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Abstract 

Chaperone-mediated autophagy (CMA) is a major pathway of lysosomal proteolysis critical 

for cellular homeostasis and metabolism, and whose defects have been associated with several 

human pathologies. While CMA has been well described in mammals, functional evidence 

has only recently been documented in fish, opening up new perspectives to tackle this 

function under a novel angle. Now we propose to explore CMA functions in the rainbow trout 

(RT, Oncorhynchus mykiss), a fish species recognized as a model organism of glucose 

intolerance and characterized by the presence of two paralogs of the CMA-limiting factor 

Lamp2A (lysosomal associated membrane protein 2A). To this end, we validated a 

fluorescent reporter (KFERQ-PA-mCherry1) previously used to track functional CMA in 

mammalian cells, in an RT hepatoma-derived cell line (RTH-149). We found that incubation 

of cells with high-glucose levels (HG, 25 mM) induced translocation of the CMA reporter to 

lysosomes and/or late endosomes in a KFERQ- and Lamp2A-dependent manner, as well as 

reduced its half-life compared to the control (5 mM), thus demonstrating increased CMA flux. 

Furthermore, we observed that activation of CMA upon HG exposure was mediated by 

generation of mitochondrial reactive oxygen species, and involving the antioxidant 

transcription factor Nfe2l2/Nrf2 (nfe2 like bZIP transcription factor 2). Finally, we 

demonstrated that CMA plays an important protective role against HG-induced stress, 

primarily mediated by one of the two RT Lamp2As. Together, our results provide 

unequivocal evidence for CMA activity existence in RT and highlight both the role and 

regulation of CMA during glucose-related metabolic disorders. 

 

KEYWORDS  

CMA; fish; glucose; glucose intolerance; Lamp2A; metabolism; NFE2L2/NRF2; ROS; trout; 

RTH-149  



Abbreviations  

AREs: antioxidant response elements 

CHC: α-cyano-4-hydroxycinnamic acid 

Chr: chromosome 

CMA: chaperone-mediated autophagy 

CT: control 

DMF: dimethyl fumarate 

eMI: endosomal microautophagy  

HG: high-glucose 

HMOX1: heme oxygenase 1 

H2O2: hydrogen peroxide 

KFERQ: lysine-phenylalanine-glutamate-arginine-glutamine 

LAMP1: lysosomal associated membrane protein 1 

LAMP2A: lysosomal associated membrane protein 2A 

MCC: Manders’ correlation coefficient 

Mo: morpholino oligonucleotide 

NAC: N-acetyl cysteine 

NFE2L2/NRF2: NFE2 like bZIP transcription factor 2 

PA-mCherry: photoactivable mCherry 

PCC: Pearson's correlation coefficient 



ROS: reactive oxygen species 

RT: rainbow trout 

siRNAs: small interfering RNAs 

SOD: superoxide dismutase 

Tsg101: tumor susceptibility 101  

TTFA: 2-thenoyltrifluoroacetone 

WGD: whole-genome duplication 

 

Introduction 

Chaperone-mediated autophagy (CMA) is a type of autophagy that selectively recognizes 

cytosolic proteins bearing a pentapeptide sequence sharing biochemical similarities to 

KFERQ (lysine-phenylalanine-glutamate-arginine-glutamine) [1]. In detail, these KFERQ-

like domain containing proteins are first recognized by HSPA8/HSC70 (heat shock protein 

family A (Hsp70) member 8) and co-chaperones [2,3]. The substrate-chaperone(s) complex 

then docks at the lysosomal membrane through specific binding to the cytosolic tail of 

LAMP2A (lysosomal associated membrane protein 2A), the only one of the three spliced 

isoforms of the LAMP2 gene recognized to be essential and limiting for CMA activity [4,5]. 

This is followed by LAMP2A multimerization to form a translocation complex required for 

internalization of substrates, and subsequent lysosomal degradation [6].  

While initially described as a basic protein quality control system [7], it is now firmly 

established that CMA is essential for the selective uptake and degradation of key components 

involved in transcriptional regulation, immune response, cell cycle progression, and cellular 



energetics [8], making CMA a critical function for the maintenance of cellular homeostasis 

and metabolism [9–13]. Accordingly, CMA is now considered as a sentinel pathway to be 

scrutinized in pathological situations when metabolic dysregulations are involved or 

suspected [8,14–17]. In this sense, CMA malfunction has been reported in rat models of 

diabetic-induced renal hypertrophy [18], and a recent study showed that pharmacological 

CMA activation induces protective effects during early diabetic retinopathy [19], further 

pointing to the importance of exploring the roles that CMA plays in such disorders. 

While CMA is well described in mammals, we recently provided evidence for the 

existence of a CMA-like process in a fish species, the medaka (Oryzias latipes) [20]. lamp2a 

knockout in fish induced severe alterations in carbohydrate and lipid metabolisms, similar to 

the observations in the liver of CMA deficient mice [9]. These results, which imply a 

conservation of the metabolic role of CMA across phyla and species, opened up new and 

exciting perspectives for now appreciating this function under a novel angle. Besides, they 

brought new opportunities on the use of complementary model organisms to expand our 

knowledge on both the regulation and the physiopathological roles of CMA [21]. In that way, 

we now propose to explore the CMA function in a fish species considered as an evolutionary 

model system to study natural cases of impaired glucose homeostasis [22], namely the 

rainbow trout (RT, Oncorhynchus mykiss), as this species displays persistent hyperglycemia 

after glucose tolerance tests or the intake of carbohydrate-enriched meals [23–29]. In addition, 

unlike the most commonly used model species (i.e., rodents and zebrafish) in biomedical 

research, the RT has two paralogs of the CMA-limiting factor Lamp2A. These two Lamp2A, 

which most likely originate from the whole-genome duplication event that occurred in the 

common ancestor of salmonids about 100 million years ago [20], show divergence in some 

residues within the cytosolic domain (C-terminal), which is considered as a recognition signal 

for lysosomal targeting and therefore supposedly critical for protein function [1]. Taken 



together, RT represents an interesting model to explore the roles of CMA during impaired-

glucose homeostasis and to gain new insights into the evolution of this selective autophagic 

pathway. 

Our study first addressed the existence of functional CMA in RT. For that purpose, we 

generated a RT hepatoma-derived cell line (RTH-149) stably expressing a fluorescent reporter 

(KFERQ-PA-mCherry1) routinely used to track CMA in mammalian cells [30] and more 

recently validated in medaka fibroblasts [20]. Our results showed that upon either high-

glucose (HG, 25 mM) exposure or mild-oxidative stress (H2O2, 25 µM) the CMA reporter 

accumulates in characteristic puncta that co-occurred together with the lysosomes, in a 

KFERQ- and Lamp2A-dependent manner. Moreover, the half-life of the reporter was 

substantially shortened under these same conditions compared to the control medium. 

Together, this set of experiments univocally established that RT, like medaka, de facto 

exhibits a functional CMA activity. Moreover, it also emphasizes, for the first time, the strong 

responsiveness of this autophagic pathway to HG treatment. We next investigated the 

underlying mechanisms and evidenced the reactive oxygen species (ROS)-Nfe2l2/Nrf2 (nfe2 

like bZIP transcription factor 2)-Lamp2A regulatory axis as a critical mechanism involved in 

the HG-mediated CMA activation. Finally, we highlighted that CMA plays an important 

protective role against HG-induced stress, essentially mediated by one of the two Lamp2As 

expressed in RT. Together, our results offer novel insights into both the role and regulation of 

CMA during glucose-related metabolic disorders. 

 

 

 

 



 

Results 

Of the existence of high-glucose- and mild-oxidative stresses- inducible CMA responses in 

RT hepatocytes 

To characterize the CMA process in RT, we first established RTH-149 cells stably expressing 

the KFERQ-PA-mCherry1 construct made of the N-terminal 21 amino acids of bovine 

RNASE1/RNase A containing its KFERQ CMA-targeting motif fused to a photoactivable-

mCherry1 (PA-mCherry1) protein (Figure 1A). Originally developed for tracking CMA 

activity in mammalian cells [30], the usage of this reporter was more recently adapted and 

validated in fish cells [20]. These RTH-149 cells were then photoactivated for 10 min and 

incubated for 16 h with either control medium (CT, glucose 5 mM), high-glucose medium 

(HG, 25 mM), or exposed to a mild-oxidative stress, a condition known to trigger CMA in 

mammalian cells [5,31], and induced here by hydrogen peroxide (H2O2, 25 µM) (Figure 1B). 

In CT condition the CMA-reporter showed a diffuse distribution throughout the cytoplasm 

while only discrete and scattered puncta could be detected (Figure 1C; quantification in 

Figure 1D). In contrast, cells incubated with HG or H2O2 displayed a significantly higher 

number of KFERQ-PA-mCherry1 puncta (Figure 1C; quantification in Figure 1D), with a 

clear dose-response correlation for the HG treatment (Figure S1A; quantification in Figure 

S1B). 

To gather more evidence on the CMA specificity of these observations, we then 

assessed the co-occurrence of the HG-induced KFERQ-PA-mCherry1 puncta with the 

LAMP1 (lysosomal associated membrane protein 1)-GFP label, which is commonly used to 

reveal late endosomes and lysosomes (hereafter referred to as endolysosomes) [10,13]. Our 

results showed a high level of co-occurrence between the CMA reporter’s HG-induced puncta 



and endolysosomes (Figure 1E) that was further validated by a positive Pearson's correlation 

coefficient (PCC, Mean ± SEM: 0.925 ± 0.006), which highlights the correlation between the 

pixel-intensity of the two channels [32]. Manders’ correlation coefficients were additionally 

calculated (MCC-M1 and MCC-M2). The former indicates the fraction of PA-mCherry1 

signal overlapping the LAMP1-GFP signal, while the latter indicates the opposite. These 

coefficients range from 0 (no co-localization) to 1 (100% overlapping) [32,33]. MCC-M1 

revealed that most of the red signal (i.e., CMA reporter) overlapped with the endolysosomes 

(Mean ± SEM: 80.44% ± 0.01), whereas only 60% of the endolysosomal green signal co-

localized with the red channel (MCC-M2, Mean ± SEM: 60.00% ± 0.03). Hence, these results 

showed and supported that the observed KFERQ-PA-mCherry1 puncta indeed co-occurred 

together with endolysosomes. To further test whether the observed CMA puncta require the 

KFERQ-targeting motif, WT RTH-149 cells were transfected with a PA-mCherry1 plasmid 

lacking the KFERQ CMA-targeting motif and then treated as described above. In contrast to 

cells expressing the KFERQ-PA-mCherry1 reporter that displayed clearly observable puncta 

after either HG or H2O2 exposure, the PA-mCherry1 signal remained stably diffuse in all 

conditions (Figure S1C; quantification in Figure S1D), demonstrating the dependence of the 

KFERQ-motif for puncta formation. To determine whether the formation of KFERQ-reporter 

puncta also require Lamp2A, we next assessed the reporter’s behavior in cells transfected 

with an antisense morpholino oligonucleotide (Mo) designed to reduce the endogenous level 

of lamp2a transcripts (Molamp2a). This Mo specifically impaired the splicing of exon a of 

the two lamp2 genes present in the genome of the RT (located in chromosomes (Chrs) 14 and 

31, respectively; Figure S1E). RTH-149 cells transiently transfected with Molamp2a 

displayed significantly reduced levels of the two lamp2a paralogs mRNAs at 24 h compared 

to negative standard control (Figure S1F). Transcription of the other splice variants (i.e. 

lamp2b and lamp2c) remained unaffected. That Molamp2a effects were still observable 48 h 



post transfection (Table S1-F). Under these conditions of Lamp2A’s knockdown, we no 

longer observed KFERQ-PA-mCherry1 puncta formation after cells have been incubated with 

either HG or H2O2 (Figure S1G; quantification in Figure S1H). Finally, in order to quantify 

the lysosomal internalization of the CMA reporter, we next monitored the changes for total 

cellular mCherry1 fluorescence intensity, which is expected to decrease as the protein is 

internalized and degraded within this compartment. To that end, we first measured the total 

fluorescence after photoactivation (0 h, 100%) to then be able to calculate the fluorescence’s 

decay after either 4, 8 or 16 h of incubation (Figure 1F). The higher reduction in the 

fluorescence intensity upon HG or H2O2 exposure compared to cells incubated in the CT 

medium supports an enhanced degradation of the reporter under these conditions, as revealed 

by shortened half-lives (t1/2; 19 h for HG and 15 h for H2O2; Vs. 97 h for CT).  

Together, these results univocally establish that RT hepatocytes do exhibit, like 

previously demonstrated in the medaka fish [20], a functional CMA activity, and emphasize, 

for the first time, the strong responsiveness of the RT to HG treatment. 

 

HG-induced CMA activation rely on generation of mitochondrial ROS  

Acute or chronic high-glucose in diabetes models increases the production of ROS and 

generates cellular oxidative stress [34–40], whose strong stimulatory effect on CMA is well 

documented in mammalian cells [5,31] and now demonstrated in RTH-149 cells (Figures 1C-

1F). To test whether oxidative stress is involved in the observed HG-induced activation of 

CMA, we first assessed the levels of oxidized proteins in RTH-149 cells incubated with CT, 

HG or H2O2 media using immunoblot analysis. Interestingly, like H2O2, HG exposure also 

resulted in the significant accumulation of oxidized proteins compared to CT condition 

(Figure 2A), supporting the generation of a cellular oxidative stress by HG treatment in RTH-



149 cells. To determine more directly the specific contribution of the observed oxidative 

stress upon HG treatment to CMA activation, we then supplemented the HG medium with the 

antioxidant N-acetyl cysteine (NAC) [39]. In presence of NAC, total recovery of both the 

HG-compromised oxidative status (Figure 2B) and the HG-induced KFERQ-PA-mCherry1 

puncta (Figure 2C; quantification in Figure 2D) was observed, indicating that activation of 

CMA is mediated through ROS levels upon HG.  

A critical driver of ROS overproduction during hyperglycemia (or glucose overload) is 

the increase of glucose metabolism [41,42]. To test whether glucose catabolism is necessary 

to activate CMA under HG, we first used the stereoisomer L-glucose that cannot be 

metabolized by cells [40] (Figure S2A). We found no increase in KFERQ-PA-mCherry1 

puncta formation after 25 mM L-glucose treatment (Figure S2B; quantification Figure S2C) 

compared to the CT, as a first hint that HG-induced CMA activation requires glucose 

catabolism. We next used an inhibitor of the mitochondrial pyruvate transport, α-cyano-4-

hydroxycinnamate (CHC) [40,43], to test whether mitochondrial uptake of pyruvate (the end 

product of glycolysis) is necessary for ROS increase and CMA activation in the HG 

conditions. Pre-incubation of RTH-149 cells with 100 µM CHC blocked the HG-induced 

accumulation of oxidized proteins (Figure 2E). Under the same conditions, CHC-treated cells 

displayed no HG-induced CMA puncta (Figure 2F; quantification Figure 2G). These results 

indicate that mitochondrial pyruvate uptake is necessary for both HG-induced ROS increase, 

and CMA activation. Based on these facts, it is tempting to assume that inhibition of the 

mitochondrial respiratory chain (the site of ROS production) under HG condition would 

results in impaired activation of CMA. As anticipated, inhibiting the electron transport chain 

complex II with 10 µM 2-thenoyltrifluoroacetone (TTFA) [42] hampered the increase of 

KFERQ-PA-mCherry1 puncta formation upon HG exposure (Figure S2D; quantification 

Figure S2E). Similarly, preloading of RTH-149 cells with the mitochondria-targeted Mito-



Tempo antioxidant [44,45] prevented the HG-induction of puncta (Figure S2B; quantification 

Figure S2C). 

Taken together, these results demonstrated that, the observed induction of CMA upon 

HG treatment relies on the generation of ROS from the mitochondria, and highlight the 

importance of glucose metabolism during this process. 

 

The HG-dependent activation of CMA is mediated by the Nfe2l2 transcription factor  

Exposure to oxidants activates the antioxidant machinery (i.e., detoxifying enzymes and 

antioxidant proteins) in order to limit and protect cells from the consequences associated with 

oxidative stress [46]. The transcription factor NFE2L2/NRF2 is considered as a master 

regulator of this antioxidant response [46,47]. When ROS levels rise, the activity of the main 

NFE2L2 negative regulator known as KEAP1 (kelch like ECH associated protein 1) is 

altered, resulting in NFE2L2 stabilization and nuclear translocation [48]. Interestingly, 

immunofluorescence analysis revealed that the Nfe2l2 signal was restricted to the nuclear area 

in RTH-149 cells treated with either HG or H2O2 media, but not in CT cells (Figure 3A; 

quantification Figure 3B), supporting stimulation of Nfe2l2 translocation to the nucleus. 

There, NFE2L2 binds to cis-acting enhancer sequences, called antioxidant response elements 

(AREs), and modulate the transcription of the antioxidant machinery [49]. AREs have been 

identified in more than 250 genes in mammals but also in fish. These include, for example, 

HMOX1 (heme oxygenase 1), SOD1 (superoxide dismutase 1) and SOD2, or NFE2L2 itself 

[48–51]. Accordingly, we found that HG treatment significantly upregulated the mRNA levels 

of nfe2l2, hmox1, sod1 and sod2 genes compared to the CT condition (Figure 3C), further 

indicating that Nfe2l2 pathway is activated in RTH-149 cells upon HG exposure. 



Recently, it has been reported that NFE2L2 can also modulate CMA activity through 

the binding of at least two different AREs in the mammalian LAMP2 gene [52]. We therefore 

searched for putative AREs in the upstream region of the two RT lamp2 paralogs using the 

JASPAR tool and its CORE collection [53]. We identified seven putative AREs with a 

relative score higher than 85% (Figure 3D, Figure S3A, and Figure S3B), a threshold 

commonly used for transcription factor binding-site analysis [54]. Notably, among the 

potential Nfe2l2 binding sites identified, ARE4 from Lamp2 of Chr 14 and ARE5 from 

Lamp2 of Chr 31 present a score greater than 91% (Figs. S3A and S3B), suggesting a 

potential involvement of Nfe2l2 in the transcription of both lamp2a genes in RT as well. In 

this regard, we found that HG-incubated RTH-149 cells displayed elevated mRNA levels of 

both lamp2a’s compared to their CT counterparts (Figure 3E), suggesting that Nfe2l2 (shown 

in Figures 3A-3C to be activated by HG) may have a role in the observed HG-dependent 

activation of CMA. To assess that hypothesis, we first treated RTH-149 with dimethyl 

fumarate (DMF), a well-known pharmacological activator of NFE2L2 [51,52]. We found an 

increase of mRNA levels of several Nfe2l2-target genes as well as a comparable induction of 

both lamp2a’s (Figure S3C). Interestingly, this effect was accompanied by increased 

numbers of KFERQ-PA-mCherry1 puncta (Figure S3D; quantification Figure S3E), as a first 

clue that Nfe2l2 indeed regulates CMA in our model as well. To go further and validate the 

involvement of Nfe2l2 in the HG-dependent activation of CMA observed in RTH-149 cells, 

small interfering RNAs (siRNA)-induced silencing was used to knockdown the three nfe2l2 

paralogs present in the genome of the RT (in Chrs 3, 7, and 22, respectively). We found that 

the siRNA (hereafter referred to as sinfe2l2) was effective in preventing the inducing effect of 

HG on the mRNA levels of nfe2l2 paralogs, as well as those of Nfe2l2 target genes (hmox1, 

sod1 and sod2), and both lamp2a’s in a similar degree (Figure 3F). In contrast, neither 

lamp2b nor lamp2c mRNAs from Chrs 14 or 31 were affected by sinfe2l2 (Figure S3F). In 



this Nfe2l2 knockdown condition, HG treatment no longer induced KFERQ-PA-mCherry1 

puncta formation (Figure 3G; quantification Figure 3H).  

Together, these results identified the ROS/Nfe2l2/Lamp2A regulatory axis as being 

critically involved in the HG-mediated activation of CMA.  

 

Functional divergence between the two paralogous lamp2a genes present in RT 

An important specificity between RT and the different model species commonly employed for 

biological and biomedical research (i.e., mouse, rat, zebrafish) is the presence of two Lamp2A 

proteins in the salmonid. Interestingly, these two Lamp2A diverge in the sequences of some 

motifs previously shown to be critical for protein function (Figure S4A and Figure S4B). To 

determine whether these two Lamp2A exert the same function (or not), we first designed 

siRNAs to specifically target the 3’UTR region of each of the lamp2a paralogs (hereafter 

referred to as si14 and si31, respectively) for discriminating between them (Figure S4C), 

what was not possible to achieve through morpholino oligos due to sequence homology 

restrictions. A siRNA targeting GL2 luciferase (siLUC), not expressed in RTH-149 cells, was 

used as negative control. Then, in RTH-149 cells transfected with these siRNAS, we assessed 

the KFERQ-PA-mCherry1 reporter behavior upon incubation with either the control or the 

HG medium. Expression of each lamp2a could be efficiently reduced by its respective siRNA 

without affecting the mRNA levels of their two splicing variant counterparts (lamp2b and 

lamp2c from Chr 14 and Chr 31, respectively), which was critical to ensure that any effect 

observed in these cells was directly related to the Lamp2A isoforms (Figure S4D). 

Interestingly, reduction in mRNA levels of Chr 14 lamp2a did not prevent the increase of 

KFERQ-PA-mCherry1 puncta formation upon HG exposure (Figure 4A; quantification 

Figure 4B). Conversely, reduced expression of either the Chr 31 or both lamp2a isoforms 



strongly abolished the HG-induced CMA puncta formation, suggesting that protein sequence 

disparities between the two Lamp2A’s could be associated with functional divergences 

(Figure S4A and Figure S4B).  

Nonetheless, the lack of effect of Chr 14 Lamp2A deficiency in HG-induced KFERQ-

PA-mCherry puncta formation does not necessarily imply that this protein is no longer 

functional. Indeed, the evolution of its protein sequence could have reshaped the nature of the 

motif recognized and, in turn, of the proteins targeted. As a result, the absence of Chr 14 

Lamp2A may have affected other proteins (non-KFERQ) and/or cellular functions than those 

commonly ascribed to CMA. To gain insight into the specific contribution of each of the two 

Lamp2A's to the overall proteostasis of RTH-149 cells under a HG condition, we therefore 

performed comparative quantitative proteomics in siLUC, si14 and/or si31 transfected cells 

incubated with the HG medium (Table S2). In the whole cell extracts, out of 4387 proteins 

identified, only 23 were differentially expressed between si14 and siLUC conditions (Figure 

4C). In contrast, up to 64 and 53 significant hits were found after si31 (Figure 4D) or 

si14+si31 (Figure 4E) transfections, respectively. Gene ontology and network analysis using 

the differentially expressed proteins did not reveal significant changes of any biological 

process in the cells transfected with si14. On the other hand, different processes associated 

with cellular metabolism and its regulation were identified in si31 transfected cells (Figure 

4F), as well as linked with cellular and RNA metabolism in the case of si14+si31 condition 

(Figure 4G). Notably, among these processes several clusters associated with the metabolism 

of proteins in both conditions stand out (Table S3). To decipher these apparent functional 

divergences between both Lamp2A’s on overall cellular homeostasis under HG-induced 

stress, we then measured the activity of lactate dehydrogenase (LDH) released from si14 

and/or si31 transfected cells as a proxy of cell cytotoxicity (Figure 4H). While deficiency for 

Lamp2A from Chr 14 had no effect compared to the control (siLUC) condition, deficiency for 



either the Chr 31 or both Lamp2A isoforms strongly hampered the viability of RTH-149 cells 

upon HG exposure (Figure 4H), further supporting a functional divergence between the two 

Lamp2A’s.  

Finally, to take a first glimpse into the ability of each Lamp2A variant to recognize 

KFERQ-like motifs bearing proteins, we compared the proteins up-regulated under the 

si14:siLUC (20 hits) or the si31:siLUC (60 hits) conditions (Figure 4I). The presence of 

KFERQ motifs in protein sequences was analyzed in silico using the KFERQ finder app V0.8 

[55] (Table S4). We found a lower percentage of proteins containing at least one KFERQ-like 

motif in the si14:siLUC group (80%) compared to si31:siLUC (85%; Figure 4J and Figure 

S4E) condition, which notably included the experimentally validated CMA substrate citrate 

synthase CS (8) (Table S2 and Table S4). Moreover, when compared with the overall RT 

proteome (Figure 4J), only the si31:siLUC group exhibited a significant enrichment of 

proteins containing CMA targeting motifs (chi-squared, p < 0.05). These results further 

support that Chr 31 Lamp2A display a greater intrinsic ability to recognize KFERQ-bearing 

proteins compared to Chr 14 Lamp2A. Interestingly, despite this apparent functional deviation 

between the two Lamp2As, some proteins (10 hits) were jointly affected by both treatments 

(Figure 4I). We found that 90% of these common proteins displayed KFERQ motifs (Figure 

4J and Table S4), a percentage significantly higher than that observed in the full RT 

proteome (66.48%; chi-squared, p < 0.001), supporting that some of these proteins could 

indeed be bona fide CMA substrates. Into that direction, among those common upregulated 

proteins (Figure S4F) we could identify  Eif4a1 (eukaryotic translation initiation factor 4a1), 

which has been recently confirmed as a CMA substrate [56,57]. Noteworthy, we also found 

Tsg101 (tumor susceptibility 101), which is a component of the ESCRT-1 machinery 

involved in the selective targeting of KFERQ-like containing-proteins into late endosome or 

multivesicular bodies that occurs during endosomal microautophagy (eMI) [1,58]. Although 



the existence of eMI has not been yet reported in fish, most of the core proteins/components 

of its machinery are nevertheless conserved amongst eukaryotes [1]. Therefore, their ability to 

carry out this autophagic process cannot be ruled out. Accordingly, the rise of Tsg101 levels 

in Lamp2A-silenced RT cells might account for the existence of this process in this species, 

and be indicative of a potential compensatory mechanism for degradation of KFERQ-

containing proteins by eMI. Of interest, the KFERQ-like motif present in this protein is also 

conserved in its human and mouse orthologues (Figure S4F), supporting an evolutionary 

conservation of this mechanism across vertebrates.  

 

RT fed with a high-carbohydrate diet display a diabetic-like phenotype associated with 

increased levels of lamp2a transcripts 

To evaluate the physiological relevance of the observed HG-dependent activation of CMA, 

we next analyzed the impact of high dietary carbohydrates intake in RT in vivo. As expected, 

RTs fed with a high-carbohydrate diet (HCD) for 9 weeks exhibited the typical signs of 

glucose intolerance characterized by (i) slower growth rates (Figure 5A), (ii) increased liver 

weight (Figures 5B and 5C), and (iii) elevated blood glucose levels (Figure 5D), which 

persisted at least until 24 hours after the last meal. Interestingly, we found that these effects 

were also accompanied by an increase in the levels of carbonylated proteins (Figure 5E), as 

well as by higher expression of Nfe2l2 target genes including sod1, sod2 and the two lamp2a 

paralogs (Figure 5F). Notwithstanding, future studies are needed to explore to what extent the 

increased lamp2a mRNAs observed with the HCD correlates with an increased CMA activity. 

Similarly, the protective role of CMA during hyperglycemia reported in vitro in this study 

deserves further validation in vivo with genetically invalidated Lamp2As RT models. 

Collectively, these results clearly show the steadily establishment of a diabetic-like phenotype 



in RTs fed a HCD and the stimulation of the antioxidant protective Nfe2l2 pathway, which 

likely triggers the CMA activity to preserve cellular homeostasis.  

 

Discussion 

In the present study, we first reported that RT hepatocytes are CMA- or CMA-like- 

competent. This result strongly support our previous findings in medaka, which revealed for 

the first time the existence of CMA-like activity in a non-tetrapod species [20]. We now show 

that the presence of CMA in fish is not restricted to the medaka (which might have acquired 

or retained this function independently of other species), but is spread to all clades if not all 

vertebrates. Indeed, the recent analysis of the evolutionary history of the LAMP2 gene in 

vertebrates revealed that this critical gene for CMA activity appeared after the second round 

of whole-genome duplication (WGD) at the root of the vertebrate lineage around 500 Mya 

[20]. More precisely, phylogenetic analyses and synteny conservation data strongly suggested 

that a single copy of a LAMP gene was already present in the common ancestor of vertebrates, 

and that the two successive WGDs that occurred at the root of the vertebrate lineages [59] 

gave rise to both LAMP1/2 and LAMP3/4 genes (from WGD1), and then LAMP1, LAMP2, 

LAMP3, and LAMP4 (from WGD2), which are common to all vertebrates. Besides, recent 

analysis of the PhyloFish RNA-seq database [60], which gathers comprehensive gene 

expression data from 23 different species of ray-finned fish, provided evidence for the 

expression of the lamp2a splice form in most if not all fish species, supporting that CMA 

likely appeared much earlier during evolution than initially thought [61]. Overall, these 

findings, as well as the results presented in the present study confirm the existence of CMA 

activity in fish, opening new perspectives to tackle CMA under a novel angle, by using 

complementary models for studying this fundamental function from both evolutionary and 

comparative perspectives. 



The RT is a typical model of glucose-intolerance [22], which is characterized by 

persistent hyperglycemia [23–28], increased liver weight [26–28] and decreased growth [29], 

after intake of diet containing more than 30% carbohydrate. An obvious similarity in glucose 

intolerance to the human pre-diabetic condition has recently drawn numerous scholars to 

explore trout as an evolutionary model system to study natural cases of impaired glucose 

homeostasis and the underlying mechanisms [22]. Into that direction, it is attractive to expand 

our knowledge on both the regulation and the roles of CMA in pre-diabetic-like conditions. 

Here, we found for the first time that exposure of RTH-149 cells to 25 mM glucose, which is 

close to maximum postprandial values reported for this species (i.e., 27.7 mM) [26], leads to 

an increase in ROS production by mitochondria alongside with a strong induction of CMA. 

Previous findings demonstrated that hyperglycemia-induced generation of ROS at the 

mitochondrial level is the initial trigger of the vicious cycle of oxidative stress observed in 

diabetes [35–38,41,42]. Increased CMA activity under these conditions would thus contribute 

to the removal of oxidized proteins from the cytosol and allow cells to limit oxidative stress-

induced damages, as previously reported in rats subjected to mild oxidative stress [31]. 

Interestingly, an earlier study in experimental rat models of diabetes reported instead reduced 

CMA activity in the kidney, finally contributing to accumulation of specific proteins in 

diabetic-induced renal hypertrophy [18]. These contrasted findings regarding the activation 

status of CMA described in our study can obviously be related to the specificities of the 

models (kidneys from streptozotocin-treated rats vs. RTH-149 cell line incubated in HG 

medium). However, it also certainly reflects the existence of several distinct mechanisms of 

CMA regulation, highlighting the imperative need of developing new approaches and/or 

models to acquire a better comprehensive picture of the whole processes involved in 

controlling this cellular function. In any case, CMA emerges as an appealing target for 

alleviating the pathological manifestations of diabetes, and the recently developed 



pharmacological activator of CMA, AR7 [62], along with its improved derivatives CA77.1 

[12] and QX77 [63], represent promising tools for this objective. In this line, a recent study 

showed that chemical CMA activation with QX77 is effective in preventing early diabetic 

retinopathy and thus its consequences in the visual function [19]. 

At the mechanistic level, our results demonstrate that the oxidative stress induced by 

HG treatment leads to the activation of CMA through an Nfe2l2-mediated control of the 

transcription of both RT lamp2a’s. Of interest, such an induction of both lamp2a’s by HG or 

the chemical or genetic modulation of Nfe2l2 caused a similar fold-change, suggesting that 

the transcriptional regulation by Nfe2l2 is conserved between the two paralogs. The 

involvement of NFE2L2 in the regulation of the expression of LAMP2A has also been 

reported in different human and mouse cell types [52]. This ROS/NFE2L2/LAMP2A 

regulatory axis thus appears as an evolutionarily conserved cell protection process to cope 

with oxidative stress through CMA. It mainly relies on the control of lamp2a’s transcription 

and not on the regulation of its/their degradation and/or relocation at the lysosomal 

membrane, as described for CMA activation during serum deprivation [64]. Of note, although 

encoded by the same gene, expressions of the lamp2b and lamp2c splice variants were not 

significantly impacted upon modulation of Nfe2l2 activity. Previous findings in mammals 

also reported differential regulation of the three isoforms in response to different situations. 

For instance, Kiffin and co-authors demonstrated in rats that in vivo administration of the 

oxidant agent paraquat led to an enhancement in both mRNA and protein levels of LAMP2A, 

without altering those of LAMP2B and LAMPC2 splice variants [31,65]. Similarly, a more 

recent study by Pajares et al [52] showed that nfe2l2 KO immortalized mouse hepatocytes 

displayed reduced Lamp2a mRNA levels compared to WT cells, while Lamp2b and Lamp2c 

remained stable. On the contrary, when NFE2L2 was overexpressed, Lamp2a was 

upregulated, and the expression of the other variants remained unchanged. Considering that 



LAMP2A is the only variant required for CMA [4,64,66], these findings collectively suggest 

that there may be additional unknown post-transcriptional regulatory mechanisms that would 

favor splicing of the Lamp2 pre-mRNAs towards the production of LAMP2A, and not of the 

others alternatives (i.e., B and C), in situations where CMA plays an essential role such as 

oxidative stress. Further investigations are warranted to unravel the intricacies of these post-

transcriptional controls and their significance in coordinating cellular responses to oxidative 

stress and other conditions requiring robust CMA activity.  

WGD events led to the generation in RT of multiple copies of Lamp2A, which display 

divergences in some motifs critical for protein localization and/or function. For example, the 

canonical GYXXF motif present in the C-terminal end of Lamp proteins and identified as a 

recognition signal for lysosomal targeting [64], is fully conserved in the Chr 31 Lamp2A 

protein sequence. In contrast, Lamp2A from Chr 14 carries the variant form SYXXF (Figure 

S4A and Figure S4B). As previously discussed in Schnebert et al. [1], while the presence of 

the YXXF residues seems to be sufficient to ensure the targeting of LAMP2A to the 

lysosomal membrane, the lack of the glycine (G) could alter the routing of the protein to its 

destination. Whether or not this variation has an impact on Lamp2A function is therefore 

worth investigating and would certainly be informative to further improve our knowledge of 

key residues necessary for the structure function relationship of this protein. Nevertheless, in 

the present study, we clearly show that while inhibition of Chr 31 lamp2a expression 

abolished the HG-induced CMA puncta formation, silencing of Chr 14 lamp2a mRNAs 

caused little if no change on CMA. Likewise, we find that deficiency for the Chr 31 Lamp2A 

strongly hampered the viability of RTH-149 cells upon HG treatment, while deficiency for 

Lamp2A from Chr 14 had no effect compared to the control condition. Together, these results 

supported a functional divergence between the two RT Lamp2A’s, which is further revealed 

by the strong divergence in the number and nature of proteins affected by the deficiency of 



either Lamp2A’s, as shown by quantitative proteomic analysis. In this regard, the lack of Chr 

31 Lamp2A resulted in the differential expression of nearly three times as many proteins 

compared to the lack of Chr 14. This larger set of proteins is associated with cellular 

metabolism and its regulation and is enriched in proteins containing different types of 

KFERQ-like motifs compared to the one altered by si14, which in addition, does not 

significantly fit any defined biological process. These results suggest that the evolution of the 

Chr 14 Lamp2A has reduced its capacity to perform CMA when compared to Chr 31 Lamp2A 

that seems to present a greater ability to recognize the different types of KFERQ motifs. One 

hypothesis is that the lack of the G residue in the canonical GYXXF C-terminal motif of Chr 

14 Lamp2A, compared to Chr 31 Lamp2A, could be altering the routing to the lysosomal 

membrane and ending up in the impairment of the CMA activity of this paralog. In this sense, 

Chr 14 lamp2a could be undergoing a pseudogenization process, although the opposite, that 

the coding protein is involved in different unknown functions in other cell types or tissues, 

cannot be ruled out. 

Interestingly, some proteins bearing a KFERQ-like motif were found to be jointly up-

regulated by inhibiting both Lamp2A isoforms. Among these proteins, Tsg101 caught our 

attention. This protein is a component of the ESCRT-1 machinery and has been shown to be a 

critical factor for eMI in mammals [58]. Thus, elevated levels of Tsg101 in CMA-deficient 

conditions suggest its potential role as a molecular determinant in the interplay between the 

two types of autophagy. According to this scenario, CMA activity would directly drive eMI 

via the regulation of Tsg101 levels, which certainly deserves our attention in future studies. 

This view is supported by previous observations, such as the reciprocal regulation of eMI and 

CMA during sustained starvation [67,68], and the rerouting of acetylated tau protein to eMI 

during CMA blockage [69].  

 



In summary, our results provide new insights into the regulation and function of CMA 

in a natural model organism with impaired glucose tolerance. We discovered that CMA is 

activated through an Nfe2l2-dependent pathway during hyperglycemic stress and plays a 

crucial protective role, primarily mediated by the Chr 31 Lamp2A protein. Accordingly, 

targeting CMA appears as a promising approach to mitigate the pathological symptoms of 

glucose-metabolic disorders. These findings expand our understanding of CMA's 

physiological role and shed light on its evolutionary history in vertebrates. 

 

 

 

Materials and Methods 

Laboratory ware and reagents 

All laboratory plastic ware, unless otherwise stated, were purchased from Sarstedt AG & Co. 

KG. D-(+)-Glucose (G7021), L-(−)-Glucose (G5500), hydrogen peroxide solution (H1009), 

NAC (A8199), TTFA (T27006) and DMF (242926) were all purchased from Sigma-Aldrich. 

Instead, CHC (HY-107641) and Mito-TEMPO (HY-112879) were procured by 

MedChemExpress. 

Plasmids, Oligos and Bioinformatics analysis 

Three different plasmids were used in the present work. The PA-mCherry1-N1 vector was a 

gift from Michael Davidson (Addgene, 54507; http://n2t.net/addgene:54507; 

RRID:Addgene_54507; deposited by Michael Davidson), and from this we generated a 

KFERQ-PA-mCherry1 construction composed by the N-terminal 21 amino acids of bovine 

RNASE1/RNase A containing its KFERQ CMA-targeting motif, fused to the photoactivable-



mCherry1 (PA-mCherry1) protein, as originally reported by Koga et al [30]. The functionality 

of our construct has recently been validated in fish cells [20]. Moreover, LAMP1-GFP 

construct was a gift from Benjamin Dehay (Univ. Bordeaux, INSERM, France).  

RNA Multiple Sequence Alignments in Clustal Omega [70] was used to assess 

sequence homology between paralogs and to choose the most appropriate strategy for gene 

silencing in each case depending on the characteristics of each target sequence and the 

technical aspects [71]. Hence, a morpholino anti-lamp2a oligonucleotide (5’- 

CTCCGCTGGATGACAGTAAAGAAAG-3’) was designed in collaboration with GeneTools 

customer support to target the splice acceptor sites of the exon A (Molamp2a) of the two RT 

lamp2 paralogs at the same time (located in Chrs 14 and 31 of USDA_OmykA_1.1). This 

oligo, as well as a standard negative control (5’-CCTCTTACCTCAGTTACAATTTATA-3’; 

MoSTD-) targeting an intron of human beta-globin associated with beta-thalassemia, were 

purchased from GeneTools. On the other hand, in order to being able to discriminating 

between RT lamp2a paralogs, which was impossible to achieve using morpholino oligos due 

to constrictions of the two lamp2a target sequences, three different siRNAs against the 3’-

UTR of each lamp2a were designed using the siDESIGN Center. Moreover, other six 

different siRNAs against high-homology regions of the RNA sequence between the three 

rainbow trout nfe2l2 paralogs (located in Chrs 3, 7 and 22 of USDA_OmykA_1.1) were also 

designed using the same online software. The different siRNAs, including a negative control 

siRNA against LucGL2 (siLUC: 5’-CGUACGCGGAAUACUUCGA-3’), not expressed in RT 

cells, were purchased from Horizon Discovery. In a first study, the efficiency of the 

corresponding siRNA designs in reducing the mRNA levels of either lamp2a paralog in 

separate, or of the three nfe2l2 paralogs at the same time, was tested by qPCR (data not 

shown), and the most effectives ones were selected for the experiments presented in this work 

(for lamp2a’s, si14: 5’-UAAAGAAAUUGCUCGGCUC-3’, and si31: 5’- 



UGGAGAAGCGGCUGUGUUA-3’; for nfe2l2, sinfe2l2: 5’-

UGUCCAAGCACCAGCUCAA-3’).  

The JASPAR tool (https://jaspar.genereg.net) was used for the in silico prediction of 

putative AREs in the promoter region of the two RT lamp2 paralogs. To do that, the 21 

kilobase preceding the ATG start codon from the DNA sequence of both paralogs were 

scanned using the frequency matrix profile for NFE2L2/NRF2 binding sites in Homo sapiens 

(MA0150.1) from the CORE collection [53].  

 

Cells and general experimental procedures 

Rainbow trout RTH-149 hepatoma cell line (ATCC, CRL-1710), recently validated as an 

useful and reliable model for nutrition and autophagy research in this species [72], was 

cultured at 18
0
C without CO2 in supplemented Minimum Essential Medium (Gibco, 61100-

053) containing essential amino acids and 10% fetal bovine serum, as previously reported 

[72]. This complete medium, hereafter referred as control condition (CT), contains 5 mM of 

glucose. 

Nucleofector 2b Device (Lonza, Colmar, France) and the Cell line Nucleofector Kit T 

(Lonza, VCA-1002) were used for all the cells transfections with either plasmids (1-5 µg), 

morpholino oligos (5 µM) or siRNAs (1 µM). RTH-149 cells stably-transfected with the 

KFERQ-PA-mCherry1 construction were selected for the resistance to the selective geneticin 

antibiotic (Gibco, 11811) before cell sorting using a FACS Aria 2-Blue 6-Violet 3-Red 5-

YelGr, 2 UV laser configuration (BD Biosciences, Le Pont de Claix Cedex, France) in 

biosafety cabinet. Prior to experiments, cells were counted using a Cellometer K2 (Nexcelom 

Bioscience LLC, Lawrence, MA, USA) and plated at a density of 60,000 cells/well onto 4-



well culture slides (FALCON, 354114) for microscope imaging experiments, in 24-well plates 

(90,000 cells/well) for fluorescence decay analysis, in 12-well plates (175,000 cells/well) for 

cytotoxicity assay, and in 6 cm-dishes (400,000 and 500,000 cells/dish) for RNA extraction 

and protein collection, respectively. In the cases in which the fluorescence of PA-mCherry1 

was analyzed, the cells were photoactivated with a 405-nm light source for 10 min prior to 

starting the treatments.  

At the beginning of each experiment cells were washed twice with PBS 

(ThermoFisher Scientific, BP2944) before incubation with CT (i.e., D-glucose 5 mM) or 

high-glucose (HG, CT medium supplemented to have 25 mM of D-glucose) media, or instead, 

exposed to mild-oxidative stress using CT medium supplemented with hydrogen peroxide 

(H2O2 25 µM). The incubations lasted 4 h for Nfe2l2 immunolocalization studies, 8 h for 

OxyBlot tests, and 16 h for all the PA-mCherry1 fluorescence analysis with the exception of 

fluorescent decay experiments for which samples were also taken at 0, 4, and 8 h. The rest of 

the treatments were prepared as follows, L-glucose (H-LG) and DMF were diluted in CT 

medium to 25 mM and 30 µM final concentration. DMF dose was chosen according to the 

literature [52]. NAC (10 mM), CHC (100 µM) and TTFA (10 µM) were diluted in either CT 

or HG media and doses were selected according to previous studies [39,40,42]. In the case of 

Mito-TEMPO experiments, cells were first pre-incubated for 60 min with the compound 

diluted in CT medium at 10 µM as reported before [45], and then exposed to the same 

concentration of the compound but diluted in HG medium (HG-MitoT) for 16 h. On the other 

hand, cell cytotoxicity was measured as the activity of lactate dehydrogenase (LDH) released 

from cells using the CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen, C20301) following 

the manufacturer’s recommendations. Briefly, 24 h after cell transfection with siRNAs cells 

were exposed to HG medium for 48 h before collection of the media and cell lysis. 

Measurements of absorbance were performed at 490 nm and 680 nm using a microplate 



reader PowerWaveX Select Spectrophotometer and the KC4 software v3.0 (Bio-Tek 

Instruments, Winooski, VT, USA). 

Cell fluorescence and imaging procedures 

Cells were fixed for 20 min using paraformaldehyde 4% fixative (4% PFA; Biotium, 22023) 

before mounting with an antifade mounting medium including DAPI (Vector Laboratories, 

Inc., H-2000). All cells images of PA-mCherry1 and LAMP1-GFP fluorescence were 

acquired with a widefield Microscope Leica DM 5000 (Leica Microsystems, Wetzlar, 

Germany) equipped with a 40X/1.25 oil objective, 4 filter cubes (DAPI/GFP/TRITC/CY5) 

and a Greyscale sCMOS camera (Hamamatsu Flash 4.0 V2, Shizuoka, Japan) in the Bordeaux 

Imaging Center (CNRS-INSERM and Bordeaux University, member of the national 

infrastructure France BioImaging). Counting of CMA puncta was performed manually by the 

same researcher using the Cell Counter plugin of Fiji (https://fiji.sc/ RRID:SCR_002285 [73]) 

with images in gray (red channel) and blue (DAPI), in blind and random order and excluding 

cells on the edges or very superposed, as reported by others [74]. For each image, the number 

of puncta was normalized by the number of nuclei within the image, and the results showed 

represent the number of puncta per cell in a minimum of 45 images coming from 3-4 

independent experiments. In all cases, more than 600 cells/condition were counted.  

The co-occurrence between CMA-puncta and lysosomes was assessed in LAMP1-

GFP transiently transfected cells on Fiji using the BIOP version of JACoP pluging [32] 

(https://c4science.ch/w/bioimaging_and_optics_platform_biop/image-

processing/imagej_tools/jacop_b/). First, the PCC between CMA-puncta and LAMP1-GFP 

was analyzed in 48 single cells by selecting one region of interest (ROI) from 44 different 

merged images. A PCC ranges from -1 to 1, where -1 indicates a negative correlation and +1 

highlights a complete positive correlation between the pixel-intensity of the two channels 

https://c4science.ch/w/bioimaging_and_optics_platform_biop/image-processing/imagej_tools/jacop_b/
https://c4science.ch/w/bioimaging_and_optics_platform_biop/image-processing/imagej_tools/jacop_b/


[32]. Then, each of the ROIs was manually thresholded for both red (>450) and green (>725) 

channels considering the background found in negative controls before calculating MCCs 

(MCC-M1 and MCC-M2). MCC-M1 indicates the fraction of PA-mCherry1 signal 

overlapping the LAMP1-GFP signal, while MCC-M2 indicates the opposite. These 

coefficients range from 0 (no co-localization) to 1 (100% overlapping) [32,33].  

The immunolocalization of Nfe2l2 was performed following the procedure previously 

described [75]. Briefly, fixed cells were permeabilized and blocked before overnight 

incubation with a rabbit anti-NFE2L2 polyclonal antibody (Abcam, ab31163; 1:300) as 

primary antibody, and then with a goat anti-Rabbit Alexa Fluor 488 (Invitrogen, A-11008; 

1:500) as secondary antibody. Finally, preparations were mounted before imaging with a 

widefield AXIO Imager M2 (Carl Zeiss Microscopy, Oberkochen, Germany) microscope 

equipped with a 20X objective, 3 filter cubes (DAPI/FITC/TRITC) and a SONY XCD-

SX910CR Color Raw camera in the Ecology and Fish Population Biology Facility [76]. The 

percentage of nuclear Nfe2l2 localization was calculated on Fiji using the Intensity Ratio 

Nuclei Cytoplasm Tool (RRID:SCR_018573; 

https://github.com/MontpellierRessourcesImagerie/imagej_macros_and_scripts/wiki/Intensity

-Ratio-Nuclei-Cytoplasm-Tool) in a minimum of 43 independent images corresponding to 3 

independent experiments.  

For PA-mCherry1 fluorescence decay analysis, cell incubations were stopped by rapid 

washing with ice-cold PBS followed by trypsinization. After washing, cells were fixed with 

4% PFA for 15 min, washed and resuspended in a total of 150 uL of PBS from which 120 uL 

were used to measure fluorescence intensity (excitation at 554-15 nm and emission at 600-20 

nm) using a microplate reader CLARIOstar Plus (BMG LABTECH GmbH, Ortenberg, 

Germany), and the other 30 uL were destined to counting the number of cells using a 

Cellometer K2. The results were first calculated as the fluorescence intensity of a sample 

https://github.com/MontpellierRessourcesImagerie/imagej_macros_and_scripts/wiki/Intensity-Ratio-Nuclei-Cytoplasm-Tool
https://github.com/MontpellierRessourcesImagerie/imagej_macros_and_scripts/wiki/Intensity-Ratio-Nuclei-Cytoplasm-Tool


divided by the number of cells of this sample, and then normalized respect the results of the 

corresponding group at T0 (100%), in a minimum of 3 replicates and 4 independent 

experiments. The half-life (t1/2) of the reporter was estimated considering the average amount 

of fluorescence disappeared in 16 h and the amount remaining for each of the conditions. 

 

In vivo feeding trial 

RTs (Oncorhynchus mykiss) with an initial weight of 27.35 ± 0.12 g were reared under natural 

photoperiod and at a constant water temperature of 17.5 ± 0.5°C. Fish were separated into two 

groups of 3 tanks and fed twice a day to visual satiation with two custom isolipidic and 

isoenergetic diets (3 tanks/diet), but presenting a significantly different proportion in the 

gelatinized wheat starch content (Non-Carbohydrate Diet (NCD): 0%; High-Carbohydrate 

Diet (HCD): 25%), over a 9-week period with routine daily monitoring of the animal welfare. 

After 9 weeks of the experiment, blood samples were collected from 3 fish/tank (9 fish/diet) 

at either 6 h or 24 h after the last meal, and subsequently, the 6 h post-prandial fish were 

euthanized by immersion in a lethal dose of benzocaine before the collection of liver tissue 

samples. Samples were immediately frozen in liquid nitrogen and stored at −80 °C until 

further analysis. All experimental procedures were conducted at the INRAe NuMeA facilities 

(permit number A64.495.1, delivered by French veterinary services) in strict accordance with 

the legal frameworks of France and the European Union. They respect the directive 

2010/63/EU relating to the protection of animals used for scientific purposes as well as the 

decree No 2013-118, February 1, 2013, of the French legislation governing the ethical 

treatment of animals.  

 

Protein extraction, western blotting and quantitative proteomics 



Proteins were collected using RIPA buffer (ThermoFisher Scientific, 89901) supplemented 

with protease and phosphatases inhibitor cocktail (ThermoFisher Scientific, 78422) as 

explained elsewhere [72]. Protein concentration was determined using the Qubit protein assay 

kit (ThermoFisher Scientific, Q33211). In the case of samples intended to the use of OxyBlot 

Protein Oxidation Kit (Merck-Millipore, S7150), the lysis buffer was supplemented with a 2% 

of 2-mercaptoethanol (Thermo Scientific, J66742) to prevent further oxidation of samples. 

Then, the carbonyl groups from a total of 20 µg of protein/sample were derivatized following 

the OxyBlot manufacturer’s recommendations before the samples were electrophoresed by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Afterwards, 

proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Merk-Millipore, 

IPFL00010), blocked with SuperBlock Blocking Buffer in PBS (Thermo Scientific, 37515), 

and immunoblotted following the manufacturer’s protocol and the antibodies included within 

the OxyBlot Kit. The different immunoreactive bands were developed using the SuperSignal 

West Pico Plus Chemiluminescent Substrate (ThermoFisher Scientific, 34578). Signal 

acquisition was performed using Smart Exposure in an iBright FL1500 Imaging System 

(ThermoFisher Scientific, Illkirch Cedex, France) to assure signal linearity, and then images 

were quantified with the iBright Analysis Software (ThermoFisher Scientific, 

RRID:SCR_017632). 

For proteomic analysis, 24 h after cell transfection with siRNAs cells were exposed to 

HG medium for 48 h before collecting the total protein extracts and its shipping to the 

ProteoToul Services - Proteomics Facility of Toulouse (https://proteotoul.ipbs.fr/proteotoul-

services/) for posterior analysis. Briefly, 50 µg of dried protein extracts from each sample 

were solubilized with 25 µl of 5% SDS. Proteins were submitted to reduction and alkylation 

of cysteine residues by addition of TCEP and chloroacetamide to a final concentration 

respectively of 10 mM and 40 mM. Protein samples were then processed for trypsin digestion 



on S-trap Micro devices (Protifi) according to manufacturer’s protocol, with the following 

modifications: precipitation was performed using 216 µl S-Trap buffer, 4 µg trypsin was 

added per sample for digestion in 25 µl ammonium bicarbonate 50 mM. After that, tryptic 

peptides were resuspended in 35 µl of 2% acetonitrile and 0.05% trifluoroacetic acid and 

analyzed by nano-liquid chromatography (LC) coupled to tandem mass spectrometry (MS), 

using an UltiMate 3000 system (NCS-3500RS Nano/Cap System; ThermoFisher Scientific) 

coupled to an Orbitrap Exploris 480 mass spectrometer equipped with a FAIMS Pro device 

(ThermoFisher Scientific). 1 µg of each sample was injected into the analytical C18 column 

(75 µm inner diameter × 50 cm, Acclaim PepMap 2 µm C18 ThermoFisher Scientific) 

equilibrated in 97.5% solvent A (5% acetonitrile, 0.2% formic acid) and 2.5% solvent B (80% 

acetonitrile, 0.2% formic acid). Peptides were eluted using a 2.5% - 40% gradient of solvent B 

over 62 min at a flow rate of 300 nL/min. The mass spectrometer was operated in data-

dependent acquisition mode with the Xcalibur software. MS survey scans were acquired with 

a resolution of 60,000 and a normalized AGC target of 300%. Two compensation voltages 

were applied (-45 v/-60 v). For 0.8 s most intense ions were selected for fragmentation by 

high-energy collision-induced dissociation, and the resulting fragments were analyzed at a 

resolution of 30,000, using a normalized AGC target of 100%. Dynamic exclusion was used 

within 45 s to prevent repetitive selection of the same peptide. Thereafter, raw mass 

spectrometry (MS) files were processed with the Mascot software (version 2.7.0) for database 

search and Proline55 for label-free quantitative analysis (version 2.1.2). Data were searched 

against Rainbow trout entries of Uniprot protein database (46,650 sequences; 17,861,404 

residues). Carbamidomethylation of cysteines was set as a fixed modification, whereas 

oxidation of methionine was set as variable modifications. Specificity of trypsin/P digestion 

was set for cleavage after K or R, and two missed trypsin cleavage sites were allowed. The 

mass tolerance was set to 10 ppm for the precursor and to 20 mmu in tandem MS mode. 



Minimum peptide length was set to 7 amino acids, and identification results were further 

validated in Proline by the target decoy approach using a reverse database at both a PSM and 

protein false-discovery rate of 1%. For label-free relative quantification of the proteins across 

biological replicates and conditions, cross-assignment of peptide ions peaks was enabled 

inside group with a match time window of 1 min, after alignment of the runs with a tolerance 

of +/- 600 s. Median Ratio Fitting computes a matrix of abundance ratios calculated between 

any two runs from ion abundances for each protein. For each pair-wise ratio, the median of 

the ion ratios is then calculated and used to represent the protein ratio between these two runs. 

A least-squares regression is then performed to approximate the relative abundance of the 

protein in each run in the dataset. This abundance is finally rescaled to the sum of the ion 

abundances across runs. A Student T-test (two-tailed t-test, equal variances) was then 

performed on log2 transformed values to analyze differences in protein abundance in all 

biologic group comparisons. Significance level was set at p < 0.05, and ratios (Fold change, 

FC) were considered relevant if higher than +/- 2, as in previous studies using LAMP2A 

siRNA [56,57]. The list of proteins identified in the present study is provided in Table S2 

along with the FC (log2 transformed) and p-value (log10 transformed) results of the 

significant differentially expressed (DE) proteins detected between the different comparisons. 

The lists of DE proteins were then imported to STRING V11.5 (https://string-db.org/) and the 

networks directly exported to CytoScape (3.9.1) software. Then, Gene Ontology enrichment 

maps were generated using the EnrichmentMAP (3.3.5) plugin with the thresholds set as 0.2 

(connectivity cutoff); 0.25 (edge cutoff); p < 0.05; and FDR < 0.05. The detailed list of 

significant biological processes detected is provided in Table S3. The maps were annotated 

using the AutoAnnotate (1.4.0) app. Finally, the presence of KFERQ motifs within the protein 

sequences was assessed using the KFERQ finder app V0.8 [55], and data is presented in 

Table S4.  



 

mRNA levels analysis: Quantitative RT-PCR 

Total RNA was extracted and purified using an RNeasy Mini Kit (Qiagen, 74106) following 

the manufacturer’s recommendations. The protocol for sample preparation and the conditions 

for quantitative RT-PCR have been detailed in previous publications [72,77]. cDNA synthesis 

was performed in duplicate and the analysis of those samples was also performed in duplicate. 

The relative quantification of target genes was calculated using the ΔCT method described by 

Pfaffl [78] and eef1a1 (eukaryotic translation elongation factor 1 alpha 1) as a housekeeping 

gene, as it was the most stable among the three genes tested (including actb (actin beta) and 

rna18s1 (RNA, 18S ribosomal 1), data not shown). Primers used are listed in Table S5. 

 

Statistical analysis 

All data are reported as means ± SEM, percentages ± SEM or fold induction respect the CT 

group ± SEM, from a minimum of 3 independent experiments. Normality of data was verified 

before performing parametric or non-parametric tests. To evaluate the differences between 

more than two groups when normality was met, one-way ANOVA followed by Tukey’s 

multiple comparison (same sample size) or Bonferroni's multiple comparison (different 

sample size) post-hoc test were used. Otherwise, Kruskal-Wallis followed by Dunn's multiple 

comparisons tests were utilized. On the other hand, for comparison between two groups we 

used a parametric two-tailed unpaired Student’s T-test, or a non-parametric Mann Whitney 

test. The significant enrichment of proteins containing CMA targeting motifs compared with 

the overall RT proteome was evaluated by Chi-Square Test. All statistical analyses were 

performed using GraphPad Prism version 8.0.1 for Windows (GraphPad Software, Inc., 



www.graphpad.com) and a p-value < 0.05 was set as a level of significance. All data 

generated in this study and presented in the figures are provided along with their statistic 

report in the Table S1. 
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Figure legends  

Figure 1. Both elevated glucose (25 mM) and mild-oxidative stress (H2O2 25 µM) induced 

relocalization of the fluorescence diffuse pattern of the KFERQ-PA-mCherry1 reporter to 

form puncta co-localizing with lysosomes, and reduced the half-life of the reporter. (A) 

Schematic representation of the pKFERQ-PA-mCherry1-N1 construction and amino acid 

sequence including the KFERQ-CMA targeting motif. (B) Simplified scheme of the 

experimental design. (C) Representative images of RTH-149 cells stably expressing a 

KFERQ-PA-mCherry1 reporter visualized by fluorescence microscopy after 16 h exposure to 

control (glucose 5 mM), high-glucose (glucose 25 mM) or mild-oxidative stress (H2O2 25 µM 

and glucose 5 mM). Images were originally acquired in grey, and nuclei were stained with 

DAPI (blue). Both experimental conditions induced the translocation of the CMA reporter to 

form fluorescent puncta, as can be observed in the insets in comparison with the control 

group, where the reported showed a diffuse pattern. (D) Quantification of KFERQ-PA-

mCherry1 reporter number of puncta per cell. All values correspond to individual images (CT 

70; HG 57; H2O2 55), with >15 images/experiment in a total of 3 independent experiments (> 

900 cells for condition). Different letters denote significant differences between groups 

compared by One-way ANOVA (p < 0.0001) followed by Bonferroni's multiple comparisons 

tests. (E) Representative images of HG-induced KFERQ-PA-mCherry1 puncta (red) in cells 

transiently transfected with LAMP1-GFP (green) visualized by fluorescence microscopy. 

Most of the KFERQ-PA-mCherry1 puncta co-localized with the green lysosomal marker 

LAMP1-GFP, as indicated by the arrowheads and amplified in the insets, and as supported in 

the plot by the PCC and MCCs results of the global analysis of 50 single cells using the BIOP 

version of JACoP pluging for Fiji. (F) The lysosomal internalization of the CMA reporter and 

its decay in fluorescence was quantified to infer CMA flux as the difference between the total 

fluorescence after photoactivation (0 h, 100%) and the remaining signal after 4, 8, or 16 h 



incubations in a minimum of 4 independent experiments. The higher reduction in the red 

fluorescence intensity upon HG or H2O2 exposure compared with cells incubated in the CT 

medium supports its enhanced degradation under these conditions, which is confirmed by the 

shortened half-lives (t1/2) of the reporter (19 h for HG and 15 h for H2O2; Vs. 97 h for CT). 

Unpaired Student’s T-test was used to compare each condition to the CT (* p < 0.05; ** p < 

0.01; *** p < 0.001). All data are presented as Mean ± SEM; scale bars: 10 µm. 

 

Figure 2. Oxidative stress induced by the use of high-glucose at the mitochondria was 

associated with the formation of CMA-puncta. (A) Protein carbonylation levels in RTH-149 

cells after 8 h exposure to control (CT; glucose 5 mM), high-glucose (HG; glucose 25 mM), 

or mild-oxidative stress (H2O2; hydrogen peroxide 25 µM and glucose 5 mM) analyzed using 

OxyBlot western blot. Different letters denote significant differences between groups 

compared by One-way ANOVA (p < 0.004) followed by Tukey's multiple comparisons tests 

in 4 independent experiments. (B) The presence of the antioxidant NAC (10 mM) prevented 

the generation of carbonylated proteins by HG. One-way ANOVA (p < 0.0005) followed by 

Bonferroni's multiple comparisons tests was used to compare between groups in 3-4 

independent experiments. (C and D) The presence of NAC prevented the formation of 

KFERQ-PA-mCherry1 puncta after 16 h exposure to high-glucose. The values in D 

correspond to individual images (CT 56; NAC 45; HG 57; HG+NAC 48), with ≥15 

images/experiment in a total of 3 independent experiments (> 1,000 cells for condition). (E) 

The inhibition of the pyruvate mitochondrial transporter using CHC (100 µM) reduced the 

HG-induction of carbonylated proteins. One-way ANOVA (p < 0.003) followed by 

Bonferroni's multiple comparisons tests was used to compare between groups in 3-4 

independent experiments. (F and G) The presence of CHC prevented the formation of 

KFERQ-PA-mCherry1 puncta after 16 h exposure to high-glucose. All values in G 



correspond to individual images (CT 62; NAC 48; HG 76; HG+NAC 55), with ≥15 

images/experiment in a total of 3 independent experiments (> 1,000 cells for condition). In D 

and G, different letters denote significant differences between groups compared by the non-

parametric Kruskal-Wallis test (p < 0.0001) followed by Dunn's multiple comparisons tests. 

All data are presented as Mean ± SEM; scale bars: 10 µm. 

 

Figure 3. The anti-oxidative stress Nfe2l2 transcription factor mediated both the 

transcriptional modulation of lamp2a’s and the activation of CMA by high-glucose. (A) 

Representative images of Nfe2l2 immunofluorescence in RTH-149 cells after incubation for 4 

h with either HG or H2O2. (B) Percentage of the total staining that co-localizes with the 

nucleus in a minimum of 45 individual images, with ≥15 images/experiment in a total of 3 

independent experiments. Different letters denote significant differences between groups 

compared by One-way ANOVA (p < 0.003) followed by Bonferroni's multiple comparisons 

tests. (C) mRNA levels fold induction of the Nfe2l2 target genes nfe2l2, hmox1, sod1, and 

sod2 after 16 h incubation with high-glucose compared to the CT supported activation of the 

Nfe2l2 transcriptional program by HG. Differences with respect to the CT condition were 

assessed using Unpaired Student’s T-test (* p < 0.05) in three replicates of three independent 

experiments. (D) Schematic representation of the location of the 7 putative Antioxidant 

Response Elements (AREs, threshold > 85%) identified within the 21 kilobases preceding the 

ATG start codon from the DNA sequence of both RT lamp2 paralogs located in Chrs 14 and 

31 using the Homo sapiens matrix of NFE2L2/NRF2 in JASPAR [53]. The mRNA levels fold 

induction of the two RT lamp2a paralogs (E Chr 14 left; Chr 31 right) was upregulated after 

the incubation with HG compared to the CT, while neither lamp2b nor lamp2c mRNAs, 

independently of the Chr, were altered. Differences with respect to the CT condition were 

assessed using Unpaired Student’s T-test (* p < 0.05; *** p < 0.001) in three replicates of 



three independent experiments. (F) siRNA-mediated knock-down of the three RT nfe2l2 

paralogs prevented the enhancement of their mRNA levels by HG treatment, as well as 

hampered the effects of HG on the transcription of Nfe2l2-target genes, including the two RT 

lamp2a paralogs. Differences with respect to the CT condition were assessed using Unpaired 

Student’s T-test (* p < 0.05; ** p < 0.01; *** p < 0.001) in duplicates of four independent 

experiments. On the other hand, similarly to the observations at the transcriptional level, the 

silencing of RT nfe2l2 paralogs prevented the formation of puncta in RTH-149 cells after 16 h 

exposure to high-glucose (G; quantification in H). All values correspond to individual images 

(siLUC-CT 86; siLUC-HG 94; sinfe2l2-CT 85; sinfe2l2-HG 87), with >20 images/experiment 

in a total of 4 independent experiments (> 1,200 cells for condition). Different letters denote 

significant differences between groups compared by the non-parametric Kruskal-Wallis test 

(p < 0.0001) followed by Dunn's multiple comparisons tests. All data are presented as Mean ± 

SEM; scale bars: 10 µm. 

 

Figure 4. CMA plays a protective role to maintain cellular homeostasis during hyperglycemic 

stress, mainly mediated by the Lamp2A paralog encoded by Chr 31. (A) Effects of siRNA-

mediated knock-down of either (si14 and si31) or both (si14+si31) RT Lamp2A’s on CMA 

activity. The reduction of the lamp2a isoform from Chr 14 mRNAs did not prevent the 

increase of KFERQ-PA-mCherry1 puncta formation upon 16 h HG exposure (A; 

quantification in B). In contrast, decreased expression of either the Chr 31 or both lamp2a 

isoforms strongly abolished the HG-induced CMA puncta formation. All values correspond to 

individual images (siLUC-CT 55; siLUC-HG 76; si14-CT 62; si14-HG 59; si31-CT 67; si31-

HG 75; si14+si31-CT 60; si14+si31-HG 61), with >18 images/experiment in a total of 3 

independent experiments (> 600 cells for condition). Different letters denote significant 

differences between groups compared by the non-parametric Kruskal-Wallis test (p < 0.0001) 



followed by Dunn's multiple comparisons tests; # denotes differences between siLUC-HG and 

si14-CT groups compared by the Mann Whitney test (p < 0.0001). All data are presented as 

Mean ± SEM. (C) Volcano plot of the quantitative proteomic analysis of RTH-149 cells 

transfected with si14, (D) si31, or (E) si14+si31, incubated in HG media for 48 h and 

compared to siLUC. In the top left is presented the number of significant hits and the number 

of proteins identified. Blue dots indicate differentially downregulated proteins, and red dots 

correspond to upregulated proteins (p < 0.05 with ≥ 2 fold change (FC)). Four replicated 

samples for each condition were analyzed. Network representation of the Gene Ontology 

Biological Process enrichment analysis of proteins modified in si31 (F) or si14+si31 (G) 

transfections compared with siLUC, generated in CytoScape (3.9.1) using EnrichmentMAP 

(3.3.5), and annotated with AutoAnnotate (1.4.0) apps. Thresholds were set as 0.2 

(connectivity cutoff); 0.25 (edge cutoff); p < 0.05; FDR < 0.05. (H) Cell cytotoxicity 

measured as the activity of lactate dehydrogenase (LDH) released from cells transfected with 

siLUC, si14, si31, or si14+si31 and incubated, 24 h post-transfection, with HG medium 

during 48 h. Different letters denote significant differences between groups compared by One-

way ANOVA (p < 0.003) followed by Tukey's multiple comparisons tests in triplicates of 

three independent experiments. Data are presented as Mean ± SEM. (I) Venn diagram of 

significantly upregulated proteins in si14 or si31 compared with siLUC, showing the number 

of overlapping and non-overlapping proteins between these conditions, and (J) percentage of 

proteins from those three groups and of the total RT proteome containing KFERQ-like motifs 

(bottom values), as well as of the proteins ranked to each motif type (i.e., canonical, 

phosphorylation- or acetylation-dependent motifs) according to [55]. 

 

Figure 5. RTs fed a high-carbohydrate diet (HCD) for 9 weeks exhibited signs of glucose 

intolerance characterized by decreased growth, increased liver weight, and elevated post-



prandial blood glucose levels. They also presented signs of oxidative stress and upregulated 

lamp2a mRNAs, compared to fish fed a diet free of carbohydrates (NCD). (A) Final body 

weight (B.W.) at 9 weeks of the experiment. Unpaired Student’s T-test was used to compare 

between groups (* p < 0.05; ** p < 0.01). (B) The hepatosomatic (HSI) index was calculated 

as HSI = (liver weight/animal weight) × 100 at 9 weeks of the experiment. Unpaired Student’s 

T-test was used to compare between groups (
#
 p < 0.0001). (C) Representative images of 

livers from similar-B.W. fish fed with the NCD (top) or the HCD (bottom) during 9 weeks. 

(D) Blood glucose levels at both 6 and 24 h post-prandial in NCD and HCD fed-fish after 9 

weeks of the experiment. Differences between groups at each time point were assessed using 

the Mann Whitney test (** p < 0.01; 
#
 p < 0.0001). (E) Protein carbonylation levels in the 

liver of fish fed with the NCD or the HCD for 9 weeks were analyzed using OxyBlot. 

Unpaired Student’s T-test was used to compare between groups (* p < 0.05). Mean ± SEM. 

(F) Hepatic mRNA levels of the three RT nfe2l2 paralogs, Nfe2l2-target genes, and the two 

RT lamp2a paralogs in fish fed with the NCD or the HCD for 9 weeks. Unpaired Student’s T-

test was used to compare between groups (* p < 0.05). All data are presented as Mean ± SEM 

of 9 fish/group.  

 

 

Figure S1. The relocalization of the fluorescence diffuse pattern of the KFERQ-PA-

mCherry1 reporter induced by high-glucose or mild-oxidative stress (H2O2 25 µM) depends 

on the presence of both the KFERQ sequence and the Lamp2A. (A) Representative images of 

RTH-149 cells stably expressing the KFERQ-PA-mCherry1 reporter exposed to different 

concentrations of glucose (5, 10, 20, and 25 mM) for 16 h after photoactivation. Images were 

originally acquired using fluorescence microscopy in grey, and Nuclei were stained with 

DAPI (blue), and (B) quantification of the number of KFERQ-PA-mCherry1 reporter puncta 



per cell. All values correspond to individual images (5 mM: 56; 10 mM: 47; 20 mM: 46; 25 

mM: 48), with >15 images/experiment in a total of 3 experiments (> 2,000 cells for 

condition). Different letters denote significant differences between groups compared by the 

non-parametric Kruskal-Wallis test (p < 0.0001) followed by Dunn's multiple comparisons 

tests. (C) Representative images of RTH-149 cells stably expressing the KFERQ-PA-

mCherry1 reporter (top) and RTH-149 cells transfected with a PA-mCherry1 plasmid 

(bottom) visualized after 16 h exposure to control (glucose 5 mM), high-glucose (HG, glucose 

25 mM) or mild-oxidative stress (H2O2 25 µM and glucose 5 mM). The formation of the 

fluorescent puncta after exposure to the experimental media was not observed when the 

reporter lacked the KFERQ sequence, as supported by (D) the quantification of PA-mCherry1 

reporter number of puncta per cell. All values correspond to individual images (+KFERQ: 

CT: 50; HG: 47; H2O2: 47/ -KFERQ: CT: 62; HG: 40; H2O2: 45), with >12 

images/experiment in a total of 3 experiments (> 800 cells for condition). Different letters 

denote significant differences between groups compared by the non-parametric Kruskal-

Wallis test (p < 0.0001) followed by Dunn's multiple comparisons tests. (E) Sequences and 

schematic representation of the target of the antisense morpholino oligonucleotide 

(Molamp2a) used to prevent splicing of exons A of the two RT lamp2 immature mRNAs 

(genes located in chromosomes (Chrs) 14 and 31, respectively, in USDA_OmykA_1.1 

assembly). (F) Molamp2a effectively knocked-down the mRNA levels of the two RT lamp2a 

paralogs (Chr 14 left; Chr 31 right) without affecting the transcription of their two lamp2 

splicing variant counterparts (lamp2b and lamp2c from either Chr 14 or Chr 31), as showed 

by their fold induction with respect to the Morpholino control condition (MoSTD-). Statistical 

differences with respect to MoSTD- were assessed by Unpaired Student’s T-test (
#
 p < 

0.0001) in 3 independent experiments. (G) Representative images of RTH-149 cells stably 

expressing the KFERQ-PA-mCherry1 reporter transfected with Molamp2a or MoSTD-, and 



then exposed to control (glucose 5 mM), high-glucose (glucose 25 mM) or mild-oxidative 

stress (H2O2 25 µM and glucose 5 mM) for 16 h after photoactivation, and (H) quantification 

of KFERQ-PA-mCherry1 reporter number of puncta per cell. All values correspond to 

individual images (MoSTD-: CT: 38; HG: 35; H2O2: 30 / Molamp2a: CT: 62; HG: 60; H2O2: 

60), with ≥10 images/experiment in a total of 3 experiments (> 400 cells for condition). 

Different letters denote significant differences between groups compared by the non-

parametric Kruskal-Wallis test (p < 0.0001) followed by Dunn's multiple comparisons tests. 

All data are presented as Mean ± SEM; scale bars: 10 µm. 

 

Figure S2. HG-induced CMA activation depends on mitochondrial ROS generation. (A) 

Simplified schematic model of glucose cellular use and site of action of the different tested 

compounds. In contrast to the incubation with high-glucose (D-glucose; 25 mM), the 

exposure of cells to high-L-glucose (L-glucose; 25 mM), which cannot be metabolized by 

cells, did not induce the formation of CMA puncta. In addition, those HG-induced puncta 

were prevented by the pre-incubation with the mitochondria-targeted antioxidant Mito-Tempo 

(Mito-T), as can be observed in the representative images (B) and their quantification (C). On 

the other hand, the inhibition of the Complex II of the respiratory chain using TTFA reduced 

puncta formation by HG (D; quantification in E). All values correspond to individual images 

(C: CT: 66; H-LG: 49; HG: 55; HG-MtoT: 56 / D: CT: 62; TTFA: 45; HG: 75; HG+TTFA: 

56), with >15 images/experiment in a total of 3 independent experiments (> 1,600 cells for 

condition). Different letters denote significant differences between groups compared by the 

non-parametric Kruskal-Wallis test (p < 0.0001) followed by Dunn's multiple comparisons 

tests. All data are presented as Mean ± SEM; scale bars: 10 µm. 

 



Figure S3. The promotor regions of the two RT lamp2 paralogs present at least 7 putative 

Antioxidant Response Elements (AREs) and the pharmacological activation of Nfe2l2 

enhances both lamp2a’s mRNAs and CMA activity. (A) Heat map showing the relative score 

in color scale, and (B) localization, predicted sequence, and the numerical relative score of 

each one of the different putative AREs identified in the present study. (C) Incubation of cells 

with the pharmacological activator of Nfe2l2, DMF, upregulated the mRNA levels of the 

analyzed Nfe2l2-target genes, including the two RT lamp2a paralogs without altering the 

transcription of their two lamp2 splicing variant counterparts (lamp2b and lamp2c from either 

Chr 14 or Chr 31), as showed by their fold induction with respect to the CT condition. 

Unpaired Student’s T-test was used to compare differences between groups (* p < 0.05; ** p 

< 0.01; 
#
 p < 0.0001) in triplicates of three independent experiments. Besides, DMF 

incubation enhanced the formation of CMA puncta compared to the control (D; quantification 

in E). All values correspond to individual images (CT: 77; DMF: 58), with ≥19 

images/experiment in a total of 3 independent experiments (> 1,700 cells for condition). 

Differences with respect to the CT condition were assessed using the Mann Whitney test (
#
 p 

< 0.0001). (F) Neither siRNA-mediated knock-down of the three RT nfe2l2 paralogs nor the 

transfections with the siRNA negative control (siLUC) altered the mRNA levels of the two 

RT lamp2 splicing variants b and c (i.e., lamp2b and lamp2c from either Chr 14 or Chr 31) in 

response to HG exposure, as can be observed by the stable fold induction with respect to the 

CT condition. Differences were evaluated using Unpaired Student’s T-test in duplicates of 

four independent experiments, although p>0.05 in all cases. All data are presented as Mean ± 

SEM; scale bars: 10 µm. 

 

Figure S4. The two Lamp2A paralogs of RT show differences in the critical motifs for 

protein function, although both result in the induction of certain common proteins displaying 



KFERQ-like motifs. (A) Schematic drawing of the human LAMP2A structure and 

comparison with RT Lamp2A paralogs. Three positively charged amino acids (in blue) 

necessary for the binding of substrate proteins are present in both RT sequences. However, 

whereas two glycine (G) residues (in red) located within the transmembrane (TM) region are 

essential for the multimerization of LAMP2A in rodents, only one G is found in that region in 

RT Lamp2A’s. A GYXXF sequence at the C terminus (in green) is required for targeting 

LAMP2A to the lysosomal membrane. Although conserved in Chr 31 Lamp2A, the 

divergence of that motif in its Chr 14 counterpart, harboring an S (orange) instead of the G, 

certainly deserves special attention. (B) Protein sequence alignment of the red boxed region 

(considered critical for LAMP2A function), highlighting the divergence between both trout 

isoforms. (C) Schematic representation and mRNA sequences of the siRNAs targeting a non-

conserved region in the 3’UTR of each of the lamp2a transcripts encoded by the two RT 

lamp2 paralogs (located in Chrs 14 and 31, respectively). (D) si14 and si31 transfections were 

effective in downregulating specifically the mRNA levels of the corresponding 2a variants 

without altering the transcription of their two lamp2 splicing variant counterparts (lamp2b and 

lamp2c from Chr 14 and Chr 31, respectively), as shown by their fold induction with respect 

to the negative siLUC control (siLUC) condition. Differences with respect to siLUC were 

assessed using the Mann Whitney test (*** p < 0.001) in duplicates of three independent 

experiments. (E) Percentage of significantly upregulated proteins in si14, si31, or of the 

common proteins (si14&si31) compared with siLUC, containing the different possible 

combinations of KFERQ-like motifs indicated in the Y axis. (F) List of the 10 common 

proteins (si14&si31):siLUC and the KFERQ-like motifs identified in their sequences in the 

RT (Oncorhynchus mykiss), as well as in their homologous proteins in human (Homo sapiens) 

and mouse (Mus musculus), using the KFERQ finder app V0.8 [55] (capital letters) or 

previous literature [56,57] (non-capitalized letters). Red color indicates motifs conserved 



between the three species, green highlights the ones shared only between humans and mice, 

and blue denotes identical motifs in RT and humans, but not conserved in mice. 
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