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Human thymus is completely developed in late fetal stages and its function peaks in newborns. After the first year
of life, the thymus undergoes a progressive atrophy that dramatically decreases de novo T-lymphocyte maturation.
Hormonal signaling and changes in the microRNA expression network are identified as underlying causes of human
thymus involution. However, specific pathways involved in the age-related loss of thymic function remain unknown.
In this study, we analyzed differential gene-expression profile and microRNA expression in elderly (70 years old) and
young (less than 10 months old and 11 years old) human thymic samples. Our data have shown that WNT pathway
deregulation through the overexpression of different inhibitors by the nonadipocytic component of the human thymus
stimulates the age-related involution. These results are of particular interest because interference of WNT signaling has
been demonstrated in both animal models and in vitro studies, with the three major hallmarks of thymic involution: (i)
epithelial structure disruption, (ii) adipogenic process, and (iii) thymocyte development arrest. Thus, our results sug-
gest that secreted inhibitors of the WNT pathway could be explored as a novel therapeutical target in the reversal of the

age-related thymic involution.

Key Words: Human thymus—Thymus involution—WNT pathway—Aging.

Received December 2, 2013; Accepted February 4, 2014

Decision Editor: Rafael de Cabo, PhD

HE human thymus is the major site of T-cell develop-

ment (1) and, in consequence, one of the main organs
involved in the generation and maintenance of the adap-
tive immune system. The thymus comprises a hematopoi-
etic compartment of developing thymocytes that progress
through a series of distinct developmental stages under the
instructive action of the supporting stromal microenviron-
ment. These complex maturation and selection processes
allow the generation of functional, but not self-reacting, T
lymphocytes. The thymus becomes fully functional dur-
ing fetal life and peaks in newborns, whereupon it under-
goes a progressive atrophy that dramatically decreases the
T-lymphocyte generation (2,3).

Thymic involution is characterized by a depletion of
developing thymocytes as well as the supporting thymic
epithelial cells (TECs), leading to a loss of thymic architec-
ture and decrease in its function (2,4). In the aging human

thymus, adipose tissue infiltrates the disorganized epithe-
lial mesh; however, the origin of these adipocytes remains
unclear. Ultimately, the ability of the thymus to support
optimal thymocyte development is considerably reduced
with age, and immature thymocytes are arrested at the dou-
ble-negative stage (1-4). Several underlying causes that can
affect on age-related thymic involution have been identi-
fied, including (i) growth hormone receptor expression by
TECs and the production of its cognate ligand (5,6); (ii)
increased production of sex steroids (2) along with andro-
gen blockade reported to enhance thymus function in both
mice and humans (7); (iii) glucocorticoids, which, along
with other hormones of the hypothalamic-pituitary-adrenal
axis decrease thymus functionality (8), primarily by induc-
ing IL-6 production (9,10); (iv) the catecholamine net-
work, which has been reported as an important modulator
of thymic function (11); and (v) the microRNA (miRNA)
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network, which has recently been described as a novel
pathway involved in the control of thymic involution (12).
However, despite the considerable advances in understand-
ing the primary causes of thymic involution, the specific
pathways involved in the atrophy of the thymus, in both
mice and humans, remain unclear.

Thus, the aim of this study was to analyze gene expres-
sion and changes to miRNAs in thymus samples derived
from young or old human participants.

MATERIALS AND METHODS

Thymus Samples

Thymus samples from adult and elderly male individuals,
aged between 50 and 70 years, who underwent cardiac sur-
gery (valvular repair or ischemic cardiopathy) at Virgen del
Rocio University Hospital in Seville, Spain, were obtained.
Thymus samples from 10-month-old newborns to 11-year-
old children were also obtained after cardiac surgery pro-
cedures (congenital heart diseases). Individuals who were
diagnosed of Down syndrome were excluded from the
study. None of the donors had received any treatment that
could influence their immune status and did not show clini-
cal data of active infections, including an HIV-negative test.
Aged thymus remained clearly distinguishable from that
found in the adipose tissue of the mediastinum, as previ-
ously reported (13).

Samples committed to the array analysis were frozen
and preserved for further use (n = 4 per group); otherwise,
fresh samples were processed immediately (n = 4 for the
young group and n = 3 in the adulthood and elderly groups).
Fresh thymic samples were washed twice with phosphate-
buffered saline and then DNase I (Life Technologies, Grand
Island, NY) and collagenase D (Roche Applied Science,
Indianapolis, IN) digestion (45 min at 37°C with gentle
shaking) is carried out, with moderate mechanical disrup-
tion. A last digestion step (30 min at 37°C with gentle shak-
ing) using a collagenase/dispase mixture (Roche Applied
Science) was performed to ensure complete tissue disag-
gregation. After a brief spin (30 s, 300 g), adipocytes were
carefully aspirated from the supernatant. Isolated adipo-
cytes and the remaining adipocyte-free thymic tissue were
washed twice using phosphate-buffered saline and then pre-
pared for RNA extraction.

Participants, or their legal caregivers, were informed
of and provided with the written consent to participate in
the study. The Ethical Committee of the Virgen del Rocio
Hospital in Seville, Spain, approved the study. Thymic tis-
sue samples were always obtained for clinical reasons but
never for research purposes.

Gene Expression Profiling
The experiment was performed wusing Illumina
HumanRef-8 v3 array, which analyzes 245,333 human

transcripts. The objective of the analysis was to compare
gene expression profiling from thymic samples of young ver-
sus adult. Microarray data were analyzed using Genespring
software (Agilent Technologies, Santa Clara, CA). After data
normalization, genes with low-quality signals were excluded
from statistical analysis. To detect differentially expressed
genes, we performed a ¢ test with false discovery rate con-
trol, which is estimated using a single-step Bonferroni pro-
cedure. A gene was considered differentially expressed if
the corrected p value for multiple testing was less than .05.
Among the genes that passed the ¢ test filter, only genes
showing a mean log ratio value lower than —0.3 or greater
than 0.3 (equivalent to a twofold change) were selected as
differentially expressed. Heat maps were generated using the
Babelomics 4.0 online software, as previously reported (14).

miRNA Expression Profiling

Locked nucleic acid-miRNA microarrays were performed
using the Agilent Human microRNA V2.0 array, which was
used to analyze 723 human and 76 human viral miRNAs
(799 total miRNAs). The miRNA data were processed with
the “limma” Bioconductor package in the R statistical envi-
ronment. Although differential expression was sensitive to
normalization choices, we identified miRNA candidates
that were robustly observed across a variety of methods
that use rank product analysis. The biological sense of the
results was confirmed by testing the identified hsa-miRNAs
for known organ specificity, previous implication in aging,
and compatibility with pathways identified through mes-
senger RNA (mRNA) microarray analysis.

Relative Quantitative Polymerase Chain Reaction Assay
Quantitative polymerase chain reaction (QPCR) standard
procedures were used to verify the mRNA array results.
Briefly, mRNA-related cDNA was synthesized from TRIzol-
treated (Life technologies, Grand Island, NY) thymic samples
(complete tissue, adipocytes, and adipocyte-free samples),
using the SuperScript III Cells Direct cDNA synthesis sys-
tem (Life technologies) and polyA primers, according to the
manufacturers’ instructions. Using 400ng of cDNA, 375nm
of each primer, and 1x LC480 SYBR Green I Master buffer
(Roche Applied Science), the qPCR was performed in a
LightCycler 480 (Roche Applied Science). PCR conditions
were as follows: a first denaturation step (10 min) was fol-
lowed by 50 cycles for 15 s at 95°C, 15 s at 56°C, and 15 s
at 72°C. To ensure the specificity of the obtained data, a final
melting curve analysis was performed. All primer sets are
detailed in Supplementary Table 1. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and hypoxanthine-guanine
phosphoribosyl transferase (HPRT) were used as reporter
genes. Each PCR plate was designed to analyze six different
genes, with samples from three young and three old individ-
uals. For every analyzed gene, standard curves were created
and used as external curves to correct the qPCR efficiency.
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RESuULTS

mRNA Expression Microarray Analysis

Thymic tissue samples obtained from four old (70-year-
old men) and four young (<10-month-old newborns)
individuals were analyzed in a cDNA-based microarray
to determine the transcriptional changes associated with

thymic involution. Results showed that from a total of
24,533 genes, 1,606 genes were altered by greater than two-
fold (p < .05) with age. Of these genes, 658 were downregu-
lated and 948 were upregulated in the thymus samples from
old individuals compared with those from young individu-
als. Fold change values from genes differentially expressed
in elderly thymic samples are shown in Figure 1. We then
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Figure 1. Fold change versus corrected p value (by a false discovery rate—corrected threshold of 0.05) from all age-related deregulated genes. WNT pathway genes
are highlighted with crosses. From them, the sFRP extracellular inhibitors and the TIMP4 cytoplasmatic inhibitor are the most significantly deregulated (upregulated).

PPARY was also strongly upregulated.

Table 1. Overview of WNT-Related Altered Genes

Gene Accession Number Up/down Fold Change Location
sFRP1 NM_00301.3 Up 28.72 Extracellular membrane
sFRP2 NM_003013.2 Up 22.68

FrzB NM_001463.2 Up 02.49

HEX NM_002729.4 Up 03.51

FZD4 NM_012193.2 Up 12.80

LRP3 NM_002333.1 Up 08.25

GBP2 NM_004120.3 Up 02.90 Cytoplasmatic

GBP4 NM_052941.3 Up 02.58

Axin2 NM_004655.2 Down 02.00

TIMP1 NM_003254.2 Up 02.38

TIMP3 NM_000362.4 Up 13.85

TIMP4 NM_003256.2 Up 21.58

CTNNA1 NM_001903.2 Up 03.29

TLE2 NM_003260.3 Up 02.46 Nuclear inhibitors
TLE4 NM_007005.3 Down 02.23

FOXO1 NM_002015.3 Up 02.98

TCF7LI1 NM_031283.1 Up 02.59

TCF7L2 NM_003199.2 Up 02.37

FOXM1 NM_202003.1 Down 03.65 [3-catenin stabilization
TCF7 NM_213648.1 Down 07.13 Nuclear — transcription factors
TCF7 NM_201634.1 Down 03.81

TCF7 NM_201633.1 Down 02.56

TCF7 NM_003202.2 Down 02.03

TCF12 NM_207037.1 Down 03.52

TCF19 NM_001077511.1 Down 02.25

PPARYy NM_015869.4 Up 27.03 Adipogenesis
C/EBPa NM_004364.2 Up 12.60

Note: Bolded genes showed a fold change >5.
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analyzed alteration in pathways biologically relevant for
thymic involution. We found significant alterations in the
canonical WNT—f3-catenin pathway, which was of particu-
lar interest, considering that disruption of WNT signaling
has been implicated in impairment of thymocyte develop-
ment (15,16), TEC structure disorganization (17), and adi-
pogenic processes (18)—all of which are also associated
with the aging thymus.

WNT signaling stabilizes -catenin, allowing its translo-
cation to the nucleus and the activation of downstream tran-
scription factors. Table 1 summarizes all WNT-related genes
that were altered in our analysis. Although we observed
increased expression of WNT receptor components, includ-
ing FZD4 (WNT receptor), LRP3 (WNT coreceptor), and
GBP proteins (part of the 3-catenin stabilization complex),
inhibitors of downstream WNT signals were strongly
increased (Figure 2A and B). Consequently, WNT-related
transcription factor expression was deregulated in old
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thymuses (Figure 2A and B). We also observed a decrease
in axin expression, which is a conventional marker of WNT
pathway function. Together, these findings illustrated that
all levels of the WNT pathway (extracellular, cytosolic,
and intranuclear) were inhibited in the old thymic tissue,
demonstrating a profound arresting of WNT signaling in
the senescent thymus. In addition to these changes in WNT
signaling, PPARY and C/EBPa transcription factors, both
required for adipogenesis, were also increased (Figure 2A
and B).

gPCR Validation

To confirm and verify the microarray results, we per-
formed qPCR analysis on selected inhibitors representing
all levels of the WNT pathway (Figure 2). In accordance
with our microarray analysis, PPARy, C/EBPa, and sFRP1
were significantly upregulated, demonstrating up to 100-
fold change with age (Figure 3A, dark gray bars). HEX,

YOUNG4
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B-Cat stabilization
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factors
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Figure 2. (A) Visual representation (heat map) of WNT-related altered genes. Downregulated = blue. Upregulated = red. (B) Schematic representation of the
WNT pathway. The results of the microarray analysis showed the red-marked WNT mediators as upregulated, whereas green-marked WNT mediators were found
downregulated, in involuted (elderly) thymus samples. Four thymic tissue samples were analyzed for each group.
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Figure 2. (Continued).

TIMP1, TCF7L1/L2, and DKK3 were also increased,
whereas TCF7 gene expression was decreased. However,
WNT pathway signaling is crucial for key processes during
human development (19). Thus, even if we were analyz-
ing samples from individuals before their first year of age
(10-month-old group), which thymus is completely func-
tional, we wanted to confirm whether differences observed
between 10-month-old and 70-year-old thymic tissues were
actually related with the involution process. Thus, we ana-
lyzed thymic tissue samples for gene expression in a group
of 1l-year-old children. As shown in Figure 3A (light
gray bars), the WNT pathway is similarly regulated in the
10-month-old and 11-year-old groups, thus strongly sug-
gesting that the increase of inhibitors in the WNT pathway
in elderly thymus samples is mainly related with the involu-
tion processes.

Given the considerable cellular alterations in the thymus
with age, we could not exclude that the observed differences

in both, microarray and qPCR analyses, reflect changes in
subset composition, rather than true age-related changes in
gene expression. To account for the significant age-related
differences in the contribution of adipocytes to overall thy-
mus cellular content, we reanalyzed thymic tissue derived
from 70-year-old individuals, following the removal of all
adipocytes. In line with our results, we found that individu-
als from both 10-month-old group (Figure 3B, light gray
bars) and 11-year-old group show similar expression levels
of WNT-related genes. In addition, the WNT pathway inhi-
bition is also observed (Figure 3B, dark gray bars) even
when true thymic tissue samples, after removing the adipo-
cytic component, were to be analyzed.

For better understanding the role of adipocytic and
nonadipocytic tissues in the WNT pathway regulation,
we analyzed gene expression of both cell types in adult
thymic samples (50-year-old individuals) versus atro-
phied samples (70-year-old individuals). Adulthood age
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Figure 3. Quantitative polymerase chain reaction validation. Young (11 years old, n = 4)—light gray bars—and old (70 years old, n = 3)—dark gray bars—
expression patterns compared with 10-month-old infants in (A) complete human thymic tissue and (B) adipocyte-depleted human thymic tissue. (C) Old (70 years
old, n = 3) versus middle-aged (50 years old, n = 3) human thymus—derived adipocytes. (D) Adipocyte-depleted old (70 years old, n = 3) versus adipocyte-depleted
middle-aged (50 years old, n = 3) human thymic tissue. In all figures, the log ratio value of 0.3 (equivalent to a twofold change) cutoff value is showed as a sensitiv-

ity limit of differences between groups.

was chosen for the study because the age of 50 years has
been shown as a critical impasse age for thymic func-
tion (13). Similar expression levels of nuclear inhibi-
tors (TCF7L1/L2), TCF7, PPARy, and C/EBPa were
found in the adipocyte fraction (Figure 3C) among the
age groups. However, on assessing the contribution of
nonadipocytic cells (mainly TECs and thymocytes), we
found that all inhibitors were upregulated (Figure 3D).
Increased expression of WNT inhibitors was simultane-
ously observed, together with a strong downregulation
of the TCF7 transcription factor in the thymus samples
from 70-year-old individuals. Interestingly, PPARY
and C/EBPa were also upregulated in 70-year-old adi-
pocyte-free thymic tissue (compared with 50-year-old
counterparts).

miRNA Expression Microarray Analysis

In addition, we also assessed the difference in miRNA
expression between old (70-year-old men) and young thy-
mus (<10-month-old newborns). Out of 799 miRNAs, 106
were significantly changed in the elderly thymus. From
these, 78 miRNAs were downregulated and 28 were upreg-
ulated (Table 2). Importantly, members of the miR-17-92
cluster, which have been previously related to aging and
cancer processes (20), were downregulated in senescent thy-
mus samples. In addition, several other miRNAs exhibited
differential expression in the senescent thymus, including
miR-22, miR-15a, miR-16, and the miR-181 family, all of
which have previously been implicated in thymus involution
caused by aging (21) or stress (22). Besides, in line with
our findings on mRNA, miRNAs that have been reported as
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Table 2. Overview of the h-miRNA Expression Modified in Elderly Tissue

h-miR Number Difterential Expression

Previously Described Role

miR-17 -1.0 miR-17-92 cluster (aging and cancer) Replicative + organismal human aging
miR-18a -2.1

miR-19a -1.7 Organismal human aging

miR-19b -1.2 Replicative + organismal human aging
miR-20a -2.1 Replicative + organismal human aging
miR-20b -2.3 Organismal human aging

miR-25 -1.7 WNT modulator

miR-92a -0.9

miR-93 -1.3

miR-106a -23 Replicative + organismal human aging
miR-106b -1.3

miR-363 -3.0

miR-7i -0.9 Organismal human aging

miR-7f -1.1 WNT modulator

miR-15a -1.8

miR-16 -1.9

miR-146a -1.0

miR-193b 0.6

miR-335 1.2 WNT modulator

miR-424 -1.8

miR-22 1.1 Replicative human aging

miR-128 -2.8 Stress-related thymic involution
miR-181a 24

miR-181a-2 -1.5

miR-181b -1.8

miR-200a -1.3 Epithelial to mesenchymal transition
miR-200b -1.5

miR-200c -1.3

miR-134 0.5 WNT modulator

miR-223 -1.2

modulators of the WNT pathway, including miR-25, miR-7f,
and miR-134, were also found altered (23). Finally, miRNAs
of the miR-200 cluster (24,25), which have an active role in
blocking the epithelial to mesenchymal transition processes,
were found downregulated in the elderly thymus. These
results, together with the increased expression of PPARY
and C/EBPa transcription factors in nonadipocytic tissue
(Figure 3D), suggest that the increase of intrathymic adi-
pocytes with age could be generated from senescent TECs
through epithelial to mesenchymal transition processes.

DiscussioN

Our study shows that WNT signaling is downregulated
in the involuted human thymus. These results suggest that
the canonical WNT pathway could have an active role in
the thymus atrophy process because inhibition of its sign-
aling is compatible with the three hallmark processes of
thymic involution: arrest of thymocyte differentiation, loss
of the corticomedular organization of TECs, and epithelial-
derived differentiation of adipocytes.

Several studies have demonstrated that intrathymic double-
negative to double-positive thymocyte maturation is depend-
ent on a WNT-induced transitory stabilization of -catenin
(15,16,26). WNT proteins, which are necessary for this

process, are primarily produced by TECs (27). In mice mod-
els, premature thymic involution is induced upon deregulation
of WNT signaling (17), and WNT pathway alterations in the
mouse pharyngeal mesenchyme during development cause a
DiGeorge-like phenotype (28). Given these findings, it is not
surprising that maintenance of the thymic epithelia requires
WNT signaling (29), and diminished expression of WNT pro-
teins—or increased levels of WNT inhibitors—is associated
with TEC senescence (30). These findings are consistent with
the increase of WNT inhibitors, targeting numerous levels of
WNT signaling, in involuted human thymic samples.

An appealing result is that, regarding the WNT pathway,
thymic tissue samples from both 11-year-old group and
10-month-old group showed similar gene expression pat-
terns. Thymic tissue involution has been reported to start as
early as in the first year of life, whereas a second wave of
tissue involution occurs, coinciding with pubertal changes
(2—4). Thymic involution is faster after this second wave.
According to our results, WNT pathway deregulation does
not occur in prepubertal (11 years old) participants, strongly
suggesting that alterations in the WNT signaling are part of
this second—and faster—wave of thymic involution.

Diminished secretion of WNT proteins by TECs increases
PPARY expression, promoting epithelial to mesenchymal
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transition processes (31). Consistent with this finding,
mesodermal cells avoid entering an adipogenic program
by secreting WNT proteins (18), and disruption of WNT
signaling results in spontaneous adipogenesis (32). PPARY
expression in thymic tissue has been reported to increase
with age and could be associated with decreased peripheral
naive T-cell numbers and contraction of TCR diversity (33).
Caloric restriction—the most effective method to slow down
aging in animal models—avoids PPARY-related adipocyte
generation (34,35). In agreement, our results suggest that the
TEC and/or thymocytes from elderly thymi, through WNT
inhibition, are stimulation strongly stimulating adipogen-
esis. These findings show that WNT pathway inhibition as
a possible mechanism of human thymic involution. In addi-
tion, despite further validation is still needed, miRNA altera-
tions showed in our study are fully compatible a strongly
deregulated WNT pathway in the involuted thymic tissue.

Finally, several systemic factors can induce thymic invo-
Iution: the hypothalamic-pituitary-adrenal-gonadotropic
axis (36) with cortisol, catecholamine (11), androgens (7),
growth hormone/ghrelin (5,6), and corticosteroids (9,10)
is capable of modulating thymic function. Interestingly,
despite different absolute effects and mechanisms, WNT
signaling is a prominent mediator for growth hormone (37),
IGF-1 (38), androgens (39,40), and among others (41,42).

Altogether, our results provide evidence for an important
role of the WNT signaling inhibition in the human thymus
involution process. Moreover, these studies suggest that
modulating the secretion of WNT pathway inhibitors could
be an interesting target for reversing the atrophy process
and boosting adulthood thymic function.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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