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miR-96, miR-145 and miR-9 expression
increases, and IGF-1R and FOXO1
expression decreases in peripheral blood
mononuclear cells of aging humans
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Abstract

Background: In mammals, the IGF-1 pathway affects the phenotype of aging. Since the function of the immune
system is modulated by IGF-1, it is plausible that immunosenescence might in part result from altered control by
this pathway. We therefore examined whether the expression of IGF-1R, FOXO1, and FOXO3a in peripheral blood
mononuclear cells (PBMC) changes with age and if this might be due to changes in the expression of select
miRNAs.

Methods: The expression of IGF-1R, FOXO1, FOXO3a, as well as of miR-9, miR-96, miR-99a, miR-132, miR-145, and
miR-182 was examined in PBMC of young (27.8 ± 3.7 years), elderly (65.6 ± 3.4 years), and long-lived (94.0 ± 3.
7 years) Polish Caucasians using real-time PCR. mRNA/miRNA interactions were studied in HEK 293 cells using
luciferase-expressing pmirGLO reporter vector.

Results: The median expression of IGF-1R decreased with age (p < 0.000001), as did the expression of FOXO1 (p < 0.
000001), while the expression of FOXO3a remained stable. We also found an age-associated increase of the median
expression of miR-96 (p = 0.002), miR-145 (p = 0.024) and miR-9 (p = 0.026), decrease of the expression of miR-99a (p
= 0.037), and no changes regarding miR-132 and miR-182. Functional studies revealed that miR-96 and miR-182
interacted with human IGF-1R mRNA, and that miR-145 and miR-132 interacted with human FOXO1 mRNA.

Conclusions: The age-associated higher expression of miR-96 and miR-145 might contribute to the lower
expression of IGF-1R while the higher expression of miR-96, miR-145 and miR-9 might contribute to the lower
expression of FOXO1 in peripheral blood mononuclear cells of aging humans. Sustained expression/function of
FOXO3a but not of the other two genes might be important for the maintenance of the immune system function
in these individuals.

Keywords: Epigenetic drift, Forkhead box O1 transcription factor, Forkhead box O3a transcription factor, Insulin-like
growth factor-1 receptor, miRNA, Peripheral blood mononuclear cells, Successful aging

* Correspondence: mpuzianowska@imdik.pan.pl
†Equal contributors
1Department of Geriatrics and Gerontology, Medical Centre of Postgraduate
Education, Marymoncka 99/103, 01-813 Warsaw, Poland
2Department of Human Epigenetics, Mossakowski Medical Research Centre,
PAS, Pawinskiego 5, 02-106 Warsaw, Poland
Full list of author information is available at the end of the article

© The Author(s). 2016 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Budzinska et al. BMC Geriatrics  (2016) 16:200 
DOI 10.1186/s12877-016-0379-y

http://crossmark.crossref.org/dialog/?doi=10.1186/s12877-016-0379-y&domain=pdf
mailto:mpuzianowska@imdik.pan.pl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
Aging is a multifactorial process affecting all tissues and
organs, which depends on genetic, epigenetic, environ-
mental and stochastic factors. On the molecular level,
one of its key features is aging-associated change of gene
activity, to a large extent driven by epigenetic drift, a
subtle but progressive change of the epigenome, charac-
terized by global DNA demethylation, hypermethylation
of select promoters, histone code alterations and change
in miRNAs expression [1–3]. miRNAs are short, non-
coding, single-stranded RNA molecules that regulate
gene expression at the pre-translational level [4]. Not-
ably, aging-associated change of miRNA expression and
its phenotypic effects are not completely elucidated,
mostly due to the complex nature of miRNA action and
to the fact that miRNA expression changes seems to be,
at least in part, tissue-specific [5–7].
The first indications of an involvement of the insulin/

IGF-1 pathway in the regulation of lifespan originated
from experiments performed on Caenorhabditis elegans,
in which mutations reducing the activity of daf-2, an
ortholog of mammalian IGF-1 and insulin receptors
(IGF-1R and IR, respectively), significantly extended the
lifespan of this nematode [8]. The effect has been shown
to be mediated by daf-16, an ortholog of mammalian
forkhead transcription factors (FOXO). Stimulation of
IGF-1R leads to Akt-dependent phosphorylation of
FOXO, its sequestration in the cytoplasm, and to inhib-
ition of its longevity-promoting activity [9, 10],while
overexpression of FOXO increases the duration of life
[11, 12]. Involvement of this pathway in longevity con-
trol was further confirmed in Drosophila melanogaster
[13, 14]. In mice, heterozygous deletion of IGF-1R (null
animals were not viable) resulted in lifespan extension
by 33% in females [15], however, this was not replicated
by other authors [16]. In humans, genetic variants of
FOXO3A were quite consistently reported as associated
with longevity [17–19]. In contrast, only a few scientific
reports described an association of the IGF-1R and
FOXO1 variants with longevity [18, 20], while others did
not see such associations [21, 22]. Therefore, the effect
of IGF-1 pathway on longevity in mammals in general
and in humans in particular, remains a controversial
issue. Nonetheless, it is well established that modifica-
tions of this pathway significantly affect the phenotype
of aging, as age-related decrease in circulating IGF-1
levels contributes to the development of cardiovascular
disease, stroke, type 2 diabetes mellitus, osteoporosis,
sarcopenia, and frailty but, at the same time, lowers the
risk of cancer [23–28].
An integral part of aging is immunosenescence. Its

most important features are: a decreased number of
naïve T and B lymphocytes, an increased number of
memory and effector T and B lymphocytes as well as of

natural killer cells the function of which is altered, an
impaired production of interleukins and cytokines, an
overproduction of autoantibodies and production of less
effective antibodies, all leading to a low-grade chronic
inflammation, a decreased response to pathogens and to
immunization, and to the increased risk of autoimmun-
ity and cancers [29]. The function of the immune system
depends on numerous factors and pathways, including
the growth hormone/IGF-1 pathway [30, 31], the func-
tion of which also varies with age, being one of the
hypothetical causes of immunosenescence. Indeed, a
significant correlation has been demonstrated between
plasma IGF-1 levels and the T lymphocyte (but not B-
lymphocyte) proliferative response in young and elderly
humans [32]. Furthermore, in aged female rhesus mon-
keys, administration of recombinant human IGF-1
resulted in an increased percentage of circulating B lym-
phocytes and of CD8 cells as well as of antibody produc-
tion to tetanus toxoid [33].
The biological effects of IGF-1 depend not only on the

concentration of this factor, but also on the expression
and activity of its receptor and of other proteins, that
form the IGF-1 pathway. Therefore, the main objective
of our work was to establish whether the expression of
major components of the IGF-1 axis, IGF-1R, FOXO1
and FOXO3a, changes with age in human peripheral
blood mononuclear cells (PBMC). Our second objective
was to establish whether an altered expression of the se-
lected miRNAs might contribute to IGF-1R, FOXO1 and
FOXO3a age-associated expression differences.

Methods
Study subjects
Polish Caucasians were divided into the young (Y, n =
56, age range 20–39 years, mean age 27.8 ± 3.7 years, 29
females, 27 males), elderly (E, n = 52, 60–73 years, 65.4
± 3.4 years, 25 females, 27 males), and long-lived (L, n =
48, 90–102 years, 94.2 ± 3.7 years, 31 females, 17 males)
age groups (Table 1). They were non-obese, without
signs and symptoms of current infection, and without
history of myocardial infarction, stroke, type 2 diabetes
mellitus, cancer, or neurodegeneration. However, in the
E and L groups moderate hypertension was allowed, and
some study participants belonging to the L group had a
mild degree physical or cognitive disability. Physical
performance and cognitive functioning were assessed
during recruitment for the study with the Activities of
Daily Living (ADL) scale [34] and Mini-Mental State
Examination (MMSE) [35], respectively. The following
cut-offs were used for physical performance: ADL score
5–6 – independent, 3–4 – partially dependent, 0–2 – to-
tally dependent, and for cognitive functioning: MMSE
score 28–30 – normal cognition, 24–27 – minimal cog-
nitive impairment, 20–23 – mild, 10–19 – moderate,
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<10 – severe cognitive impairment. Fifteen percent of
elderly and 41% of long-lived individuals were taking
low-dose acetylsalicylic acid. All participants gave a writ-
ten informed consent for participation in the study. The
anonymity of patients has been preserved at all stages of
this investigation. The study protocol was approved by
the Bioethics Committee of the Medical University of
Warsaw.

Isolation of PBMC and isolation of RNA
Human peripheral blood mononuclear cells were iso-
lated as previously described [36]. Next, since the avail-
able data indicated that TRIzol (Invitrogen, Carlsbad,
CA, USA) is suitable for isolation of both long and short
RNAs and their further analysis using RT-PCR, next
generation sequencing, etc., and that it is not inferior to
other isolation methods [37–41], we used this reagent to
isolate total RNA according to the procedure supplied
by the manufacturer. The integrity of RNA was assessed
using Agilent 2100 Bioanalyzer (Agilent, CA, USA).

Reverse transcription
To obtain cDNA for analysis of gene expression, the re-
actions were performed with 100 ng of PBMC total
RNA and with random hexamers using the RevertAidTM

H Minus First Strand cDNA Synthesis Kit (Thermo Sci-
entific, Vilnius, Lithuania). For analysis of miRNA
expression, reverse transcriptions were performed with
100 ng of total RNA and with a poly-T primer with a 3’
degenerate anchor and a 5’ universal tag from the miR-
CURY LNA™ Universal RT microRNA PCR system kit
(EXIQON, Vedbaek, Denmark).

Real-time quantification of gene expression and of miRNA
expression
The expression of IGF-1R, FOXO1 and of FOXO3 was
analyzed with semi-quantitative real-time PCR using the

LightCycler 480 SYBR Green I Master kit (Roche Diag-
nostic, Mannheim, Germany) in the Light Cycler 480
(Roche Diagnostic, Mannheim, Germany). The primers
for IGF-1R were: forward 5’TGAAAGTGACGTCCTGC
ATTTC3’ and reverse 5’GGTACCGGTGCCAGGTT
ATG3’, for FOXO1: forward 5’TGGACATGCTCAGCAG
ACATC3’ and reverse 5’TTGGGTCAGGCGGTTCA3’,
and for FOXO3a: forward 5’GAACGTGGGGAACTT-
CACTGGTGCTA3’ and reverse 5’GGTCTGCTTTGC
CCACTTCCCCTT3’. The reaction was carried out as
follows: 5 min at 95 °C, 45 cycles of 12 s at 95 °C, 12 s
at 60 °C and 12 s at 72 °C, followed by a melting curve
cycle. The results were normalized against the expres-
sion of the ACTB gene. Each reaction was performed in
duplicate.
To evaluate the expression of miRNAs, a real-time

PCR was performed with the miRCURY LNA™ Universal
RT microRNA PCR system and SYBR Green kits (EXI-
QON, Vedbaek, Denmark) in the Light Cycler 480,
according to the manufacturer’s protocol. The reaction
conditions were: 10 min at 95 °C, 50 cycles of 10 s at
95 °C, 1 min at 60 °C, followed by melting curve cycle.
The results were normalized against the expression of
endogenous control U6 snRNA. Each reaction was per-
formed in duplicate.

Functional analysis of miRNA
Candidate miRNAs were searched for using in silico
analysis with the TargetScanHuman [42], miRanda-
mirSVR [43] and the Pictar [44] programs. Using this
approach, we selected miR-96, miR-99a, miR-145, and
miR-182 for IGF-1R mRNA, and miR-9, miR-96, miR-
132, miR-145, and miR-182 for FOXO1 mRNA.
DNA corresponding to the 5’ end (721 bp) of 3’UTR

of IGF-1R mRNA was amplified with Dream Taq poly-
merase (Thero Scientific, Vilnius, Lithuania) with for-
ward 5’ACTAGAGCTCGACCTGCTGATCCTTGG3’
(added SacI restriction site shown in bold, the STOP
codon is underlined) and reverse 5’TAAGCTCGAG
AGCTGTCTCTCAAATGG3’ (additional XhoI restric-
tion site shown in bold) primers. The PCR reaction con-
ditions were: 4 min at 94 °C, 5 cycles of 1 min at 94 °C,
1 min at 56 °C, 3 min at 72 °C, 35 cycles of 1 min at 94 °
C, 1 min at 60 °C and 3 min at 72 °C, and final
extension for 10 min at 72 °C. The PCR product was
cloned into the pmirGLO reporter vector (Promega,
Madison, WI, USA) and sequenced (pmirGLO_IGF-1
R_5’ reporter vector). DNA corresponding to the 3’ end
(1327 bp) of 3’UTR of IGF-1R mRNA was cloned with
forward 5’ACTAGAGCTCCACTGAGGCACATCATGG
3’ (added SacI site is shown in bold) and reverse
5’TAAGCTCGAGAGTGATCGTTATGTTCTCGC3’
(added XhoI site is shown in bold) primers. The PCR

Table 1 Basic clinical and biochemical parameters of the elderly
and long-lived study subjects

Elderly Long-lived

n = 52 n = 48

Agea (years) 65.6 ± 3.4 94.2 ± 3.8

BMIa (kg/m2) 28.1 (25.7, 30.10) 25.3 (21.9, 28.6)

Fasting glucosea (mg/dl) 90.2 (81.1, 96.7) 87.5 (83.8, 92.5)

Total cholesterola (mg/dl) 203.2 (177.1, 239.85) 173 (151.8, 203.9)

HDLa (mg/dl) 56 (49.5, 62.3) 51.9 (47, 67.1)

IL-6a (pg/ml) 1.5 (0.8, 2.8) 2.9 (1.4, 4.6)

CRPa (mg/l) 1.9 (1.1, 4.1) 2.4 (1.5, 10.7)

MMSEa 29 (27, 29) 19 (17, 26)

ADLa 6 (6, 6) 6 (4, 6)
a median (25th, 75th percentile)
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conditions and cloning (pmirGLO_IGF-1R_3’ reporter
vector) were the same as above.
DNA corresponding to the 5’ end (1201 bp) of 3’UTR

of FOXO1 mRNA was cloned using forward 5’ACTA-
GAGCTCTGTCAGGCTGAGGGTTAG3’ (added SacI
site is shown in bold, the STOP codon is underlined)
and reverse 5’CTAACTCGAGCTTGATGCTATGCAG-
TACG3’ (added XhoI site is shown in bold) primers,
while for cloning of the 3’ end of this mRNA (1358 bp)
the starters were forward 5’ACTAGAGCTCCTCTAT-
CATCCTCATTTTGG3’ (added SacI site is shown in
bold) and reverse 5’TAAGCTCGAGGGCTGACAA-
GACTTAACTC3’ (added XhoI site is shown in bold).
Both fragments were amplified under the following PCR
conditions: 4 min at 94 °C, 5 cycles of 1 min at 94 °C,
1 min at 56 °C, 3 min at 72 °C, 35 cycles of 1 min at 94 °
C, 1 min at 58 °C and 3 min at 72 °C, and final extension
for 10 min at 72 °C, and then cloned (pmirGLO_-
FOXO1_5’ and pmirGLO_FOXO1_3’ reporter vectors,
respectively) and sequenced.
HEK 293 cells were cultured in a 96-well dish in Dul-

becco Modified Eagle’s medium (Sigma Aldrich, St.
Louis, MO, USA) supplemented with 10% heat-
inactivated fetal bovine serum, without antibiotics, in a
humidified incubator with 5% CO2, at 37 °C. Cells were
transfected at 80% confluency with 0.5 μl lipofectamine
2000 (Invitrogen, Life Technologies, Carlsbad, CA, USA)
in 50 μl Opti-MEM I medium (Gibco, Life Technologies,
Grand Island, NY, USA) without serum, according to the
lipofectamine manufacturer’s protocol. Eighty ng of
pmirGLO with or without cloned 3’UTR-encoding DNA
and 5 pmol of pre-miRNA (pre-miR-96, pre-miR-182 or
pre-miR miRNA Precursor Negative Control #2 for IGF-
1R, and pre-miR-145, pre-miR-132 or pre-miR miRNA
Precursor Negative Control #2 for FOXO1, Ambion, Life
Technologies, Carlsbad, CA USA) were used. Cells were
then cultured for 24 h without changing medium,
washed with phosphate-buffered saline, and lysed for
15 min with 20 μl Passive Lysis Buffer (Promega, Madi-
son, WI, USA) on a rocking platform. The luminescence
was assessed in the Centro XS3 LB 960 luminometer
(Berthold Technologies, Bad Wilbad, Germany). The lu-
minescence of firefly luciferase substrate was normalized
against that of Renilla luciferase substrate. Each experi-
ment was repeated 15 times.

Statistical analysis
Statistical calculations were performed using STATIS-
TICA 10. To assess normality of the distribution, the
Shapiro-Wilk test was used. Since the distribution of the
expressions of the genes of interest and of miRNAs was
not normal, statistical analyses were performed with the
Kruskal-Wallis test. The effect of low-dose acetylsalicylic
acid on gene and miRNA expression was analyzed with

U Mann–Whitney test. The effect of miRNA interaction
with the respective mRNA on the reporter protein activ-
ity was analyzed by the two-sided Student’s t test.
Correlation between the mRNA and the studied miRNA
expressions was calculated by the Spearman’s rank
correlation coefficient. For all tests the level of signifi-
cance was established at 0.05.

Results
Expression of the IGF-1R, FOXO1, and FOXO3a mRNA in
PBMC of young, elderly, and long-lived individuals
We first established whether age affected the mean Cp
values for the ACTB control gene. We found that they
did not differ between age groups (Y: 20.4 ± 0.8, E: 21 ±
1.9, L: 20.1 ± 0.8) and concluded that ACTB can be used
as the internal control in assessing the expression of
genes of interest. The median (25th, 75th percentile) ex-
pression of IGF-1R expressed in arbitrary units was not
statistically different in men and women or in low-dose
acetylsalicylic acid users and non-users, and further ana-
lyses were performed for all study subjects together. The
median expression of IGF-1R was 1.04 (0.85, 1.34), 0.62
(0.48, 0.91), and 0.57 (0.43, 0.74) in the Y, E, and L
groups, respectively, and significantly decreased with age
(p < 0.00001). The differences between the Y and E, as
well as Y and L groups were significant (p = 0.000006
and p < 0.000001, respectively), while the difference be-
tween the E and L groups was not.
The median expression of FOXO1 expressed in arbi-

trary units was similar in men and in women, as well as
in low-dose acetylsalicylic acid users and non-users, and
all study subjects were pooled for further analyses. The
median expression of this gene was 1.02 (0.8, 1.37), 0.78
(0.49, 1.12), and 0.61 (0.47, 0.78) in the Y, E, and L
groups, respectively, and significantly decreased with age
(p < 0.000001). The differences were significant for the Y
vs. E and Y vs. L groups (p = 0.0013 and p < 0.000001, re-
spectively), while for the E vs. L groups it was not
significant.
Finally, the median expression of FOXO3a was not as-

sociated with gender nor with low-dose acetylsalicylic
acid use. Its median expression was 0.95 (0.79, 1.17),
0.87 (0.66, 1.14), and 1.0 (0.77, 1.2) in the Y, E, and L
groups, respectively, and was not dependent on age.

Interaction of miRNAs with the IGF-1R mRNA and FOXO1
mRNA
Since the interaction between the IGF-1R mRNA vs.
miR-99a or miR-145, as well as the FOXO1 mRNA vs.
miR-9, miR-96, or miR-182 has been previously shown
by other authors [45–48], we conducted functional stud-
ies only for the IGF-1R mRNA vs. miR-96 and miR-182,
and for the FOXO1 mRNA vs. miR-145 and miR-132.
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3’UTR of IGF-1R mRNA contains two putative miR-96
and two putative miR-182 binding sites; therefore, each
site was analyzed separately. The mean luminescence in-
duced by firefly luciferase expressed from the reporter
vectors pmirGLO_IGF-1R_5’ or pmirGLO_IGF-1R_3’ in
the presence of negative control miRNA was normalized
to 100%. Co-transfection of pmirGLO_IGF-1R_5’ or
pmirGLO_IGF-1R_3’ with pre-miR-96 (Fig. 1a, b) de-
creased luminescence on average by 31% (p = 0.01) and
17.2% (p = 0.05), respectively, showing that miR-96 inter-
acts with both fragments of the 3’UTR of IGF-1R mRNA
and decreases translation of the reporter protein. Co-
transfection with pre-miR-182 showed that only the
binding site located within the 5’ fragment of 3’UTR of
IGF-1R mRNA (Fig. 1c) was functional since the lumi-
nescence induced by firefly luciferase expressed from the
pmirGLO_IGF-1R_5’ vector decreased by 29.5% (p =

0.0005). In contrast, there was no interaction between
miR-182 and its second putative binding site (Fig. 1d).
Similarly, the mean luminescence induced by firefly lu-

ciferase expressed from the reporter vectors pmirGLO_-
FOXO1_5’ or pmirGLO_FOXO1_3’ in the presence of
negative control miRNA was normalized to 100%. Co-
transfection of pmirGLO_FOXO1_5’ and pre-miR-145
(Fig. 2a) decreased luminescence by 39.3% (p <
0.000001). Co-transfection of pmirGLO_FOXO1_3’ with
pre-miR-132 (Fig. 2b) decreased luminescence by 42.4%
(p < 0.000001) suggesting that in silico-designated single
binding sites for these miRNAs were functional.

Age-dependent changes of expression of miRNAs in
PBMC
The median expression of any of the tested miRNAs did
not differ between men and women, or between low-

ba

dc

Fig. 1 miR-96 and miR-182 interact with the 3’UTR of IGF-1R mRNA. HEK 293 cells were co-transfected with the pmirGLO reporter vector and
miRNA precursors. The mean relative luminescence induced by firefly luciferase expressed from the reporter vectors containing cloned DNA
corresponding to the 3’UTR fragments, in the presence of negative control miRNA, was normalized to 100%. miR-96 interacts with two (a, b), and
miR-182 with one out of two in silico indicated binding sites (c, d). pmirGLO: “empty” reporter vector; pmirGLO_IGF-1R_5’: reporter vector
containing DNA corresponding to the 5’ end of 3’UTR of IGF-1R mRNA; pmirGLO_IGF-1R_3’: reporter vector containing DNA corresponding to the
3’ end of 3’UTR of IGF-1R mRNA; pre-miR-neg, pre-miR-96, pre-miR-182: miRNA precursors
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dose acetylsalicylic acid users and non-users, and all
study subjects were analyzed together. The median ex-
pression of miR-96 increased with age (p = 0.002 for the
whole tested group, Y vs. E: p = 0.009, Y vs. L: p = 0.006),
as did the median expression of miR-145 (p = 0.024 for
the whole group, E vs. L: p = 0.029) and of miR-9 (p =
0.026 for the whole group, Y vs. L: p = 0.021). In contrast,
the expression of miR-99a decreased with age (p = 0.037
for the whole group, Y vs. E: p = 0.038). The expression of
miR-132 and miR-182 remained stable (Table 2).
There was a weak, but significant negative correlation

between the expression of FOXO1 and expression of
miR-96 (Rs = −0.202, p = 0.017).

Discussion
In this work we showed that the expression of key com-
ponents of the IGF-1 pathway, the IGF1-R and FOXO1
genes, decreases with age, while the median expression
of FOXO3a remains stable in PBMC of aging humans.

The increased function of the IGF-1 pathway has been
shown to enhance proliferation of T lymphocytes, pro-
mote their survival and stimulate the production of
TNF-α and IL-8, stimulate B lymphocyte proliferation
and differentiation and enhance immunoglobulin pro-
duction, as well as to enhance natural killer cell activity,
thus exerting a pro-inflammatory effect [49–52]. On the
other hand, by stimulation of IL-10 expression and in-
hibition of Th-1-mediated immune responses in activated
T lymphocytes, the increased function of this pathway
exerts anti-inflammatory actions [53]. Upregulation of
FOXO1 increases the number of naive T and B lympho-
cytes, accompanies T and cell maturation and supports
their homing to lymph nodes [54–56]. It maintains their
quiescence, and contributes to immune tolerance [55, 57].
Therefore, an age-associated decrease of expression of

IGF-1R and FOXO1 in these cells likely contributes to
altered antibody production and natural killer function,
as well as to alterations and imbalance in the production

a b

Fig. 2 miR-145 and miR-132 interact with the 3’UTR of FOXO1 mRNA. HEK 293 cells were co-transfected with the pmirGLO reporter vector and
miRNA precursors. The mean relative luminescence induced by firefly luciferase expressed from the reporter vectors containing cloned 3’UTR
fragments in the presence of negative control miRNA was normalized to 100%. Both miR-145 (a) and miR-132 (b) interact with in silico indicated
binding sites. pmirGLO: “empty” reporter vector; pmirGLO_FOXO1_5’: reporter vector containing DNA corresponding to the 5’ end of 3’UTR of
FOXO1 mRNA; pmirGLO_FOXO1_3’: reporter vector containing DNA corresponding to the 3’ end of 3’UTR of FOXO1 mRNA; pre-miR-neg,
pre-miR-145, pre-miR-132: miRNA precursors

Table 2 Age-related changes of the expression of the selected miRNAs in human peripheral blood mononuclear cells

Expression arbitrary units [median value (25th, 75th percentile)] P-value

miRNA Ya Eb Lc Y vs. E E vs. L Y vs. L

miR-9 0.39 (0.16, 0.82) 0.54 (0.16, 1.13) 0.96 (0.27, 1.40) p = 766 p = 0.381 p = 0.021

miR-96 0.29 (0.10, 0.53) 0.75 (0.22, 2.06) 0.74 (0.23, 2.52) p = 0.009 p = 1 p = 0.006

miR-99a 2.42 (1.16, 4.83) 1.23 (0.53, 2.59) 1.50 (0.83, 3.41) p = 0.038 p = 1 p = 0.265

miR-132 0.21 (0.08, 0.41) 0.21 (0.11, 0.41) 0.25 (0.12, 0.50) p = 1 p = 1 p = 1

miR-145 0.14 (0.07, 0.47) 0.13 (0.06, 0.34) 0.27 (0.13, 0.57) p = 1 p = 0.029 p = 0.104

miR-182 0.18 (0.10, 0.47) 0.21 (0.06, 1.02) 0.23 (0.09, 1.55) p = 1 p = 0.752 p = 0.292
a: young (Y), b: elderly (E), c long-lived (L) individuals
Significant p-values are shown in bold
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of pro-inflammatory and anti-inflammatory agents
termed inflammaging, a phenomenon increasing the risk
of developing aging-related diseases [58, 59]. Notably,
the effects of the downregulation of IGF-1R and FOXO1
might be additive on some immune functions but op-
posite on others.
It should be noted, however, that the decrease of

IGF-1R and FOXO1 expression was also observed in
PBMC of long-lived individuals who had never been
diagnosed with any aging-related disease. This sug-
gests that in these individuals most possibly genetic-
ally predisposed to longevity, such a decrease either is
not very harmful to the immune system, or is compen-
sated by other factors. For example, the effect of
overproduction of pro-inflammatory agents can be
overcome by the increased production of anti-
inflammatory factors (anti-inflammaging) [60, 61].
Nevertheless, it is highly relevant to establish whether
downregulation of these genes in PBMC of persons
not predisposed to longevity or subjected to the nega-
tive influences of environmental factors is also of
minor importance or, on the contrary, contributes to
their increased morbidity and mortality.
Remarkably, the expression of FOXO3a in PBMC of

our study participants was not affected by age. FOXO3a
has been shown to play a pivotal role in maintaining the
hematopoietic stem cell, T cell progenitor, and memory
T cell pools, in B cell differentiation and persistence of
memory B cells, and in promoting survival of natural
killer cells [62]. The fact that our results show its expres-
sion to be similar independently of age, suggests that its
sustained function might be crucial for the maintenance
of the immune system function during aging.
In this work we also attempted to elucidate the mech-

anisms underlying the observed age-dependent differ-
ences in the expression of IGF-1R and FOXO1.
Molecular mechanisms affecting gene/protein expression
are multiple and include those that influence the rate of
transcription, mRNA maturation, transport and stability,
the rate of translation, etc. miRNAs activity seems to be
one of the important mechanisms affecting gene expres-
sion in the context of aging, because the change of miR-
NAs expression is one of the features of aging-associated
epigenetic drift [6]. We showed that the median expres-
sion of miR-96 and miR-145, both functionally interact-
ing with the IGF-1R and FOXO1 mRNAs, as well as of
miR-9 interacting with the FOXO1 mRNA, was higher
in PBMC of aging humans than of young study subjects.
We therefore propose that such an increase might be
among the factors that contribute to the decreased
expression of IGF-1R and FOXO1 in these cells. In the
case of other tested miRNAs, since their expression did
not change with age, we conclude that they do not
participate in this phenomenon.

This work has some limitations. We studied unfractio-
nated blood mononuclear cells, conscious that the gene
expression changes and some features of epigenetic drift
might be cell type-specific. Since the percentage of im-
mune cell subtypes changes with age also in apparently
healthy humans, the described changes in expression
might in part reflect such a quantitative change. In
addition, analysis at the protein level would strengthen
the validity of our results. However, even though blood
is the only biological material easily obtainable from liv-
ing human donors, the amount of it that we were
allowed to collect from the elderly and long-lived indi-
viduals was insufficient to carry out efficient fraction-
ation and subsequent analyses. In addition, fractionation
followed by cell culturing could increase the number of
cells, but we decided not to do so because this could
affect the expression of miRNAs and genes. Another
reason for studying changes in PBMC was that aging
studies involving living humans are commonly carried
out on blood cells and using PBMC allowed the com-
parison of our results with other data, both published
[63–65] and yet to be published.

Conclusions
To sum up, in this work we showed that aging is associ-
ated with a decreased expression of IGF-1R and FOXO1
in human PBMC and that this in part can be the result
of epigenetic drift. We also show that the sustained
expression of FOXO3a might be important for the main-
tenance of the immune system function in aging
humans.

Abbreviations
3’UTR: 3’ untranslated region of mRNA; ACTB: Gene encoding β-actin;
BMI: Body mass index; FOXO1: Forkhead box O1 transcription factor;
FOXO3a: Forkhead box O3a transcription factor; HEK 293: Human embryonic
kidney 293 cells; IL-8, IL-10: Interleukin-8, -10; IGF-1R: Insulin-like growth
factor-1 receptor; miRNA: microRNA; PBMC: Peripheral blood mononuclear
cells; TNF-α: Tumor necrosis factor α; U6 snRNA: U6 small nuclear RNA

Acknowledgements
We thank dr. Jacek Polosak, Mossakowski Medical Research Centre, for help
in preparation of RNA, and dr. Anna Domaszewska-Szostek and Magdalena
Gewartowska for help with establishing experimental conditions of functional
studies.

Funding
This work was supported by the Polish Ministry of Science and Higher
Education grant NN401037338.

Availability of data and material
The raw data is available on request from dr. Monika Budzinska at
mbudzinska6@gmail.com.

Authors’ contribution
MB, EP-P, MO, MR-G: performed experiments and analyzed data, PS:
performed statistical analysis, MP-K: designed study, analyzed data, wrote
paper. All contributors approved the final version of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Budzinska et al. BMC Geriatrics  (2016) 16:200 Page 7 of 9



Consent for publication
Not applicable.

Ethics approval and consent to participate
All participants gave a written informed consent for participation in the
study. The anonymity of patients has been preserved at all stages of this
investigation. The study protocol was approved by the Bioethics Committee
of the Medical University of Warsaw.

Author details
1Department of Geriatrics and Gerontology, Medical Centre of Postgraduate
Education, Marymoncka 99/103, 01-813 Warsaw, Poland. 2Department of
Human Epigenetics, Mossakowski Medical Research Centre, PAS, Pawinskiego
5, 02-106 Warsaw, Poland. 3PolSenior Project, International Institute of
Molecular and Cell Biology, Trojdena 4, 02-109 Warsaw, Poland.

Received: 17 June 2016 Accepted: 25 November 2016

References
1. Zampieri M, Ciccarone F, Calabrese R, Franceschi C, Bürkle A, Caiafa P.

Reconfiguration of DNA methylation in aging. Mech Ageing Dev. 2015;151:
60–70.

2. Sierra MI, Fernández AF, Fraga MF. Epigenetics of aging. Curr Genomics.
2015;16:435–40.

3. Zheng SC, Widschwendter M, Teschendorff AE. Epigenetic drift, epigenetic
clocks and cancer risk. Epigenomics. 2016;8:705–19.

4. Fabian MR, Sonenberg N. The mechanics of miRNA-mediated gene
silencing: a look under the hood of miRISC. Nat Struct Mol Biol. 2012;19:
586–93.

5. Smith-Vikos T, Slack FJ. MicroRNAs and their roles in aging. J Cell Sci. 2012;
125:7–17.

6. Inukai S, Slack F. MicroRNAs and the genetic network in aging. J Mol Biol.
2013;425:3601–8.

7. Bischof O, Martínez-Zamudio RI. MicroRNAs and lncRNAs in senescence: a
re-view. IUBMB Life. 2015;67:255–67.

8. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C. elegans mutant
that lives twice as long as wild type. Nature. 1993;366:461–4.

9. Kops GJ, de Ruiter ND, De Vries-Smits AM, Powell DR, Bos JL, Burgering BM.
Direct control of the Forkhead transcription factor AFX by protein kinase B.
Nature. 1999;398:630–4.

10. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al. Akt promotes
cell survival by phosphorylating and inhibiting a Forkhead transcription
factor. Cell. 1999;96:857–68.

11. Lin K, Dorman JB, Rodan A, Kenyon C. daf-16: an HNF-3/forkhead family
member that can function to double the life-span of Caenorhabditis elegans.
Science. 1997;278:1319–22.

12. Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, Tissenbaum HA, et al. The
Fork head transcription factor DAF-16 transduces insulin-like metabolic and
longevity signals in C. elegans. Nature. 1997;389:994–9.

13. Tatar M, Kopelman A, Epstein D, Tu MP, Yin CM, Garofalo RS. A mutant
Drosophila insulin receptor homolog that extends life-span and impairs
neuroendocrine function. Science. 2001;292:107–10.

14. Hwangbo DS, Gershman B, Tu MP, Palmer M, Tatar M. Drosophila dFOXO
controls lifespan and regulates insulin signaling in brain and fat body.
Nature. 2004;429:562–6.

15. Holzenberger M, Dupont J, Ducos B, Leneuve P, Géloën A, Even PC, et al.
IGF-1 receptor regulates lifespan and resistance to oxidative stress in mice.
Nature. 2003;421:182–7.

16. Bokov AF, Garg N, Ikeno Y, Thakur S, Musi N, DeFronzo RA, et al. Does
reduced IGF-1R signaling in Igf1r+/− mice alter aging? PLoS One. 2011;6,
e26891.

17. Willcox BJ, Donlon TA, He Q, Chen R, Grove JS, Yano K, et al. FOXO3A
genotype is strongly associated with human longevity. Proc Natl Acad Sci U
S A. 2008;105:13987–92.

18. Li Y, Wang WJ, Cao H, Lu J, Wu C, Hu FY, et al. Genetic association of
FOXO1A and FOXO3A with longevity trait in Han Chinese populations. Hum
Mol Genet. 2009;18:4897–904.

19. Flachsbart F, Caliebe A, Kleindorp R, Blanché H, von Eller-Eberstein H,
Nikolaus S, et al. Association of FOXO3A variation with human longevity

confirmed in German centenarians. Proc Natl Acad Sci U S A. 2009;106:
2700–5.

20. Bonafè M, Barbieri M, Marchegiani F, Olivieri F, Ragno E, Giampieri C, et al.
Polymorphic variants of insulin-like growth factor I (IGF-I) receptor and
phosphoinositide 3-kinase genes affect IGF-I plasma levels and human
longevity: cues for an evolutionarily conserved mechanism of life span
control. J Clin Endocrinol Metab. 2003;88:3299–304.

21. Kleindorp R, Flachsbart F, Puca AA, Malovini A, Schreiber S, Nebel A.
Candidate gene study of FOXO1, FOXO4, and FOXO6 reveals no association
with human longevity in Germans. Aging Cell. 2011;10:622–8.

22. Beekman M, Blanché H, Perola M, Hervonen A, Bezrukov V, Sikora E, et al.
Genome-wide linkage analysis for human longevity: Genetics of Healthy
Aging Study. Aging Cell. 2013;12:184–93.

23. Vestergaard PF, Hansen M, Frystyk J, Espelund U, Christiansen JS, Jorgensen
JO, et al. Serum levels of bioactive IGF1 and physiological markers of ageing
in healthy adults. Eur J Endocrinol. 2014;170:229–36.

24. Bourron O, Le Bouc Y, Berard L, Kotti S, Brunel N, Ritz B, et al. Impact of age-
adjusted insulin-like growth factor 1 on major cardiovascular events after
acute myocardial infarction: results from the fast-MI registry. J Clin
Endocrinol Metab. 2015;100:1879–86.

25. Mohamad MI, Khater MS. Evaluation of insulin like growth factor-1 (IGF-1)
level and its impact on muscle and bone mineral density in frail elderly
male. Arch Gerontol Geriatr. 2015;60:124–7.

26. Aguirre GA, De Ita JR, de la Garza RG, Castilla-Cortazar I. Insulin-like growth
factor-1 deficiency and metabolic syndrome. J Transl Med. 2016;14:3.

27. Guevara-Aguirre J, Balasubramanian P, Guevara-Aguirre M, Wei M, Madia F,
Cheng C-W, et al. Growth hormone receptor deficiency is associated with a
major reduction in pro-aging signaling, cancer, and diabetes in humans. Sci
Transl Med. 2011;3:70ra13.

28. Rincon M, Muzumdar R, Atzmon G, Barzilai N. The paradox of the insulin/
IGF-1 signaling pathway in longevity. Mech Ageing Dev. 2004;125:397–403.

29. Ponnappan S, Ponnappan U. Aging and immune function: molecular
mechanisms to interventions. Antioxid Redox Signal. 2011;14:1551–85.

30. Smith TJ. Insulin-like growth factor-I regulation of immune function: a
potential therapeutic target in autoimmune diseases? Pharmacol Rev. 2010;
62:199–236.

31. Dejean AS, Hedrick SM, Kerdiles YM. Highly specialized role of Forkhead box
O transcription factors in the immune system. Antioxid Redox Signal. 2011;
14:663–74.

32. Krishnaraj R, Zaks A, Unterman T. Relationship between plasma IGF-I levels,
in vitro correlates of immunity, and human senescence. Clin Immunol
Immunopathol. 1998;88:264–70.

33. LeRoith D, Yanowski J, Kaldjian EP, Jaffe ES, LeRoith T, Purdue K, et al. The
effects of growth hormone and insulin-like growth factor I on the immune
system of aged female monkeys. Endocrinology. 1996;137:1071–9.

34. Katz S, Ford AB, Moskowitz RW, Jackson BA, Jaffe MW. Studies of illness in
the aged: The index of ADL: A standardized measure of biological and
psychosocial function. JAMA. 1963;185:94–9.

35. Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975;12:189–98.

36. Polosak J, Roszkowska-Gancarz M, Kurylowicz A, Owczarz M, Dobosz P,
Mossakowska M, et al. Decreased expression and the Lys751Gln
polymorphism of the XPD gene are associated with extreme longevity.
Biogerontology. 2010;11:287–97.

37. Mraz M, Malinova K, Mayer J, Pospisilova S. MicroRNA isolation and stability
in stored RNA samples. Biochem Biophys Res Commun. 2009;390:1–4.

38. Rio DC, Ares Jr M, Hannon GJ, Nilsen TW. Purification of RNA using TRIzol
(TRI reagent). Cold Spring Harb Protoc. 2010;2010:pdb.prot5439.

39. Ho YK, Xu WT, Too HP. Direct quantification of mRNA and miRNA from cell
lysates using reverse transcription real time PCR: a multidimensional analysis
of the performance of reagents and workflows. PLoS One. 2013;8, e72463.

40. Eikmans M, Rekers NV, Anholts JD, Heidt S, Claas FH. Blood cell mRNAs and
microRNAs: optimized protocols for extraction and preservation. Blood.
2013;121:e81–9.

41. Remáková M, Škoda M, Faustová M, Vencovský J, Novota P. Validation of
RNA extraction procedures focused on micro RNA expression analysis. Folia
Biol (Praha). 2013;59:47–50.

42. TargetScanHuman 7.1: http://www.targetscan.org/vert_71
43. miRanda-mirSVR: http://www.microrna.org/microrna/home.do
44. PicTar: http://pictar.mdc-berlin.de

Budzinska et al. BMC Geriatrics  (2016) 16:200 Page 8 of 9

http://www.targetscan.org/vert_71
http://www.microrna.org/microrna/home.do
http://pictar.mdc-berlin.de/


45. La Rocca G, Shi B, Badin M, De Angelis T, Sepp-Lorenzino L, Baserga R.
Growth inhibition by microRNAs that target the insulin receptor substrate-1.
Cell Cycle. 2009;8:2255–9.

46. Guttilla IK, White BA. Coordinate regulation of FOXO1 by miR-27a, miR-96,
and miR-182 in breast cancer cells. J Biol Chem. 2009;284:23204–16.

47. Myatt SS, Wang J, Monteiro LJ, Christian M, Ho K-K, Fusi L, et al. Definition
of microRNAs that repress expression of the tumor suppressor gene FOXO1
in endometrial cancer. Cancer Res. 2010;70:367–77.

48. Li D, Liu X, Lin L, Hou J, Li N, Wang C, et al. MicroRNA-99a inhibits
hepatocellular carcinoma growth and correlates with prognosis of patients
with hepatocellular carcinoma. J Biol Chem. 2011;286:36677–85.

49. Geffner ME, Bersch N, Golde DW. Insulin and IGF-I stimulate normal and
virally transformed T-lymphocyte cell growth in vitro. Brain Behav Immun.
1992;6:377–86.

50. Kooijman R, Coppens A. Insulin-like growth factor-I stimulates IL-10
production in human T cells. J Leukoc Biol. 2004;76:862–7.

51. Landreth KS, Narayanan R, Dorshkind K. Insulin-like growth factor-I regulates
pro-B cell differentiation. Blood. 1992;80:1207–12.

52. Ni F, Sun R, Fu B, Wang F, Guo C, Tian Z, et al. IGF-1 promotes the
development and cytotoxic activity of human NK cells. Nat Commun. 2013;
4:1479.

53. Kooijman R, Coppens A, Hooghe-Peters E. IGF-I stimulates IL-8 production in
the promyelocytic cell line HL-60 through activation of extracellular signal-
regulated protein kinase. Cell Signal. 2003;15:1091–8.

54. Ouyang W, Beckett O, Ma Q, Paik J, DePinho RA, Li MO. Foxo proteins
cooperatively control the differentiation of Foxp3+ regulatory T cells. Nat
Immunol. 2010;11:618–27.

55. Dengler HS, Baracho GV, Omori SA, Bruckner S, Arden KC, Castrillon DH,
et al. Distinct functions for the transcription factor Foxo1 at various stages
of B cell differentiation. Nat Immunol. 2008;9:1388–98.

56. Kerdiles YM, Beisner DR, Tinoco R, Dejean AS, Castrillon DH, DePinho RA,
et al. Foxo1 links homing and survival of naive T cells by regulating L-
selectin, CCR7 and interleukin 7 receptor. Nat Immunol. 2009;10:176–84.

57. Ouyang W, Beckett O, Flavell RA, Li MO. An essential role of the Forkhead-
box transcription factor Foxo1 in control of T cell homeostasis and
tolerance. Immunity. 2009;30:358–71.

58. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its
potential contribution to age-associated diseases. J Gerontol A Biol Sci Med
Sci. 2014;69 Suppl 1:S4–9.

59. Puzianowska-Kuźnicka M, Owczarz M, Wieczorowska-Tobis K, Nadrowski P,
Chudek J, Slusarczyk P, et al. Interleukin-6 and C-reactive protein, successful
aging, and mortality: the PolSenior study. Immun Ageing. 2016;13:21.

60. Franceschi C, Capri M, Monti D, Giunta S, Olivieri F, Sevini F, et al.
Inflammaging and anti-inflammaging: a systemic perspective on aging and
longevity emerged from studies in humans. Mech Ageing Dev. 2007;128:
92–105.

61. Minciullo PL, Catalano A, Mandraffino G, Casciaro M, Crucitti A, Maltese G,
et al. Inflammaging and anti-inflammaging: the role of cytokines in extreme
longevity. Arch Immunol Ther Exp (Warsz). 2016;64:111–26.

62. van Grevenynghe J, Cubas RA, DaFonseca S, Metcalf T, Tremblay CL,
Trautmann L, et al. Foxo3a: an integrator of immune dysfunction during HIV
infection. Cytokine Growth Factor Rev. 2012;23:215–21.

63. Noren Hooten N, Abdelmohsen K, Gorospe M, Ejiogu N, Zonderman AB,
Evans MK. microRNA expression patterns reveal differential expression of
target genes with age. PLoS One. 2010;5:e10724.

64. Serna E, Gambini J, Borras C, Abdelaziz KM, Belenguer A, Sanchis P, et al.
Centenarians, but not octogenarians, up-regulate the expression of
microRNAs. Sci Rep. 2012;2:961.

65. Li CW, Wang WH, Chen BS. Investigating the specific core genetic-and-
epigenetic networks of cellular mechanisms involved in human aging in
peripheral blood mononuclear cells. Oncotarget. 2016;7:8556–79. •  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Budzinska et al. BMC Geriatrics  (2016) 16:200 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study subjects
	Isolation of PBMC and isolation of RNA
	Reverse transcription
	Real-time quantification of gene expression and of miRNA expression
	Functional analysis of miRNA
	Statistical analysis

	Results
	Expression of the IGF-1R, FOXO1, and FOXO3a mRNA in PBMC of young, elderly, and long-lived individuals
	Interaction of miRNAs with the IGF-1R mRNA and FOXO1 mRNA
	Age-dependent changes of expression of miRNAs in PBMC

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contribution
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

