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Introduction
Chronic kidney disease (CKD), de�ned as a persistent decrease in kidney function or abnormalities of  
kidney structure for at least 3 months, affects approximately 10% of  the population worldwide (1). CKD 
is one of  the leading causes of  death from noncommunicable diseases, and the number of  CKD-associated 
deaths has been increasing among the elderly in recent years (2, 3). Sodium�glucose cotransporter 2 

With the aging of society, the incidence of chronic kidney disease (CKD), a common cause of 
death, has been increasing. Transcription factor EB (TFEB), the master transcriptional regulator of 
the autophagy/lysosomal pathway, is regarded as a promising candidate for preventing various 
age-related diseases. However, whether TFEB in the proximal tubules plays a signi�cant role 
in elderly patients with CKD remains unknown. First, we found that nuclear TFEB localization 
in proximal tubular epithelial cells (PTECs) declined with age in both mice and humans. Next, 
we generated PTEC-speci�c Tfeb-de�cient mice and bred them for up to 24 months. We found 
that TFEB de�ciency in the proximal tubules caused metabolic disorders and occasionally led to 
apolipoprotein A4 (APOA4) amyloidosis. Supporting this result, we identi�ed markedly decreased 
nuclear TFEB localization in the proximal tubules of elderly patients with APOA4 amyloidosis. The 
metabolic disturbances were accompanied by mitochondrial dysfunction due to transcriptional 
changes involved in fatty acid oxidation and oxidative phosphorylation pathways, as well as 
decreased mitochondrial clearance. This decreased clearance was re�ected by the accumulation of 
mitochondria�lysosome-related organelles, which depended on lysosomal function. These results 
shed light on the presumptive mechanisms of APOA4 amyloidosis pathogenesis and provide a 
therapeutic strategy for CKD-related metabolic disorders and APOA4 amyloidosis.
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To explore the role of  TFEB in aging PTECs, we compared PTEC-speci�c Tfeb-de�cient Tfeb�/� KAP 
mice with Tfeb�/� mice for up to 24 months. An immuno�uorescence study demonstrated that TFEB was 
speci�cally deleted in the S3 segment of  the proximal tubules (Supplemental Figure 2). In the majority of  
Tfeb�/� KAP mice, periodic acid�Schiff  (PAS) staining indicated minimal morphological abnormalities, 
including tumorigenesis, in the proximal tubules of  both the aged groups (Supplemental Figure 3A). Addi-
tionally, Picrosirius red staining showed little enhancement of  interstitial �brosis (Supplemental Figure 
3B). Consistent with these staining results, kidney function assessed by blood tests exhibited no signi�cant 
differences between the 2 aged groups (Supplemental Figure 3C). Together, these results suggest that long-
term TFEB de�ciency in PTECs does not signi�cantly affect morphological features in the kidney.

TFEB downregulation in PTECs causes apolipoprotein A4 (APOA4) amyloidosis in aged mice. We identi�ed 
that distinctive extracellular, amorphous, and hypocellular material was prominently deposited in the 
glomeruli and in the interstitium in several aged Tfeb�/� KAP mice (Figure 2A). Of  these, 26.7% (4 of  15) 
showed extensive deposition as indicated by a score of  �3 (extensive)� for amyloid deposition. This suggest-
ed the presence of  amyloid �bril deposits (Figure 2B). Congo red staining, the gold standard for identifying 
amyloid �brils (42), revealed these deposits with characteristic red-orange staining and apple-green birefrin-
gence under polarized light (Figure 2B). In line with these results, albuminuria was detected in aged Tfeb�/� 
KAP mice (Supplemental Figure 3D). Additionally, electron microscopy demonstrated �brils with a mean 
diameter of  10 nm, consistent with amyloid �brils (Figure 2C) (42).

Next, we isolated glomeruli with amyloid deposits by performing laser-capture microdissection 
(LMD) from formalin-�xed paraf�n-embedded (FFPE) samples and identi�ed amyloidosis-related pro-
tein using liquid chromatography�tandem mass spectrometry�based (LC-MS/MS�based) proteomics 
(Figure 2D), hereinafter referred to as LMD�LC-MS/MS (43, 44). This LMD�LC-MS/MS analysis 
revealed the presence of  amyloid signature proteins, including apolipoprotein E, clusterin, and vitronec-
tin, indicating amyloid deposition and suggesting potential identi�cation of  causative amyloidogenic 
proteins from this sample. A representative list of  proteins known to cause or be associated with amyloi-
dosis is shown in Table 1. Among these known amyloidogenic proteins, APOA4 exhibited the highest 
spectral counts in this study, followed by APOA2 and serum amyloid A (SAA) protein. While age-re-
lated APOA2 amyloidosis has been reported in aged mice � and is characterized by amyloid deposits, 
especially in the intestines (45) � only minor amyloid deposits were observed in the intestines (Supple-
mental Figure 4A). Immunoglobulin heavy and light chains were also detected, but no amyloid deposits 
were identi�ed in the bone marrow (Supplemental Figure 4A) even though most patients with immu-
noglobulin-related amyloidosis exhibit bone marrow amyloid deposits (46). In addition to the kidney, 
amyloid deposits were also detected in the interstitium of  the heart and the vessel walls of  the liver (Sup-
plemental Figure 4A). The result of  LMD�LC-MS/MS analysis and these characteristics resemble those 
of  mice with APOA4 amyloidosis in the absence of  DREAM (Dp, Rb-like, E2F, and MuvB) assembly 
(47), indicating that APOA4 was the most likely cause of  amyloidosis. Indeed, staining for APOA4 was 
highly positive, corresponding to the distribution of  Congo red+ regions (Figure 2E and Supplemental 
Figure 4B). Furthermore, we investigated the relationship between APOA4 amyloidosis and nuclear 
TFEB localization in PTECs using human autopsy samples. Compared with control young patients, 
nuclear TFEB localization in PTECs was reduced in the elderly patient withAPOA4 amyloidosis with a 
genetic variant of  APOA4, which we previously reported (48) (Figure 2F and Supplemental Figure 4C). 
This result may indicate that decreased nuclear TFEB localization with age triggers APOA4 amyloidosis 
in a patient with a genetic variant of  APOA4.

We next investigated the reasons for the increase in APOA4. First, previous studies have suggested 
that APOA4 may be degraded in the lysosomes of  PTECs (49, 50), although the exact mechanism is not 
well understood. To investigate this further, we used HK-2 cells (human PTECs) treated with recombinant 
human APOA4 and assessed whether TFEB, a master regulator of  lysosomal function, regulates APOA4 
accumulation. We con�rmed that HK-2 cells showed an increase expression of  APOA4 in a dose-depen-
dent manner (Figure 2G). As expected, TFEB knockdown increased APOA4 accumulation (Figure 2H), 
indicating that APOA4 regulation depends on TFEB in PTECs. In agreement with this result, PTECs 
in aged Tfeb�/� KAP mice showed increased APOA4 deposition (Supplemental Figure 4D). Second, we 
assessed the extent of  APOA4 in the intestine and the liver because APOA4 is mainly synthesized by these 
organs (51). APOA4 was signi�cantly increased in the livers of  aged Tfeb�/� KAP mice (Figure 2I and Sup-
plemental Figure 4, E and F). Consistent with these �ndings, plasma APOA4 was also increased in aged 
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