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Abstract
Purpose The forkhead transcription factor (FoxO1) is a
master transcriptional regulator of fundamental cellular
processes ranging from cell proliferation and differentiation
to inflammation and metabolism. However, despite its
relevance, the mechanism(s) underlying FoxO1 gene reg-
ulation are largely unknown. We have previously shown
that the chromatin factor high-mobility group A1 (HMGA1)
plays a key role in the transcriptional regulation of glucose-
responsive genes, including some that are involved in
FoxO1-mediated glucose metabolism. Here we investigated
the impact of HMGA1 on FoxO1 gene expression.
Methods FoxO1 protein and gene expression studies were
performed by Western blot analysis combined with qRT-
PCR of material from human cultured cells and EBV-
transformed lymphoblasts, and from primary cultured
hepatocytes from wild-type and Hmga1–/– mice. Reporter
gene assays and chromatin immunoprecipitation for binding
of HMGA1 to the endogenous FoxoO1 locus were per-
formed in cells overexpressing HMGA1 and in cells pre-
treated with siRNA targeting HMGA1.
Results HMGA1 increased FoxO1 mRNA and protein
expression in vitro, in cultured HepG2 and HEK-293 cells
by binding FoxO1 gene promoter, thereby activating FoxO1
gene transcription. Forced expression of HMGA1 in pri-
mary cultured hepatocytes from Hmga1–/– mice and in

EBV-transformed lymphoblasts from subjects with reduced
expression of endogenous HMGA1 increased FoxO1
mRNA and protein levels.
Conclusion These findings may contribute to the under-
standing of FoxO1 gene regulation and its role in
metabolism.

Keywords HMGA1 ● FoxO1 ● Insulin signaling ● Gene
transcription ● DNA/chromatin interaction

Introduction

Forkhead box protein O1 (FoxO1), a member of the forkead
family of transcription factors characterized by a highly
conserved forkhead DNA-binding domain, regulates the
transcription of genes involved in a wide spectrum of fun-
damental biological processes, like cell proliferation and
differentiation, apoptosis and DNA repair, inflamation and
stress response, insulin sensitivity and energy metabolism
[1–4]. As a crucial effector of insulin action, FoxO1 is
highly expressed in insulin-responsive tissues, including
pancreas and liver, skeletal muscle, white and brown adi-
pose tissue, skeleton and brain, at which levels FoxO1
exerts effects over glucose metabolism, insulin sensitivity
and energy expenditure [5–9]. In particular, in the liver,
FoxO1 stimulates gluconeogenic genes, such as phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase), as well as genes involved in glucose
counterregulation, including the insulin-like growth factor
binding protein 1 (IGFBP1) gene [10, 11], thus ensuring
fasting euglycemia. After a meal, by triggering the phos-
phorylation of FoxO1 via AKT, insulin induces its
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detachment from DNA and its nuclear export, thereby
inhibiting gluconeogenesis and suppressing hepatic glucose
output [12–15]. Consequently, under insulin resistance
conditions, FoxO1 phosphorylation is blunted, and the
transcriptional activation of gluconeogenic genes is abnor-
mally sustained, which confers increased susceptibilty to
type 2 diabetes (T2D) mellitus [16].

While insulin regulation of FoxO1 protein is fairly well
understood [17, 18] the mechanism(s) regulating FoxO1
gene expression have been poorly investigated and poorly
documented, so that the only data available in this regard
refer to the upregulation of FoxO1 gene in response to E2F-
1, a transcription factor involved in cell cycle progression
and apoptosis [19], the homeodomain transcription factor
ALX3 [20], FoxC1 [21], and FoxO1 itself [22]. Also, it has
been reported that FoxO1 mRNA levels were increased in
muscle of fasted or calorically restricted rats [23, 24],
supporting the existence of a nutrient deprivation-induced
mechanism activating FoxO1 gene transcription. However,
the transcription factors mediating this activation have not
been identified.

The high-mobility group A1 (HMGA1) protein is a
nuclear architectural factor that belongs to the superfamily
of nonhistone chromatin-binding proteins. By binding to
AT-rich regions of DNA, HMGA1 can transactivate gene
promoters through mechanisms that facilitate the assembly
and stability of stereospecific DNA–protein complexes (so-
called enhanceosomes), thereby activating or repressing a
variety of mammalian genes [25–27]. We previously
showed that HMGA1 is an important novel mediator of
glucose homeostasis in vivo, playing a crucial role in the
transcriptional regulation of a variety of genes actively
contributing to the maintenance of blood glucose levels,
such as insulin [28] and the insulin receptor genes
[27, 29, 30], in addition to a series of insulin-target genes,
including the gluconeogenic genes PEPCK and G6Pase
[11], as well as genes encoding proteins that are involved in
glucose counterregulation (e.g., IGFBP1 and the retinol-
binding protein 4 (RBP4)) [11,31–33]. A role for HMGA1
as a nuclear target of insulin signaling has been reported by
us before, showing that the insulin-mediated postprandial
glucose disposal is mediated by detachment of HMGA1
from gluconeogenic gene promoters in a way that resembles
the functional association between insulin and FoxO1 [11].
Accordingly, defects in HMGA1 gene and protein expres-
sion have been linked to insulin resistance and T2D in
humans and mice [30,34–38], whereas protection from
these metabolic disorders has been reported in transgenic
mice that overexpress HMGA1 [39].

Taking into account the above considerations, here we
explored the possibility that HMGA1 may be involved in
the transcriptional regulation of FoxO1 gene.

Materials and methods

Cell cultures, protein extracts and Western blot

Human embryonic kidney 293 (HEK-293) cells and HepG2
human hepatoma cells were cultured in Dulbecco's modified
Eagle medium and RPMI 1640 medium, respectively,
supplemented with 10% fetal bovine serum (FBS) (Gibco
Laboratories, Grand Island, NY, USA), 2 mM glutamine,
penicillin (100 U/ml), and streptomycin (100 µg/ml) in a
humidified 5% CO2 atmosphere at 37 °C. Cryopreserved
primary hepatocytes from HMGA1–/– and wild-type mice
[11] were cultured on matrigel-coated six-well plates in
Williams E media (Sigma) supplemented with 10% FBS
and then utilized in subsequent experiments. Cultured
lymphoblast cell lines transformed with Epstein-Barr virus
(EBV) were from normal volunteers and previously iden-
tified diabetic subjects carrying HMGA1 gene defects
[30, 34, 40], and maintained in RPMI 1640 medium sup-
plemented with 15% FBS. Nuclear protein extracts were
prepared as previously [29] and final protein concentration
in the extracts was determined by the modified Bradford
method (Bio-Rad Laboratories, Hercules, CA, USA). The
antibodies used for Western blot studies were: anti-HMGA1
[41], anti-FoxO1 (Santa Cruz Biotechnology, Santa Cruz,
CA) and anti Sp1 [42].

Plasmid construction and transfections

Human FoxO1 gene promoter region (−1989 to −155 bp
relative to the start site of transcription) was amplified from
the BAC clone RP11–181D10 (Invitrogen Life Technology
Corporation, Carlsbad, Calif. USA), using modified specific
primers. After sequence analysis, the resulting product was
cloned upstream to the luciferase (Luc) gene into pGL3
basic vector (Promega, Madison, WI, USA), to obtain the
recombinant plasmid FoxO1-Luc. This construct was tran-
siently transfected into HepG2 or HEK-293 cells, using the
LipofectAMINE 2000 reagent (Invitrogen), in the presence
or absence of an effector vector (pcDNA3HA-HMGA1a)
for the HMGA1a isoform protein, as obtained by subclon-
ing the BamH1/EcoR1 fragment from pcDNA1-HMGI into
the pcDNA3HA plasmid (Invitrogen) [27]. Luc activity was
assayed 48 h later in a luminometer (Turner Biosystems
Inc., CA, USA), using the dual-luciferase reporter assay
system (Promega, Madison, Wis., USA). For gene silencing
experiments, cells at 40–50% confluency were transfected
with 100–200 pmol anti-HMGA1 siRNA plus nonspecific
control siRNA with a similar GC content (Santa Cruz
Biotechnology, Santa Cruz, CA) and maintained in culture
for 72 h, after which cells were removed from the culture
plates and subjected to a second transfection with the same
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siRNAs for an additional 72 h. Renilla control vector served
as an internal control of transfection efficiency. EBV-
transformed lymphoblasts were transfected with expression
vector containing the HMGA1 cDNA as described pre-
viously [27]. For the selection of transfected cells, lym-
phoblasts were cotransfected with the pEGFP vector
(Clontech) and collected 18 h later with a FACS Vantage
cell sorter (Becton Dickinson). Sorted cells were maintained
in culture and used for gene and protein expression analyses
72 h later [26].

Chromatin immunoprecipitation (ChIP)

ChIP was performed in HepG2 and EBV-transformed
lymphoblasts, either untreated or pre-treated with HMGA1
siRNA or with HMGA1 cDNA, as described previously
[11, 30, 43]. Formaldehyde-fixed DNA–protein complex
was immunoprecipitated with anti-HMGA1 antibody
[30, 44], and the following primers for the FoxO1 gene
promoter were used for PCR amplification of ChIP-ed DNA
(30 cycles), using PCR ready-to-go beads (Amersham
Pharmacia Biotech): human FoxO1 (NT_007819) for 5′-
CCCAAGGCTTTGGTCCTATC-3′, rev 5′- GCCGGATT-
CACTGTATTCTTG -3′. PCR products were electro-
phoretically resolved on 1.5% agarose gel and visualized by
ethidium bromide staining.

Real-time PCR

For qRT-PCR, total cellular RNA was extracted from cells
using the RNAqueous-4PCR kit and subjected to DNase
treatment (Ambion). RNA levels were normalized against 18
S ribosomal RNA in each sample, and cDNAs were syn-
thesized from 2 μg of total RNA using the RETROscript first
strand synthesis kit (Ambion). Primers for human FoxO1
(NM_002015.3) (5′- AAGGATAAGGGTGACAGCAA-
CAG-3′; 5′- TTGCTGTGTAGGGACAGATTATGAC-3′),
and mouse FoxO1 (NM_019739) (5′- CAAAGTACACA-
TACGGCCAATCC-3′; 5′- CGTAACTTGATTTGCTGTCC
TGAA-3′), were designed according to sequences from the
GenBank database. qRT-PCR was performed as previously
described [32], using RPS9 cDNA as an internal standard.
All PCR reactions were done in triplicates.

Statistics

Statistical significance was evaluated by Student’s t test. P
< 0.05 was considered significant. All bar graph data shown
are mean ± S.E.M.

Results

HMGA1 induces FoxO1 gene transcription

To explore the possibility that HMGA1 could be involved
in the regulation of FoxO1 expression, we first carried out
in vitro studies in HepG2 and HEK-293 cells, two human
cell lines which express high and low levels of endogenous
HMGA1, respectively. Following transient transfections
with either HMGA1 expression vector or siRNA targeting
HMGA1, both FoxO1 mRNA and protein levels were
increased in HepG2 cells overexpressing HMGA1, and
were reduced in cells pretreated with siRNA targeting
HMGA1 (Fig. 1a). Overexpression of increasing amounts of
HMGA1 in HEK-293 cells increased FoxO1 mRNA and
protein levels in a dose-dependent manner (Fig. 1b). To test
the hypothesis that HMGA1 could play a role in the tran-
scriptional regulation of the FoxO1 gene, we performed
reporter gene analysis in HepG2 and HEK-293 cells, after
transfecting both cell lines with the FoxO1-Luc reporter
plasmid bearing the human FoxO1 promoter sequence
upstream to the luciferase reporter gene, in the presence of
increasing amounts of either siRNA targeting HMGA1 or
HMGA1 expression vector, respectively. As shown in
Fig. 2a, FoxO1-Luc activity was reduced in HepG2 cells
pretreated with siRNA targeting HMGA1, whereas over-
expression of HMGA1 in HEK-293 cells increased FoxO1-
Luc activity in a dose-dependent manner and this effect was
reduced in cells treated with distamycin A, a small molecule
inhibitor of HMGA1 protein binding to DNA [11] (Fig. 2b),
thus indicating that HMGA1 is required for the regulation
of this promoter in vitro.

HMGA1 binds FoxO1 gene promoter

Based on the above functional observations and the pre-
sence of several putative binding sites for HMGA1 in the
promoter region of FoxO1, as revealed by sequence analysis
with MatInspector software (version 8.1, Genomatix, http://
www.genomatix.de/), we performed ChIP coupled with
qRT-PCR of ChIP-ed samples, showing that binding of
HMGA1 to the endogenous FoxO1 chromosomal locus was
manifest in living HepG2 cells naturally expressing
HMGA1, and was decreased in cells that were exposed to
distamycin A (Fig. 3). The reduction in HMGA1 occupancy
at the endogenous FoxO1 locus was also reduced by
treating cells with siRNA against HMGA1 (Fig. 3), further
substantiating the functional role of HMGA1 at the level of
FoxO1 gene promoter. Thus, taken together, these data
demonstrate that HMGA1 is of major importance for the
transcriptional regulation of the FoxO1 gene, suggesting
that functional impairment of HMGA1 may contribute to
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reduced expression of FoxO1, thereby to the inhibition of
FoxO1-mediated gene transcription and function (e.g.,
hepatic gluconeogenesis).

FoxO1 gene expression in primary cultured hepatocytes
from Hmga1–/– mice

We previously showed that HMGA1 plays an essential role
in the transcriptional activation of the FoxO1-dependent
gluconeogenic genes PEPCK and G6Pase, as well as on the
transcription of the insulin-target gene IGFBP1, thereby
contributing to the maintenance of fasting euglycemia
[11, 30]. Also, consistently with our findings above and the
role of FoxO1 in hepatic gluconeogenesis, plasma glucose
concentration in Hmga1–/– mice was lower than in wild-
type animals [32], suggesting that HMGA1 may be required
for FoxO1 gene expression and function also in vivo, in
whole animal. This hypothesis has now been further sup-
ported in the present work, by additional studies of primary
cultured hepatocytes from Hmga1–/– and wild-type mice,
showing that the mRNA expression of FoxO1 was lower in
Hmga1–/– hepatocytes compared to wild-type hepatocytes
(Fig. 4). Restoration of HMGA1 expression following
transfection of primary cultured hepatocytes with a
HMGA1 expression vector, enhanced mRNA levels for

FoxO1, thus further proving that HMGA1 is essential for
FoxO1 gene expression.

FoxO1 is reduced in subjects carrying defects in
HMGA1

In the light of the above experimental results, we thought to
investigate the expression of FoxO1 in individuals with
variable amounts of HMGA1. To this end, FoxO1 expres-
sion levels were measured in cultured EBV-transformed
lymphoblasts from previously selected individuals with and
without insulin resistance and T2D, with and without
HMGA1 gene defects adversely affecting HMGA1 protein
production [30,34–36]. As shown in Fig. 5, FoxO1 mRNA
abundance was reduced in cells expressing low levels of
HMGA1, and this reduction paralleled the decrease in
FoxO1 protein expression, as detected by immunoblots
from nuclear extracts of cultured lymphoblasts. Restoration
of HMGA1 protein expression also in these subjects’ cells
enhanced FoxO1 expression (Fig. 5), thus indicating that, as
observed in murine primary hepatocytes, HMGA1 can also
regulate FoxO1 expression in human-derived cells. The role
of HMGA1 on FoxO1 promoter, in humans, was corrobo-
rated by ChIP experiments coupled with qRT-PCR of ChIP-
ed DNA, showing that binding of HMGA1 to the endo-

Fig. 1 FoxO1 gene expression is
induced by HMGA1. a pcDNA3-
HMGA1 effector vector was
transfected into HepG2 cells,
either in the absence or presence
of siRNA against HMGA1, or a
non-targeting control siRNA, and
endogenous FoxO1 mRNA
expression was measured
thereafter. b Increasing amounts
(0, 0.5, 1 µg) of pcDNA3-
HMGA1 effector vector were
transfected into HEK-293 cells,
and FoxO1 mRNA was measured
as in a. Results are means±S.E.M.
of three independent experiments,
each in triplicate. *P< 0.05 vs.
control (first column in each
condition). Representative
Western blots (WB) of FoxO1
and HMGA1 out of three
independent experiments for each
condition are shown in the
autoradiograms. Bar graphs above
the gel panels are derived from
densitometric scanning of WBs,
using the ImageJ software
program. *P< 0.05 vs. controls
(first columns in each condition).
Sp1, control of nuclear protein
loading
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genous FoxO1 chromosomal locus was low in living EBV-
transformed cells from subjects with reduced expression of
HMGA1, and was considerably increased in EBV cells after
transfection of the expression vector for HMGA1 (Fig. 6).

Discussion

We previously provided data indicating that HMGA1 may
play a fundamental role in insulin signaling and the tran-
scriptional regulation of glucose metabolism [11,30–32].
This notion is based mainly on the observation that
HMGA1 is a key regulator of a variety of insulin-target
genes, including the insulin receptor gene, as well as the
gluconeogenic genes PEPCK and G6Pase, in addition to
other genes encoding for proteins important in glucose
counterregulation and homeostasis such as, IGFBP1 and
RBP4 [11, 31, 32].

Fig. 2 HMGA1 regulates FoxO1 gene transcription. a FoxO1-Luc
reporter vector was transfected into HepG2 cells, either in the absence
or presence of siRNA against HMGA1, or a nontargeting control
siRNA, and Luc activity was measured 72 to 96 h later. b FoxO1-Luc
reporter vector was transfected into HEK-293 cells, with increasing
amounts (0, 0.5, 1 µg) of pcDNA3-HMGA1 effector vector, in the
absence or presence of 10 µM distamycin A, and Luc activity was
measured as in a. In both experimental conditions, Luc activity from
the reporter plasmid was normalized by the renilla Luc activity pro-
duced from a pRL Renilla-Luc control vector cotransfected as an
internal control. White bar, mock (no DNA); black bar, (pGL3 basic

vector, without the FoxO1 promoter). Results are means± S.E.M. of
three independent experiments, each in triplicate. *P< 0.05 compared
with nontargeting (control) siRNA; **P< 0.05 vs. the FoxO1-Luc, in
the absence of a HMGA1 effector vector, which is assigned an arbi-
trary value of 1. Representative WBs of HMGA1 out of three inde-
pendent experiments for each condition are shown in the
autoradiograms. Bar graphs above the gel panels are derived from
densitometric scanning of WBs, using the ImageJ software program.
*P< 0.05 vs. control (first column in each condition). Sp1, control of
nuclear protein loading

Fig. 3 HMGA1 binds FoxO1 promoter in living cells. ChIP of the
FoxO1 promoter gene in HepG2 cells untreated or pretreated with
either distamycin A or HMGA1 siRNA. ChIP was carried out using an
anti-HMGA1 specific antibody (Ab). qRT-PCRs of ChIP-ed samples
are shown in each condition. A representative ChIP assay out of at
least three independent experiments is presented. *P< 0.05 vs. non-
targeting control siRNA (slashed bar)
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On the other hand, the specific action of the transcription
factor FoxO1 in regulating glucose homeostasis has been
reported in several studies, which have also contributed
significantly to our understanding of the mechanism of
action and the physiological significance of FoxO1 in this
context. For example, cytoplasm retention of FoxO1 via
insulin-induced phosphorylation is suggested to be a
mechanism of insulin-mediated gene repression, thus a
critical regulator of peripheral insulin action [45–47]. The
possibility that HMGA1, by affecting Foxo1 gene and
protein expression can be a component of this regulation,
would constitute an interesting finding of the present work,
which, however, deserves further research to be better
assessed. Compared to previous investigations, for the first
time in the present study, we report the identification of
HMGA1 as a novel nuclear modulator of the Foxo1 gene,
which might play a major role in FoxO1-mediated trans-
activation in mammals.

In our study, the involvement of HMGA1 in the
expression of FoxO1 is underlined by the following facts:
first, HMGA1 enhances FoxO1 gene expression and pro-
moter activity in cultured cells; second, binding of HMGA1

Fig. 4 FoxO1 gene expression in primary culture cells. FoxO1 mRNA
abundance was measured in primary cultured hepatocytes from both
Hmga1+/+ (black bar) and Hmga1–/– (gray bar) mice, before and after
transfection of the cells with the pcDNA3-HMGA1 expression
vector. Results are means± S.E.M. of five independent experiments.
*P< 0.05 vs. Hmga1+/+ hepatocytes. Representative WBs are shown
in each condition. Bar graph above the gel panel is derived from
densitometric scanning of anti-HMGA1 WB, using the ImageJ soft-
ware program. Sp1, control of nuclear protein loading

Fig. 5 FoxO1 expression in EBV-transformed lymphoblasts from
subjects expressing variable amounts of HMGA1. mRNA and protein
expression (WB) for both HMGA1 and FoxO1 were concomitantly
measured in cultured EBV-transformed lymphoblasts from normal
subjects (WT, wild-type, n= 6) and subjects carrying HMGA1 gene
variants (c.*369del and rs139876191; n= 3 and 4, respectively) that
decrease HMGA1 protein expression [30, 34], either in the absence (−)
or presence (+) of the effector vector for HMGA1. qRT-PCR of
HMGA1 and FoxO1 mRNA levels are shown as percent of maximal
value (WT, 100%). Results are means± S.E.M. for three separate
assays. *P< 0.05 vs. controls (WT). **P< 0.05 vs. untransfected cells
in each variant group. Representative WBs for HMGA1 and FoxO1 are
shown. Bar graphs above the gel panels are derived from densitometric
scanning of WBs, using the ImageJ software program. *P< 0.05 vs.
controls (WT); **P< 0.05 vs. untransfected cells in each variant group.
Sp1, control of nuclear protein loading

Fig. 6 Binding of HMGA1 to FoxO1 promoter in subjects’ cells. The
occupancy of the FoxO1 gene promoter by HMGA1 was measured by
ChIP in EBV-transformed lymphoblasts from normal WT subjects
(slashed bar, n= 3) and subjects carrying the HMGA1 c.*369del
variant (gray bars, n= 3), using an anti-HMGA1 specific antibody
(Ab), either before or after transfecting cells with the c.*369del variant
with an HMGA1 effector vector. qRT-PCRs of ChIP-ed samples are
shown in each condition. *P< 0.05 vs. WT subjects; **P< 0.05 vs.
untransfected cells carrying the HMGA1 c.*369del variant. A repre-
sentative ChIP assay is presented
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to the endogenous FoxO1 chromosomal locus is increased
in living cells naturally expressing HMGA1, and is reduced
in cells exposed either to distamycin A or siRNA against
HMGA1; third, FoxO1 abundance is low in both primary
cultured hepatocytes from Hmga1–/– mice and EBV-
transformed lymphoblasts from subjects with reduced
expression of HMGA1, in which restoration of HMGA1
protein production enhances FoxO1 gene and protein
expression. Altogether, these observations strengthen the
role of HMGA1 as a novel transcriptional activator of
FoxO1 gene, lending support to the view that HMGA1,
which is upregulated via the cAMP-signaling pathway
during fast [32, 33], may play a pivotal role in maintaining
fasting euglycemia, in vivo. Also, as concomitant insulin
resistance and insulin hypersensitivity in peripheral tissues
may paradoxically coexist in certain adverse metabolic
conditions in which insulin action is precluded [30, 32], it is
tempting to hypothesize that the reduction of HMGA1, by
adversely affecting FoxO1 expression, might reflect an
adaptive mechanism to increase insulin action.

From a clinical point of view, the observation that dia-
betic subjects with HMGA1 gene defects might display also
a decrease in FoxO1 protein expression supports the notion
that patients with T2D who have these defects may have a
different clinical course than other patients with T2D. In
this respect, we recently reported that diabetic patients
carrying the rs139876191 HMGA1 variant (which causes
reduced HMGA1 protein expression) had a significantly
lower risk of proliferative diabetic retinopathy, compared to
non-carrier patients, and this protective effect was attrib-
uted, at least in part, to downregulation of the vascular
endothelial growth factor A, a major activator of neo-
vascularization [48]. In this context, the involvement of
FoxO1 in the induction of genes involved in diabetic reti-
nopathy and its activation during the early inflammatory
phase of diabetic retinopathy has been reported [49, 50].
Thus, the protective effect of the HMGA1 rs139876191
variant on diabetic retinopathy may also be mediated
through a process that involves inactivation of FoxO1 gene
and protein expression. Although the relevance of our data
to the clinical setting requires further investigation, they
provide compelling evidence for the identification of
HMGA1 as a novel nuclear activator of FoxO1 gene tran-
scription, which may help explaining noted differences in
diabetes phenotypes.

In our opinion, these findings offer new biological and
mechanistic insights into the mechanism(s) underlying
FoxO1 gene regulation and might be useful in under-
standing the molecular basis of clinical phenotypes in those
conditions where insulin action is compromised (e.g., T2D
and other insulin-resistant states). Understanding these
mechanisms could help in identifying novel therapeutic
targets for preventing and treating these diseases.
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