data, suggesting that
the TXNIP gene is highly expressed in patients with LS.

In Vivo TXNIP Expression in GHRKO and Hepatic IGF1 Transgenic Mice.
Expression of TXNIP was measured in livers of 4-mo-old GHRKO
(“Laron”) mice, with undetectable serum and tissue IGF1 levels, and
hepatic IGF1 transgenic (HIT) mice, with an approximately twofold
increase in serum IGF1 (Fig. S1 A and B). As expected from our
in vitro data in LS-derived lymphoblastoid cells, TXNIP expression
increased approximately twofold in GHRKOmice, while it decreased

by∼65% in HIT mice (Fig. S1C). These data support the notion that
the TXNIP gene is a physiological target for IGF1 action.

Effect of IGF1 and Insulin on TXNIP Gene Expression. To investigate the
effect of IGF1 and insulin on TXNIP expression, the P69 and M12
prostate cancer cell lines were grown in serum-free medium for
24 h, after which they were treated with IGF1 or insulin (50 ng/mL)
for different periods. TXNIP mRNA expression was quantified by
RT-QPCR and normalized to GAPDH mRNA. Short-term (3 and
5 h) treatment with IGF1 or insulin down-regulated TXNIP mRNA
expression in both cells in comparison with controls (Fig. 1 B and
C). At 3 h, IGF1 inhibited TXNIP mRNA levels in M12 cells by
34.8%, whereas insulin reduced mRNA levels by 74.7%. At the
same time, IGF1 inhibited TXNIP mRNA levels in P69 cells by
43.0%, whereas insulin reduced expression by 63.5%. At 5 h, insulin
and IGF1 exhibited a similar inhibitory effect in both prostate cells
(∼57% reduction). Hence, results are consistent with an inhibitory
role of both IGF1 and insulin on TXNIP gene expression.

Effect of Serum Deprivation on TXNIP Gene Expression.To evaluate the
hypothesis that TXNIP expression is up-regulated upon exposure to
stress, we assessed the impact of starvation on TXNIP mRNA. To
this end, human embryonic kidney HEK293 cells were grown in
serum-free conditions for 24 h, after which TXNIP mRNA levels
were measured at different times using RT-QPCR. Results show
that TXNIP expression increased in a time-dependent manner upon
serum deprivation, reaching maximal expression levels at 24 h. Thus,
after 24-h starvation, TXNIP mRNA levels were ∼11.5-fold higher
than at time 0 (Fig. 2A).

Effect of IGF1 and Insulin on Starvation-Induced TXNIP Gene Expression.
To assess the effect of IGF1 and insulin on starvation-induced
TXNIP expression, 24-h serum-starved HEK293 cells were treated
with IGF1 or insulin and harvested for RNA preparation. RT-
QPCR indicate that both hormones down-regulated TXNIP ex-
pression at all time points (Fig. 2B). Of interest, IGF1 was more
potent than insulin in inhibiting TXNIP mRNA levels. Thus, at 12 h,
IGF1 inhibited TXNIP mRNA by 85%, whereas insulin decreased
expression by only 54%. At short times, insulin had a reduced effect.
These results indicate that IGF1 and, to a lower extent, insulin

A

CB
Fig. 1. Effect of IGF1 and insulin on TXNIP gene ex-
pression. (A) Total RNA was obtained from individual
LS and control lymphoblastoid cell lines and TXNIP
mRNA levels were measured by RT-QPCR. The bars
represent the mean ± SEM of three individual cell
lines. **P < 0.01, significantly different versus controls.
P69 (B) and M12 (C) prostate cells were deprived of
serum for 24 h and then exposed to IGF1 (50 ng/mL,
gray bars) or insulin (clear bars) for 1, 3, or 5 h. At the
end of the incubation, cells were harvested and levels
of TXNIP mRNA were measured by RT-QPCR. The bars
represent the mean ± SEM of three independent ex-
periments, each performed in triplicate. *P < 0.01 rel-
ative to serum-deprived conditions. A value of 1 was
given to TXNIP mRNA levels in control cells (solid bars).
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abrogate the effect of starvation on TXNIP mRNA. The effect of
both hormones on TXNIP protein is described in SI Text and Fig. S2.

Transcriptional Regulation of TXNIP Promoter Activity by IGF1. To
assess whether the effect of IGF1 on TXNIP mRNA levels was
mediated at the transcription level, cotransfections were per-
formed in P69 cells using a TXNIP promoter-luciferase reporter,
in the presence or absence of an IGF1R expression vector. Cells
were harvested 48 h after transfection, and luciferase activity was
measured. IGF1R overexpression led to an ∼65% reduction in
TXNIP promoter activity compared with pcDNA3-transfected
cells (Fig. 3A). Hence, the effect of IGF1 on TXNIP expres-
sion is mediated at the level of transcription.

Autoregulation of the TXNIP Gene. To evaluate the hypothesis that
TXNIP can autoregulate its own promoter at the level of tran-
scription, transient transfections were performed in 3T3-L1 fibro-
blasts using a TXNIP promoter-luciferase reporter, in the presence
or absence of a TXNIP expression vector. Luciferase measurements
indicate that TXNIP overexpression led to an ∼415% increase in
TXNIP promoter activity compared with pcDNA3-transfected cells
(Fig. 3B). These data provide evidence for a mechanism for TXNIP
gene autoregulation.

Effect of Oxidative Stress on TXNIP Expression. To investigate the
effect of oxidative stress on TXNIP expression, HEK293 cells were
serum starved for 24 h and then exposed to increasing concen-
trations of hydrogen peroxide (H2O2) for an additional 2 h. All
doses of H2O2 increased TXNIP protein expression compared
with untreated cells (Fig. 4A). Next, the impact of oxidative stress
was examined in individual LS and control lymphoblastoid cell
lines. To this end, cells were treated with 300 mM of H2O2 for 2 h
and TXNIP mRNA levels were quantified. There was little change

in TXNIP mRNA levels in three healthy lymphoblastoid lines
upon H2O2 treatment (Fig. 4B). On the other hand, H2O2 in-
creased TXNIP mRNA levels in LS cells. Thus, in three of four
patient-derived lines, H2O2 increased TXNIP mRNA by ∼7- to
20-fold. Data indicate that TXNIP expression is increased in LS,
but not healthy, cells upon oxidative insult. To examine the effect
of IGF1 on oxidation-induced TXNIP levels, HEK293 cells were
serum starved for 24 h, followed by addition of H2O2 for 2 h in the
presence or absence of IGF1. Results indicate that the H2O2-in-
duced TXNIP expression was attenuated by IGF1 (Fig. 4 C and
D). The effect of oxidative stress on TXNIP expression in breast
cancer cells is detailed in SI Text and Fig. S3.

Effect of IGF1 on High Glucose-Induced TXNIP Expression. Evidence has
been presented linking TXNIP action to glucose metabolism and
diabetes (34, 35). The impact of increasing glucose concentrations
on mouse embryonic 3T3-L1 fibroblasts and the added effect of
IGF1 or insulin was next investigated. 3T3-L1 cells were serum
starved for 24 h and then incubated with increasing concentrations
of glucose for 6 h in the presence or absence of IGF1 or insulin.
Control cells were grown in glucose-free media. Results of Western
blots indicate that TXNIP expression was up-regulated in response
to high glucose concentrations (160% at 25 mM glucose). Both
IGF1 and insulin attenuated the glucose-stimulated TXNIP in-
crease, albeit with different potencies. Thus, IGF1 down-regulated
the glucose-induced TXNIP expression by ∼67%, whereas insulin
decreased it by ∼36% (Fig. 5). A similar effect of IGF1 on glucose-
stimulated TXNIP expression was seen in HEK293 cells (Fig. S4).
The expression of TXNIP in benign and malignant prostate and
breast cancer cells as well as the effect of TXNIP on migration is
detailed in SI Text and Figs. S5 and S6.

Discussion
The role of the GH-IGF1 pathway in cancer biology has been the
focus of clinical and basic research for several decades (1, 36, 37).
While elevated endocrine IGF1 has been, for the most part, asso-
ciated with enhanced cancer risk, the recent finding that patients
with congenital IGF1 deficiency do not develop cancer reflects the
fact that a reduction in IGF1 elicits protective pathways that might
ultimately translate into tumor evasion (16, 17, 38). In genome-wide
association studies conducted on patients with LS, we reported the
identification of a series of genes that are differentially represented
in patients compared with controls (18). Differences in gene ex-
pression occur in a number of pathways, including apoptosis, me-
tabolism, Jak-STAT, and PI3K-AKT signaling, etc. Reductions in
gene expression in patients with LS were noticed in a series of gene
products usually involved in proliferation. These transcripts include
cyclin D1, cyclin A1, serpin B2, versican, Sp1, etc. Decreases in
these genes were correlated with corresponding reductions in pro-
liferation, changes in cell cycle distribution, and enhanced apoptosis
and autophagy. In addition, profiling analyses identified a series of
metabolic genes whose expression was increased in patients with LS
compared with healthy individuals (18, 33). It is reasonable to as-
sume that enhanced expression of some of these genes may favor
specific metabolic pathways that might eventually lead to protection
from oxidative and genotoxic insults.
The present study identified TXNIP as a target for IGF1 and

insulin action. Consistent with its elevated expression in LS, a
prototypical case of congenital IGF1 deficiency, we provide ev-
idence that IGF1 and insulin inhibit TXNIP mRNA and protein
levels in a number of cultured cell lines. Animal studies using
GHRKO (Laron) and HIT mice corroborated the in vitro data.
The GHRKO mice are unique because of their resistance to GH
action (39). This endocrine defect leads to growth retardation,
delayed sexual maturation, reduced IGF1 levels, and elevated serum
GH concentrations. Similar to patients with LS, GHRKO mice had
reduced prostate and mammary tumor incidence in experimental
models of cancer (40). With age, Laron mice become obese, hypo-
glycemic, and have an extended life span (39). The rationale for our
measurements of TXNIP levels in liver of GHRKO and HIT mice is
the physiological relevance of this organ in terms of TXNIP action.
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Fig. 2. Effect of serum deprivation on TXNIP gene expression. (A) Confluent
human embryonic kidney HEK293 cells were serum starved for 24 h. Cells were
collected at different times and TXNIP mRNA levels were measured by RT-QPCR.
Bars represent the mean ± SEM of three independent experiments. A value of
1 was given to the TXNIP mRNA levels at time 0. (B) Effect of IGF1 and insulin on
TXNIP gene expression. Serum-starved HEK293 cells were treated with IGF1 or
insulin for different periods. Bars represent the mean ± SEM of three in-
dependent experiments. *P < 0.01 relative to serum-deprived conditions. A
value of 1 was given to the TXNIP mRNA levels in untreated cells (solid bars).
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In accordance with its enhanced expression in LS cells, RT-QPCR
revealed that TXNIP expression increased approximately twofold in
livers of GHRKO mice (with reduced IGF1 levels), while it de-
creased in HIT mice (with increased serum IGF1).
Results of transfection assays indicate that the negative effect

of IGF1 on TXNIP expression is mediated at the transcription
level. Of interest, we provide evidence that TXNIP can act on
its own promoter, leading to TXNIP autoregulation. Given the
interplay between TRX and TXNIP in regulation of adipo-
genesis, we envision that this autoregulatory loop may be of
importance in adipocyte control. The mechanisms responsible
for TXNIP promoter regulation are unknown. TXNIP has been
shown to function as a tumor suppressor that is often silenced

in cancer cells (30, 31). Given the fact that patients with LS are
subject to life-long low IGF1, it is conceivable that elevated
TXNIP levels in LS result from relaxation of inhibitory control
by insufficient IGF1.
Studies reported that TXNIP provides an integration point for

both short- and long-term metabolic and signaling information,
permitting the appropriate types and levels of cellular response
to glucose availability and demand (41). We have previously
provided evidence that LS cells display protection from oxidative
stress (18). Consistently, we show here that TXNIP expression
was up-regulated under oxidative stress. These results suggest
that enhanced TXNIP levels may mediate the protection from
oxidative stress. Since IGF1 is a major regulator of cell survival,

A B

Fig. 3. Transcriptional regulation of TXNIP promoter activity. (A) P69 cells were transiently transfected with a luciferase reporter under the control of the
proximal TXNIP promoter (or empty pGL3 luciferase vector), along with a β-galactosidase vector. After 24 h, cells were cotransfected with an IGF1R expression
vector (IGF1R-GFP), or empty vector (GFP), for an additional 24 h. At the end of the incubation, cells were harvested and luciferase and β-galactosidase values
were measured. Promoter activities are expressed as luciferase normalized to β-galactosidase. (B) Autoregulation of the TXNIP gene. 3T3-L1 cells were
transfected with a TXNIP promoter-luciferase gene (or empty pGL3), together with a β-galactosidase vector. Twenty-four hours after transfection, cells were
cotransfected with a TXNIP expression vector (or empty GFP), and processed as described above. The results represent the mean ± SEM of three independent
experiments. *P < 0.01 versus GFP-transfected cells.

0

5

10

15

20

25

Control
1

Control
2

Control
3

LS 1 LS 2 LS 3 LS 4

R
el

at
iv

e 
T

X
N

IP
 m

R
N

A
 

ex
pr

es
si

on
 (f

ol
d)

Untreated H2O2 (300 mM)

Human Lymphoblastoid cells

A

0     100   200   300       

TXNIP

Tubulin

H2O2 (mM)

C

TXNIP

Tubulin
H2O2(100 mM)
IGF1(50 ng/ml)

-

+ +-

-

-

+ +

392KEH392KEH

B D

0

20

40

60

80

100

120

140

R
el

at
iv

e 
T

X
N

IP
/T

ub
ul

in
 e

xp
re

ss
io

n 
in

 
pe

rc
en

ta
ge

H2O2(100 mM)
IGF1(50 ng/ml)

-

+ +-

-

-

+
+
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we postulated that IGF1 could inhibit apoptosis by down-
regulating TXNIP. Indeed, our analysis revealed that IGF1
down-regulates the oxidative stress-induced TXNIP up-regula-
tion in HEK293 cells. TXNIP acts as an oxidative stress mediator
by inhibiting TRX activity or by limiting its bioactivity (21). The
finding that TXNIP levels are increased in response to oxidation
in patient-derived, but not control, lymphoblastoid cells is of
major translational relevance.
Across evolution, alpha-arrestin family proteins like TXNIP

are involved in nutrient sensing (42). TXNIP was reported to
function as a strong glucose sensor, because its expression in-
creased upon high-glucose stress (43). Of interest, TXNIP has
been identified as one of the most potently suppressed skeletal
muscle mRNAs in healthy individuals subjected to a hyper-
insulinemic-euglycemic clamp (44). Consistent with these find-
ings, our data indicate that TXNIP levels increased upon
elevation of glucose concentrations in 3T3-L1 and HEK293 cells,
whereas IGF1 and insulin down-regulated the glucose-induced
TXNIP increase. This regulatory loop may be important in terms
of improving the energy balance of the cells. Up-regulated
TXNIP initiates apoptosis by interacting with TRX and trans-
locating to mitochondria (45). Finally, we show that oxidative
stress led to TXNIP nuclear localization in breast cancer cells.
Knockout of TXNIP resulted in a variable phenotype charac-

terized by a deregulated metabolic signature, including adipo-
genesis and reduced gluconeogenesis (46). Livers of TXNIP KO
animals showed decreased glucose uptake (41). Of interest,
txnip-deficient mice are also predisposed to renal and hepato-
cellular carcinomas (47). TXNIP has been identified as a tumor
suppressor gene, the down-regulation of which is associated with
tumorigenesis and metastasis (35, 48). Low TXNIP expression
has been observed in breast, liver, and stomach cancer (32).
Consistent with its tumor suppressor role, basal expression of
TXNIP was reduced in M12 cells, a metastatic prostate cancer
line, compared with its benign counterpart. Likewise, TXNIP
levels were reduced in aggressive MCF7 breast cancer, compared
with benign MCF10A, cells. Finally, the tumor suppressor role of
TXNIP was corroborated by cell migration assays.
Finally, the IGF1R emerged in recent years as a promising

therapeutic target in oncology. There is, however, an urgent need
to identify biomarkers that can help select patients who may
benefit from IGF1R-directed therapies. In view of our results
showing a regulatory link between the IGF1 axis and TXNIP, we
propose that TXNIP may constitute a biomarker capable of
predicting and/or monitoring response to anti-IGF1R therapy.
Furthermore, elevated TXNIP levels in patients with LS may
account for cancer protection in this pathology. The potential
involvement of epigenetic mechanisms, particularly DNA
methylation and histone acetylation, in inhibitory regulation of
TXNIP gene expression by IGF1 is currently under investigation.

Materials and Methods
Cell Lines. EBV-immortalized lymphoblastoid cell lines from patients with LS
and healthy controls were obtained from the National Laboratory for the
Genetics of Israeli Populations, Tel Aviv, Israel. The protocol was approved by

the Tel Aviv University Ethics Committee. The P69 line was derived by im-
mortalization of primary prostate epithelial cells, while the M12 line was de-
rived from P69 cells by selection for tumor formation (49). P69 and M12 cells
were a gift from Joy Ware (Medical College of Virginia, Richmond, VA). The
androgen-independent prostate PC3 line was established from a metastasis
(50). PC3 and breast cancer MCF7 and MCF10A cells were obtained from the
American Type Culture Collection. Human embryonic kidney HEK293 cells
were grown in DMEM/F12 with high, low, or no glucose. Mouse embryonic
3T3-L1 fibroblasts were grown in DMEM with high, low, or no glucose.

Animal Studies. The generation of the GHRKO and HIT mouse models was
previously described (51, 52). All mice were in the C57BL/6J (B6) genetic
background. Weaned mice were allocated randomly into cages separated
according to their sex. Mice were housed two to five animals per cage in a
facility with 12-h light:dark cycles and free access to food and water. The
analyses were performed in 4-mo-old male mice. All animal procedures were
approved by the Institutional Animal Care and Use Committee of New York
University School of Medicine (assurance number A3435-01, USDA licensed
no. 465), and conform to the Animal Research: Reporting of In Vivo Exper-
iments (ARRIVE) guidelines (www.nc3rs.org.uk/arrive-guidelines).

Genome-Wide Association Studies. Total RNA was prepared from lymphoblastoid
cell lines using theTRIzol reagent.AffymetrixGeneChipHumanGene1.0 STarrays
were used. Data analysis was performed on CEL files using Partek Genomics Suite.
Data were normalized and summarized with the robust multiaverage method
followed by ANOVA. Genes of interest thatwere differentially expressedwith P<
0.05 and fold-change difference cutoff >j2j were obtained.

RT-QPCR. Two micrograms of total RNA was reverse transcribed using the
Superscript First-Strand Synthesis System for RT-PCR. RT-QPCRs were per-
formed using Faststart Universal SYBR Green Master. Sequences of primers
used to detect mRNAs are available upon request. The number of cycles to
reach the fluorescence threshold was the cycle threshold (Ct). Each sample
was tested in triplicate and mean Ct values are reported. For each reaction, a
“no template” sample was included. Fold differences were calculated by the
2ΔΔCT method (53).

Western Blot Analyses. Cells were grown to confluence, pelleted, and incubated
with a lysis buffer for 20 min. The suspension was centrifuged and protein
concentrationwas determined. Aliquots were boiled, resolved through 10% SDS/
PAGE, and blotted onto nitrocellulose membranes. After blocking with 5%milk,
the blots were incubated with the indicated antibodies.

Promoter Assays. A TXNIP promoter-luciferase reporter plasmid (pGL3B-
1081) was obtained from Addgene (cat. no. 18758). P69 cells were seeded in
six-well plates 24 h before transfection and transfected with 0.5 μg of the
TXNIP reporter plasmid, or empty pGL3, along with 0.2 μg of a β-galactosi-
dase plasmid (pCMV, Clontech), using jetPEI (Polyplus). Twenty-four hours
after transfection, cells were cotransfected with an IGF1R expression vector
(IGF1R-GFP), or empty GFP. Cells were harvested after 24 h, and luciferase
and β-galactosidase activities were measured (54). Promoter activities are
expressed as luciferase values normalized for β-galactosidase. For TXNIP
autoregulation analyses, 3T3-L1 cells were cotransfected with the TXNIP
promoter reporter along with a TXNIP expression vector.

Overexpression Studies. A TXNIP expression vector was obtained from
Addgene (cat. no. 18759). PC3 cells were transfectedwith either GFP-TXNIP or
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IGF1R, and tubulin. (B) Densitometric analysis of blot
shown in A.

Nagaraj et al. PNAS | January 30, 2018 | vol. 115 | no. 5 | 1049

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.nc3rs.org.uk/arrive-guidelines


empty vector using jetPEI. After 24 h, the medium was replaced with fresh
medium. Overexpression of GFP-TXNIP was confirmed by Western blots. GFP
fluorescence in PC3 cells was visualized by fluorescence microscopy.

Oxidative Stress Assays. Cells were grown to 80% confluence, after which they
were serum starved for 24 h. Oxidative stress was induced by treating the cells with
increasing concentrations of H2O2, in the absence or presence of IGF1 (50 ng/mL)
for 2 h. Cells were then washed and total RNA and protein were prepared.

Response to Glucose Stress. Cells were grown as indicated above, followed by
24-h serum starvation. Glucose stress was induced by incubating the cells with
increasing concentrations of glucose in the absence or presence of IGF1. Cells
were then washed and total RNA and protein were prepared.

Statistical Analyses. Statistical package SPSSwas used and graphswere produced
using Prism software. Nonparametric statistical methods (Mann–Whitney u test
and Kruskal–Wallis test) were applied to determine the statistical signifi-
cance difference between means. Parametric tests (Student’s t test and ANOVA
test) were also used.
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