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The availability of multiple slow-aging mice allows a search for possible shared mechanisms that affect the rate of aging. Previous work has shown downregulation of the MEK1-ERK-MNK kinase cascade, which regulates protein translation through eIF4E, in response to four anti-aging drugs. Here we show that decreased protein abundance of enzymes involved in hepatic de novo lipogenesis (DNL) is characteristic of mice exposed to two anti-aging drugs that modulate glucose homeostasis (acarbose and canagliflozin), as well as in calorically restricted mice and in two long-lived mutant models. The same pattern of changes in the de novo lipogenesis enzymes can be produced, in cultured cells or in intact mice, by trametinib, a drug that inhibits the MEK-ERK kinase cascade, and which has been shown to extend mouse lifespan. The trametinib effect on DNL enzymes is, unexpectedly, not related to transcriptional changes, but depends on selective protein degradation through chaperone-mediated autophagy. Our data support models in which chaperone-mediated proteomic alterations, triggered through the MEK1-ERK-MNK kinase pathway, may collaborate with mTORC1 changes to slow aging and extend mouse lifespan.
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INTRODUCTION
Recent work has shown that mouse lifespan can be extended by at least five single-gene mutations (Brown-Borg et al., 1996; Coschigano et al., 2000; Flurkey et al., 2001; Conover and Bale, 2007; Ortega-Molina et al., 2012), at least two dietary interventions (Masoro et al., 1982; Miller et al., 2005), and at least 8 drugs (Harrison et al., 2009; Harrison et al., 2014; Miller et al., 2020; Harrison et al., 2023; Miller et al., 2024). In the best-studied cases, data show that the lifespan extension is accompanied by, and presumably caused by, delay in many age-dependent forms of pathology (Wilkinson et al., 2012; Snyder et al., 2022; Conover et al., 2010; Maeda et al., 1985). These slow-aging mouse models provide tools for seeking shared mechanisms, i.e., changes in cellular or physiological state that may link the intervention to enduring health preservation. A recent review (Miller et al., 2023) provides a preliminary listing of biochemical and cellular changes that are characteristic of 10 of these varieties of slow-aging mice.
A growing set of published studies has sought commonalities among anti-aging mechanisms by comparative transcriptomics (Debes et al., 2023; Li et al., 2023; Tyshkovskiy et al., 2023; Tyshkovskiy et al., 2019). The underlying concept is that shared patterns of differential transcription could draw attention to pathways that might link apparently different interventions to possible shared mechanisms of slower aging and disease prevention. In principle, such shared transcriptomic signatures could provide a foundation for prioritizing candidate agents to favor those whose transcriptional profiles resemble that of authenticated anti-aging drugs (Duan et al., 2020).
There are now hints, however, that reliance on changes in transcription patterns may not be an ideal strategy for understanding mechanisms of action of anti-aging interventions and seeking new ones. Age-associated changes in mRNA abundance either do not correlate or correlate only weakly with age-associated changes in protein abundance in every system carefully examined to date, including the mouse kidney (Takemon et al., 2021), the mouse heart and skeletal muscle (Han et al., 2021) the mouse liver (Williams et al., 2022), the rat brain and liver (Ori et al., 2015), and human male skeletal muscle (Gueugneau et al., 2021). Taking mouse kidney as a specific example, only about 10% of protein changes that occur with age are concordant with changes in the corresponding mRNA (Takemon et al., 2021). This suggests that non-transcriptional processes are responsible for a very large fraction of age-associated changes in protein levels. In addition, the uncoupling between RNA levels and protein levels during aging suggests regulation of translation can play an important role in the aging process (Solyga et al., 2024).
Our laboratory has recently drawn attention to two non-transcriptional processes that are elevated in multiple varieties of slow-aging mice and mold the proteome in these animals. A subset of mRNAs can be translated by a cap-independent translation process (CIT), leading to upregulation of the corresponding proteins without parallel upregulation in the mRNA levels themselves. The mechanism of this preferential translation can be complex (Merrick, 2004; Leppek et al., 2018). In some cases CIT depends on ribosomal binding to 6-methyl-adenosine residues in the 5-prime untranslated region of a subset of mRNAs, leading to upregulation of the corresponding proteins without parallel upregulation in the mRNA levels themselves (Zhao et al., 2017). CIT is elevated in liver, muscle, and kidney of Snell dwarf, GHRKO, and Ames dwarf mice, as well as in mice treated with Rapamycin (Rapa), Acarbose (Aca), Canagliflozin (Cana), or 17α-estradiol (17aE2) (Li et al., 2022; Shen et al., 2021; Ozkurede et al., 2019). The lifespan benefits of Cana and 17aE2 are limited to male mice, and the effects of these drugs on CIT are also, intriguingly, male-specific (CIT). CIT is also elevated in mice given a diet low in Isoleucine, which leads to lifespan extension (Yeh et al., 2024). Phosphatidylinositol-glycan-specific phospholipase D1, a molecule induced by exercise and able to improve cognition and biochemical indices of brain health (Horowitz et al., 2020), is elevated in many slow-aging mouse models via CIT, rather than by transcriptional control (Li et al., 2022).
mRNA-specific translation may also be affected by phosphorylation status of eIF4E (Mahalingam and Cooper, 2001; Yang et al., 2020), whose phosphorylation ratio is downregulated in several varieties of slow aging mice, linked to downregulation of the MEK-ERK1/2 kinase cascade (Wink et al., 2022; Jiang et al., 2023). peIF4E levels are thought to regulate levels of enzymes involved in lipid metabolism (Conn et al., 2021), although the effect has so far been seen in studies of high-fat diets and related stress conditions rather than in mice on standard diets.
A third example of non-transcriptional modulation of the proteome emerged from studies of chaperone-mediated autophagy (CMA). CMA is a highly selective form of lysosomal proteolysis in which proteins bearing consensus motifs are individually selected by the chaperone Hspa8, which participates in their translocation into the lysosome for degradation (Cuervo et al., 1997; Dice, 1990). Unlike other forms of autophagy, CMA does not require vesicle trafficking or fusion events. Instead, CMA involves direct translocation of cytosolic proteins into the lysosomal lumen, dependent upon the lysosomal transmembrane protein LAMP2A (Cuervo and Dice, 1996). CMA is elevated in Snell dwarf and GHRKO mice (Endicott et al., 2021), as well as in the long-lived PTEN overexpression model (Zhang et al., 2023). Caloric restriction of rats and mice also leads to constitutively active CMA (Jafari et al., 2024). Our study of GHRKO mice found that only a small fraction of CMA-sensitive proteins, i.e., proteins whose transport to lysosomes depended on CMA, were actually diminished in GHRKO liver relative to their level in liver of littermate control mice (Endicott et al., 2022). A catalogue of 91 such proteins, i.e., those whose lower abundance in liver tissue of GHRKO mice was the result of CMA, included 16 ribosomal subunits, 4 proteins involved in initiation and elongation of protein translation, and at least 3 enzymes involved in synthesis of lipids and production of the metabolic intermediate acetyl-CoA (Endicott et al., 2022). CMA suppresses glycolysis, inhibits fatty acid synthesis, and reduces lipid droplet accumulation in cultured cells, reviewed by (Kaushik and Cuervo, 2018). These data collectively suggest a hypothetical mechanism, wherein lifespan extending interventions that reduce circulating insulin and IGF1, such as Snell (Papaconstantinou et al., 2005), GHRKO (Al-Regaiey et al., 2005), Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase (PTEN (Garc et al., 2012)), and calorie restriction, activate CMA to participate in transcription-independent remodeling of the proteome, which in turn confers unique longevity-promoting metabolic benefits (Endicott and Miller, 2024).
The insulin receptor and IGF1 receptor are both receptor tyrosine kinases (RTKs) that initiate signaling cascades upon ligand binding. This signaling cascade bifurcates into two arms, i.e., the PI3K/AKT pathway and the MEK/ERK pathway. We have shown that the PI3K/AKT pathway inhibits CMA, and inhibitors of class I PI3K activate CMA in cell culture and in mice (Endicott et al., 2020). However, the role of the MEK/ERK pathway in CMA regulation has not been previously characterized. The MEK/ERK pathway involves phosphorylation of MEK1, its targets ERK1 and ERK2, their targets MNK1 and MNK2, and eventually phosphorylation of eIF4E, an initiation factor for protein translation. We have shown (Wink et al., 2022; Jiang et al., 2023) that aging leads to increases in the phosphorylation level of each element in the MEK/ERK cascade, indicating elevation of the activity of each enzyme in the pathway, and that this elevation is inhibited by Rapa and Aca in both male and female mice, and by Cana and 17aE2 in male mice only. The congruence between sex-specificity in lifespan effects and the alterations in the MEK/ERK cascade suggests that the kinase changes are closely related to the lifespan effects, through pathways still to be elucidated.
A recent paper from the group of Linda Partridge (Xu et al., 2014) showed that trametinib (“Tram”), an inhibitor of MEK1, can extend mean and maximum lifespan of C3B6F1 hybrid mice of both sexes when provided to the mice in their food. Furthermore, Tram in combination with Rapa led to a lifespan extension larger than that seen in mice given either agent alone. These results imply that inhibition of the MEK/ERK cascade can, by itself, lead to extension of lifespan in at least one mouse stock and that the mechanism of extension may be distinct, at least partly, from inhibition of mTORC1 function.
In this paper we show that inhibition of the MEK/ERK cascade, by Tram, diminishes at least five enzymes involved in hepatic de novo lipogenesis (DNL), and does so via a non-transcriptional process. We show that Tram treatment enhances CMA in mouse liver and cultured cells, and that augmented CMA is sufficient to explain transcription-independent downregulation of DNL enzymes. Levels of these DNL enzymes are also downregulated in young adult mice by Aca, Cana, and the CR diet. CMA-mediated alteration in protein levels may be an important non-transcriptional regulator shared by several models of slower aging in mice, and may play a role in lifespan extension induced by Tram on its own or in combination with Rapa.
METHODS
Antibodies
Commercially available antibodies are listed below.
ACACA/ACC1 (Cell Signaling Technology (CST): 4190S), ACLY (AbCam: 40793), ACSS2, ACTB/β-Actin (CST: 8457L), pAKT (CST: 4691S), AKT pS473 (CST: 4060S), CTSB (CST: 31718S), ENO1 (CST: 3810S), EEF1B2 (AbCam: ab228642), EEF1G (AbCam:ab72368), EEF2 (CST: 2332S), ERK1/2 (CST:4695S), ERK1/2 pT202/204 (CST: 4376S), FASN (AbCam: 22759), GAPDH (CST: 2118S), GFAP (AbCam: 7260), pS8 GFAP (Thermo: PA5-12991), H3 (AbCam: 176842), HSPA8/Hsc70 (AbCam: 154415), LAMP2A (AbCam: 125068), MAP1LC3B/LC3 (CST: 2775S), MAPT (CST: 46687S), ME1 (AbCam: ab97445), SQSTM1/p62 (CST: 5114S), MEK1 (CST:12671), pMEK1/2 pS217/221 (CST:9154), MNK1 (CST:2195), MNK2 (PTech:17354), pMNK pT197/202 (Inv:700242), eIF4E (CST:2067), peIF4E pS209 (Boster:P00135), S6 (CST:2217), pS6 pS235/236 (CST:4857), 4EBP1 (CST:9644), p4EBP1 pT37/46 (CST:2855), NDRG1 (CST:9408), pNSRG1 pT346 (CST:5482).
Cell culture and trametinib-treated mice
For all cell culture experiments, cells were passaged not more than 20 times, after thawing the original stock obtained from ATCC. Cells were checked for mycoplasma contamination upon thaw, and were negative throughout this study. All cells were maintained in a humidified 37°C incubator with 10% CO2 and ambient O2. Recipes for cell culture growth media were obtained from the ATCC website. AML12 cells were obtained from ATCC (CRL-2254) and maintained in DMEM:F12 (Gibco: 11320033), supplemented with insulin-selenium-transferrin (Gibco: 51500-056), 10% FBS (Corning: 35-016-CV), 40 ng/mL dexamethasone (Sigma: D4902), and penicillin-streptomycin (Gibco: 15070063).
Mouse treatments, Snell Dwarf, GHRKO and respectively liver samples, proteomic datasets and data preprocessing have been previously described (Watanabe et al., 2023). For trametinib treated mice: five-month-old UM-HET3 mice were fed for 45 days with control 5LG6 diet (TestDiet.com) or 5LG6 diet containing 2.5 ppm of trametinib (InvivoChem:V0446)). Liver samples for Western blot and qRTPCR corresponding to Figures 2–4 were processed and analyzed as previously described (Wink et al., 2022; Jiang et al., 2023). Antibodies and qRTPCR probes are described in Supplementary Table S1.
CMA reporter and microscopy
AML12 cells stably expressing the Dendra2 reporter were generated in our previous study (Endicott et al., 2020), and frozen aliquots of the same cells were used here. These cells were seeded in 24-well plates with a cover-glass (Fisher: 1254580) dropped into each well. Cells were treated as indicated on the figures. For fixation, cells were rinsed once with PBS, and fixed in a solution of 1% paraformaldehyde, 1% sucrose, in PBS, pH = 7.2, for 7 min at room temperature. Cells were rinsed twice with PBS, stained with Hoechst (Sigma: 94403), and mounted onto microscope slides (Fisher: 12-550-343), using fluorescent protein mounting medium (GBI Labs: E18-18). Slides were dried overnight at 4°C and were imaged the next day.
Microscopy was performed in the UM BRCF Microscopy Core. Images were acquired with a Zeiss Axioplan2 microscope equipped with Zeiss ApoTome for optical sectioning. Image capture was performed with a Zeiss AxioCam MRm camera. The objective lens used was a Zeiss Plan-NEOFLUAR ×40, with a numerical aperture of 0.75 (this lens requires no immersion medium). The microscope was operated with Zeiss Axiovision software. All microscopy was performed on fixed samples at room temperature. For each experimental replicate, equal numbers of images for each experimental group were acquired on the same day, using the exact same exposure settings and light intensity. Image stacks were acquired with a 0.5 μm z-plane slice-distance. Fluorescence quantification was performed in ImageJ, using raw, unadjusted images. Post-acquisition image adjustment was only performed for display images (i.e., only after analysis was complete), using ImageJ software.
Dendra2 puncta were counted blind, with images analyzed in random order, using our previously published methods (Endicott et al., 2020). First, images were subjected to the ImageJ Max Entropy thresholding algorithm to identify cells with sufficient fluorescent protein expression to be counted. Then the number of puncta per cell were manually counted in unadjusted images and recorded (because of uneven background, automated counting is consistently less accurate than manual counting). Cells were excluded from analysis if they were on the edge of the image (such that a portion of the cytosol was outside of the image, preventing an accurate count), or if their cytoplasm overlapped substantially with another cell, preventing accurate quantification. Final results were un-blinded and tabulated by a different person than the one performing the analysis. For each experiment, data were pooled from at least three independent replicates.
Drugs for cell culture experiments
Drugs for cell culture experiments were obtained as follows: Bafilomycin A (Sigma; SML1661), Trametinib (InvivoChem: V0446), Leupeptin (Sigma; L2884), Ammonium Chloride (Sigma: A4514).
Bafilomycin A was used at a concentration of 160 nM for all experiments. All other drug doses and incubation times are as indicated in the figure legends or directly on the figures. Bafilomycin A was dissolved in DMSO (Sigma; D2650). Leupeptin (Sigma; L2884) was solubilized in sterile PBS.
For all drug treatments, the cells were maintained in complete growth medium, with serum, according to the recipes specified above.
Lysosome isolation–light and heavy lysosomes
Mice were dissected at approximately the same time for each experiment (between 9 and 10 a.m., with the dark period ending at 6 a.m.). All mice were allowed free access to food during the entire course of experimentation. Freshly dissected liver tissue was immediately washed in ice-cold PBS, until no visible blood remained. All subsequent steps were performed at 4°C, and were carried out according to our published protocol (Burns C. M. et al., 2024). Tissue was diced with scissors in ice-cold 0.25M sucrose (Fisher; 57-50-1), pH = 7.2. The diced tissue was then gently homogenized in a Wheaton dounce homogenizer (Wheaton: 357538) with the “LOOSE” pestle (0.089-0.14 mm gap). The homogenate volume was adjusted to 2 mL with ice-cold 0.25 M sucrose, before a 3-min centrifugation at 6,800 × g to remove unbroken cells, extracellular matrix, and nuclei. The supernatant was collected and spun at 17,000 x g for 10 min to pellet the remaining organelles, which include the lysosomes. The pellet was resuspended in 0.25 M sucrose to a volume of 800 µL and then gently mixed with 1,600 µL of 88.38% Histodenz (Sigma, D2158). The sample was loaded into an ultracentrifuge tube (Beckman Coulter, 344057) for a 55Ti-SW rotor (Beckman Coulter, 342194). Four layers were laid over the sample: 0.8 mL 33.74% Histodenz, 0.8 mL 26.99% Histodenz, 0.8 mL 20.25% Histodenz, 0.4 mL 0.25 M sucrose. The samples were subjected to ultracentrifugation at 141,000 x g for 2 h in a Beckman Coulter L-70 ultracentrifuge. During ultracentrifugation, the sample resolved into visible bands at the interfaces of the density layers. The visible bands at the interface of the 0.25 M sucrose-20.25% Histodenz layers and the interface of the 20.25%–26.99% Histodenz layers were both highly enriched in lysosome markers, such as LAMP2A and CTSD, and were referred to as “light” and “heavy” lysosomes, respectively. After the lysosome-containing bands were removed from the density gradient, the sample were diluted in PBS to decrease the Histodenz density, allowing the lysosomes to be pelleted, washed, and resuspended in isotonic MOPS/sucrose buffer. Protein concentrations were measured by BCA assay (ThermoFisher, 23225), and all samples were adjusted to the same protein concentration.
Lysosome isolation–analysis of endogenous substrate uptake
Leupeptin (dissolved in sterile PBS) was administered by intraperitoneal injection at a dose of 100 mg/kg body weight, in a final volume of approximately 100 μL, as previously described (Zhang et al., 2023; Endicott et al., 2022). Injections were administered between 9 a.m. and 9:30 a.m. for each of the six replicates of the experiment. Mice were dissected between 11 a.m. and 11:30 a.m. All mice were allowed free access to food and water until they were humanely euthanized. Upon dissection, mice were qualitatively assessed for the presence of food in the stomach (and all mice used in the study had food in the stomach).
Freshly dissected liver tissue was immediately washed in ice-cold PBS, until no visible blood remained. All subsequent steps were performed at 4°C. Tissue was diced with scissors and gently dounce homogenized in commercially available fractionation buffers (Thermo; 89839). Nuclei, extracellular matrix, and unbroken cells were removed by 10-min centrifugation at 500 × g. The post-nuclear sample was mixed with iodixanol/OptiPrep to a concentration of 15% OptiPrep and loaded onto a discontinuous 17%–30% OptiPrep (Sigma; D1556) density gradient in ultracentrifuge tubes (Beckman Coulter; 344057) for a 55Ti-SW rotor (Beckman Coulter; 342194). A 10% Optiprep layer was laid over the sample, and the samples were subjected to ultracentrifugation at 145,000 × g for 2 h in a Beckman Coulter L-70 ultracentrifuge. During ultracentrifugation, the sample resolved into visible bands on the density gradient. The visible band at the 10%–15% gradient interface is highly enriched for lysosomal markers and was used for all experiments. After the lysosome-containing band was removed from the density gradient, the sample was diluted in PBS to decrease the OptiPrep density, allowing the lysosomes to be pelleted, washed, and resuspended. Protein concentrations were measured by BCA assay (ThermoFisher; 23225), and all samples were adjusted to the same protein concentration, before being analyzed by Western blotting.
Western blotting
Western blotting was performed using a standard protocol (Wink et al., 2022; Jiang et al., 2023). Protein gel electrophoresis was performed on 15-well, 4%-20% gradient gels (BioRad: 4561096), with the manufacturer’s recommended Tris/Glycine/SDS running buffer, diluted to 1x (BioRad: 1610732). Proteins were transferred onto PVDF membrane with 0.2 μm pore size (BioRad: 1620177), to maximize the capture of small proteins, such as H3 and LC3. Transfer buffer was Tris/Glycine Buffer (BioRad: 1610734), diluted to 1 x in 80%/20% (v/v) water/methanol (Fisher: A412-4). After the transfer, membranes were rinsed once with water and were placed in blocking buffer 1 x TBS, diluted from 10x stock (BioRad: 1706435) plus 0.1% (v/v) Tween (Sigma: P1379), plus 5% (w/v) dry milk powder (Research Products International: M17200), for 20 min, on a rotating platform. Membranes were cut to appropriate sizes and incubated overnight at 4°C, with rocking, in blocking buffer containing the primary antibodies described above. Membranes were washed once for 5 min in wash buffer (1 × TBS +0.1% (v/v) Tween). HRP-conjugated goat pAb targeting Rabbit IgG secondary antibody (AbCam: ab6721) was diluted in blocking buffer and incubated with membranes for 1 h, on a rotating platform. Membranes were quickly rinsed with water and washed once for 5 min in wash buffer, before being imaged. The HRP substrate was EcoBright Femto (InnovSol: EBFH100). Images were acquired with a GE Healthcare ImageQuant LAS 4000, using the manufacturer’s ImageQuant LAS 4000 software. Files were saved as “.gel” format to preserve all metadata for analysis. Image analysis was performed in FIJI/ImageJ using the “Analyze Gels” function.
Statistical analysis
All statistical analysis and graph generation were performed with GraphPad Prism 8. Results of t-tests and 2-way ANOVAs are reported directly on the figures or in the figure legends. Unless otherwise stated, all t-tests are two-sided and unpaired.
RESULTS
Enzymes for de novo lipogenesis (DNL) are reduced by Aca, cana, and CR in mice
Our previous work (Endicott et al., 2022) had shown that liver of long-lived mutant mice (Snell dwarf, GHRKO) had reduced levels of several enzymes involved in DNL, because of post-translational changes, that include specifically increases in protein-specific chaperone-mediated autophagy (CMA) as well as declines in eIF4 phosphorylation (Wink et al., 2022; Hsieh and Papaconstantinou, 2004). To see if similar alterations in DNL enzymes were also characteristic of other, non-genetic models of slow aging in mice, we turned to a proteomics dataset (Watanabe et al., 2023; Burns A. R. et al., 2024) which includes liver protein levels from 12-month old mice that had been exposed for 8 months to a calorie-restricted (CR) diet or to Aca or Cana, drugs thought to extend lifespan by reduction in peak blood glucose levels. Figure 1 shows volcano plots for Aca, Cana and CR mice of both sexes. Red symbols indicate 9 enzymes involved in DNL and triglyceride storage. Four of the enzymes involved in de novo production of lipids from acetyl-coA, specifically ACACA, FASN, ACLY and ACSS2, had been shown previously to be diminished in liver of Snell and GHRKO mice, possibly through protein-specific degradation via CMA (Endicott et al., 2022). ME1 is an essential component of the citrate-malate shuttle that takes carbon from the mitochondria to supply DNL (Simmen et al., 2020). PLIN2 and PLIN3 can be degraded by CMA to promote the dismantling of lipid droplets and the oxidation of their constituent triglycerides (Kaushik and Cuervo, 2015; Kaushik and Cuervo, 2016). SCD1 is the Acyl-CoA desaturase 1 involved in the regulation of lipid synthesis (Dobrzyn and Ntambi, 2005; Sen et al., 2023). ACACB is a mitochondrial protein involved in acetyl-CoA metabolism and lipid oxidation (O'Neill et al., 2014). A chart of the location and metabolic pathway of these proteins can be found in Supplementary Figure S1.
[image: Figure 1]FIGURE 1 | Volcano plots showing intervention-induced change in proteins (Log2 scale, horizontal axis) vs. corresponding p-value (log10 scale, vertical axis) for each of 4293 proteins measured in liver of 12-month-old mice resulting from a minimum of 6 mice per treatment and sex, contrasting to age-matched and sex-matched control mice. The red symbols in each plot indicate a set of nine enzymes from the DNL downregulated in each of the three anti-aging interventions shown.
The proteomics data showed that all 9 of these enzymes were reduced in liver of each of CR, Aca, and Cana mice, in both sexes, with more dramatic changes typically seen in the male mice. We used immunoblotting to quantitate five of these DNL enzymes in liver of Aca, CR, and Cana mice, to see if we could confirm the results seen in the proteomic survey. Results from ACACA, FASN, ME1, ACLY, and ACSS2 are shown in Figure 2, along with AKT levels as an internal control. In addition, we used RT-PCR to measure mRNA for each of the enzymes from the same samples, and these data are also included in Figure 2. Each of the 5 enzymes showed a significant decline, compared to age- and sex-matched control mice, in each of these three varieties of slow-aging mice. In no case did mRNA levels show an effect of diet or drug treatment, consistent with the hypotheses that the protein levels were controlled by a post-transcriptional process, such as CMA. Each data set was evaluated by two-factor ANOVA. The statistical analysis considered sex, drug or diet, and the interaction term (e.g., Sex x Aca treatment), to determine if the effect of the intervention was dependent on the sex of the mouse. In no case was the p-value for interaction less than 0.05, suggesting that the drugs and CR diet modulated levels of the five enzymes to an equivalent degree in male and female mice, although statistical power may have limited our ability to detect sex-specific effects if these were present.
[image: Figure 2]FIGURE 2 | Comparative analysis by Western blots (control n = 9, Aca = 9, Cana = 12, CR = 9 mice per each sex) and qRT-PCR (control n = 4, Aca = 4, Cana = 10, Cr = 4 mice per each sex) of a subset of DNL proteins from liver samples of mice exposed to interventions that extend lifespan; acarbose (Aca), calorie restriction (CR) and canagliflozin (Cana). All interventions show a significant reduction in the set of DNL proteins by western blots (see box below each graph bar). In contrast, the interventions have no effects in the levels of each transcript (see mRNA scatter plot and box below for each protein). AKT was used as internal control for standardization between samples.
In addition to the effect of the anti-aging interventions, some of the enzymes showed an effect of sex; specifically, ACACA, FASN, and ME1 were consistently lower in males than in female mice. The mRNA levels for these three proteins were also lower in males, consistent with the idea that the sex effect, unlike the drug and diet effects, may be the effect of sex-specific transcriptional differences or difference in translation between sexes. The control enzyme, AKT, did not show any significant effects of intervention or sex, and did not show any significant [treatment x sex] interactions. Parallel evaluation of protein and mRNA levels for LAMP2A, ERK1, and ERK2 (Supplementary Figure S2A) also showed no effects of intervention or sex, similar to the AKT results.
The proteomic data sets also suggested that enzymes related to DNL were reduced in liver of two varieties of long-lived mutant mice, i.e., GHRKO and Snell Dwarf (see Supplementary Figure S2B) in comparison to levels in their respective littermate control mice. GHRKO mice did not show any alteration of mRNA, suggesting that the effects on these DNL enzymes, like the changes seen in CR, Aca, and Cana mice, reflect post-transcriptional processes. In contrast, however, mRNA levels for these enzymes were downregulated in liver of Snell Dwarf mice. The basis for this discrepancy is unclear, although the endocrine changes in the Snell model include hypothyroidism, which is not characteristic of the GHRKO model.
Reduction of DNL enzyme levels in mice treated with the ERK1/2 inhibitor trametinib (tram)
Partridge et al. (Gkioni et al., 2024) have recently shown that trametinib (Tram), an inhibitor of the MEK/ERK kinase pathway, can increase lifespan of both sexes of C3B6F1 mice. Furthermore, when Tram treatment is combined with rapamycin, the two drugs have an additive beneficial effect on mouse lifespan, suggesting that the two drugs have at least some non-overlapping mechanisms for boosting mouse lifespan. To see if Tram would modify enzymes of the DNL pathway, we evaluated liver samples from UM-HET3 mice given this inhibitor for 45 days starting at 23–25 weeks of age. Figure 3 shows that Tram reduces each of the five tested DNL enzymes significantly (p < 0.001 in each case). We also documented significant changes in mRNA levels for each enzyme (Figure 3), but, surprisingly, noted that the drug and diet interventions led to increases in mRNA levels (i.e., lower CT values) despite the decline in protein levels. This disparity in the direction of change between mRNA and proteins suggests that the decline in enzyme levels is, again, mediated by a non-transcriptional pathway, potentially CMA. Sex effects on ACACA, FASN, and ME1 protein levels are noted in Figure 3 as well, with higher DNL enzyme levels in females than in males, consistent with the data from 12-month-old mice shown in Figure 2. The results suggest that some of the effects of Aca, Cana, and CR shown in Figure 2 might reflect downregulation of the MEK/ERK kinase cascade, since they are reproduced by the MEK/ERK inhibitor Tram.
[image: Figure 3]FIGURE 3 | Representative western blots of selected DNL proteins from Tram treated mice, showing mean and SEM from 5 mice per treatment for each sex. Statistical results are shown in the box below each graphic. On the right of each pair of graphics are the data for mRNA for the corresponding proteins, showing (unexpected) increases (i.e., lower CT values) in the levels of each mRNA.
As expected, Tram treated mice showed declines in MEK activity, as indicated by lower levels of phosphorylated ERK1 and ERK2, the key substrates of MEK (Supplementary Figure S3A). Since total amounts of ERK1 and ERK2 are not changed, the decrease in phosphorylated species leads to lower levels of the pERK/ERK ratio, as expected. The phosphorylation of MEK1 itself is increased in liver of Tram-treated mice, possibly as a result of unknown feedback signals. Similarly, Tram leads to lower levels of phosphorylation of substrates of the ERK1/2 kinases, i.e., of MNK1/2 (Supplementary Figure S3A). Phospho-MNK1 cannot be discriminated from phospho-MNK2, and for this reason the graphics are based on overall pMNK. Total amounts of MNK are not altered by Tram treatment, although the data show the sex effect we previously reported (Wink et al., 2022), with higher MNK1 and MNK2 levels in male mice, accompanied by, and presumably caused by, higher levels of the corresponding mRNAs. The activity of MNK, estimated by phosphorylation status of the translation factor eIF4E, was also found to be lowered in Tram-treated mice (Supplementary Figure S3A).
Because inhibition of mTOR is thought to be the key mechanism for rapamycin effects on lifespan (Xu et al., 2014), and because phosphorylation ratios for two mTOR substrates, S6K and 4EBP1, are lower in Aca and Cana mice (Wink et al., 2022; Jiang et al., 2023), we considered the possibility that Tram effects might be mediated, indirectly, by inhibition of mTORC1 action. Supplementary Figure S3B refutes this hypothesis. Neither the ratio of p4EBP1/4EBP1 nor the ratio of pS6/S6 is altered in Tram treated mice. Similarly, there are no changes in phosphorylation ratio of AKT or N-myc downregulated gene 1 (NDRG1), suggesting no Tram effect on function of mTORC2.
In addition, Tram treatment led to a significant decline in body mass in both sexes, with mice losing an average of about 5–6 g (Supplementary Figure S3C). Mass of brown fat, perigonadal fat, and inguinal fat, relative to total body mass, also declined in Tram-treated mice, as did mass of heart and liver suggesting major effects on lipid metabolism and on de novo lipogenesis or accumulation in fat tissues. Some of these effects were more prominent in one sex or the other, as shown in the statistical reports included in Supplementary Figure S3D.
Tram reduces enzymes of DNL in cultured AML12 cells
We hypothesized that the effects of Tram on DNL protein levels in the liver might be cell autonomous, rather than a consequence of circulating glucose, insulin, or other endocrine signals altered by Cana, Aca, or CR diet. To test this hypothesis, we turned to an in vitro system, in which mouse hepatocyte cells, line AML12, were exposed to Tram at a dose of 25 nM for 48 h and then assessed for DNL enzyme levels. As shown in Figure 4, Tram led to a significant decline in each of the 5 DNL enzymes, without a corresponding change in the mRNAs for any of these enzymes. The disparity between protein and mRNA changes is, again, consistent with post-transcriptional mechanisms. Supplementary Figure S4A confirms that Tram, as expected, diminished the activity of MEK, as indicated by decline in the level of phosphorylation of its substrates ERK1 and ERK2, and decline in the phosphorylation of the substrate of ERK1/2, i.e., MNK. This figure also shows, as expected, decline in the phosphorylation of the MNK substrate eIF4E, a regulation of translation. We speculate that elevated phosphorylation of MEK1, the first MAP kinase in this pathway and also found upregulated in vivo with Tram treatments (see Supplementary Figure S3A), may reflect a feedback loop similar to the pathway that elevates AKT phosphorylation in cells exposed to AKT inhibitors (Zhang et al., 2023; Okuzumi et al., 2009).
[image: Figure 4]FIGURE 4 | Representative western blots of five DNL proteins in AML cells treated with Tram. The bar graphs show the downregulation (mean ± SEM) of the protein levels. Results reflect 6 independent experiments (totaling 12 data points). The mRNA scatter-plots are shown alongside each of the protein graphics (6 independent experiments (totaling 12 data points)), and show no significant changes in the mRNA levels.
Because mTORC1 activity is also lower in Aca and Cana mice (Wink et al., 2022; Jiang et al., 2023), we considered the possibility that Tram effects might be mediated, indirectly, by inhibition of mTORC1 action. Supplementary Figure S4B shows that Tram lowers the level of both S6 and 4EBP1 protein, without corresponding change in the level of their mRNAs. The level of the two phosphoproteins declines to the same extent, implying a small but significant decline in mTORC1 kinase action, but the ratio of phosphoprotein to total protein does not change after Tram exposure. It is therefore difficult to draw a clear conclusion as to whether mTORC1 function on AML cells is altered meaningfully. The data in Supplementary Figure S3B, as noted, do not suggest any alterations of mTORC1 function in mice treated with Tram. There are no changes in phosphorylation ratio of AKT or NDRG1 in AML cells, suggesting no Tram effect on function of mTORC2 function in these cultured cells. Parallel work done in liver of Tram-treated mice (the same mice used in Figure 3) found no effects of Tram on mTORC1 or mTORC2 function (Supplementary Figure S4B), and showed the expected decline in activity of MEK1 as indicated by decreased phosphorylation of ERK1, ERK2, MNK, and eIF4E. We did note lower levels of 4EBP1 and S6 not seen in the in vivo results (see Supplementary Figure S3C). The basis for this discrepancy is unknown.
Downregulation of DNL proteins after tram-mediated MEK1 inhibition is the result of CMA activation
Next, we sought to test the hypothesis that changes in protein degradation explained the mRNA-independent reduction of DNL enzymes in Tram treated mice. We have previously shown that DNL enzymes are targets of CMA in the Snell and GHRKO models and that interventions that activate CMA can lead to reductions of these proteins in mouse liver (Zhang et al., 2023; Endicott et al., 2022). To see if ERK pathways were involved in regulation of CMA, we evaluated CMA levels in Tram-treated AML12 cells, using a well-established fluorescent CMA reporter that accumulates on lysosomes when CMA is active (Koga et al., 2011). Tram leads to increases in the mean number of autophagic CMA reporter puncta per cell (Figures 5A,B), with the CMA activator buparlisib (Endicott et al., 2020) used as a positive control. To see if Tram affected macroautophagic flux in AML12 cells, we performed a Bafilomycin A-based LC3 flux assay (Figure 5C). Tram did not modify the effect of Bafilomycin A on sequestosome-1 (SQSTM1) or LC3 (see Figure 5C, pINT = 0.76), implying that it does not affect macroautophagy in this cell line, at least not on the 4-h timescale examined here.
[image: Figure 5]FIGURE 5 | Trametinib enhances CMA activity in AML12 cells. (A) Representative fluorescence microscopy images of AML12 cells expressing the KFERQ-Dendra2 CMA reporter, following treatment for 4 h with DMSO (solvent control), Tram, or Buparlisib. Drug concentrations are shown in figure. (B) Quantification of results shown in (A). p values represent the results of a Kolmogorov-Smirnov non-parametric test. (C) Representative western blots and quantification of a macroautophagic flux assay in AML12 cells treated with Tram for 4 h. n = 6 for each condition. PINT is the interaction term from a 2-factor ANOVA. There is no detectable effect on macroautophagy after 4 h of treatment. (D) Representative western blots of lysates from AML12 cell treated for 48 h with Tram or Tram + Leupeptin and Ammonium Chloride (to block lysosomal proteolysis). LAMP2A is a control for effective leupeptin administration. ERK and pERK are controls for effective Tram treatment. EEF1B2, EEF1G, EEF2, ACLY, ACACA, and FASN are CMA substrates. (E) Quantifications of blots shown in (D). n = 8 for each condition. P values on the graphs are the results of unpaired t tests, to evaluate if Leupeptin and Ammonium Chloride “rescued” the effects of Trametinib treatment. Levels of histone H3 were measured in each experiment and used to normalize across replicate gels.
We then tested whether the Tram-induced decline in ACACA, FASN, and ACLY in AML12 cells would be blocked by the combination of leupeptin and ammonium chloride, which inhibit lysosome-mediated degradation of proteins transported by CMA to the interior of the lysosome. As shown in Figures 5D,E, the decline of all three proteins was indeed blocked by leupeptin. Our previous work (Zhang et al., 2023) has shown that three proteins involved in translation elongation, i.e., elongation factor 1-gamma, elongation factor 1 beta-2 and elongation factor 2 are also diminished in liver of long-lived GHRKO mice by means of CMA. We therefore measured levels of all three elongation factors in Tram-exposed AML12 cells with and without leupeptin inhibition of CMA. The results (Figures 5D,E) in each case closely resembled the effects on ACACA, FASN, and ACLY, i.e., a decline in Tram-treated cells that was itself blocked by leupeptin. Tram did not, by itself, alter levels of ERK1/2 or of the lysosome-specific protein LAMP2A (Figures 5D,E), although the levels of both proteins were increased by leupeptin, suggesting regulation of their levels by lysosome-mediated digestion. These data show that the decline in several proteins, including enzymes of DNL and factors related to translation elongation, is mediated by CMA in Tram-treated AML cells.
Male mice treated with trametinib have increased lysosomal uptake of CMA substrates
To determine if liver lysosomes from Tram treated mice have elevated uptake of endogenous CMA target proteins, we used a well-established lysosomal uptake assay for endogenous proteins (Endicott et al., 2021; Zhang et al., 2023; Endicott et al., 2022). Briefly, mice were treated with Tram or control diets and then were injected with leupeptin, or PBS solvent control, 2 h before euthanasia. Liver lysosomes were then harvested by density centrifugation and tested for uptake of CMA substrates including the DNL enzymes ACACA, FASN, ACLY, and ACSS2. Lysosomal uptake of ENO1 and GAPDH, commonly used as standards for CMA lysosomal uptake assays (Endicott et al., 2021; Zhang et al., 2023; Endicott et al., 2022; Schneider et al., 2014), was included in this protocol.
Unexpectedly, liver lysosomes from female UMHET3 mice had significantly higher uptake of CMA substrates than lysosomes from males, even on the control diet (Figure 6A). Such dramatic sex differences in CMA have not been reported in other genetic backgrounds (Endicott et al., 2021; Zhang et al., 2023; Endicott et al., 2022). Data for males and females are for this reason plotted separately, and on different scales, in Figure 6B. In this experimental design, the p-value for the [Leu x Tram] interaction term indicates whether the Leupeptin mediated increase in protein uptake (i.e., CMA activity) is itself modified by Tram. We therefore used the Interaction p-value as our criterion for Tram effects on CMA. In male mice, Tram significantly increased the uptake of nearly all tested CMA substrates. The exception was ACACA, which was just outside of statistical significance (p = 0.16; Figure 6B). In female mice, with their elevated baseline level of CMA, Tram did not lead to further activation of CMA, as indicated by the p-value for the Interaction term (Figure 6B).
[image: Figure 6]FIGURE 6 | Tram treated male mice have increased uptake of endogenous CMA target proteins into liver lysosomes. (A) Representative western blots of the indicated proteins using liver lysosomes from female and male mice on control diet or trametinib diet, isolated from mice following intraperitoneal injection of leupeptin (Leu) or PBS (-). CTSB is a control for the effectiveness of leupeptin injection. LAMP2A is the loading control. (B) Quantifications and statistical analysis of blots from (A). Tables below each plot report the results of a 2-factor ANOVA. n = 8 for each condition. Brackets with p values report the results of an unpaired t-test.
As a second method to measure the effects of Tram on CMA, we isolated the light lysosomal subpopulation, F1, which is responsible for most CMA activity, from the livers of mice on the Tram and control diets, using a recently developed method that replaces metrizamide with Histodenz (Burns C. M. et al., 2024). This method produced samples with mean enrichments of LAMP2A of 88-fold for fraction F1 and 28-fold for fraction F2, with no detectable nuclear contamination, estimated by histone H3 levels, as shown by the blot image in Figure 7A and quantitated in Figure 7B, with statistical results shown in Figure 7C. We then performed an in vitro binding and uptake assay using recombinant microtubule-associated protein tau (MAPT) – a well-established CMA target protein. As shown in Figure 7F, the light lysosomal fraction F1 from Tram treated mice had higher MAPT uptake (p = 0.0029) compared to F1 lysosomes from mice on the control diet, consistent with the idea that Tram increases uptake of proteins into lysosomes by CMA.
[image: Figure 7]FIGURE 7 | MEK and ERK localize to “CMA + lysosomes” and regulate uptake of a CMA substrate. (A) Representative Western blot images depicting low density lysosomes (F1; historically referred to as CMA + lysosomes) and high-density lysosomes (F2; historically referred to as CMA-lysosomes) isolated from mouse livers and whole liver lysates (WL), which were analyzed for lysosomal markers (LAMP2A and CTSB), a nuclear marker (H3), and MEK1 and ERK1/2. The amount of protein loaded is indicated for each lane. (B) Plots of the quantified western blots from (A) for the indicated proteins, normalized to control female WL. (C) To evaluate for enrichment of lysosomal marker, a 1-way ANOVA was performed, pooling all samples for F1, F2, and WL. A Tukey’s post hoc test indicates significant enrichment of lysosomal markers in F1 and F2 over the WL fraction, and it indicates a significant de-enrichment of H3 in F1 and F2 over the WL fraction. (D) Quantifications of MEK1 and ERK1/2 protein levels, from blots depicted in (A). (E) A 3-factor ANOVA comparing values from F1 and F2 reveals that MEK1 is enriched in F1 over F2, but that sex and Tram exert complex effects influencing localization of ERK1/2 to F1 vs. F2. (F) Western blot showing A binding and uptake assay was performed in F1 lysosomes, using the well-characterized CMA substrate MAPT. (G) Plot of quantified western blots from (F). The statistical table reports the results of a 2-factor ANOVA. N = 3 for all experimental conditions.
To explore the mechanism through which Tram activates CMA, we evaluated lysosomal subpopulations for the presence of MEK1 and ERK1/2 (Figure 7A). The corresponding dotplots are shown in Figure 7D, and statistical assessments in Figure 7E, using ANOVA with three factors, i.e., Tram treatment, Sex, and lysosomal fraction. For MEK1, the analysis shows significantly higher levels in F1 than in F2, consistent with prior observations of enhanced CMA in the F1 fraction (p < 0.0001). Tram treatment increased the level of MEK1 in both F1 and F2 fractions (p = 0.013). ERK1/2 was also higher in F1 than in F2 lysosomes, similar to the MEK1 distribution. The two-way interaction [Fraction x Trametinib] was significant at p = 0.016 for ERK1/2, showing that Tram effects were different in magnitude between the lysosome fractions, but lysosomes from Tram-treated mice had more ERK1/2 than lysosomes from control mice, regardless of which fraction was considered. Thus, Tram seems to increase the amount of ERK1/2 and MEK1 in the lysosome fraction, F1, which is most active in uptake of CMA substrates.
Lower phosphorylation of GFAP in lysosomes from tram-treated mice
F1 fractions from male and female mice, with or without Tram treatment, were then evaluated for their relative levels of proteins involved in CMA activation (Figure 8). The F1 fractions were the same as those used for Figure 7, but the experiment shown in Figure 8 allowed all of the F1 fractions to be evaluated on the same gel, guarding against possible batch effects, and also allowing us to use exposure times appropriate for lysosome fractions rather than for whole cellular lysates. There was no evidence for effects of Tram on either levels of AKT or of pAKT (Figures 8A,B); thus differences in uptake of CMA proteins due to Tram are unlikely to reflect Tram effects on AKT, pAKT, or the pAKT/AKT ratio. Nor does Tram modify the amount of ERK1/2 or MEK1 protein in the F1 lysosomal fraction. The dramatically diminished ratio of pERK/ERK (p = 0.025) reflects the anticipated inhibition of MEK1 function by Tram.
[image: Figure 8]FIGURE 8 | Tram decreases lysosomal GFAP phosphorylation on CMA + mouse liver lysosomes. (A) Representative western blots of low-density liver lysosomes from female and male mice on control diet (C) or trametinib diet (T), blotted for the indicated proteins. (B) Quantifications and statistical analysis of blots from (A). Tables below each plot report the results of a 2-factor ANOVA. n = 3 for each condition.
Tram does not lead to a change in the total amount of GFAP in the F1 lysosomal fraction, but does lead to a lower level of pGFAP (p = 0.049). pGFAP levels are higher in F1 lysosomes from females compared to males, but the interaction term is not significant (p = 0.91), showing that Tram-mediated decline in pGFAP is similar in both sexes. Since unphosphorylated GFAP binds to LAMP2A to enhance CMA, but phosphorylated GFAP does not enhance CMA, these data suggest that the decrease in GFAP phosphorylation is a plausible explanation for why CMA is increased in response to trametinib.
DISCUSSION
Insulin and IGF1, which share overlapping downstream signaling pathways (shown in Supplementary Figure S5), have been implicated in control of the rate of aging in mice. Many varieties of slow-aging, long-lived mice, including mutants such as Snell and Ames dwarf mice, PAPPA-KO mice, and GHR-KO mice, and including mice maintained on a CR diet or to drugs like acarbose and canagliflozin, show a significant reduction in mTOR and MEK-ERK signaling (Wink et al., 2022; Jiang et al., 2023; Dominick et al., 2017; Dominick et al., 2015). These models also show preservation of multiple aspects of health, including diminished sarcopenia, improved glucose homeostasis, and lower inflammation (Fontana, 2018; Masternak and Bartke, 2012; Sadagurski et al., 2015). Less is known, however, about the extent to which these improvements and lifespan and late-life health may depend on shared molecular mechanisms, including alterations in intensity or specificity of mTOR and MEK-ERK signaling, involvement of transcriptional or post-transcriptional pathways, and potential role of sexual dimorphism.
In this paper we have shown that these anti-aging interventions share a common feature: downregulation of hepatic enzymes involved in de novo lipogenesis (DNL) (Figures 1, 2). None of the changes in levels of the DNL proteins was accompanied by parallel transcriptional changes (Figure 2; Supplementary Figures S2A–C), strongly suggesting the involvement of post-transcriptional mechanisms. Our data implicate protein-selective CMA as a key post-transcriptional mechanism for these coordinated changes in proteins involved in DNL and imply a role for the MEK1/ERK1/2 kinase pathway inhibited by Tram. It has been shown that reduction of MEK1-ERK signaling can extend the lifespan of mice (Xu et al., 2014) through pathways at least partly independent of mTOR signaling, suggesting a potential signaling pathway regulating DNL levels. Regulation of DNL enzymes by MEK-ERK signals was implied by earlier studies of a knockout mouse lacking MNK1/2 (Sandeman et al., 2020), but the effect was seen only in mice subjected to a high fat diet, and the possible role of non-transcriptional mechanisms was not explored.
To test the idea that the alteration in DNL enzymes might reflect reduction in MEK-ERK signals, we treated young adult UM-HET3 mice with Tram (2.5 ppm in chow for 45 days), and found significant downregulation of DNL levels without corresponding changes at the transcriptional levels, similar to the pattern seen in Snell and GHRKO mice and in mice exposed to Aca, Cana, or CR. The Tram effects on DNL enzymes did not reflect alterations in mTORC1 signals (Supplementary Figure S3C), consistent with models involving post-transcriptional effects on DNL protein levels.
We have previously proposed that elevation of CMA may contribute to extended lifespan of several varieties of slow-aging mice (Endicott and Miller, 2024). Briefly, CMA is negatively regulated by intracellular signaling events downstream of the insulin/IGF1 signaling axis. CMA, in turn, degrades (and reduces the abundance of) proteins such as MYC (Endicott et al., 2021; Gomes et al., 2017), NLRP3 (Yang et al., 2025), ACLY and ACSS2 (Endicott et al., 2022), which are all negative regulators of lifespan. By degrading these negative regulators of lifespan, CMA is responsible for at least some of proteomic and metabolic changes that are known to boost longevity, as reviewed in Endicott (2024). We will discuss the relevant evidence for each of these points, below, and place them in context of the current results.
There are at least four mutations/interventions that extend lifespan in mice, reduce signaling through the insulin/IGF1 cascade, and enhance CMA. These include mutation to pou1f1 (i.e., Snell dwarf), GHRKO (Endicott et al., 2021), PTEN overexpression (Zhang et al., 2023), and calorie restriction (Jafari et al., 2024). Alpelisib, which extends the lifespan of both sexes of C57BL/6 mice (Hedges et al., 2023), is a PIK3CA inhibitor that acts through a similar mechanism of action as known CMA activators buparlisib and pictilisib (Endicott et al., 2020). Additional work will be needed to evaluate the plausible hypothesis that Alpelisib-treated mice have enhanced CMA and associated downstream changes in CMA-modulated proteins. Our current paper adds Tram to the list of lifespan-extending interventions that activate CMA.
The activation of CMA (in mice) by multiple lifespan-extending interventions supports the hypothesis that activation of CMA could promote slowed aging in mice. However, the importance of CMA in healthy aging is further underscored by the consequences of blocking CMA. For example, mice with a liver-specific deletion of essential CMA component, LAMP2A, develop fatty liver disease and a global metabolic dysregulation (Schneider et al., 2014). By 24 months of age, the same mice spontaneously develop liver tumors. Twenty-seven percent of male liver specific LAMP2A KO mice have liver tumors by 24 months of age, with no liver tumors found in controls (Schneider et al., 2015). To some extent, the liver-specific deletion of LAMP2A phenocopies the liver-specific deletion of PTEN. Loss of PTEN reduces CMA in cultured cells (Zhang et al., 2023). Mice with a liver-specific knockout of PTEN have an accumulation of CMA target proteins (Zhang et al., 2023) and suffer global metabolic dysregulation and fatty liver disease that progresses to liver cancer (Stiles et al., 2004). Loss of CMA is also associated with neurodegeneration. For example, mice with a specific deletion of LAMP2A in excitatory neurons are short lived. By 6 months of age, they show declines in neuronal proteostasis, declines in spatial memory, reduced nesting behavior, and an increase in insoluble aggregates of several proteins associated with neurodegeneration (such as SNCA, MAPT, UCHL1, and PARK7) (Bourdenx et al., 2021). Recently generated LAMP2A, LAMP2B, and LAMP2A/B/C knockout models, derived by CRISPR gene targeting, have revealed that LAMP2A and LAMP2B have overlapping roles in macroautophagy in cardiomyocytes (Sampaio Cruz et al., 2025). Future studies using these tools could reveal additional consequences of selective loss of LAMP2A.
Like the other interventions, Tram targets components of signaling cascades downstream of insulin/IGF1. Unlike Alpelisib, however, which inhibits the PI3K/AKT arm of the INS/IGF1 signaling cascade, Tram inhibits the MEK/ERK arm of the cascade. This suggests that both arms are important for modulating CMA activity. The hypothesis that Alpelisib can extend the lifespan of genetically heterogeneous mice has yet to be tested.
Unexpectedly, we found that Tram treatment reduces phosphorylation of lysosomal GFAP. GFAP is an intermediate filament protein that interacts with LAMP2A to promote CMA (Bandyopadhyay et al., 2010). Previously, it was reported that AKT inhibits CMA by phosphorylating lysosomal GFAP and reducing its association with LAMP2A (Arias et al., 2015). However, lysosomal AKT phosphorylation is not affected by Tram. This suggests that the mechanisms that regulate the phosphorylation of lysosomal GFAP might be more complex than originally thought.
In this paper, we have focused on enzymes that produce cytosolic acetyl-coA and enzymes that utilize this pool of acetyl-coA for de novo lipogenesis, because they are tightly controlled by CMA in multiple contexts (Zhang et al., 2023; Endicott et al., 2022). Male fruit flies hemizygous for the Drosophila ortholog of ACLY show a 32% increase in median lifespan (P et al., 2016). Both male and female flies treated with RNAi targeting the Drosophila ortholog of ACSS2 have a significant extension of median lifespan (Eisenberg et al., 2014). It is unclear how rodent lifespan will be affected by genetic alterations that globally reduce ACLY and ACSS2. ACLY and ACSS2 play complex tissue- and cell-type specific roles in metabolism and gene regulation in mammals (Bradshaw, 2021). Thus, tissue-specific knockouts of these genes might be required to fully understand their roles in regulating lifespan. However, the naturally occurring ACLY inhibitor, hydroxycitrate, has properties of a calorie-restriction mimetic, and can reduce adiposity and insulin resistance in obese Zucker rats (Madeo et al., 2019). Male C57BL/6 mice treated with hydroxycitrate in chow showed a significant reduction in early mortality, but no significant change in median lifespan (Espadas et al., 2024). Similarly, inhibition of ACLY with bempedoic acid reduces lipid droplet accumulation and fibrosis in mouse models of diet-induced non-alcoholic fatty liver disease (Morrow et al., 2022). These results correlate, as expected, with results from mice with modified PTEN. Long-lived PTEN overexpressing mice have elevated CMA, and reduced expression of ACLY and ACSS2 (Zhang et al., 2023). PTEN overexpressors do not become obese when fed a high-fat diet, and unlike control siblings do not develop fatty liver disease or develop insulin sensitivity (Ortega-Molina et al., 2012). Reciprocally, PTEN deficiency inhibits CMA (Zhang et al., 2023). Mice with a liver specific deletion of PTEN have increased levels of ACLY and ACSS2 (Zhang et al., 2023), and they develop fatty liver disease by early adulthood (Stiles et al., 2004).
The correlation between mouse lifespan extension and a reduction in ACLY and ACSS2 (and the associated proteins ACACA and FASN) supports the idea that reduction in DNL levels may be an essential mechanism involved in the lifespan of these mice. Furthermore, the reduction in ACLY, ACSS2, ACACA, and FASN are consistently among the most highly downregulated proteins in mice with lifespan extending dietary interventions of Aca, Cana and CR (see Figure 2 and supplemental figures). These interventions all reduce MEK-ERK signaling, and, as shown in Figure 3, inhibition of MEK with Tram is sufficient to reduce the levels of DNL proteins, independent of mRNA changes.
Additional work will be needed to test the hypothesis that Tram reduces the abundance of other CMA target proteins that regulate lifespan, such as MYC and NLRP3. MYC is indirectly controlled by CMA, which degrades CIP2, a protein that indirectly protects MYC from proteasomal degradation (Gomes et al., 2017). Mice that are hemizygous for the MYC gene have a 21% increase in median lifespan for females, with an 11% increase for males (Hofmann et al., 2015). Snell dwarf mice have mRNA-independent reductions in both CIP2A and MYC in multiple tissues (Endicott et al., 2021). Likewise, PTEN overexpressing mice have reduced MYC in several tissue types, although mRNA levels have not been reported (Garc et al., 2012). NLRP3 is a sensor of cellular stressors that, when activated, oligomerizes into an inflammasome, that promotes cellular inflammatory responses (de Torre-Minguela et al., 2017). NLRP3 is negatively regulated by CMA to reduce inflammation (Yang et al., 2025). Two independent studies of NLRP3 knockout mice have found that both sexes have a >30% increase in median lifespan (Navarro-Pando et al., 2021; Marin-Aguilar et al., 2020). Moreover, NLRP3 knockout females have increased litter sizes, and entirely maintain their ability to become pregnant at 12 months of age, at which time, wildtype controls have shown a stark reduction in conception rates (Navarro-Pando et al., 2021). To our knowledge, there have not been any studies that have investigated the hypothesis that CMA downregulates NLRP3 in multiple varieties of long-lived mice.
Because CMA has an important role in regulating the abundance of proteins involved in metabolic dysfunction and age-related diseases, it is highly plausible that selective activation of CMA could promote a healthy metabolism and delay the onset of age-related morbidities. Furthermore, there is a need to test whether known CMA-activating drugs can augment the anti-aging potential of drugs that target other longevity pathways. However, there will be a need to exercise caution in interpreting results from such studies. At present, the pathways known to be involved in CMA regulation, such as the PI3K/AKT (Endicott et al., 2020), MEK/ERK, and RARA pathways (Gomez-Sintes et al., 2022), have broad involvement in several cellular and developmental processes. Thus, there is an important need for future work to identify new interventions that are highly selective and specific for activating CMA.
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GLOSSARY
17aE2 17 alpha-estradiol
Aca Acarbose
ACACA acetyl-CoA carboxylase 1 (cytoplasmic)
ACACB acetyl-CoA carboxylase 2 (mitochondrial)
ACSS2 acetyl-coenzyme A synthetase (cytoplasmic)
ACLY ATP-citrate synthase
CIT cap-independent translation
CMA chaperone-mediated autophagy
CR Calorie restriction
Cana Canagliflozin
DNL de novo lipogenesis
eIF4E eukaryotic translation initiation factor 4E
4EBP1 eukaryotic translation initiation factor 4E binding protein 1
ERK1/2 extracellular signal-regulated kinase 1 and 2
FASN fatty acid synthase
GFAP glial fibrillary acidic protein
GHRKO growth hormone receptor knockout
HSPA80 Heat shock cognate 71 kDa protein
LAMP2A lysosome-associated membrane glycoprotein 2
mTORC1 mammalian target of rapamycin complex 1
mTORC2 mammalian target of rapamycin complex 2
ME1 NADP-dependent malic enzyme
MEK1 dual specificity mitogen-activated protein kinase kinase 1
MNK1-2 MAP kinase-interacting serine/threonine-protein kinase 1 and 2
S6 Ribosomal protein S6
Tram trametinib
PTEN phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase
PLIN1 perilipin-1
PLIN3 perilipin-3
SCD1 acyl-CoA desaturase 1
Snell Snell Dwarf mice
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