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Describing evolutionary conserved physiological or molecular patterns, which can reliably mark the age of both model organisms and humans or predict the onset of age-related pathologies has become a priority in aging research. The age-related gene-expression changes of the Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) gene have been well-documented in humans and rodents. However, data is lacking from other relevant species, including dogs. Therefore, we quantified the CDKN2A mRNA abundance in dogs of different ages, in four tissue types: the frontal cortex of the brain, temporal muscle, skin, and blood. We found a significant, positive correlation between CDKN2A relative expression values and age in the brain, muscle, and blood; however, no correlation was detected in the skin. The strongest correlation was detected in the brain tissue (CDKN2A/GAPDH: r = 0.757, p < 0.001), similarly to human findings, while the muscle and blood showed weaker, but significant correlation. Our results suggest that CDKN2A might be a potential blood-borne biomarker of aging in dogs, although the validation and optimization will require further, more focused research. Our current results also clearly demonstrate that the role of CDKN2A in aging is conserved in dogs, regarding both tissue specificity and a pivotal role of CDKN2A in brain aging.
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INTRODUCTION

Dogs have received growing attention as model animals of human aging and neurodegeneration because they are prone to developing similar age-related pathologies within a much shorter lifetime, and they are exposed to the same environmental and lifestyle stressors present in the modern human environment (1–4). Understanding how they age could also bestow benefits on the animals and their owners through advancing veterinary diagnostics.

Currently, in humans, the lack of universally applicable and highly reliable biomarkers, which can predict mortality and the onset of age-related pathologies is a major obstacle in the way of translational research goals and developing effective preventive approaches and therapies (5).

So far, several physiological and molecular parameters have been proposed as predictors of biological age and disease status in humans. However, most of these have limitations regarding clinical applicability and range of validity. For example, traditional clinical biomarkers, like blood pressure or cholesterol levels, which could predict mortality in younger cohorts, often lose their predictive capacity in older people (6, 7).

Epigenetic markers are promising candidates for developing a reliable and universal system predicting the course of aging (8, 9). Importantly, epigenetic signatures of certain genomic regions are conserved between humans, rodents, and dogs (10, 11) and an epigenome-based age-determination system has been recently developed for Labrador retriever dogs (12). Nevertheless, defining molecular markers beyond epigenetic patterns or telomere shortening has been recommended by several authors to increase the precision of predictions and to allow the monitoring of specific diseases (13, 14). Recently, for example, a panel of blood-borne markers was proposed as appropriate for geroscientific research in humans (15).

In dogs, the neuronal cytoskeletal protein neurofilament light chain (NfL) has recently been validated as a marker of age-related neurodegeneration, which could augment translational research as well (16). Gene expression based markers in general, however, may show fundamental differences between species as was reported by Hudgins et al. in 2018, when they compared the expression patterns in different tissues of mice and humans. In contrast, the expression of the p16(INK4A) transcript, together with p14(ARF) (p19 in mice), both encoded by the Cyclin Dependent Kinase Inhibitor 2A (CKDN2A) gene, have been reported to show a similar pattern of increased expression with aging in humans and rodents (17–19). The expression of the CDKN2A gene - which plays an important role in cell-cycle inhibition and is a tumor suppressor (20), has been reported to be an evolutionarily conserved regulator of cellular senescence (21). Its potential as a biomarker to predict biological age was proposed to even surpass telomeres in humans (22, 23). Also, it was shown to predict renal allograft function with higher accuracy than telomere length and chronological age (24).

Based on these results, CDKN2A expression has been proposed as a highly promising molecular biomarker of human aging (25–27). Furthermore, CDKN2A levels in blood were reported to be indicative of accelerated cellular aging caused by various infections or type 2 diabetes (28–30). Importantly, similar findings were reported in rodents [reviewed by Sorrentino et al. (31) in 2014], supporting the conserved nature of CDKN2A expression as a marker of cellular senescence. However, CDKN2A's role in aging has not yet been investigated in other mammalian clades. Assessing the applicability of CDKN2A as an aging biomarker in dogs may further support reliable age-determination in translational research with this species (32). To this end, we investigated the mRNA expression of the canine CDKN2A gene in the brain (frontal cortex), muscle (m. temporalis), and skin (head area), obtained from pet dogs of various breeds within the frames of study 1, to test whether CDKN2A shows a similar tissue-expression pattern in this species as has been reported in humans and rodents. Due to methodological limitations, blood samples could not be analyzed from the same individuals (see details in Materials and Methods). Therefore, a population consisting of border collie dogs, which were available as participants of an independent study, were included in study 2 to assess the correlation between CDKN2A expression and age in blood.



METHODS


Ethics Statement

The biological sample collection conducted in this study complied with national [Hungarian law (“1998. évi XXVIII. Törvény” 3. §/9.—The Animal Protection Act)] and EU legislation, with the recommendations in the International Society for Applied Ethology guidelines for the use of animals in research, as well as institutional guidelines. The Hungarian “Animal Experiments Scientific and Ethical Committee” approved the experimental procedures under the number: PEI/001/1457-4/2015. The owners provided written consent for their dogs' participation.



Subjects
 
Study 1

Twenty-six dogs (age ranged from 1 to 18 years old) were included in this study. The sex, breed, and body weight of the animals are presented in Table 1. The relative ages of the animals were calculated as chronological age * 100/expected lifespan of the breed (33). In the case of mixed-breed dogs, the expected lifespan was calculated by the formula postulated by Greer et al. (34) [version with cm and kg instead of inch and pound were provided by Szabó et al. (35): 13.62 + height_in_cm * 0.03 - weight_in_kg * 0.12].


Table 1. Dogs included in study 1.
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Study 2

Two whole blood samples were taken from 15 border collie dogs (their age ranged from 9 months to 15 years old, Table 2). In this study, no correction for relative age was necessary due to the homogenous breed composition of the sample.


Table 2. Border collie dogs included in study 2.
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Donation and Sampling
 
Study 1

The animals used in study 1 were donated to the Hungarian Canine Brain and Tissue Bank (CBTB) by their owners, who had previously been informed about the donation possibility through various forums, e.g., social media [(36), submitted]. The animals were euthanized by their veterinarian only for justified medical reasons. Both the owner and the veterinarian gave written consent for the euthanasia and the donation and confirmed that the animal had not had infectious zoonosis prior to euthanasia and had been vaccinated against rabies. After the dogs were euthanized, the bodies were immediately transported to the facility of the CBTB, and dissection was performed by a veterinary anatomist (KC) to obtain tissues within a pre-set 4 h post-mortem limit. After removal from the skull, whole brains were rinsed in phosphate-buffered saline for 5 min, and then cortical samples were removed bilaterally from the area of the frontal lobe. Muscle tissue pieces were obtained from the medial aspect of the musculus temporalis and skin was harvested from the head of the animals. Each tissue piece was cut to be 80–120 mg in mass and was immersed in 1 ml RNAlater. The samples were then incubated at 4°C overnight to enable total percolation of the RNAlater. The next day, the supernatant was removed, and the tissues were frozen at −80 or −20°C for long-term or short-term storage, respectively. Blood was not collected for molecular investigations during standard post-mortem sampling protocols as it was previously found to be highly hemolyzed due to the application of T-61 as euthanasia agent (37).



Study 2

Blood was collected from living companion dogs. The date of birth and the breed of the dogs were confirmed based on the dog's pedigree and/or dog passports verified by their veterinarians. Based on the owners' reports, all dogs were healthy and did not take any medication at least 2 weeks before the sampling. One milliliter blood was collected into an EDTA tube and immediately sent to a veterinarian diagnostic laboratory to verify the animals' health status. The blood collection was performed by an experienced veterinarian. Additional 3 ml blood samples were collected into DNA/RNA Blood Collection Tubes (Zymo Research), and were mixed gently, according to the manufacturer's protocol. The blood-filled tubes were stored in a −20°C freezer until further processing.




RNA Isolation
 
Study 1

Total cellular RNA was isolated from the frontal cortex, temporal muscle, and skin tissue samples stored frozen in RNAlater using TRIzol (Thermo Fisher) and following the manufacturer's protocol. Prior to immersing the tissue pieces in TRIzol, each piece was rinsed in 1 ml of sterile PBS in a new tube and centrifuged for 5 min on 500 g. TRIzol was added to the samples after removal of the PBS. Homogenization of the tissue pieces was carried out by an Ultra-Turrax homogenizer (Ika) under a fume hood to prevent inhalation of TRIzol. After homogenization, the isolation process took place following standard procedures of TRIzol based RNA isolation.



Study 2

RNA was isolated from blood samples using the Quick-DNA/RNA Blood Tube Kit (Zymo Research) following the manufacturer's protocol.

The integrity of all isolates was checked by agarose gel electrophoresis. Purity and concentrations were measured by a NanoDrop 1000 device (Thermo Fisher). RNA samples were stored in a −80°C freezer.




cDNA Synthesis and Real-Time PCR

Thousand nanogram of each total RNA was reverse transcribed into cDNA using the Maxima RevertAid cDNA Synthesis Kit (Thermo Fisher). The reactions were performed following the manufacturer's protocol, using random hexamer primers. Prior to downstream applications, the cDNA samples were diluted 10-fold by nuclease-free water and kept at −20°C. For long-term storage, the cDNA samples were placed at −80°C.

Quantitative Real-Time PCR reactions were performed in 10 μl total volume with 3 technical parallels on a LightCycler 96 Instrument (Roche) using the PowerUp SYBRGreen Master Mix (Thermo Fisher) and specifically designed primers for canine CDKN2A, Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Ribosomal Protein Lateral Stalk Subunit P0 (RPLP0) and Hydroxymethylbilane Synthase (HMBS). HMBS was previously reported to be a highly stable transcript across different canine tissues (38, 39), while GAPDH was reported to be highly expressed both in brain and muscle tissue in humans (40, 41). Therefore, these two genes seemed appropriate to cover the expected range of expression in the solid tissues. RPLP0 was chosen instead of GAPDH to test blood, as suggested by previous human studies (42). Primers sequences used to detect each transcript were the following: CDKN2A forward: 5′- GAGGGCTTCCTGGACACG, reverse: 5′- TCAATTCTTGAAGTCCGGGCT; GAPDH forward: 5′-GAGATCCCGCCAACATCAAATGG, reverse: 5′-TACTTCTCATGGTTCACGCCCAT; HMBS forward: 5′-ACTCTCTGAAGGACCTGC, reverse: 5′-CTCTTCTCTGGCAAGGTTTC; RPLP0 forward: 5′- TTCTCGCTTCTTGGAGGGTG, reverse: 5′- CAGGACCCGCTTGTATCCAT.



Statistical Analysis

Relative gene expression of CDKN2A was determined using the delta Ct method, by applying GAPDH and HMBS as endogenous controls in hard tissues and RPLP0 together with HMBS in blood. Relative age and frontal cortex CDNK2A relative expression values were not normally distributed, therefore we used Spearman correlation for investigating the relationship between the variables in SPSS v25. Receiver operating characteristic (ROC) curve analysis was also performed by this software. In the first study, age categories (“young” and “old”) were divided following human conventions: the threshold of being old is often set at 65 years of age in modern societies and the expected lifespan linked to these populations is around 82 years (43). Therefore, dogs were considered “old” when their relate age were above 80% of the expected lifespan.




RESULTS


CDKN2A Expression in Dog Tissues

CDKN2A mRNA was detectable in all tissue types included in this study: brain (frontal cortex), temporal muscle, skin, and blood. In hard tissues (study 1), the relative expression values of CDKN2A were highest in the frontal cortex samples and lowest in the skin samples, while muscle showed a mid-level expression in comparison to the same endogenous control genes (GAPDH and HMBS). Blood samples (study 2) showed an intermediate expression level between the cortical and skin samples based on the CDKN2A / HMBS ratio.



The Correlations Between CDKN2A Expression and the Animals' Age Were Tissue-Specific
 
Study 1

We found a positive correlation between the relative age of the animals (see Materials and Methods) and CDKN2A relative expression in the frontal cortex and muscle tissue (frontal cortex CDKN2A/GAPDH: r = 0.757, p < 0.001; frontal cortex CDKN2A/HMBS: r = 0.627, p = 0.001; muscle CDKN2A/GAPDH: r = 0.456, p = 0.022; muscle CDKN2A/HMBS: r = 0.435, p = 0.030; Table 3). However, no significant correlation was detected in the skin samples. Regarding data from the muscle samples, one 4-year-old dog was an extreme outlier showing a relative expression level ~5 times higher than the average of the other individuals. When the outlier was excluded from the analysis, the level of the correlation between age and CDKN2A relative expression increased in the muscle dataset (muscle CDKN2A/GAPDH: r = 0.544, p < 0.001, CDKN2A/HMBS: r = 0.515, p = 0.010), yet still remained much weaker than in the brain tissue of the same animals.


Table 3. Spearman's correlations between relative age and CDKN2A relative expression values.
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CDKN2A relative expression values correlated between the frontal cortex and muscle, however the expression in skin did not show such correlations with the other tissue types (Table 3). Neither of the other known variables (weight, height, or sex of the animals) affected the CDKN2A relative expression values.

ROC curve analysis was applied to test the capacity of CDKN2A relative expression to predict the relative age of the animals in the three tissue types. AUC values exceeded 0.9 in the brain tissue independently of the used endogenous control gene (CDKN2A/GAPDH AUC = 0.976; CDKN2A/HMBS AUC = 0.921, p < 0.01). Similarly to the correlation results, AUC was smaller, but still significant in the muscle (CDKN2A/GAPDH AUC = 0.853; CDKN2A/HMBS AUC = 0.846, p < 0.01) and were around the 0.5 random level in the skin tissue.



Study 2

In the second study, in which blood samples obtained from border collies were analyzed, the relative expression values of CDKN2A also showed a significant, positive correlation with the age of the animals (CDKN2A/RPLP0: r = 0.592, p < 0.05; CDKN2A/HMBS: r = 0.539, p < 0.05).

ROC curve analysis, however, barely exceeded the 0.5 level (0.695 and 0.781, for HMBS and RPLP0 controls, respectively) in the blood and significance did not reach the p < 0.05 values.





DISCUSSION

We showed that CKDN2A expression positively correlated with chronological age in the frontal cortex and temporal muscle tissues, but not in skin tissues of dogs belonging to various breeds. These findings were in accordance with previous reports from humans, where both brain and muscle were found to have highly elevated levels of CDKN2A in older people, while an elevation in the skin was moderate and did not reach significance (44, 45). In our study, one outlier among the muscle samples belonged to a dog which had a medical history of epileptic seizures and was euthanized because of a grand mal seizure. The muscle tissue of this dog showed a greatly elevated relative expression of CDKN2A. Literature is scarce regarding the effects of seizures on muscle damage (46) and how this would affect the expression of CDKN2A. One study has shown that acute muscle damage leads to an increase in the number of senescent cells with elevated CDKN2A expression at least in certain muscle-associated cell types (47). In another study, an elevation in the expression of the p16INK4A transcript, a product of the CDKN2A gene, was reported in acute kidney injury in young mice (48). Therefore, it is tempting to hypothesize that generalized muscle convulsions could have caused the dramatically elevated CDKN2A levels in the muscle tissue of the outlier animal, as no similar elevation was detected in the brain or skin. This hypothesis could also pave the way for investigating CDKN2A as a marker of tissue damage. It has recently been suggested by single-cell transcriptomics that the robust, age-related elevation in CDKN2A levels may be caused by the increasing ratio of senescent cells with higher damage/mutational load and not by an intrinsic aging program that generally upregulates its expression in all cells (49). The increased individual variability seen in muscle and skin may have contributed to the decrease/lack of correlation between age and CDKN2A gene expression in these tissues. As another possible confounder, the expression stability of the applied housekeeping genes should also be considered. Although the choice of GAPDH and HMBS for solid tissues was based on previous literature data indicating these as generally stable transcripts, no previous data was available regarding the possible age-related changes of these genes' expression in dog tissues. In the case of HMBS, we detected a marginal, negative correlation between expression and dogs' age in the muscle tissue (r = −0.417, p < 0.05), indicating that this gene was not an optimal control to assess age-related gene expression changes. This finding underlines why it is advisable to include more than one control gene in an RT-qPCR experiment (50).

Importantly, the tissue-specific correlations we detected in our dog population were concordant with previous findings reported from humans (44, 51). Although none of these studies compared frontal cortex, skin and muscle in a similar setting as reported herein, pairwise comparisons between muscle and skin (44) or brain and skin (52) showed similar patterns, reporting no significant changes in CDKN2A expression in skin, only in the other tissues. Indications for similar tissue specificity were also reported in mice, together with a generally huge variance in the number of genes to show age-related changes in different tissues (45, 53). This indicates that age-related gene expression changes commonly exhibit distinct tissue specific patterns. Furthermore, individual differences were reported in both mice and humans, with extreme outliers occurring in several datasets (53, 54). This phenomenon was also seen in humans when the same tissues from different body parts (e.g., skin from sun-exposed vs. protected areas) were compared (54). Altogether, this suggests that age-related gene expression changes can vary widely between samples, depending on species, genetic background, tissue type, and environmental factors. In this regard, our findings could be an important addition to CDKN2A biomarker research, because we used a mixed population of dogs in study 1, including several breeds and mongrels in the analysis. Therefore, we demonstrated that CDKN2A could be a powerful tool for following age-related changes in certain tissues of dogs, independently of individual genetic background.

In humans the most important feature of CDKN2A as a biomarker of aging is its availability in the blood and the validated correlations between its blood expression levels and age/cellular damage or senescence in other tissues (26, 28–30). In order to gain insight into the expression changes of CDKN2A in the blood of dogs, we investigated a second cohort of animals. Due to considerations related to a different study, this cohort included only animals from the same breed (border collie). Therefore, the results of study 2 are not indicative of the expression variance of CDKN2A in a multi-breed dog population. Comparisons between different breeds will be required, to test if blood sample data for CDKN2A expression behaves similarly stable across animals of different genetic backgrounds. Also, the correlation between CDKN2A expression and age was weaker in the blood than seen in the brain tissue in study 1, and the ROC curve analysis did not indicate a good predictive capacity in this sample population. Importantly, one of the main reasons for this could be the large variability seen in individual expression values in the blood, coupled with the limited sample number of 5 old vs. 5 young animals. Human studies suggested that reliable gene expression detection might be challenging from whole blood samples, which are a mixture of different cell types (55). Therefore, further optimization of the method used to analyze blood, including the separation of white blood cells (“buffy coat”), may yield more consistent results regarding the link between CDKN2A levels and biological age. In humans, T lymphocytes were reported to show the most robust CKDN2A expression change with aging (26).

A main limitation of our study is the lack of solid tissue and blood samples from the same animals. The reason was methodological: all animals were euthanized by chemical agents, which causes severe hemolysis (37, 56). We found no data about the comparability of hemolyzed blood samples with normal samples regarding mRNA gene expression analyses, while in regard to miRNA-s it was reported that hemolysis could modify the results (57). Therefore, the use of hemolyzed blood samples was not considered appropriate for our study aims. Another major limitation is the limited size and non-continuous composition of the sample population in study 2. The animals participating in this study were recruited for other ongoing study goals, where a young-old age composition was required. For practical reasons – e.g., the limited mobility of both owners and personnel due to the COVID outbreak -, the number of involved animals could not be increased to include dogs with intermediate ages.

Altogether, our findings about the robust age-related increase in CDKN2A mRNA levels in some dog tissues propose an evolutionary conserved aging pathway, which could be applied as a reliable aging marker in dogs, increasing the number of currently available blood-borne biomarkers in this species (11, 12, 16, 58, 59). Previous studies in humans suggest that the number of simultaneously assessed markers could dramatically increase the efficiency of disease categorization and prediction, especially in the case of various forms of dementia (60–63). Importantly, CDKN2A has already been implicated as a regulator (64, 65) and biomarker (66) of human Alzheimer's disease (AD), however, its exact link to disease occurrence and progression is still unclear (67).

Since dogs have been proposed as natural models of human AD (68) and live shorter lives than humans, future longitudinal studies conducted in dogs may help researchers to characterize the links between blood CKDN2A levels and age-related brain pathologies more precisely. Although the validation of blood CDKN2A level as a reliable marker of aging will require further experiments, our preliminary findings indicate that CDKN2A could be a promising predictor of biological aging, and possibly age-related pathologies in the dog.
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