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ABSTRACT

Purpose: Naked mole-rats (NMR, Heterocephalus glaber) have extreme resistance to cancer although they are known 
as the longest-living rodent with their 30-year maximum lifespan. Therefore, NMRs have rapidly emerged as a natural 
model for biomedical research. Studies have shown that NMRs can better tolerate stress due to mechanisms, such as 
upregulation of the Nrf2 pathway. Another mechanism proposed to contribute to their protection from stress involves 
stem cells. Therefore, in this study, we aimed to identify the regulation of Nrf2 signaling in NMR fibroblasts and induced 
pluripotent stem cells (iPSCs). 

Methods: The transcriptomics data of NMR and laboratory mice (Mus musculus) were used in the study. Particularly, the 
genes that are accepted as Nrf2 activators (Dpp3, Sqstm1, Palb2, Amer1, Mapk14, Trp53) and inhibitors (Keap1, Siah1, 
Btrc) were comparatively analyzed in fibroblasts and iPSCs of both species.

Results: Our data demonstrated differentially expressed gene expressions between different cell types. Among target Nrf2 
activators, Palb2 RNA expression was found to be increased significantly (p<0.0001) in NMR fibroblasts when compared 
to mouse fibroblasts. In addition, the expression of Palb2 was even more increased in NMR iPSCs when compared to NMR 
fibroblasts (p<0.0001).

Conclusion: It was shown, for the first time, Palb2 could be partially responsible for the activation of Nrf2 pathway. 
These results contribute to literature on the stress resistance of the NMRs and its relationship with their superior features 
of aging and cancer.
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Kansere ve yaşlanmaya karşı üstün dirençli farelerde Nrf2 yolağını düzenleyen faktörlerin transkriptomik 
düzeyde analizi

ÖZET

Amaç: Çıplak Kör Fareler (ÇKF), 30 yılı aşkın sıra dışı uzun yaşam sürelerine sahip olmaları ve bu uzun yaşamları boyunca 
kanser gelişimi göstermemeleri ile biyomedikal araştırmalarda kullanılmaktadır. Yapılan çalışmalar, ÇKF’lerin üstün 
bir stres direncine sahip olduğunu ve temel bir oksidatif stres mekanizması olan Nükleer faktör-eritroit 2 ilişkili faktör 
(Nrf2) sinyal yolağının önemli bir rolü olduğunu göstermektedir. ÇKF’leri stresten koruyan başka bir mekanizmanın ise 
sağlık alanında sıklıkla kullanılan kök hücreler olduğu düşünülmektedir. Bu sebeplerden dolayı yapılan çalışmanın amacı, 
kör farelerin fibroblast ve indüklenmiş pluripotent kök hücrelerinde  Nrf2 ekspresyonunu düzenleyen faktörlerin tayin 
edilmesidir. 

Yöntem: ÇKF’ler ve laboratuvar farelerinin (Mus musculus) RNA sekanslama metodu ile elde edilen transkriptom verileri 
kıyaslamalı olarak analiz edildi. Bu 2 türe ait fibroblast ve indüklenmiş pluripotent kök hücrelerine ait veriler spesifik olarak 
Nrf2 aktivatörleri (Dpp3, Sqstm1, Palb2, Amer1, Mapk14, Trp53) ve inhibitorleri (Keap1, Siah1, Btrc) olarak kabul edilen 
genler açısından incelendi. 

Bulgular: Elde edilen bulgular, ÇFK hücrelerinde Nrf2 aktivatör ve inhibitör adayları arasındaki RNA ekspresyonları 
değişimlerini gösterdi. Fare fibroblast hücrelerine kıyaslandığında, ÇKF fibroblast hücrelerinde Nrf2 aktivatörü olarak 
kabul edilen Palb2 RNA ekspresyonunda önemli düzeyde artış (p<0.0001) olduğu ve ÇKF iPSC hücrelerinde Palb2 
ekspresyonunun daha da fazla arttığı (p<0.0001) görüldü. 

Sonuç: Elde edilen bulgular, ÇKF’lerde Nrf2 yolağının aktivasyonunda Palb2’nin rolü olabileceğini göstermektedir. Bu 
veriler, yaşlanma ve kansere karşı sıra dışı özelliği olan bu türlerin stres direnci ile ilgili mekanizmalarının aydınlatılmasına 
katkı sağlamaktadır.

Anahtar Kelimeler: Transkriptomiks, çıplak kör fare, Nrf2, yaşlanma, kanser
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Naked mole-rats (NMR, Heterocephalus glaber), the 
longest-lived rodent known, have rapidly emer-
ged as a natural model of aging based upon its 

more than 30-year maximum lifespan and positive health-
span. NMR lives 8 times longer than similar-sized mouse 
and sustains good health for most of its life, which wo-
uld be equivalent to 80-year-old humans exhibiting a 
30-year-old ‘biological age’. NMRs demonstrate negligib-
le senescence, no age-related increase in mortality, and
high fecundity until death (1). Most importantly, NMRs
do not exhibit age-related cancer pathologies different
from mice. This information points the importance of mo-
lecular mechanisms related to the superior properties of
NMRs (2).

Several studies have already revealed molecular mecha-
nisms of NMRs. As such, NMRs exhibit minimal or no age-
related differences in biochemical processes and protein 
homeostasis, in contrast to laboratory mice (Mus muscu-
lus) (3). A study, which was conducted on NMR genome 
and transcriptome sequences, has shown that there are 
significant differences between gene expressions asso-
ciated with oxidative stress (4). This study revealed that 
the activity of peroxiredoxins and glutathione peroxidase 
1 (GPX 1) which are closely related to oxidative stress are 
lower in NMRs. Given the fact that NMRs have superior re-
sistance to aging and cancer, the low expression levels of 
these antioxidant enzymes are surprising since oxidative 
stress has significant role in the development of cancer, 
neurodegenerative and cardiovascular diseases (5). 

It is considered that different proteins and cellular defense 
mechanisms play a role under these properties (6). Of the-
se, it has been suggested that the activation of the nuc-
lear factor-erythrocyte 2 related factor (Nrf2) antioxidant 
pathway is effective in the cellular defense mechanism of 
NMRs. When activated, Nrf2 translocates into the nucleus 
and increases the transcription of antioxidant proteins, su-
bunits of proteasome, and autophagy-related genes. As a 
result, with the Nrf2 signaling pathway activation, misfol-
ding and aggregation of proteins due to oxidative stress is 
prevented (6-8). Besides, the Nrf2 signaling pathway has 
also been associated with various human diseases such 
as cancer (9), atherosclerosis (10), and neurodegeneration 
(11). A study demonstrated that gene expressions of Nrf2 
and its downstream antioxidant enzymes, were higher 
in NMR fibroblasts when compared to mouse fibroblasts 
under normal stress conditions (1). Previous studies have 
also revealed that the Nrf2 pathway may be responsible 
for longevity and stress resistance in NMRs; however, how 
Nrf2 pathway is regulated in NMRs is not well-known. 

Induced pluripotent stem cells (İPSCs) are promising bi-
ological materials, particularly for regenerative medicine 
(12), and it is proposed that the stem cell characteristics 
could contribute to the superior biology of NMRs (2, 13). 
Regarding this information, the aim of this study is to exa-
mine the molecular mechanisms underlying the stress 
resistance of NMR at the transcriptome level in İPSCs, in 
addition to fibroblasts. Therefore, it is aimed to determine 
the regulators of Nrf2 pathway in NMRs, as they show a 
superior stress resistance throughout their lives in additi-
on to having a longer lifespan and cancer-resistance.

Method
RNA Sequencing and analysis of raw data
The RNA sequencing analysis of fibroblasts and İPSCs of 
laboratory mice (n=4) and NMRs (n=6) were performed 
in the previous study (2) and raw data (SRP116326) were 
reanalyzed in terms of Nrf2 signaling pathway activators 
and inhibitors for this study.  Briefly, embryonic fibroblast 
cells and İPSC were obtained as follows; Mouse embryos 
were collected from the fetus on day 13 and rinsed with 
PBS and lysed with 0.25% trypsin-EDTA solution. Trypsin 
was inactivated by DMEM (Dulbecco’s Modified Eagle’s 
medium), containing 20% FBS (Fetal bovine serum). The 
obtained mouse embryonic fibroblast cells were cultu-
red in DMEM containing 10% FBS, penicillin/streptomy-
cin (10,000 U/ml), 1 × non-essential amino acid, 0.1 mM 
β-mercaptoethanol at 37°C and 5% CO2. Following the 
isolation of NMR embryonic cells in the same way, they 
were cultured in hypoxic (3% O2) and hypothermic (32° C) 
conditions containing 5% CO2, which meet the optimal 
oxygen and temperature conditions for NMR cells (13). 
Cells were, then, reprogrammed into İPSCs as follows; 
Fibroblast cells were transduced with lentiviruses carr-
ying polycistronic mouse OSKM and FUW-M2rtTA vectors. 
Viral supernatants were added to cell media two times for 
24 hours. After 3 days of incubation, they were seeded on 
mitomycin C inactivated cells and N2B27 + 2i reprogram-
ming medium containing 2 μg/ml doxycycline was added 
to the cells. The culture media was renewed with 24-hour 
intervals. Embryonic stem cell-like colonies were incuba-
ted in N2B27 + 3i medium. Cells were cultured for 6 days 
and doxycycline was withdrawn (13).

The protocol for RNA sequencing analysis of obtained 
cells is as follows; Total RNA was isolated using RNA Mini 
kit (Qiagen, Germany). The amount and purity of RNA 
were quantified using a Qubit fluorometer (Thermo-
Fisher Scientific, America). The library quantification was 
sequenced in 2 directions using TruSeq Sample Prep kit v2 
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(Illumina, USA) with 101 base-pairs in all directions (2). For 
the analysis of RNA expression Mus musculus (GRCm38) 
and Heterocephalus glaber (hetGla2) reference genomes 
were used from the NCBI database (https://www.ncbi.nlm.
nih.gov/genome/). For differential gene expression analy-
sis, the data were first analyzed with the FastQC quality 
control tool, and the reference genomes of the raw data 
were mapped to the transcriptome, which were genera-
ted using the software of STAR-ultra-fast RNA-Seq aligner. 
The files, which had been obtained after mapping, were 
quantified via the software of Salmon, and converted into 
transcript numbers that were expressed in each sample. 
Genes, that are accepted as activators and inhibitors of 
Nrf2, were retrieved from these data. Differential gene 
expression analysis was performed through the DESeq2 
library running on the R analytics platform, and differen-
tially expressed genes that were statistically significant 
among the compared groups were identified with their 
upregulated/downregulated status and their p-values.

Statistical analysis
Statistical analysis between groups was conducted using 
the software of GraphPad Prism 7.0. One-way analysis of 
variance (ANOVA) and Tukey’s test were used to determi-
ne statistical difference and p values. In the same species 
analysis, the groups were compared as mouse fibroblast 
vs mouse iPSC and NMR fibroblast vs NMR iPSC. In across 
the species analysis, the groups were compared as mou-
se fibroblast vs NMR fibroblast and mouse iPSC vs NMR 
iPSC. The results were considered statistically significant 

at p<0.05.

Results
In this study, RNA expressions of Nrf2 pathway regula-
tors were investigated in fibroblasts and İPSCs in com-
parison to mice. Studies on other species have iden-
tified Dipeptidyl Peptidase 3 (Dpp3), Sequestosome 
1 (SQSTM1), Partner and Localizer of BRCA2 (Palb2), 
APC Membrane Recruitment Protein 1 (Amer1 or WTX), 
Mitogen-Activated Protein Kinase 14 (Mapk14) and Tumor 
Protein P53 (Trp53 or p53) as Nrf2 activators (14-17). On 
the other hand, Kelch-like ECH-Associated Protein 1 
(Keap1), E3 Ubiquitin Protein Ligase 1 (Siah1), and Beta-
Transducin Repeat Containing E3 Ubiquitin Protein Ligase 
(BTRC) have been identified as Nrf2 inhibitors (15, 18). 
However, it is not known which genes are responsible for 
Nrf2 pathway activation in NMRs and it was investigated 
at the transcriptome level in the present study. 

Our RNA expression findings on Nrf2 activators demons-
trated that Dpp3 was significantly increased in mouse 
İPSCs compared to mouse fibroblasts (Fig. 1a). No sig-
nificant change was found between groups in Amer1 
RNA expressions (Fig. 1b). However, it was observed that 
Mapk14 RNA expression decreased in NMR fibroblasts 
compared to mouse fibroblasts (Fig. 1c). 

Fig. 1. RNA expression levels of various Nrf2 activators obtained 
from RNA-Sequencing analysis. a) Dpp3 RNA expression, *p<0.05 vs 
mouse fibroblast. b) Amer1 RNA expression, no significant change. c)  
Mapk14 RNA expression, **p<0.005 vs mouse fibroblast.

Palb2 RNA expression was significantly higher in iPSCs 
compared to fibroblasts of both species, while the expres-
sion was found to be higher in NMR fibroblasts compared 
to mouse fibroblasts (Fig. 2a). Palb2 RNA expression in 
NMR iPSCs was also significantly increased when compa-
red to mouse iPSCs (Fig. 2a) as well. On the other hand, it 
was determined that Sqstm1 RNA expressions were dec-
reased in iPSCs compared to fibroblasts in both species 
(Fig. 2b).  Besides, there was no significant change in Trp53 
RNA expressions (Fig. 2c). 

The results on Nrf2 inhibitors showed that the expressi-
on of Btrc was increased in NMR fibroblasts compared to 
mouse fibroblasts (Fig. 3a), and Siah1 expression was exp-
ressed at high levels in NMR iPSCs (Fig. 3c). However, no 
significant change was observed in Keap1 RNA expressi-
ons (Fig. 3b). 

These results indicate that RNA expression of Palb2, which 
is known as an Nrf2 activator, could be effective on the 
activation of Nrf2 pathway in NMRs, as it increases signifi-
cantly in both NMR fibroblast and NMR iPSCs when com-
pared to mice.
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Fig. 2. RNA expression levels of various Nrf2 activators obtained from 
RNA-Sequencing analysis. a) Palb2 RNA expression, ****p<0.0001 
mouse fibroblast vs mouse iPSC, mouse fibroblast vs NMR fibroblast, 
NMR fibroblast vs NMR iPSC and mouse iPSC vs NMR iPSC. b) Sqstm1 
RNA expression, **p<0.005 mouse fibroblast vs mouse iPSC, NMR 
fibroblast vs NMR iPSC. c) Trp53 RNA expression, no significant 
change.

Fig. 3. RNA expression levels of Nrf2 inhibitors obtained from RNA-
Sequencing analysis. a) Btrc RNA expression, *p<0.05 vs mouse 
fibroblast. b) Keap1 RNA expression, no significant change. c) Siah1 
RNA expression, ****p<0.0001 vs NMR fibroblast and mouse iPSC, 
**p<0.005 vs mouse fibroblast.

Discussion
Oxidative stress mainly results from an imbalance bet-
ween reactive oxygen species and antioxidant defense 
mechanisms of the cell. Oxidative stress has been closely 
associated with aging and aging-associated diseases, 
therefore, resistance to oxidative stress is indicated to 
lead extension of healthspan and lifespan (1). NMRs are 

frequently used in biomedical research as their metabolic 
rates are very slow and their protein structures are not af-
fected by oxidative stress throughout aging process (6). It 
is considered that these superior characteristics might be 
associated with various molecular mechanisms and that, 
in particular, activation of the Nrf2 antioxidant pathway is 
proposed to be responsible for their stress resistance (6).

Nrf2 is a transcription factor, which is expressed in all tis-
sues and activated under stress conditions (21). Under 
normal conditions, Nrf2 is in the cytosol and in its inactive 
form. However, under stress conditions, it translocates to 
the nucleus, activating the transcription of numerous cru-
cial genes (22). These molecules include redox regulators 
such as glutathione-S-transferase (GST), NAD (P) H: qui-
none oxidoreductase (NQO1), molecular chaperones, and 
proteasome subunits (1, 6). A previous study has shown 
that Nrf2 expression is three times higher in NMR fibrob-
lasts compared to mouse fibroblasts indicating the essen-
tial role of Nrf2 pathway for the extraordinary resistance 
of NMRs against aging-associated cancer, cardiovascular 
diseases, and neurodegenerative diseases (21). However, 
detailed analysis of the factors regulating Nrf2 expression 
in NMR’s fibroblasts and iPSCs has not been performed 
yet. Hence, activators and inhibitors associated with the 
Nrf2 antioxidant pathway were investigated at the level of 
RNA expression in the present study. For this aim, Dpp3, 
Sqstm1, Palb2, Amer1, Mapk14, Trp53 as Nrf2 activators 
and Keap1, Siah1, Btrc proteins as Nrf2 inhibitors, were 
analyzed in NMR cells. To elucidate Nrf2 pathway activati-
on in NMRs, the obtained results were examined in terms 
of the increase in RNA expression level of activator genes 
or the decrease in RNA expression level of inhibitor genes.

The studies that have been performed so far show that 
the NMR has been mainly investigated by comparing 
with mice (21-23), thus, in our study, NMR RNA expressi-
ons were analyzed comparatively with mice. Our results 
demonstrated that among Nrf2 activators, Palb2 was inc-
reased significantly in NMR fibroblasts and iPSCs compa-
red to mice. The increase of Palb2 in both fibroblasts and 
iPSCs in NMRs indicates that Palb2 could play a role in the 
activation of Nrf2 pathway in NMRs. Besides, Palb2 is a 
protein that binds to BRCA genes and regulates the func-
tions of BRCA factors which are closely associated with 
breast cancer. Studies have shown that the Palb2 muta-
tion is mainly responsible for genetically derived breast 
cancer (24). Palb2 is known to bind Nrf2 inhibitors so the 
possible role of Palb2 in the Nrf2 pathway could be indi-
rect activation of Nrf2 that results in the transcription of 
antioxidant genes (25). 
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Nrf2 can also be activated by phosphorylation with kinase 
proteins such as Mapk14 (16). However, our findings show 
that Mapk14 RNA expression decreases in NMR fibroblasts. 
On the other hand, as this decrease is not as high as the 
increase observed in Palb2, it is considered that its impact 
on Nrf2 pathway activation might be minor. Moreover, it 
is hypothesized that the Nrf2 pathway is regulated by the 
combinational effect of various regulator proteins rather 
than being under the control of a single protein. 

Based on the findings gained from the study; it is obser-
ved that the RNA expressions of activators and inhibitors 
associated with the Nrf2 pathway are not expressed at the 
same levels between different species and cells. Although 
Palb2 expression were analyzed for the first time in NMR 
fibroblasts and iPSCs, our findings indicate that Palb2 
expression could have a role in the regulation of Nrf2 ac-
tivation consistent within the previous studies. However, 
further studies are required to clarify the direct effect of 
Palb2 in Nrf2-signaling for the extra-ordinary properties 
of NMRs.
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