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Abstract  

A decline of certain phenotypes of T cells in number and function appears to be a key 
feature of human immune cell aging. The objective of this study was to generate miRNA 
expression signatures related to T-cell ageing by small RNA sequencing. We used T-cell 
clones from young and old donors with either a low or high number of population doublings 
(PDs) as a longitudinal model of age-associated gene expression changes potentially 
paralleling in vivo phenomena. We showed that the cumulative number of PDs correlated 
with lower expression of CD28 and less IL-2 production. Principal component analysis of 
252 miRNAs expressed in at least 3 out of 12 samples showed two main clusters, one of all 
samples with a low number of PDs and the other with a high number of PDs, irrespective of 
the age of the clone donor. We identified 10 miRNAs with significantly differentially 
expression levels of which miR-9 and miR-34a were validated in the same and additional T-
cell clones. Analysis of genes enriched in the Ago2-IP fraction of Jurkat cells revealed 21 
targets with binding sites for both miR-34a and miR-9. For one of three tested targets, i.e. 
the senescence marker CNOT6L, we observed a significant association. To establish the 
relevance of our findings in primary T cells, we analyzed miR-9 and MiR-34 levels in CD28+ 
and CD28- T cells. A significant higher level of miR-9 but not of miR34a was observed in 
CD28- T cells. Inhibition of miR-9 in Jurkat cells had no clear effect on both transcript and 
protein level of CD28, despite of  the presence of several miR-9 binding sites in the CD28 
transcript. MiR-9 inhibition led to reduced levels of IL-2 production and inhibition of growth 
of Jurkat cells. Thus, our results show a PD-associated miRNA expression pattern in T-cell 
clones with increased miR-9 and miR-34a levels in T-cell clones with higher PD. MiR-9, but 
not miR-34a, levels are increased in CD28- primary T cells and miR-9 is a regulator of IL-2 
production and T-cell survival.  
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Introduction 

CD4+ T-cell clones show changes in surface molecule expression and cytokine secretion 
patterns over time, which are believed to reflect the process of in vivo ageing of T cells (1,1-
3). T-cell clones have been widely utilized to investigate aspects of clonal expansion and 
contraction that are essential for adaptive immunity. These studies have increased our 
insight at the genomic, proteomic and functional level (1,4,5). Clones with a relatively low 
number of population doublings (PD’s, <30) are well maintained and may continue to 
expand efficiently. Growth of T-cell clones with >40 PDs is often decreased and these cells 
become more susceptible to apoptosis (2). Understanding the nature of the changes in T-
cell clones might facilitate intervention and thereby improve immune responses in the 
elderly. 

MicroRNAs (miRNAs) are small noncoding RNA molecules that regulate protein translation 
by binding to messenger RNA (mRNA) transcripts (6). There is ample evidence supporting 
a role of miRNAs in T-cell development and function (7-9). Different aspects of aged T cells 
have been shown to be under tight regulation by miRNAs (10-12). However, our knowledge 
on the involvement of miRNAs in fundamental aspects of T-cell ageing is limited.  

We studied miRNA expression changes in T-cell clones of healthy young and elderly 
donors harvested at low and high PDs by small RNA-sequencing. We verified miRNA 
expression changes, studied miR-9 and miR-34a targets associated with cellular 
senescence/cell proliferation and investigated the functional impact of miR-9 on T-cell 
immune responses and T-cell survival.  

 

Results 

T-cell clones with high PDs are characterized by low CD28 and IL-2 expression 

T-cell clones used in this study were derived from one young donor (31 yrs) and from two 
healthy old (>85 yrs) and two healthy centenarians (100 yrs). For all T-cell clones a 
passage at a low number of PDs (<40, median 28) and a passage at a high number of PDs 
(>50, median 58) were obtained (Table 1). We determined  expression of membrane CD28 
and levels of soluble IL-2 in the culture supernatant. We observed an inverse correlation 
between PDs and the mean fluorescence intensity (MFI) of CD28 and also between PDs 
and the level of IL-2 (Fig1 A,B), consistent with a senescent phenotype of T-cell clones with 
high PDs.  

The number of PDs determines the miRNA expression signature of T-cell clones  

We performed small RNA sequencing to define the miRNA signatures of T-cell clones with 
low and high population doublings derived from young and old donors. The young donor 
was 31 years old, whereas the two old donors were 85 years and 100 years of age (Table 
1). 
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Table 1. T-cell clone characteristics  

Donors Age (y) Clone Low PDs High PDs RNA-seq qPCR 

     1 31 

454-6 
456-25 
256-42 
256-4 

28 
27 
26 
25 

66 
65 
56 
54 

+ 
+ 
+ 
- 

+ 
+ 
+ 
+ 

2 >85 (L12) 

433-26 
433-6 
433-9 
433-25 

26 
28 
32 
36 

61 
66 
48 
55 

+ 
- 
- 
- 

+ 
+ 
+ 
+ 

3 >85 (L15) 434-29 28 41 - + 

4 100 (887) 

461-15 
461-30 
461-17 
461-23 
461-33 

27 
27 
39 
35 
32 

64 
68 
68 
54 
73 

+ 
+ 
- 
- 
- 

+ 
+ 
+ 
+ 
+ 

5 100 (842) 460-31 
460-38 

30 
29 

48 
45 

- 
- 

+ 
+ 

 

Principal component analysis of the 252 miRNAs which were detected in at least 3 of the 12 
samples revealed a segregation of the T-cell clones into two main groups. One cluster 
included all samples with a low number of PDs and the second cluster contained all 
samples with high number of PDs (Fig 2A). No clustering was observed according to the 
age of the donor. Ten miRNAs showed significant differences in expression between low 
and high number of PDs (Figure 2B).  Five of these 10 miRNAs were selected for validation 
based on having high expression levels  and a more than 1.5 fold change in expression 
levels (see Supplementary Table S1). miR-16 and miR-106b expression levels were not 
significantly associated with the number of PDs. Based on these results we focused our 
subsequent analysis on miR-9 and miR-34a.  

 

 

 

 

 

 

Fig 1. The number of PDs negatively correlates with CD28 expression and IL-2 production of T-
cell clones. A, Per cell surface expression of CD28 depicted as mean fluorescence signal intensity 
(MFI). B, Expression of soluble IL-2. Filled circles represent the RNA samples of the clones used for 
small-RNA sequencing, open circles represent the samples of the remaining T-cell clones used for 
validation by qRT-PCR (Table 1). For 5 of the low and 4 of the high number of PDs T-cell clones were 
not analysed for CD28 and IL-2, respectively. **p ≤ 0.01.  
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miR-9 and miR-34a target genes are involved in cell cycle regulation and survival 

We next performed a Ribonucleoprotein Immuno Precipitation (RIP-Chip) using anti-Ago2 
antibodies in Jurkat cells to identify miR-9 and miR-34a targets. Among  14,514 expressed 
genes 905 (6,2%) were predicted targets for miR-9 and 478 (3,3%) were predicted targets 
for miR-34a. A total of 1.835 genes were enriched at least two fold in the IP fraction as 
compared to the total fraction. Among these, 186 were predicted target genes of miR-9 
(10%) and 85 (4,6%) were predicted targets of miR-34a. 21 of these genes were predicted 
target genes of both miR-9 and miR-34a (Figure 3A). Two of the most enriched genes (≥ 7 
fold) are related to cell cycle regulation and proliferation, i.e. Cyclin E2 (CCNE2) and 
Pleiomorphic Adenoma Gene 1 (PLAG1). CCR4-NOT Transcription Complex, Subunit 6-
Like (CNOT6L) a regulator of cellular senescence was xx fold enriched (Supplementary 
Table S3). Analyses of the expression levels of these three genes revealed a significant 
positive correlation between CNOT6L and the number of PDs (Fig 3 B,C,D). Thus, high 
levels of miR-9 and miR-34a positively correlate with cellular senescence of T-cell clones 
with a high number of PDs. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. MiRNA expression identifies differences between low and high number of PDs T-cell 
clones. A, Principal component analysis (PCA) defining biological differences in miRNA expression 
between high and low number of PDs T-cell clones from young and old donors. Symbols in red indicate 
samples with high number of PDs and symbols in blue indicate samples with low number of PDs; 
samples from young donors are indicated by triangles and from old donors by squares B, Significantly 
differentially expressed miRNAs between high and low number of PDs. Blue to red gradient indicates 
miRNA expression intensity varying from low (blue) to high (red). C, Significantly differentially 
expressed miRNAs validated by qRT-PCR. Filled symbols indicate samples used for small-RNA 
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sequencing and open symbols indicate samples of the other T-cell clones used for small-RNA 
sequencing data validation (Table 1). MiRNA expression was normalized to the expression of RNU44. 
**p ≤ 0,01; ***p ≤ 0,001. 

 

miR-9 is increased in primary CD28- T cells  

Loss of CD28 expression is a hallmark of aged T cells. To explore if the observed changes 
in miR-9 and miR-34a levels are also observed in vivo, we sorted CD3+CD28+ and 
CD3+CD28- T cells from peripheral blood of 6 healthy young (27 yrs) and 4 healthy old (64 
yrs) donors. Sorting strategy of the T-cell subsets is shown in Supplementary Figure S1. 
QRT-PCR analysis revealed significantly higher levels of miR-9 in the CD3+CD28- T-cell 
population than in the CD3+CD28+ T cells (Fig 4A). However, no significant differences 
were observed for miR-34a (Fig 4B). 

 

Fig 3. Overlapping targets of miR-9 and 
miR-34a are enriched in cell cycle 
regulation and pro-survival pathways. A, 
Venn diagram showing the overlap between 
miR-9 and miR-34a predicted target genes 
which were enriched in the 
Immunoprecipitated (IP) fraction of EV of 
Jurkat T cells. 21 overlapping target genes 
were enriched in IP vs total fraction (T) of EV 
≥2 fold. Expression of B, CCNE2, C, PLAG1, 
D, CNOT6L in T-cell clones with low and high 
number of PDs *p ≤ 0,05. 

 

miR-9 positively regulates IL-2 production and regulated T cell survival 

Next we assessed the physiological role of miR-9 in regulation of the T-cell response. To 
determine if the effects on CD28 and IL-2 are a consequence of direct targeting by miR-9 
we analyzed the presence of binding sites in the 3’UTR. Two putative bindings sites were 
identified for miR-9 in the CD28 transcript  (Supplementary Fig S2). Inhibition of miR-9 in 
Jurkat cells for 8, 16 and 24 days however did not affect cell surface expression of CD28 as 
determined by flow cytometry (Fig 4D). No binding sites were identified in the IL-2 gene 
transcript. Despite the absence of miR-9 binding sites we did see decreased IL-2 production 
upon inhibition of miR-9 in Jurkat cells treated with αCD3/αCD28 for 72 hrs (Fig 4C).  To 
test whether miR-9 is essential for growth of Jurkat cells, we perfromed a GFP competition 
assay. We observed a significant decrease of 40% in growth as compared to the control 
inhibitor over a period of 22 days (Fig 4E).  
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Fig 4. miR-9 is up-regulated in CD28- T cells, positively regulates expression of IL-2 and is 
required for T-cell survival. Expression of A, miR-9 and B, miR-34a in ex vivo isolated human 
primary CD28+ and CD28- T cells from young and old donors. MiRNA expression levels were 
normalized to the expression levels of RNU44 C, Concentration of soluble IL-2 determined in Jurkat T 
cells transduced with control and miR-9 inhibitor followed by stimulation with αCD3/CD28. D, Jurkat 
cells transduced with control and miR-9 inhibitor and CD28 expression was determined by flow 
cytometry on day 8, 16 and 24. E, Jurkat T cell growth disadvantage following inhibition of miR-9. Data 
were normalized to the first measurement at day 4. Each line represents a separate experiment  (n=3). 
**p ≤ 0,01,***p<0,001.  
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Material and Methods 

Generation of T-cell clones 

T-cell clones were generated from phytohemagglutinin (PHA)-stimulated peripheral blood 
mononuclear cells (PBMC) by limiting dilution in the presence of IL-2 and pooled irradiated 
PBMC feeder cells as previously described (1). Three CD4+ T-cell clones from two healthy 
old and three CD4+ T-cell clones from one healthy young donor with low and high PDs 
were selected for small RNA sequencing (n=12 samples). The other clones were used only 
for the validation experiments by qRT-PCR analysis (Table 1). CD28 expression and IL-2 
production on low and high number of PDs T-cells clones were assessed as reported 
previously (2).  

RNA isolation 

Total RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands) 
following the manufacturer’s instructions. Micro Bio-SpinTM chromatography columns, 
supplied with Bio-Gel P-6 polyacrilyamide gel matrices, were applied for efficient cleanup 
and purification of RNA samples following the manufacturer’s protocol (Bio-Rad laboratories 
B.V. Veenendaal, The Netherlands). The ExperionTM RNA stdSens and HighSens analysis 
kits (Life Science, Bio-Rad Laboratories B.V, Veendal, The Netherlands) were used to 
determine the RNA quality indicator (RQI) score. The RNA concentration was measured on 
a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE).   

Small RNA sequencing and data analysis  

T-cell clones with the biggest difference between low and high PDs samples were selected 
for small RNA-sequencing. Samples were barcoded and sequenced with Illumina HiSEQ 
2000 flowcell (Illumina). The sequence reads were analyzed using the CLC BIO Genomic 
Work Bench Suite 4.5 (CLC BIO, Arhus, Denmark). Reads were mapped to the mature 
miRNAs using miRDeep2 (13). The number of mapped reads of each sample was 
normalized to 1x106. Normalized data were imported to GeneSpring (v.11.5.1) for analysis. 
A total of 252 miRNAs were present in at least 3 out of 12 samples with a read count >10. 
Mann-Whitney U test was performed to identify significantly differentially expressed 
miRNAs. Genesis (Release 1.7.6) was used to generate heatmaps. 

Isolation of primary T cells by fluorescence-activated cell sorting (FACS) 

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 
centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway) according to the 
manufacturer’s protocol. CD3+CD28+ and CD3+CD28- cells were isolated from 6 healthy 
young and 4 healthy old donors (Supplementary Table S2) using combinations of the 
following anti-human monoclonal antibodies: CD3-e450 (eBioscience, Vienna, Austria), 
CD28-PECY7 (Biolegend). See Supplementary Fig S1 for sorting schemes. 

 

MicroRNA signature in T-cell clones identified by small RNA sequencing 
 

65 

Quantitative RT-PCR 

MiRNA and gene expression levels were determined by quantitative reverse-transcription-
polymerase chain reaction (qRT-PCR). cDNA synthesis for miRNAs was performed with 
Taqman MicroRNA Reverese Transcription kit using a multiplex reverse transcription 
approach with primers of the TaqMan microRNA Assays (Life Technologies, Carlsbad, 
USA): for miR-9-5p (000583), miR-34a-5p (000426), miR-16-5p(000391), miR-93-5p 
(001090), miR-106b-5p (000442) and RNU44 (001094). RNU44 served as an endogenous 
control. 

cDNA synthesis for mRNA was performed using Superscript III RTase (Life Technologies). 
The qPCR reaction was performed using qPCR MasterMix Plus (Eurogentec, Liege, 
Belgium) and Taqman Gene expression assay for detection of CCNE2 (Hs00180319_m1), 
PLAG1 (Hs00965049_g1), CNOT6L (Hs00375913_m1) or gene specific primers and 
probes for detection of TBP: forward 5’-GCCCGAAACGCCGAATAT-3’, reverse 5’-
CCGTGGTTCGTGGCTCTCT-3’, probe 5’-6-FAM-ATCCCAAGCGGTTTGCTGCGG-BHQ-
1-3’ (Integrated DNA Technologies, Coralville, USA). TBP served as an endogenous 
control. All reactions were run in triplicate. Mean cycle threshold (Ct) values for all genes 
were quantified with the Sequence Detection Software (SDS, version 2,3, Life 
Technologies). Relative expression levels were quantified using the 2 –ΔCt  (ΔCt= Ct gene - 
Ct reference gene). 

Viral transduction 

Lentiviral particles were produced by CaPO4 mediated transfection of HEK293T cells cells 
with pmiRZip-9 (miR-9 inhibitor), or pmiRZip-scrambled hairpin (control inhibitor) (SBI, 
Systems Biosciences, CA) together with pMSCV-VSV-G, pRSV.REV and pMDL-gPRRE 
expression vectors. Lentiviral particles were collected 48 hrs after viral transduction, passed 
through a 0,45 µM millex HV PVDF filter (Millipore). Jurkat  cells at a concentration of 25 
x104/ml were transduced with the virus and placed in a 6 wells plate and incubated at 37°C 
overnight. The next day, Jurkat cells were washed 3x times with PBS and diluted to a 
concentration of 25 x104/mL.   

Activation of Jurkat cells with αCD3/αCD28 mAbs  

Jurkat cells transduced with with pmiRZip-9 (miR-9 inhibitor) or pmiRZip-scrambled (control 
inhibitor) were stimulated with plate-bound human αCD3 and soluble human αCD28 mAbs. 
Briefly, culture plates were incubated with goat-anti-mouse-IgG2a Ab (Cat. No. 1080-01, 
Southern Biotechnology) at 4°C overnight. After washing with PBS, cells were incubated 
with hybridoma-culture supernatant, containing anti-human-CD3 IgG2a mAb (clone WT32, 
approx. conc. 1µg IgG/mL) at RT for 1h. Unbound anti-CD3 antibody was removed by 
washing 4 times with an excess of PBS and Jurkat cells were seeded at a density of 5x105 
cells/mL in medium supplemented with 5% V/V hybridoma-culture supernatant containing 
anti-human CD28 IgG1 mAb (clone 20-4669) at a final concentration of about 0.1µg IgG/mL 
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Material and Methods 
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production on low and high number of PDs T-cells clones were assessed as reported 
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RNA isolation 

Total RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands) 
following the manufacturer’s instructions. Micro Bio-SpinTM chromatography columns, 
supplied with Bio-Gel P-6 polyacrilyamide gel matrices, were applied for efficient cleanup 
and purification of RNA samples following the manufacturer’s protocol (Bio-Rad laboratories 
B.V. Veenendaal, The Netherlands). The ExperionTM RNA stdSens and HighSens analysis 
kits (Life Science, Bio-Rad Laboratories B.V, Veendal, The Netherlands) were used to 
determine the RNA quality indicator (RQI) score. The RNA concentration was measured on 
a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE).   

Small RNA sequencing and data analysis  

T-cell clones with the biggest difference between low and high PDs samples were selected 
for small RNA-sequencing. Samples were barcoded and sequenced with Illumina HiSEQ 
2000 flowcell (Illumina). The sequence reads were analyzed using the CLC BIO Genomic 
Work Bench Suite 4.5 (CLC BIO, Arhus, Denmark). Reads were mapped to the mature 
miRNAs using miRDeep2 (13). The number of mapped reads of each sample was 
normalized to 1x106. Normalized data were imported to GeneSpring (v.11.5.1) for analysis. 
A total of 252 miRNAs were present in at least 3 out of 12 samples with a read count >10. 
Mann-Whitney U test was performed to identify significantly differentially expressed 
miRNAs. Genesis (Release 1.7.6) was used to generate heatmaps. 

Isolation of primary T cells by fluorescence-activated cell sorting (FACS) 

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 
centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway) according to the 
manufacturer’s protocol. CD3+CD28+ and CD3+CD28- cells were isolated from 6 healthy 
young and 4 healthy old donors (Supplementary Table S2) using combinations of the 
following anti-human monoclonal antibodies: CD3-e450 (eBioscience, Vienna, Austria), 
CD28-PECY7 (Biolegend). See Supplementary Fig S1 for sorting schemes. 
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(001090), miR-106b-5p (000442) and RNU44 (001094). RNU44 served as an endogenous 
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cDNA synthesis for mRNA was performed using Superscript III RTase (Life Technologies). 
The qPCR reaction was performed using qPCR MasterMix Plus (Eurogentec, Liege, 
Belgium) and Taqman Gene expression assay for detection of CCNE2 (Hs00180319_m1), 
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CCGTGGTTCGTGGCTCTCT-3’, probe 5’-6-FAM-ATCCCAAGCGGTTTGCTGCGG-BHQ-
1-3’ (Integrated DNA Technologies, Coralville, USA). TBP served as an endogenous 
control. All reactions were run in triplicate. Mean cycle threshold (Ct) values for all genes 
were quantified with the Sequence Detection Software (SDS, version 2,3, Life 
Technologies). Relative expression levels were quantified using the 2 –ΔCt  (ΔCt= Ct gene - 
Ct reference gene). 

Viral transduction 

Lentiviral particles were produced by CaPO4 mediated transfection of HEK293T cells cells 
with pmiRZip-9 (miR-9 inhibitor), or pmiRZip-scrambled hairpin (control inhibitor) (SBI, 
Systems Biosciences, CA) together with pMSCV-VSV-G, pRSV.REV and pMDL-gPRRE 
expression vectors. Lentiviral particles were collected 48 hrs after viral transduction, passed 
through a 0,45 µM millex HV PVDF filter (Millipore). Jurkat  cells at a concentration of 25 
x104/ml were transduced with the virus and placed in a 6 wells plate and incubated at 37°C 
overnight. The next day, Jurkat cells were washed 3x times with PBS and diluted to a 
concentration of 25 x104/mL.   

Activation of Jurkat cells with αCD3/αCD28 mAbs  

Jurkat cells transduced with with pmiRZip-9 (miR-9 inhibitor) or pmiRZip-scrambled (control 
inhibitor) were stimulated with plate-bound human αCD3 and soluble human αCD28 mAbs. 
Briefly, culture plates were incubated with goat-anti-mouse-IgG2a Ab (Cat. No. 1080-01, 
Southern Biotechnology) at 4°C overnight. After washing with PBS, cells were incubated 
with hybridoma-culture supernatant, containing anti-human-CD3 IgG2a mAb (clone WT32, 
approx. conc. 1µg IgG/mL) at RT for 1h. Unbound anti-CD3 antibody was removed by 
washing 4 times with an excess of PBS and Jurkat cells were seeded at a density of 5x105 
cells/mL in medium supplemented with 5% V/V hybridoma-culture supernatant containing 
anti-human CD28 IgG1 mAb (clone 20-4669) at a final concentration of about 0.1µg IgG/mL 
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for 72 hrs. Next, cells were spun down for 5 minutes and supernatants were collected and 
stored at -20⁰C for IL-2 analysis. 

IL-2 detection in jurkat cells  

Soluble IL-2 protein levels were measured by ELISA (R&D Systems, Minneapolis, MN, 
USA) according to the instructions provided by the manufacturer.  

Analysis of CD28 expression 

Membrane CD28 expression levels of Jurkat cells transduced with miR-9 inhibitor or control 
inhibitor were assessed using anti-CD28-PECY7 (CD28.2). Cells were analyzed on a BD 
LSR-II Flow Cytometer by Diva software (BD Biosciences). Data analysis was performed 
with Kaluza Flow Analysis Software (1.2) (Beckman Coulter).  

Ago2 ribonucleoprotein immuno precipitation (RIP-Chip)  

Immunoprecipitation of Ago2-containing RISC complexes was performed as described 
previously by Tan et al. and Slezak-Prochazka et.al (14,15). RNA from total and Ago2-IP 
fractions of Jurkat-EV cells was used for microarray analysis. Labeling and hybridization 
was performed using two-color Low Input Quick Amp Labeling Kit, according to the 
manufacturer’s protocol (Agilent, Santa Clara, USA). Slides were scanned with SureScan 
Dx Microarray Scanner (Agilent). Scanned images were used for Agilent Feature Extraction 
software version 10.5, converted into Linear and Lowess normalized data. Probes not 
detected in more than half of the samples and probes that are inconsistent  (more than 2 
fold different) in Cy-3 and Cy-5 replicates of the same sample were filtered out. The 
average signals for Cy-3 and Cy-5 replicates were used to calculate the IP/T ratio for each 
sample. 

GFP competition assay  

Jurkat cells were infected with miR-9 inhibitor (pmiRZip-21) or control-inhibitor (pmiRZip-
scrambled) with an infection rate varying between 25-35%. GFP percentage was analyzed 
triweekly for 22 days. Data were acquired on a FACS Calibur flow cytometer (BD 
PharMingen) and analyzed using FlowJo software (version 7,6, Treestar, Ashland, OR). 
The GFP percentage at the first day of measurement (day 4) was set to 1. The GFP 
competition assay was performed in 3 independent experiments. The average decline of 
GFP of 3 the experiments was used to determine whether the decline in GFP percentage of 
miR-9 inhibited cells was significantly different from the GFP percentages of the cells 
infected with control-inhibitor.  

Statistical analysis 

Results obtained from qRT-PCR are expressed as medians. Unpaired samples were 
compared using the Mann-Whitney U test and paired samples using the Wilcoxon signed-
rank test. For correlation comparisons the Spearman test was used. For the GFP 
competition assay, we used repeated measures one-way ANOVA, with Dunnet's multiple 
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comparison posttest, p<0.05 was considered statistically significant. Statistical analyses 
were performed with GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, 
USA).  

 

Discussion 

T-cell clones have been extensively used to study functional and molecular aspects of T-
cell ageing (1,3,4). We observed a negative correlation between the number of PDs and the 
expression level of CD28 and IL-2 production, which is consistent with the previously 
reported senescent phenotype (1). Loss of CD28 is regarded as one of the detrimental 
changes of T-cell ageing (16).   

Using T-cell clones with low and high number of PDs derived from young and old donors, 
we showed clear PD-associated differences in miRNA expression independent of donor 
age. Our observations are consistent with previous findings showing that T-cell clones from 
centenarian and young adults behave similary. This implies that clonable centenarian-
derived T cells are not functionally compromised (17). We identified ten significantly 
differentially expressed miRNAs in T-cell clones with low and high numbers of PDs. We 
confirmed an association with the number of PDs for miR-34a and miR-9.  

To identify the pathways related to miR-34a and miR-9 in T-cell ageing, we focused on the 
21 experimentally identified miRNA targets in Jurkat cells that contain predicted binding 
sites for both miRNAs. Three of these genes, i.e. CCNE2, PLAG1 and CNOT6L, have been 
linked to cell cycle regulation and cellular senescence (18-20). In our analysis, CNOT6L 
expression levels showed a positive correlation with cumulative PDs of T-cell clones. The 
positive correlation between CNOT6L and the high number of PDs can be partly explained 
by acquisition of a senescence phenotype following long-term in vitro culture of the T-cell 
clones. Several pathways related to senescence have been identified in late passage T-cell 
clones, such as cell survival, motility and proliferation (4,5). CNOT6L may thus play a role in 
regulation of cell proliferation and senescence in T-cell clones at high population doublings. 
MiR-34a expression was shown to be under tight regulation of p53 and was reported to 
regulate expression of SIRT1 to limit longevity (21,22). We did not observe a negative 
correlation between expression levels of miR-34a and SIRT1 in T-cell clones (data not 
shown). However, this does not exclude targeting of SIRT1 by miR-34a or regulation of 
SIRT1 by miR-34a through indirect mechanisms. Thus, further experiments on T-cell clones 
with more extreme differences between low and high PDs are required to confirm PD-
associated differences and decipher regulation of miR-34a and miR-9 shared target genes. 

To establish an association of miR-34a and miR-9 with aging of primary T cells we studied 
CD28+ and CD28- cells. Consistent with the findings in the T-cell clones we observed 
significantly higher miR-9 levels in primary CD28- T cells. MiR-9 was previously shown to 
positively regulate T-cell responses by enhancing production of IL-2 via targeting PR 
domain zinc finger protein 1 (PRDM1) (23). Consistent with this, we observed decreased IL-
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for 72 hrs. Next, cells were spun down for 5 minutes and supernatants were collected and 
stored at -20⁰C for IL-2 analysis. 

IL-2 detection in jurkat cells  

Soluble IL-2 protein levels were measured by ELISA (R&D Systems, Minneapolis, MN, 
USA) according to the instructions provided by the manufacturer.  

Analysis of CD28 expression 

Membrane CD28 expression levels of Jurkat cells transduced with miR-9 inhibitor or control 
inhibitor were assessed using anti-CD28-PECY7 (CD28.2). Cells were analyzed on a BD 
LSR-II Flow Cytometer by Diva software (BD Biosciences). Data analysis was performed 
with Kaluza Flow Analysis Software (1.2) (Beckman Coulter).  

Ago2 ribonucleoprotein immuno precipitation (RIP-Chip)  

Immunoprecipitation of Ago2-containing RISC complexes was performed as described 
previously by Tan et al. and Slezak-Prochazka et.al (14,15). RNA from total and Ago2-IP 
fractions of Jurkat-EV cells was used for microarray analysis. Labeling and hybridization 
was performed using two-color Low Input Quick Amp Labeling Kit, according to the 
manufacturer’s protocol (Agilent, Santa Clara, USA). Slides were scanned with SureScan 
Dx Microarray Scanner (Agilent). Scanned images were used for Agilent Feature Extraction 
software version 10.5, converted into Linear and Lowess normalized data. Probes not 
detected in more than half of the samples and probes that are inconsistent  (more than 2 
fold different) in Cy-3 and Cy-5 replicates of the same sample were filtered out. The 
average signals for Cy-3 and Cy-5 replicates were used to calculate the IP/T ratio for each 
sample. 

GFP competition assay  

Jurkat cells were infected with miR-9 inhibitor (pmiRZip-21) or control-inhibitor (pmiRZip-
scrambled) with an infection rate varying between 25-35%. GFP percentage was analyzed 
triweekly for 22 days. Data were acquired on a FACS Calibur flow cytometer (BD 
PharMingen) and analyzed using FlowJo software (version 7,6, Treestar, Ashland, OR). 
The GFP percentage at the first day of measurement (day 4) was set to 1. The GFP 
competition assay was performed in 3 independent experiments. The average decline of 
GFP of 3 the experiments was used to determine whether the decline in GFP percentage of 
miR-9 inhibited cells was significantly different from the GFP percentages of the cells 
infected with control-inhibitor.  

Statistical analysis 

Results obtained from qRT-PCR are expressed as medians. Unpaired samples were 
compared using the Mann-Whitney U test and paired samples using the Wilcoxon signed-
rank test. For correlation comparisons the Spearman test was used. For the GFP 
competition assay, we used repeated measures one-way ANOVA, with Dunnet's multiple 
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comparison posttest, p<0.05 was considered statistically significant. Statistical analyses 
were performed with GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, 
USA).  

 

Discussion 

T-cell clones have been extensively used to study functional and molecular aspects of T-
cell ageing (1,3,4). We observed a negative correlation between the number of PDs and the 
expression level of CD28 and IL-2 production, which is consistent with the previously 
reported senescent phenotype (1). Loss of CD28 is regarded as one of the detrimental 
changes of T-cell ageing (16).   

Using T-cell clones with low and high number of PDs derived from young and old donors, 
we showed clear PD-associated differences in miRNA expression independent of donor 
age. Our observations are consistent with previous findings showing that T-cell clones from 
centenarian and young adults behave similary. This implies that clonable centenarian-
derived T cells are not functionally compromised (17). We identified ten significantly 
differentially expressed miRNAs in T-cell clones with low and high numbers of PDs. We 
confirmed an association with the number of PDs for miR-34a and miR-9.  

To identify the pathways related to miR-34a and miR-9 in T-cell ageing, we focused on the 
21 experimentally identified miRNA targets in Jurkat cells that contain predicted binding 
sites for both miRNAs. Three of these genes, i.e. CCNE2, PLAG1 and CNOT6L, have been 
linked to cell cycle regulation and cellular senescence (18-20). In our analysis, CNOT6L 
expression levels showed a positive correlation with cumulative PDs of T-cell clones. The 
positive correlation between CNOT6L and the high number of PDs can be partly explained 
by acquisition of a senescence phenotype following long-term in vitro culture of the T-cell 
clones. Several pathways related to senescence have been identified in late passage T-cell 
clones, such as cell survival, motility and proliferation (4,5). CNOT6L may thus play a role in 
regulation of cell proliferation and senescence in T-cell clones at high population doublings. 
MiR-34a expression was shown to be under tight regulation of p53 and was reported to 
regulate expression of SIRT1 to limit longevity (21,22). We did not observe a negative 
correlation between expression levels of miR-34a and SIRT1 in T-cell clones (data not 
shown). However, this does not exclude targeting of SIRT1 by miR-34a or regulation of 
SIRT1 by miR-34a through indirect mechanisms. Thus, further experiments on T-cell clones 
with more extreme differences between low and high PDs are required to confirm PD-
associated differences and decipher regulation of miR-34a and miR-9 shared target genes. 

To establish an association of miR-34a and miR-9 with aging of primary T cells we studied 
CD28+ and CD28- cells. Consistent with the findings in the T-cell clones we observed 
significantly higher miR-9 levels in primary CD28- T cells. MiR-9 was previously shown to 
positively regulate T-cell responses by enhancing production of IL-2 via targeting PR 
domain zinc finger protein 1 (PRDM1) (23). Consistent with this, we observed decreased IL-
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2 levels upon inhibition of miR-9. As miR-9 does not directly target the IL-2 transcript, we 
wondered if miR-9 might affect levels of IL-2 by regulating CD28 expression as CD28 has 
been shown to regulate expression of IL-2 (24). We indeed identified miR-9 bindings sites in 
the 3’UTR of CD28, although CD28 transcripts did not reach the fold enrichment cut for 
being regulated by miRNAs in the Ago2-IP experiment. Inhibition of miR-9 did not yield 
siginificant changes in CD28 expression levels, which is consistent with the Ago2-IP data. 
However, we did observe significantly reduced IL-2 levels upon miR-9 inhibition in Jurkat 
cells. This indicates that the miR-9 associated downregulation of IL-2 is not mediated via 
CD28. We anticipate that increased expression of mR-9 in T-cell clones with a high number 
of PDs might represent a compensatory mechanism to maintain IL-2 levels, which fails to 
be effective for other unknown reasons. A decline of T-cell immune responses, indicated by 
a decrease in IL-2 producing capacity might result in inhibition of T-cell growth. Consistent 
with this, we observed a decline in T-cell growth upon inhibition of miR-9. This illustrates the 
physiological  importance of miR-9 in regulation of T-cell survival and T-cell immune 
responses.  

 

Conclusions 

Our results provide evidence for changes in levels of certain miRNAs with increasing 
number of PDs in T-cell clones. At a high number of PDs, T-cell clones are characterized by 
a decreased expression of CD28 and IL-2 which inversely correlates with the expression of 
miR-9 and miR-34a. Both microRNAs are known to be related to cellular senescence. MiR-
9, but not miR-34a, levels are increased in primary CD28- T cells and miR-9 is a regulator 
of IL-2 production and T-cell survival.  

 

Acknowledgements 

We are grateful for the outstanding support of the flow cytometry team, Geert Mesander 
and Henk Moes.  

 

 

MicroRNA signature in T-cell clones identified by small RNA sequencing 
 

69 

References 

(1) Pawelec G, Rehbein A, Haehnel K, Merl A, Adibzadeh M. Human T-cell clones in long-term 
culture as a model of immunosenescence. Immunol Rev 1997 Dec;160:31-42.  

(2) Adibzadeh M, Pohla H, Rehbein A, Pawelec G. Long-term culture of monoclonal human T 
lymphocytes: models for immunosenescence? Mech Ageing Dev 1995 Sep 15;83(3):171-183.  

(3) Pawelec G, Koch S, Griesemann H, Rehbein A, Hahnel K, Gouttefangeas C. 
Immunosenescence, suppression and tumour progression. Cancer Immunol Immunother 2006 
Aug;55(8):981-986.  

(4) Mazzatti DJ, White A, Forsey RJ, Powell JR, Pawelec G. Gene expression changes in long-
term culture of T-cell clones: genomic effects of chronic antigenic stress in aging and 
immunosenescence. Aging Cell 2007 Apr;6(2):155-163.  

(5) Mazzatti DJ, Pawelec G, Longdin R, Powell JR, Forsey RJ. SELDI-TOF-MS ProteinChip array 
profiling of T-cell clones propagated in long-term culture identifies human profilin-1 as a 
potential bio-marker of immunosenescence. Proteome Sci 2007 Jun 5;5:7.  

(6) Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell 2009 Jan 
23;136(2):215-233.  

(7) Smigielska-Czepiel K, van den Berg A, Jellema P, Slezak-Prochazka I, Maat H, van den Bos H, 
et al. Dual role of miR-21 in CD4+ T-cells: activation-induced miR-21 supports survival of 
memory T-cells and regulates CCR7 expression in naive T-cells. PLoS One 2013 Oct 
1;8(10):e76217.  

(8) Jeker LT, Bluestone JA. MicroRNA regulation of T-cell differentiation and function. Immunol 
Rev 2013 May;253(1):65-81.  

(9) Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T helper cell differentiation and 
plasticity. Nat Rev Immunol 2013 Sep;13(9):666-678.  

(10) Hackl M, Brunner S, Fortschegger K, Schreiner C, Micutkova L, Muck C, et al. miR-17, miR-
19b, miR-20a, and miR-106a are down-regulated in human aging. Aging Cell 2010 
Apr;9(2):291-296.  

(11) Lal A, Pan Y, Navarro F, Dykxhoorn DM, Moreau L, Meire E, et al. miR-24-mediated 
downregulation of H2AX suppresses DNA repair in terminally differentiated blood cells. Nat 
Struct Mol Biol 2009 May;16(5):492-498.  

(12) Li G, Yu M, Lee WW, Tsang M, Krishnan E, Weyand CM, et al. Decline in miR-181a expression 
with age impairs T cell receptor sensitivity by increasing DUSP6 activity. Nat Med 2012 
Oct;18(10):1518-1524.  

(13) Friedlander MR, Mackowiak SD, Li N, Chen W, Rajewsky N. miRDeep2 accurately identifies 
known and hundreds of novel microRNA genes in seven animal clades. Nucleic Acids Res 
2012 Jan;40(1):37-52.  

(14) Tan LP, Seinen E, Duns G, de Jong D, Sibon OC, Poppema S, et al. A high throughput 
experimental approach to identify miRNA targets in human cells. Nucleic Acids Res 2009 
Nov;37(20):e137.  

(15) Slezak-Prochazka I, Kluiver J, de Jong D, Kortman G, Halsema N, Poppema S, et al. Cellular 
localization and processing of primary transcripts of exonic microRNAs. PLoS One 2013 Sep 
20;8(9):e76647.  

(16) Fagnoni FF, Vescovini R, Mazzola M, Bologna G, Nigro E, Lavagetto G, et al. Expansion of 
cytotoxic CD8+ CD28- T cells in healthy ageing people, including centenarians. Immunology 
1996 Aug;88(4):501-507.  

(17) Pawelec G, Barnett Y, Mariani E, Solana R. Human CD4+ T cell clone longevity in tissue 
culture: lack of influence of donor age or cell origin. Exp Gerontol 2002 Jan-Mar;37(2-3):265-
269.  

(18) Zariwala M, Liu J, Xiong Y. Cyclin E2, a novel human G1 cyclin and activating partner of CDK2 
and CDK3, is induced by viral oncoproteins. Oncogene 1998 Nov 26;17(21):2787-2798.  

(19) Declercq J, Hensen K, Van De Ven WJ, Chavez M. PLAG proteins: how they influence 
apoptosis and cell proliferation. Ann N Y Acad Sci 2003 Dec;1010:264-265.  

(20) Mittal S, Aslam A, Doidge R, Medica R, Winkler GS. The Ccr4a (CNOT6) and Ccr4b (CNOT6L) 
deadenylase subunits of the human Ccr4-Not complex contribute to the prevention of cell death 
and senescence. Mol Biol Cell 2011 Mar 15;22(6):748-758. 

(21) Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT1 regulates apoptosis. 
Proc Natl Acad Sci U S A 2008 Sep 9;105(36):13421-13426.  

(22) Tarasov V, Jung P, Verdoodt B, Lodygin D, Epanchintsev A, Menssen A, et al. Differential 
regulation of microRNAs by p53 revealed by massively parallel sequencing: miR-34a is a p53 
target that induces apoptosis and G1-arrest. Cell Cycle 2007 Jul 1;6(13):1586-1593.  



501394-L-sub01-bw-Nato501394-L-sub01-bw-Nato501394-L-sub01-bw-Nato501394-L-sub01-bw-Nato

4

CHAPTER 4 
 

68  

2 levels upon inhibition of miR-9. As miR-9 does not directly target the IL-2 transcript, we 
wondered if miR-9 might affect levels of IL-2 by regulating CD28 expression as CD28 has 
been shown to regulate expression of IL-2 (24). We indeed identified miR-9 bindings sites in 
the 3’UTR of CD28, although CD28 transcripts did not reach the fold enrichment cut for 
being regulated by miRNAs in the Ago2-IP experiment. Inhibition of miR-9 did not yield 
siginificant changes in CD28 expression levels, which is consistent with the Ago2-IP data. 
However, we did observe significantly reduced IL-2 levels upon miR-9 inhibition in Jurkat 
cells. This indicates that the miR-9 associated downregulation of IL-2 is not mediated via 
CD28. We anticipate that increased expression of mR-9 in T-cell clones with a high number 
of PDs might represent a compensatory mechanism to maintain IL-2 levels, which fails to 
be effective for other unknown reasons. A decline of T-cell immune responses, indicated by 
a decrease in IL-2 producing capacity might result in inhibition of T-cell growth. Consistent 
with this, we observed a decline in T-cell growth upon inhibition of miR-9. This illustrates the 
physiological  importance of miR-9 in regulation of T-cell survival and T-cell immune 
responses.  

 

Conclusions 

Our results provide evidence for changes in levels of certain miRNAs with increasing 
number of PDs in T-cell clones. At a high number of PDs, T-cell clones are characterized by 
a decreased expression of CD28 and IL-2 which inversely correlates with the expression of 
miR-9 and miR-34a. Both microRNAs are known to be related to cellular senescence. MiR-
9, but not miR-34a, levels are increased in primary CD28- T cells and miR-9 is a regulator 
of IL-2 production and T-cell survival.  
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Supplementary Table 2. Characteristics of the donors and isolated T-cell subsets 

    

Donors Age (y) Sex Isolated T- cell subsets 

1 25 F CD3+ CD28+  and  CD3+ CD28- 

2 24 F CD3+ CD28+  and CD3+ CD28- 

3 27 F CD3+ CD28+  and  CD3+ CD28- 

4 28 F CD3+ CD28+  and CD3+ CD28- 

5 27 F CD3+ CD28+  and  CD3+ CD28- 

6 29 F CD3+ CD28+  and  CD3+ CD28- 

7 67 M CD3+ CD28+  and  CD3+ CD28- 

8 74 F CD3+ CD28+  and  CD3+ CD28- 

9 62 F CD3+ CD28+  and  CD3+ CD28- 

10 62 F CD3+ CD28+  and  CD3+ CD28- 
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Supplementary Table 3. Overlap in predicted miR-34a and miR-9 targets enriched in the Ago2-IP 
fraction 

 

 

 

 

 

 

Gene symbol IP/T FD GO ontology (functional annotation) 

CCNE2 8,6 Cell cycle regulation 

PLAG1 7,8 Cell proliferation 

FNDC3B 7,8 Adipogenesis regulation 

C5orf41 7,5 Endoplasmic reticulum stress response 

BRPF3 6,1 Protein binding and zinc ion binding 

CLOCK 5,4 Circadian rythm and metabolism 

IRF1 4,6 

Regulation of IFN and IFN-inducible genes 

immune responses 

USP31 4,2 Cysteine-type peptidase activity  

CNOT6L 3,6 Cell proliferation, cellular senescence 

TMEM164 2,9 Transmembrane protein 

C3orf58 2,6 Chromosome 3 open reading frame 

FAM126B 2,4 Family with sequence similarity 126, member B 

TMEM33 2,4 Transmembrane protein 

RORA 2,3 Lipid metabolism 

ZIC5 2,2 Neural crest development 

SMAD4 2,2 Mediator of signal transduction by TGF-β 

RNF44 2,1 Zinc ion binding 

AP1S2 2,1 Clathrin-dependent protein traffic 

FAM43B 2,1 Family with sequence similarity 73 

GIGYF1 2,1 Tyrosine kinase receptor signaling 

FAM56A 2,1 Family with sequence similarity 46 
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Supplementary Fig S1. Sorting strategy of CD3+CD28+ and CD3+CD28- T cells. Peripheral blood 
mononuclear cells (PBMC) were isolated and CD3+CD28+ / CD3+CD28- T cells were FACS sorted 
based on CD3 and CD28 expression from A, healthy young (# 6) and B, healthy old (# 4) donors.  

 

 

 

  

 

 

Supplementary Fig S2. Two binding sites of miR-9 in the 3’UTR of the human CD28 transcript. A, 
Schematic overview of the 2 putative miR-9 binding sites in the 3’UTR of CD28. B, Putative base pairing 
between binding site 1 and 2 present in the 3’UTR of CD28 and miR-9.  
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CHAPTER 5 
 

 

Age-associated differences in miRNA signatures are restricted 
to CD45RO negative T cells and are associated with changes in 

the cellular composition, activation and cellular ageing 
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