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Despite the current diagnostic and therapeutic approaches to bladder cancer being widely accepted, 
there have been few significant advancements in this field over the past decades. This underscores 
the necessity for a paradigm shift in the approach to bladder cancer. The role of amyloids in cancer 
remains unclear despite their identification in several other pathologies. In this study, we present 
evidence of amyloids in bladder cancer, both in vitro and in vivo. In a murine model of bladder cancer, 
a positive correlation was observed between amyloids and tumor stage, indicating an association 
between amyloids and bladder cancer progression. Subsequently, the amyloid proteome of the RT4 
non-invasive and HT1197 invasive bladder cancer cell lines was identified and included oncogenes, 
tumor suppressors, and highly expressed cancer-related proteins. It is proposed that amyloids function 
as structures that sequester key proteins. Therefore, amyloids should be considered in the study and 
diagnosis of bladder cancer.

An amyloid is a three-dimensional structure that proteins can adopt in a different way from their native structure 
by folding into a very compact cross-beta motif1. The fundamental structure is a beta-strand segment comprising 
a few residues that can fold in a repetitive manner. Given that virtually all proteins contain regions capable of 
adopting this conformation, they are all potentially susceptible to amyloid formation2.

The biophysical principles that underpin amyloid folding give rise to structures that exhibit a high degree of 
molecular order, stability, tensile strength, protease resistance, and the capacity to replicate their conformation 
through self-assembly templates and seeding3.

The universality and structural properties of amyloids make them useful for functional roles4, particularly in 
processes where structural stability or long-term storage is required. Examples include the bacterial proteins that 
serve as scaffolds for biofilm formation, a survival strategy bacteria use for antibiotics and other environmental 
stress resistance5. Additionally, secretory granule amyloids serve as a long-term storage mechanism for 
hormones6, while prion-mediated memory mechanisms have been proposed in Drosophila and Aplysia7.

Amyloids have been linked to over 50 distinct human pathologies. These include a range of neuropathological 
disorders, such as Alzheimer’s, Parkinson’s, Huntington’s diseases and, amyotrophic lateral sclerosis, as well as 
metabolic disorders such as type 2 diabetes, and amyloidosis, a systemic condition characterized by the presence 
of proteinaceous deposits in various organs8.

In cancer, amyloid folding has been proposed to be responsible for the loss and gain of function of the 
p53 tumor suppressor9. Several p53 mutants are amyloidogenic in vitro and in vivo10. In vitro studies have 
demonstrated that wild-type p53 can form amyloids under specific conditions, including denaturation, 
acidification, pressure, and high temperature. The presence of p53 aggregates was reported in breast tumors11, 
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basal cell carcinoma12, oral and stomach cancer13, colon cancer and glioblastoma14. The loss of p53 function is 
attributed to the disruption of its native active folding structure. However, the molecular mechanism underlying 
the gain of function of p53 amyloids remains unresolved15.

Bladder cancer represents the 10th most prevalent form of cancer worldwide, exhibiting an elevated mortality 
rate relative to other cancers16. Approximately 75% of patients are initially diagnosed with non-muscle-invasive 
bladder cancer (NMIBC)17. After a five-year period, approximately 20% of patients diagnosed with NMIBC 
will progress to muscle-invasive bladder cancer (MIBC). Patients with MIBC have a lower survival rate than 
those with NMIBC18 largely due to the high frequency (approximately 50%) and rapid progression to metastatic 
cancer19, which is often incurable. Bladder cancer is highly influenced by environmental factors and life style20. 
The occurrence of mutations in specific genes, including FGFR, TERT, RAS, KDM6A, and TSC1, has been linked 
to the carcinogenesis of bladder cancer. Conversely, mutations in p53 and genes associated with DNA damage 
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repair have been associated with the progression of NMIBC to MIBC21. Considerable effort has gone into 
classifying bladder cancer samples to enhance comprehension and treatment of the disease22,23. Unfortunately, 
the current classification system still does not enable the prediction of either the progression or recurrence of 
cancer, nor the prediction of response/resistance to treatments. Despite diagnostic and therapeutic advances, the 
survival rate of MIBC has remained unchanged over the past 30 years24, suggesting that some molecular clues 
have not been considered yet. We hypothesize that amyloids are one of these clues.

In this work, the presence of amyloid in bladder cancer was determined. The characterization of amyloid 
structures in human bladder cancer cell lines was conducted. Besides, the amyloid proteome of non-invasive 
and invasive cell lines was determined, in which oncogenes, tumor suppressor proteins and highly expressed 
tumour-related proteins were found. Moreover, the amyloid proteome exhibited variability between these cell 
lines, which might be linked to the phenomenon of clonal evolution in which amyloids may play an epigenetic 
role. Additionally, a chemically induced bladder cancer murine model was developed. In this model, a positive 
correlation was identified between tumor stage and amyloid content in mice bladders, suggesting a potential 
association between amyloids and the progression of bladder cancer. Finally, our findings suggest a novel 
perspective in which gene expression data obtained by transcriptomics/proteomics in cancer should be re-
examined.

Results
Characterization of bladder cancer cell lines amyloids
A study was conducted to investigate the presence of amyloid in bladder cancer cell lines derived from tumor 
tissue at different stages. The cells used in the study were RT4 (grade 1 bladder papilloma cell line, non-invasive)25, 
EJ138 (grade 3 bladder carcinoma cell line, invasive)26, and HT1197 (grade 4 bladder transitional cell carcinoma 
cell line, invasive)27. The determination was made using Thioflavin T (ThT), a widely used fluorescent probe for 
identifying and analyzing amyloid fibrils in both in vivo and in vitro settings28. When bound to amyloid fibrils, 
ThT displays enhanced fluorescence and a distinctive shift in the absorption/emission spectrum, from 350/438 
nm to 450/482 nm29. Neither amorphous aggregates nor soluble proteins in folded, unfolded or partially folded 
states enhance ThT fluorescence28. Xue et al. demonstrated that for a given amyloid concentration, the plot of 
ThT fluorescence fold change (compared to ThT alone) versus ThT concentration shows a bell-shaped curve30. 
A spectrofluorimetric analysis was conducted on homogenates derived from the RT4, EJ138, and HT1197 cell 
lines, revealing a bell-shaped profile for all three cell lines (Fig. 1a). The maximum fluorescence peak for the 
three cell lines was observed in the range of 25 to 50 µM of ThT, with HT1197 exhibiting the highest amyloid 
signal. As previously reported by Xue et al.30, a linear correlation was observed between ThT fluorescence fold 
change and amyloid concentration over ThT concentrations ranging from 0.2 to 200 µM. This linear correlation 
was also apparent in protein homogenates derived from the cell lines (Fig. 1b). The analysis of homogenates of 
blood cells from healthy donors or primary urothelial cells did not demonstrate the increase in ThT fluorescence 
that is characteristic of the presence of amyloid (Fig. 1c).

Confocal analysis of ThT-stained cell lines (Fig. 1d) revealed the presence of amyloids fibrils in the cytoplasm 
and extracellular space of three cell lines, RT4, EJ138 and HT1197. In accordance with the spectrofluorimetry 
measurements, HT1197 is the cell line with the most pronounced amyloid signal, followed by RT4 and EJ138. 
In all lines, the intracellular/intercellular staining has a droplet-like punctate appearance, similar to the liquid-
liquid phase separation observed in amyloid-β31, Tau32 and α-synuclein33 aggregation during maturation to 
fibrillary amyloids. Furthermore, extracellular staining with a fibrillar appearance was observed in the three cell 
lines (see Fig. 1d for Z-projection and Supplementary Fig. 1a, b, c for individual Z-sections). Primary urothelial 
cells, as well as blood cells from healthy donors did not show staining with ThT (Fig. 1e, f), confirming the 
absence of amyloids in the latter reported by Lan et al.34. The presence of amyloid oligomers in the cytosol of 
the three tumor cell lines was confirmed by analysis with an anti-oligomer antibody, while no evidence of these 
structures was found in the primary urothelial cells (Fig. 1g and Supplementary Fig. 2a, b, c, d). Furthermore, 
the extracellular space was found to be completely devoid of amyloid oligomers. The almost negligible co-
localization between amyloid oligomers and amyloid fibrils may reflect the existence of conformational strains in 

Fig. 1.  Determination of amyloid presence in bladder cancer cell lines by spectrofluorimetry (a-c) and 
confocal microscopy (d-g). (a) ThT fluorescence fold change (mean ± SD) was plotted versus ThT concentration 
(µM) for serial dilutions (1.6 to 0.1 mg/mL) of protein homogenates from RT4, EJ138 and HT1197 cell lines. 
The scale of the x-axis is expressed as Log2. (b) ThT fluorescence fold change (mean ± SD) was plotted against 
protein concentration (mg/mL) for ThT serial dilutions (200 to 3.125 µM) for RT4, EJ138 and HT1197 cell 
lines. (c) Spectrofluorometric analysis of ThT (50 µM final concentration) fluorescence fold change of cell 
homogenates (at 1.6 mg/mL) of each indicated cell type was measured. Letters denote statistical differences 
between groups. (d) RT4, EJ138 and HT1197 cells were stained with ThT (green) to visualize amyloids. F-actin 
(red) was stained with fluorescent phalloidin to visualize the cell border. Images are representative areas of 
maximum intensity Z-projections of serial sections at 0.25 μm. Arrows: intracellular/intercellular droplet-
like ThT staining. Asterisk: fibril extracellular ThT staining. (e) Single focal plane of primary urothelial cells 
stained with ThT (green) and fluorescent phalloidin (red). (f) Single focal plane of blood cells from healthy 
donors stained with ThT (green), fluorescent phalloidin (red) and TO-PRO-3 iodide (white). g: granulocyte. 
e: erythrocyte. (g) Single focal plane of RT4, EJ138, HT1197 and primary urothelial cells stained with ThT 
(green), anti-oligomer antibody (red) and fluorescent phalloidin (white) to visualize the cell border. Images 
shown were taken at identical microscope settings. Bar: 10 μm.
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independent compartments within the cellular environment35,36. Therefore, amyloids are not present in normal 
urothelial cells and could be a molecular marker for bladder cancer.

Amyloids from the cell lines were analyzed by native electrophoresis (Fig.  2a, b). ThT staining of RT4, 
EJ138 and HT1197 protein homogenates (Fig. 2a) revealed the presence of a ThT-positive smear with a weak 
fluorescence signal and low mobility, which preceded bands with greater fluorescent intensity and higher 
electrophoretic mobility. These findings align with the notion that the cellular amyloid population contains 
amyloids of heterogeneous sizes. Notably, RT4 and EJ138 exhibited similar pattern of bands, while HT1197 
showed two additional bands (Fig. 2a). Blood from healthy donors and BSA did not show any ThT staining. 
Proteinase K digestion of homogenates revealed a unique band in each cell line with a different electrophoretic 
mobility from that observed prior to protease treatment. Gel filtration of the HT1197 cell line (Fig. 2c) revealed 
peaks in the ThT fluorescence channel and allowed the apparent size of the HT1197 amyloid bands to be 

Fig. 2.  Electrophoretic and size exclusion chromatographic analyses of cell line amyloids. (a) ThT staining 
of a 1.5% agarose gel native electrophoresis of protein homogenates treated with proteinase K (+ PK) or not 
treated (-PK). Protein homogenates from blood cells, RT4, EJ138, and HT1197 cell lines were included. The 
loaded sample in each well is indicated above each lane. Asterisks indicate the presence of positive ThT bands, 
which appear more evident in the signal on the weaker fluorescent background smear. (b) The same gel as in a, 
stained with Coomassie Blue. (c) Chromatogram obtained during gel filtration of HT1197 protein homogenate 
mixed with ThT, using Superdex matrix 200 (range: 3-600 kDa), recorded with in-line PDA (absorbance at 
280 nm, 10− 3 AU, blue line) and FD (Ex350 nm and Em472 nm, mV, black line). X-axis is elution volume (mL). 
Arrows indicate void volume (Vo) and total volume (Vt). Asterisks indicate ThT-positive peaks.
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estimated as > 670 kDa, 215 kDa, 74 kDa, and < 10 kDa. Gel filtration analysis of amyloid fibrils, either produced 
in vitro or purified from natural sources, showed patterns similar to those found in our experiments37.

Identification of amyloid proteome from bladder cancer cells
The first step in the identification of the amyloid proteins was their purification. Purified amyloids were 
obtained as described in Materials and Methods. Confocal microscopy analysis showed the characteristic ThT 
staining signal of amyloids (Fig. 3a), whereas blood samples subjected to the same purification protocol and 
stained with ThT showed no signal. Transmitted electron microscopy of negatively stained EJ138 and HT1197 
(Fig. 3a) purified pellet revealed the presence of amyloid fibrils, consistent with previous findings in amyloids 
purified from Alzheimer’s brains38. Blood from healthy donors led to the purification of particulate material 
without amyloid appearance. RT4 negatively stained pellet also showed fibrillary amyloids, but embedded in an 
amorphous aggregate (Fig. 3a) already described in vitro39. Blood from healthy donors led to the purification 
of particulate material without amyloid appearance. Purified amyloids were also stained with Congo red and 
observed under a polarized microscope, where the typical green apple birefringence of Congo red in the presence 
of amyloids could be observed (Fig. 3a). Conversely, despite the presence of certain particles collected from the 
ultracentrifugation of blood from healthy donors, which appeared red, no birefringence was observed (Fig. 3a). 
Collectively, the microscopic analysis of ultracentrifuged pellets of bladder cancer cell lines demonstrated that 
amyloids were successfully recovered from cancer cell lines. It is worth noting that part of the purified pellets 
from all three cell lines could not be resuspended at all, showing the aggregation in more insoluble forms due 
to the increase in amyloid concentration after centrifugation. To confirm the amyloid nature of the proteins 
obtained from the bladder cancer cell lines by ultracentrifugation, we performed far-UV circular dichroism 
(CD) analyses (Fig. 3b). In order to circumvent the potential interference of contaminants on the CD spectra, 
the homogenates were treated with proteinase K prior to ultracentrifugation. The samples from the EJ138 and 
HT1197 cell lines exhibited a spectrum in accordance with reported amyloid structures40–42. The data analysis 
for secondary structure estimation revealed that the samples contain no α-helix and a β-sheet content of 34.2% 
and 35.5%, respectively. These findings are consistent with those reported in the literature42,43. It is noteworthy 
that the signal for HT1197 was weak due to the effects of fibril sedimentation. The complete characterization 
of amyloids from the RT4 cell line via CD proved challenging due to the native heterogeneity and fibril 
sedimentation of the samples, which resulted in a greater reduction in the soluble protein concentration than 
was observed for the HT1197 samples. To gain further insight into the amyloid characterization, the samples 
were subjected to centrifugation, and complementary analyses were conducted using Dynamic Light Scattering 
(DLS) to determine the size of the supernatant proteins. The soluble amyloids from these cell lines exhibited 
variable hydrodynamic radii (RH), with values ranging from 20 to 100 nm (Fig. 3c). Size distributions of EJ138 
and HT1197 amyloids were polydisperse and multimodal, with larger sizes, whereas RT4 amyloids exhibited 
monodisperse behavior with smaller sizes. Additionally, the thermal stability of these samples was evaluated 
using nanoDSF as previously described44. As anticipated for amyloid proteins, no thermal transitions were 
observed during heating and cooling scans (Fig. 3d).

Two cell lines were selected for further analysis of the derived amyloids: the non-invasive RT4 and the 
invasive HT1197. Purified amyloids from RT4 and HT1197 were subjected to mass spectrometry (MS) following 
proteinase K treatment to minimize the likelihood of identifying contaminants that might co-purify with 
them45. Nearly 2000 proteins were identified in protease-resistant samples obtained after ultracentrifugation 
(Supplementary Table 1). KEGG pathway enrichment analysis revealed the presence of proteins associated with 
the proteasome and amyloid-related neurodegenerative diseases in the first groups represented (Supplementary 
Table 1). Nevertheless, the majority of ribosomal proteins were also identified, which suggest the potential 
presence of ribosomal contamination in amyloid purifications. Given that ribosomes can be recovered on sucrose 
gradients and may be partially resistant to proteases46,47, we sought to further avoid putative contaminants in the 
MS-derived list by taking advantage of the solubilization resistance of amyloids48–50. To this end, a differential 
proteomic analysis was performed between amyloids solubilized in formic acid and those treated with water. 
The resulting list contain 184 enriched proteins in formic acid for the RT4 cell line (Supplementary Table 2), 
for which the most represented protein was PGK1 (fold change = 66.8, p = 0.02). PGK1 is also a mutated gene in 
this cell line (Supplementary Table 2). In HT1197, MS analysis identified 59 proteins (Supplementary Table 2), 
for which the most represented protein was HDAC1 (fold change = 7.1, p = 0.0007). Mutant proteins in both cell 
lines were identified as constituents of amyloid. In addition to PGK1, as previously mentioned, the TRMT61A 
protein, whose gene carries a point mutation, was identified in the RT4-derived amyloids. Furthermore, in 
HT1197, two proteins whose genes carry point mutations (GNB2 and ARFGEF2) were also found in amyloids 
derived from the HT1197 cell line (Supplementary Table 2).

Since proteinase K is a nonspecific protease, we expected to recover those peptides that were protected by 
being hidden in the super-resistant amyloid structure. To verify this, we performed a prediction analysis of 
prone-aggregation regions for the first five proteins in each list and compared how many peptides identified in 
each case corresponded to these regions (Fig. 4a and Supplementary Information Data). Most peptides contain 
an amyloidogenic region, supporting that these lists contain the amyloid proteome of each cell line. We did not 
observe this behavior for those proteins found by MS that were not enriched in the formic acid versus water 
differential analysis (Supplementary Information Data). These examples include housekeeping proteins that 
probably survive proteolysis due to their high expression level, and for which virtually all peptides identifiable 
by MS were identified, regardless of their aggregation capacity.

A KEGG Mapper analysis revealed that amyloids contain proteins from molecular networks including 
cancer-related pathways, viral carcinogenesis, PI3K/Akt signaling pathway, Ras signaling pathway and cell cycle 
(Fig. 4b, c). We highlight, in RT4 amyloids, the presence of proteins related to amyloid-related neurodegenerative 
diseases (Fig. 4b).
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Fifteen proteins are shared between the amyloid proteomes of both cell lines (Fig. 4d, e and Supplementary 
Table 2). Analysis of the overlap between the RT4 and HT1197 amyloid protein datasets reveals the presence of 
cancer-related proteins (Fig. 4d, e), in particular the tumor suppressor/oncogene HDAC1 and the bladder cancer 
driver RhoA. Furthermore, the presence of these two proteins was confirmed by dot blot analysis of the isolated 
amyloid fractions. As illustrated in Fig. 4f, the anti-HDAC1 and anti-RhoA antibody signals were observed in 
both amyloid purifications after formic acid treatment, indicating that the epitopes are hidden in the amyloid 
structure. The blots in their original state are presented in Supplementary Fig. 3.

The proteins with the highest difference in solubility in formic acid were selected to confirm their presence 
in aggregates: PGK1 for RT4 and HDAC1 for HT1197. We also investigate the subcellular distribution of the 
bladder cancer driver RhoA, which is common to the identified amyloid proteins from both cell lines. As the 
amyloid structure can mask epitopes of the proteins, we included a strong formic acid treatment to unmask 
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them51 and compare the distribution of each protein before and after antigen retrieval. F-actin staining with 
fluorescent phalloidin was included to confirm the efficiency of the formic acid treatment. Because ThT binds 
to highly ordered amyloid structures, where antibody-recognized epitopes may be masked, we do not expect a 
high degree of co-localization between ThT and antibody signals. However, staining with ThT was included to 
corroborate the partial solubilization of amyloids with formic acid treatment (Fig. 5).

A punctate cytoplasmic and nuclear signal for the anti-PGK1 antibody was observed in both RT4 and 
HT1197 cell lines without formic acid treatment (Fig. 5a, red channel, Supplementary Fig. 4a). After antigen 
retrieval, the F-actin signal disappeared (Fig. 5a, white channel), demonstrating that soluble proteins are not 
resistant to formic acid. On the other hand, the ThT signal remained after unmasking treatment, although with 
a different appearance, demonstrating that 70% formic acid is enough to change the conformation of the RT4 
and HT1197 amyloids, partially dissolving them and thus unmasking hidden epitopes. Regarding the PGK1 
signal on RT4 cells, its punctate distribution changes after 70% formic acid to a stronger signal at the cell border 
(Fig. 5a, red channel), confirming the highly packaged state of most PGK1. This agreed with the identification of 
PGK1 by MS analysis in the RT4 amyloid proteome. Interestingly, we did not detect any PGK1 signal in HT1197 
cells treated with formic acid (Fig. 5a, red channel), confirming that this protein is not folded into an amyloid 
structure in this cell line.

HDAC1 is the protein with the highest fold change in HT1197 MS amyloid proteome (Supplementary Table 2), 
and showed an intracellular punctate signal in non-formic acid-treated cells (Fig. 5b, red channel, Supplementary 
Fig. 4b). On the other hand, RT4 showed an almost exclusively pan-nuclear punctate distribution of HDAC1 
before formic acid treatment (Fig. 5b, nuclei, red channel, Supplementary Fig. 4b). In both cell lines without 
formic acid treatment, a fibrillar signal of HDAC1 was also observed, coinciding with the extracellular fribrillary 
ThT signal distribution (Fig.  5b, arrows, red channel). Antigen retrieval revealed a stronger signal from the 
anti-HDAC1 antibody in the cytoplasm of HT1197 cells (Fig. 5b, asterisk, red channel), while the extracellular 
fibrillary signal remained visible (Fig. 5b, arrowhead, red channel), supporting the amyloid structure of HDAC1 
suggested by the MS data. In RT4 cells, the HDAC1 signal remains in an extracellular fibrillary distribution 
following formic acid treatment. As previously described, however, the HDAC1 signal is evident in the nuclei 
prior to the unmasking treatment. Although extracellular amyloids sequestered HDAC1 proteins, an important 
fraction of soluble HDAC1 is present in RT4 cells. This finding is consistent with the MS data, where the HDAC1 
fold change between formic acid-solubilized and non-solubilized samples in RT4 was close to the threshold (fold 
change = 2.8; Supplementary Table 2).

Immunocytochemical analysis for RhoA revealed the presence of a faint punctate intracellular signal in both 
cell lines that had not been treated with formic acid (Fig. 5c, red channel). Moreover, some fibrillar distribution 
was observed in HT1197 cells (Fig. 5c, arrows, green and red channels). The treatment of RT4 cells with formic 
acid resulted in an enhancement of the RhoA signal, which lends support to the proposition that it should be 
included on an amyloid. It is noteworthy that the distribution of RhoA after formic acid treatment exhibited a 
similar pattern to that observed for PGK1, with a cytoplasmic distribution at cell borders (Fig. 5a). In HT1197, 
there was no increase in RhoA signal intensity. The formic acid treatment resulted in the persistence of a 
punctate low signal within the cytoplasm, suggesting the possibility of integration of some RhoA molecules into 
an amyloid structure.

Analysis of amyloids in an in vivo model of bladder cancer
The presence of amyloid in bladder cancer was also investigated in a murine bladder cancer model generated by 
the administration of BBN for either 16 or 23 weeks (Supplementary Fig. 5a). After 16 weeks, all treated mice 
(n = 16) exhibited lesions. The histological analysis revealed that 37.50% of the mice exhibited dysplasia, 56.25% 
had carcinoma in situ (CIS), and 6.25% had invasive carcinoma (Supplementary Fig. 5b, c). At 23 weeks, 7.20% 
of mice still exhibited CIS (n = 1), 21.40% developed invasive carcinoma confined to the lamina propria (n = 3), 
and 71.40% developed invasive carcinoma of the muscularis propria (n = 10) (Supplementary Fig. 5b, c). Control 
non-BBN-treated mice exhibited normal bladders at both 16 and 23 weeks.

Fig. 3.  Analysis of cell line amyloids purified by ultracentrifugation. (a) Microscopic analysis of purified 
amyloids from RT4, EJ138 and HT1197, stained with ThT and visualized by fluorescence microscopy, Congo 
red and visualized by polarization microscopy or uranyl acetate and visualized by transmitted electron 
microscopy. The arrows in each image show examples of the green-yellow colour of the amyloids when they 
are stained with Congo red and observed under polarized light. Blood samples from healthy donors subjected 
to the same ultracentrifugation protocol were included as a negative control for each staining. Bars: 1 μm. 
(b) Far-UV CD analysis of amyloids derived from EJ138 and HT1197. The black line represents the data 
obtained, while the red trace corresponds to the best fit from the analysis performed with the BeStSel web 
server (https://bestsel.elte.hu/), which indicates that EJ138 and HT1197 have β-sheet contents of 34.2% and 
35.5%, respectively. The inset shows the residuals of the fit. (c) Dynamic Light Scattering (DLS) analysis of 
amyloids derived from RT4, EJ138 and HT1197 cell lines. The left panel illustrates the highly reproducible 
autocorrelation functions obtained in triplicate for each batch, while the right panel depicts representative 
intensity-weighted size distributions. The hydrodynamic radius (RH) is plotted on the x-axis, and the 
Z-average (Zave) and polydispersity index (PdI), calculated as the mean of three replicates, are indicated 
alongside each distribution. (d) Differential Scanning Fluorimetry (DSF) obtained with amyloids from RT4, 
EJ138 and HT1197 cell lines. The ratio of intrinsic fluorescence measured at 350 and 330 nm upon heating and 
cooling scans is displayed in the left and right panels, respectively.
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Spectrofluorimetric analysis of healthy (water-treated) mouse bladder homogenates using ThT revealed no 
significant differences in basal ThT fluorescence between 16 and 23 weeks (Fig. 6a, p = 0.9997). At 16 weeks, 
a slight trend (not statistically significant) towards increased ThT fluorescence was observed in BBN-treated 
mice compared to their control counterparts (Fig. 6a, p = 0.5563). After 23 weeks of BBN treatment, bladder 
homogenates exhibited elevated ThT fluorescence levels in comparison to control bladders (Fig. 6a, p = 0.0134). 
A strong positive correlation was observed between the ThT fluorescence of bladder homogenates and the stage 
of bladder cancer as determined by spectrofluorimetry (Fig.  6b, r = 0.722,  p < 0.0001). The quantification of 
ThT-stained mouse bladder slides observed at low magnification by confocal microscopy yielded comparable 
results, with statistically significant differences between BBN-treated and control mice at 23 weeks (p = 0.0333, 
Supplementary Fig. 6a, b, c). Additionally, a positive correlation was observed between ThT fluorescence and 
bladder cancer stage, as determined by confocal microscopy (r = 0.7672, p < 0.0001, Supplementary Fig. 6b). At 
low magnification (Fig. 6c-f), ThT is able to distinguish between normal and pathological bladders. In the case of 
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the normal bladder (Fig. 6c), the signal was absent. In contrast, in CIS (Fig. 6d), the signal was restricted to the 
urothelium. In more advanced stages (Fig. 6e, f), the signal was observed to invade the underlying tissues. In the 
mice with high ThT signal, ThT was distributed throughout the bladder tissue (Fig. 6f). At high magnification 
(63x, Fig. 6g-j), amyloid was observed in the cytoplasm of cells at all stages. Additionally, nuclear (Fig. 6i, j) and 
extracellular amyloid deposition (Fig. 6j) were observed in invasive carcinoma of the muscularis propria.

Discussion
Tumorigenesis is a multifactorial process involving both genetic alterations and environmental events 
that contributes to the development of cancer. Genetic alterations can affect the genome of cells, leading to 
transformation and the selection of those cells with growth advantages52,53. Driver mutations result in the 
activation of proto-oncogenes or the inactivation of tumor suppressors54 in the original tumor cells. The progeny 
of these cells are then selected through a combination of the acquisition of new mutations55 and the pressure 
exerted by the tumor environment56–58, which results in cancer progression. Thus, cancer can be conceptualized as 
an evolving population where its individuals undergo speciation and diversification59 through a learning process 
involving adaptive evolution. It has been proposed that this evolvability is based on epigenetic mechanisms, such 
as cellular stress and chromatin remodeling60. We suggest that amyloids represent an unexplored epigenetic 
mechanism that may also provide an explanation for evolvability.

Amyloids have been demonstrated in breast cancer11,61, basal cell carcinoma12 and gastric cancer13, where 
the authors showed co-localization of p53 with anti-amyloid antibodies signal. In a recent article, Farris et 
al. reported the secretion of amyloids by melanoma and pancreatic ductal adenocarcinoma cells42. Here, we 
demonstrated the presence of amyloid in three human bladder cancer cell lines. Additionally, an in vivo model 
of bladder cancer was generated using BBN, a compound found in tobacco smoke that induces lesions in murine 
bladders similar to those observed in human bladder cancer62,63. The protocol employed herein models all stages 
of bladder cancer, thereby approximating the complexity of a natural cancer. Furthermore, the in vivo model 
demonstrates the presence of amyloids, expanding the range of neoplasms in which amyloid has been reported.

Our results suggest that the amyloid proteome is complex, comprising dozens of proteins that are packaged in 
a protease-resistant form. The complexity of the amyloid proteome64 is a concept that has been discussed in the 
context of Alzheimer65–67 and Parkinson68 diseases, two neuropathological disorders classically recognized as 
being caused by amyloids. In addition to the protease-resistant fraction, bladder cancer amyloids are composed 
of a protein fraction that is not resistant to these enzymes, as demonstrated by native electrophoretic analysis. It 
remains to be seen whether this fraction consists of the flanking regions of the amyloid core-forming sequences69 
or of proteins sequestered within the amyloid70. A question that will be addressed in the future.

The formation of pathological amyloids is a consequence of the alteration of protein folding in regions that are 
prone to amyloidogenesis as a result of genetic mutations, overexpression, and/or aberrant proteolytic cleavage71. 
Genetic mutations that promote aggregation can occur in the core segment itself or in flanking regions of the 
fibril-forming peptide72. Among the proteins we identified in the amyloids of bladder cancer cell lines, mutant 
proteins were found. The question of whether these mutant proteins are responsible for the formation of the 
amyloid core will be addressed in future research.

PGK1 plays a crucial role in ATP generation during glycolysis. A point mutation (Q300K) has been identified 
in PGK1, and its overexpression has been observed in RT4 cells73. Studies of PGK1 deficiency syndrome, a rare 
X-linked metabolic disorder, have shown that this is a conformational disease based on the aggregation propensity 
of PGK1 mutants74,75. It is noteworthy that PGK1 has also been linked to amyloid-related neuropathies. PGK1 
was found in amyloid plaques in Alzheimer disease76. In Parkinson disease, PGK1 is upregulated77. In this 
disease, while the activity of the protein has been shown to be reduced by point mutations78–81, the effect of 
which on folding has not been described82. PGK1 variants with altered kinetics and thermodynamic stability 
have been reported in cancer83. PGK1 gene expression is negatively correlated with prognosis in most cancers, 
with overexpression correlating with poor patient survival84. Many oncogenic functions of PGK1 have been 
explained by demonstrating an increase in its function, but most have looked only at its expression level, 
and many controversial data have been collected on the relationship between PGK1 expression level and its 
oncogenic or tumor suppressor behavior85. Whether overexpression of PGK1 leads to its fibrillation into an 

Fig. 4.  Determination of amyloid proteome of RT4 and HT1197 cell lines. (a) Aggregation-prone analysis of 
the first MS-identified proteins for each cell line. Identifiers, name, and molecular weights of identified proteins 
are indicated, as well as the number of identified peptides and the sequence coverage of each protein. MS-
identified-peptides containing amyloid-prone regions are indicated in bold letters, also related to no amyloid-
prone identified peptides by percentages. (b,c) KEGG Mapper analysis of amyloid proteins in RT4 (b) and 
HT1197 (c). Pathways are depicted by decreasing number of genes in each one. (d) Venn diagram showing the 
overlap between amyloid-identified proteins of RT4 and HT1197 cell lines and tumor suppressor (TumSupp) 
and/or oncogenes (Onc). Numbers in parentheses indicate the total number of elements in each set. Protein 
identity for elements in selected overlaps is indicated. (e) Venn diagram showing the overlap between amyloid-
identified proteins of RT4 and HT1197 cell lines and bladder cancer driver genes (BCDriver). Numbers in 
parentheses indicate the total number of elements in each set. (f) Dot blot analysis with anti-HDAC1 and 
anti-RhoA antibodies on purified amyloids derived from RT4 and HT1197 cells. Prior to being spotted on 
the membrane, the purified amyloids were dissolved in either water or formic acid, as indicated. Blood was 
included as a control. The images of the blots were subjected to cropping in order to enhance clarity. The blots 
in their original state are presented in Supplementary Fig. 3.

◂
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Fig. 5.  PGK1 (a), HDAC1 (b) and RhoA (c) distribution in RT4 and HT1197 cells. Images are single focal 
planes at intracellular level of immunocytochemistry experiments showing the distribution of each protein 
antibody signal (red) on RT4 and HT1197 cells treated or not treated with 70% formic acid. ThT (green) and 
fluorescent phalloidin (white) were included as counterstain probes. Arrows: extracellular fibrillar signal; 
arrowhead: extracellular fibrillary signal in FA treated cells; asterisk: intracellular signal in FA treated cells. Bar: 
10 μm.
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amyloid and the consequent loss of its function is a fact that has escaped the scrutiny of cancer researchers and 
should be a focus of future attention.

The oncogene/tumor suppressor duality is a feature also shared by HDAC1 and RhoA86. HDAC1 is a 
component of the SIN3A, NuRD and CoREST transcriptional complexes, which are recruited to promoters 

Fig. 6.  Detection of amyloids in mouse bladder tumors. (a) Normalized ThT fluorescence intensity measured 
by spectrofluorimetry of bladder homogenates. Control (C) and BBN-treated mice at 16 or 23 weeks are 
compared. p-value between groups is indicated. (b) Correlation graph between normalized ThT fluorescence 
intensity and observed histological changes. ThT fluorescence intensity was measured by spectrofluorimetry of 
bladder homogenates from control (C) or BBN-treated mice at 16 or 23 weeks. LPIC: lamina propria invasive 
carcinoma; MPIC: muscularis propria invasive carcinoma. ANOVA linear correlation coefficient and p-value 
are shown. (c–f) Focal planes of bladder sections stained with ThT (green) and TO-PRO-3 iodide (red) at 10x 
magnification. Histopathological diagnosis is indicated. bl: bladder lumen; u: urothelium; lp: lamina propria; 
mp: muscularis propria. Bar: 100 μm. (g–j) Focal planes of bladder section stained with ThT (green) and TO-
PRO-3 iodide (red) at 63x magnification. Histopathological diagnosis is indicated. c: cytoplasm; n: nucleus; e: 
extracellular. Bar: 10 μm.
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by DNA binding proteins to induce gene-specific transcriptional silencing87. Although HDAC1 knockout/
inhibition experiments have generally shown a decrease in cell proliferation87, HDAC1 has also been reported to 
exert oncogenic functions depending on tumor type, microenvironment and stage88. In bladder cancer, HDAC1 
also shows patient-dependent mutations and expression levels87, and its silencing results in a cell line-dependent 
response, with some cell types dying and other unresponsive even at high initial HDAC1 expression levels89. 
None of the cell lines tested by the authors match those in this study, and we cannot know whether the lack 
of response they found is due to HDAC1 folding into an amyloid. RhoA is a small GTPase that plays a role 
in migration, adhesion, proliferation and gene expression90. The function of RhoA in cellular migration and 
adhesion is dynamic, changing from stress fibers to lamellae formation in a balance between RhoA activation, 
subcellular localization and interactions with downstream effectors91. Several RhoA mutations found in cancer 
lead to gain-of-function changes in an unidentified signaling pathway92, which could be an amyloidogenic-
dependent pathway. In addition, RhoA knockdown inhibits cancer cell migration and invasion93–95. According 
to the differences we found in the amyloid sequestering degree of RhoA between RT4 and HT1197, it will be 
interesting to study in the future if this could explain the high difference in the migratory capacity of both cell 
lines96.

The accumulation of mutations caused by the genomic instability inherent in tumorigenesis may lead to 
the selection of mutations in key genes for amyloid formation. Analysis of the common amyloid proteome 
between cell lines derived from different tumors may provide useful data in this regard. Comparing the amyloid 
proteome of the cell lines studied in this paper with that of the recently published paper by Farris et al.42, we 
found four proteins common to all cell lines. Interestingly, two of these are members of the 14-3-3 protein 
family. These small, highly conserved proteins are involved in cell survival, differentiation, migration, apoptosis 
and have recently been shown to form amyloid97. Despite some common proteins, the amyloid proteome is 
variable between cancer cell lines, which may be related to tumor clonal evolution, where amyloids represent an 
epigenetic form of evolvability98. Whether differential amyloid proteins between different tumor grades may be 
related to the acquisition of more aggressive phenotypes will be the subject of more detailed future research. For 
now, we find a positive correlation between tumor stage and amyloid content in an in vivo murine bladder cancer 
model, demonstrating that amyloids are associated with cancer progression. That amyloids have been linked to 
invasiveness, metastasis and even drug resistance10,99 opening up an interesting perspective for exploring new 
therapeutic avenues.

Finally, our findings open a new vision in which the presence of increased expression of an mRNA or protein 
in cancer may not necessarily be related to increased function. In this new paradigm, in which amyloids could 
act as traps that sequester proteins, gene expression data obtained by transcriptomics/proteomics and protein-
protein interaction data found by immunoprecipitation in cancer should be re-examined.

Materials and methods
Ethics declarations
Human procedures were performed in accordance with the Uruguayan legislation regarding the use of human 
samples (National Laws #18331 and #18335, Presidential Decrees #001-4573/2007, #274 − 010, #158 − 019 and 
#414–2009, and Ministry of Health Regulation #827) and were approved by the IIBCE Human Research Ethics 
Committee. Informed consent was obtained from all subjects.

Animal procedures were performed in accordance with the guidelines of the National Commission for 
Animal Experimentation (CNEA), the Uruguayan Law on the Care and Use of Laboratory Animals, and in 
accordance with ARRIVE guidelines. The specific protocol was approved by the Animal Use Ethics Committee 
CEUA-IIBCE (protocol number 001/10/2020).

Human cell lines and blood samples
RT4 (ECACC 91091914), EJ138 (ECACC 85061108) and HT1197 (ECACC 87032403) cell lines were obtained 
from the European Collection of Authenticated Cell Cultures (ECCAC). Human primary bladder epithelial cells 
were obtained from the American Type Culture Collection (ATCC). RT4 cells were maintained in McCoy′s 
5 A medium (M4892, Sigma-Aldrich) supplemented with 10% FBS (FBS-11A, Capricorn). EJ138 and HT1197 
cell lines were maintained in EMEM medium (M0643, Sigma-Aldrich) supplemented with 10% FBS. Primary 
bladder epithelial cells (healthy 33-year-old male) were maintained in bladder epithelial cell basal medium 
(PCS-420-032, ATCC) supplemented with 5 µg/mL apotransferrin, 1.0 µM adrenaline, 0.4% extract P, 100 ng/
mL hydrocortisone hemisuccinate, 6 mM L-glutamine, 5 µg/mL human recombinant insulin, 5 ng/mL human 
recombinant EGF, 0.5 ng/mL human recombinant TGF-α and 5 ng/mL human recombinant KGF (all included 
in the Bladder Epithelial Cell Growth Kit, PCS-420-042, ATCC).

Blood samples from healthy donors were obtained by peripheral venipuncture and collected in 1 mL blood 
collection tubes (Vacuette tubes, #454034, Greiner Bio-One). Blood samples were immediately processed for 
confocal microscopy or preparation of protein homogenates.

Murine bladder cancer model
Four-week-old male C57BL/6J mice (The Jackson Laboratory, USA) were obtained from the Transgenic and 
Experimental Animal Unit of the Instituto Pasteur Montevideo (IPMont, Montevideo, Uruguay). After one 
week of acclimatization, the mice were randomly divided into two groups: a control group and a group treated 
with N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) (Supplementary Fig.  3a). BBN (AG003T8T, Angene) 
was administered at 0.05% in the drinking water (ad libitum). After 16 or 23 weeks, mice were sacrificed by 
cervical dislocation. Bladders were harvested and divided into two halves. One half was immediately fixed in 4% 
formalin. The other half was kept in liquid nitrogen for further protein extraction.
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Histopathological assessment of bladder lesions
Fixed bladders were extensively washed with PBS 1X, pH7.4 and embedded in paraffin by serial passages 
through ethanol 96% (2 × 30 min each, at room temperature -RT), isopropyl alcohol (2 × 30 min each, at RT), 
chloroform (overnight, at RT), liquid HistoPlast wax (Biopack − 2 × 20 min each, at 56 °C). Bladders embedded 
in HistoPlast were sectioned at 3 μm using a Finesse E + Microtome (Thermo Scientific) and collected in charged 
slides. Hematoxylin-eosin staining of sections was performed after dewaxing with xylene (3 × 10 min each, RT) 
and hydration by serial passages through 100% ethanol (2 × 20 min each, at RT), 96% ethanol (20 min, at RT) and 
water (2 × 5 min each, at RT). Sections were incubated with Mayer’s hematoxylin for 10 min at RT, washed with 
tap and distilled water and then incubated with eosin for 5 min. Finally, the sections were dehydrated, mounted 
and visualized using an Olympus BX51 bright field microscope equipped with 4x and 10x objectives. Images 
were captured using an Olympus DP72 camera.

Thioflavin T stain and immunofluorescence confocal analysis
For cell lines, cells were plated on 12 mm diameter coverslips in 24-well plates at 1 × 105 cells/mL. Twenty-four 
hours later, cells were fixed with 4% paraformaldehyde in PBS 1X, pH 7.4 for 15 min at RT. Permeabilization 
was performed by incubation in 0.1% Triton X-100 in PBS for 15 min at RT. RNase A (E1008, ZymoResearch, 
10 mg/mL in H2O mQ) treatment was performed for 1 h at 37 °C. Epitope unmasking was performed at this 
time, if necessary, by immersing the coverslips in 70% formic acid for 40 s. For immunocytochemistry, cells were 
incubated in 1% BSA − 0.1% Triton X-100 in PBS (blocking buffer, BB) for 40 min at RT. Cells were exposed 
to specific antibodies diluted in BB overnight (ON) at 4 °C. Specific antibodies included rabbit polyclonal anti-
amyloid oligomers (ab126892, Abcam), rabbit monoclonal anti-PGK1 (ab199438, Abcam), rabbit polyclonal 
anti-histone deacetylase 1 (HDAC1, #2062, Cell Signaling), mouse monoclonal anti-RhoA (#26904, NewEast 
Biosciences). Anti-antibodies (Alexa Fluor 555 goat anti-mouse -A21424- or goat anti-rabbit -A21429, Thermo 
Fisher Scientific) diluted at 2 µg/mL in BB were incubated for 1 h, RT. Alexa Fluor 568 phalloidin (A22283, 
Thermo Fisher Scientific), Alexa Fluor 633 phalloidin (A22284, Thermo Fisher Scientific) or TO-PRO-3 iodide 
(T3605, Thermo Fisher Scientific) counterstains were included in some experiments. Thioflavin T (ThT, 5 mM in 
PBS, ab120751, Abcam) incubation was performed for 15 min at RT. Coverslips were mounted in ProLong Glass 
Antifade Mountant (P36984, ThermoFisher Scientific).

For bladder sections, slides were deparaffinized as described above. A 5-minute incubation in 10 mM borax 
(71997, Sigma-Aldrich), 1 mM EDTA (Sigma-Aldrich) pH 9, was performed to reduce tissue autofluorescence. 
RNase treatment was also performed as previously described. ThT staining was performed using 0.5% ThT in 
0.1 N HCl for 15 min at RT. For confocal imaging, slides were mounted in ProLong Glass Antifade Mountant.

Images were captured in a confocal LSM ZEISS 800 using an inverted Axio Observer 2 stand, four laser 
units (405, 488, 561 and 640 nm), and 10x (NA 0.3), 20x (NA 0.5), 63x (NA 1.4) and 100x (NA 1.4) objectives. 
Identical laser and PMT settings were used to acquire the images for comparison. Images were processed using 
ZEN Blue 2.3 and ImageJ software100.

Preparation of protein homogenates
For cell lines, 1.5 × 108 cells were lysed in 500 µL of 0.25% Igepal CA-630 (Sigma-Aldrich) in Tris-buffered 
saline (TBS). For blood cell lysis, the total cell fraction was obtained by centrifugation at 2000 xg for 10 min at 
RT. The cell pellet was lysed in 0.25% Igepal CA-630-TBS. For mice bladder, 40 mg of tissue were mechanically 
homogenized in 400 µL of 0.25% Igepal CA-630-TBS. Homogenates were clarified by centrifugation at 9000 
xg for 15 min at 4 °C and the supernatant was collected. Protein quantification was performed using Bradford 
reagent (114391, Sigma-Aldrich). RNA was digested by treatment with RNase A (0.1 mg/mL final concentration) 
at 37 °C for 20 min. Homogenates were used immediately or stored at -20 °C for a maximum of two weeks before 
use.

Spectrofluorimetry
Serial dilutions of protein homogenates from cell culture, blood or mice bladder were prepared in TBS starting 
at 3.2 mg/mL protein. ThT was freshly prepared on the day of the experiment by dissolving it in water at 100 
mM and then filtering it through a 0.2 μm syringe filter. Serial dilutions of ThT starting at 400 µM were prepared 
in TBS. 50 µL of ThT at each concentration was mixed with 50 µL of protein dilutions and transferred to a 
black Nunc™ 96-well plate (Nunclon #137103, Thermo Fisher Scientific). ThT fluorescence was measured at 
RT in a microplate spectrophotometer (Varioskan Flash Microplate Spectrophotometer, ThermoFisher, Vantaa, 
Finland) using excitation at 450 nm and an emission filter at 490 ± 5 nm.

Native electrophoresis
Native electrophoresis was performed on 1.5% agarose gels. Fifteen microliters per lane of each sample (cell 
culture and blood homogenates RNase treated) were run for 45 min at 60 V in native buffer (25 mM Tris-HCl, 
192 mM glycine, pH 8.3) until the dye front reached the edge of the gel. Homogenates digested with Proteinase 
K (100 µg/mL, supplemented with 1 mM CaCl2) for 20 min at 37 °C was also included. The gel was incubated in 
fixative solution (40% ethanol, 10% acetic acid) overnight, washed 3 × 15 min with acidic water (0.28 mM HCl) 
and stained with 0.1% ThT in acidic water. Excess ThT was removed by washing 3 × 15 min with acidic water. 
Fluorescence was recorded on a FujiFilm FLA-2000 Fluorescence Image Analyzer using the FITC channel. The 
gel was then stained with Coomassie R-250 0.01% in fixative, destained in fixative solution and scanned using a 
desktop scanner.
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Gel filtration analysis
Protein homogenates from HT1197 cell line were analyzed by gel filtration chromatography using a Prominence 
UFLC system (Shimadzu, Tokyo, Japan) with in-line photodiode array (PDA) and fluorescence (FD) detectors. 
Sample (150 µL) was injected into a Superdex 200 Increase 10/300 GL column (Cytiva, 28-9909-44; 10–600 kDa 
molecular mass range) equilibrated in 0.05 M phosphate buffer, 0.15 M NaCl, pH 7.0 at a flow rate of 0.5 mL/
min. Amyloids were detected by in-line PDA (absorbance at 280 nm) and FD (excitation at 350 nm and emission 
at 472 nm). A calibration curve was constructed by measuring elution times of the standard (1511901, Bio Rad): 
thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 
(1.35 kDa).

Amyloid purification
For amyloid purification, protein homogenates (RNase treated) were seeded on 30% sucrose cushion and 
centrifuged in an Optima XL-100 Beckman Coulter centrifuge using an SW60 rotor for 1 h at 4 °C at 50,000 rpm. 
The supernatant was discarded and the pellet was resuspended in H2O mQ. The resuspended pellet was used 
immediately for further analysis.

Confocal, polarized and transmission electron microscopy of purified amyloids
The purified amyloids were stained with 0.5% ThT (ab120751, Abcam) in 0.1  N HCl for 15  min at RT and 
observed with a LSM ZEISS 800 confocal microscope. Identical laser and PMT settings were used to acquire the 
images for comparison. As an alternative approach, purified amyloids were stained with 500 µM Congo Red in 
80% ethanol for one hour at room temperature. Following this, the samples were centrifuged at 17,000 xg for 
30 min and then resuspended and mounted in 50% glycerol. Images of Congo red birefringence were acquired 
using a polarized microscope. Ultracentrifugation pellet of blood from healthy donors was used as a negative 
control.

Electron microscopy negative staining of purified amyloids was performed at the Transmission Electron 
Microscopy Unit (Faculty of Science, UdelaR). Purified amyloid was centrifuged 5000 xg, 5  min at RT and 
the supernatant was collected. A drop of supernatant (10 µL) was applied to a Formvar/Carbon Supported 
Copper Grids 200 mesh (930245, Sigma-Aldrich). Samples were allowed to settle for 20 min at RT. Staining was 
performed immediately with 10 µL 2% uranyl acetate for 1 min and then air dried prior to observation. Samples 
were observed using a Joel JEM-1010 microscope.

Circular dichroism spectroscopy
Prior to Circular Dichroism (CD) spectroscopy, the amyloid pellet was resuspended in water. CD spectra were 
recorded using a Chirascan V100 spectrometer (Applied Photophysics) at 25 °C, with a wavelength range of 185 
to 260 nm. The data presented in each spectrum represents the mean of three scans, with the corresponding 
buffer spectrum subtracted to correct for any background interference. The resulting data were processed and the 
molar ellipticity (Δε M− 1cm− 1) was plotted as a function of wavelength, assuming a scale factor of 1. Structural 
parameters, including β-sheet content, were determined through data analysis performed with the BeStSel web 
server for secondary structure estimation (https://bestsel.elte.hu/).

Dynamic light scattering (DLS)
In order to conduct DLS experiments, samples of amyloid from the EJ138, HT1197 and RT4 cell lines were 
subjected to centrifugation at 13,000 rpm for a period of fifteen minutes. The soluble fraction was then measured 
in triplicate at 25 °C in a Zetasizer Nano S (Malvern Panalytical) utilising disposable plastic cuvettes. The data 
was subsequently analysed with Zetasizer software v. 8.02 (Malvern Panalytical).

Differential scanning fluorimetry
The amyloid samples from the EJ138, HT1197 and RT4 cell lines were subjected to the same pre-treatment 
protocol as that employed for the DLS experiments. The soluble fractions were subjected to consecutive heating 
and cooling scans in a Prometheus NT.48 nanoDSF device (NanoTemper Technologies) at a constant rate of 1 °C 
per minute, spanning a temperature range from 20 °C to 95 °C. Fluorescence signals at 330 nm and 350 nm were 
monitored to assess protein unfolding behavior.

Dot blot assay
One microlitre of amyloid, purified by ultracentrifugation as previously described, was pipetted into nitrocellulose 
membranes. The membranes were blocked with blocking buffer (1% BSA in TBS-T) for a period of two hours 
at RT. The specific rabbit polyclonal anti-histone deacetylase 1 (HDAC1, #2062, Cell Signaling) and mouse 
monoclonal anti-RhoA (#26904, NewEast Biosciences) were incubated in blocking buffer for two hours at RT. 
Horseradish peroxidase (HRP)-conjugated anti-rabbit (#AP187P, Millipore Sigma) and (HRP)-conjugated anti-
mouse (#12–349, Merck Sigma) antibodies were used, diluted in blocking buffer and incubated for one hour 
at RT. Signal development was performed using the Pierce™ ECL Western Blotting Substrate (ThermoFisher 
Scientific). The membranes were scanned in an iBright™ CL1500 Imaging System (ThermoFisher Scientific).

Mass spectrometry (MS) analysis
Protein homogenates (RNase treated) obtained from RT4 and HT1197 cells were digested with proteinase K 
(100  µg/mL, supplemented with 1 mM CaCl2) for 20  min at 37  °C, followed sedimentation of the resistant 
protein structures by the above-mentioned ultracentrifugation protocol. The pellets were resuspended in either 
H2O mQ (water, hereafter) or 100% formic acid, incubated for 1 h at 37  °C, and lyophilized. Dried samples 
were resuspended in sample buffer suitable for tricine SDS-PAGE101. Three independent biological replicates 
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were prepared. Samples were loaded onto 12% gels, allowing proteins to migrate 1 cm into the resolving gel. 
After Coomassie staining, gel slices were excised and sent to the proteomics facility CEQUIBIEM (QB-FCEN-
UBA/IQUIBICEN-CONICET, Buenos Aires, Argentina) for further processing and mass spectrometry (MS) 
analysis. Gel slices were destained with ammonium bicarbonate and acetonitrile (ACN), reduced with 20 mM 
dithiothreitol (DTT) for 45 min at 56  °C, alkylated with 50 mM iodoacetamide for 45 min in the dark, and 
trypsinized overnight at 37 °C. Peptides were then extracted by sonication in 50% ACN and 0.5% trifluoroacetic 
acid solution, further concentrated by speed-vacuum drying, resuspended in 0.1% formic acid and desalted on 
Zip-Tip C18.

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) in a Q-Exactive instrument 
(ThermoFisher Scientific) was used for peptide separation and analysis. The chromatographic separation was 
performed in a nano-HPLC EASY-nLC 1000 (ThermoFisher Scientific), with a C18 reverse-phase column 
(EASY-Spray Accucore, P/N ES902) operated with a flow rate of 200 nL/min at 35 °C. The mobile phase was 
a two-solution system of 0.1% formic acid in water (solution A) and 0.1% formic acid in ACN (solution B). 
Peptides (4 µL) were injected in 100% solution A and eluted for 120  min with increasing concentrations of 
solution B: first 5 min in 5% B, then a 100 min gradient of 35-95% B, followed by a 5 min gradient until 95% B, 
and finally 10 min of isocratic elution with 95% B.

The eluting peptides entering the Q-Exactive instrument were first ionized in an EASY-SPRAY electrospray 
(ThermoFisher Scientific) at 2.50 kV. Only positive ions were selected in the Orbitrap analyzer, which was operated 
in the Full-MS and MS/MS modes. The scanned mass range was 400–2000 m/z, with a Full-MS resolution of 
70,000 and a MS/MS resolution of 17,500, both at 400 m/z. The 12 most intense precursor ions in each cycle 
were sequentially isolated (data dependent mode), fragmented by higher energy collisional dissociation (HCD), 
and measured in the Orbitrap analyzer. Peptides with a charge of + 1 or with an unassigned charge state were 
excluded from fragmentation for MS/MS.

Analysis of MS data
Raw MS data were processed using the MaxQuant software (v. 1.6.12.0)102. Proteins and peptides were identified 
using a target-decoy approach with a false discovery rate (FDR) of 1% using the human proteome database with 
all known substitutions from RT4 and HT1197 cell lines103. The analysis was performed with almost all the default 
settings as follows: trypsin/P specificity for digestion with up to two missed cleavages; carbamidomethylation of 
cysteines as a fixed modification; N-acetylation of proteins and oxidation of methionine as variable modifications; 
and inclusion of the contaminant database. ‘Match between runs’ was enabled with a match time window of 0.7 
min and an alignment time window of 15 min. Relative label-free quantification (LFQ) was performed using the 
MaxLFQ algorithm with a minimum ratio count of one.

MaxQuant-processed data were further analyzed using the Perseus software (v. 1.6.15.0)104. Student’s t-test 
was performed for log2 transformed LFQ intensities to identify proteins with significant changes in abundance 
between the conditions compared. Those proteins with a fold-change > 2 were defined as differentially present 
between formic acid and water samples. The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE105 partner repository with the dataset identifier PXD053864 (​h​t​t​
p​:​​​/​​/​w​w​​w​.​e​b​​i​.​​a​c​.​​u​k​/​p​​r​​i​d​e​/​​a​r​c​h​​i​​v​e​/​p​r​o​​j​​e​c​t​s​​/​P​X​D​0​5​3​8​6​4).

The Database for Annotation, Visualization and Integrated Discovery (DAVID) was used for enrichment 
analysis106,107. Amylpred2 tool108 was running for aggregation-prone regions prediction, using the Aggrescan109 
and Hexapeptide Conformational Energy43 methods. To filter out hits corresponding to signal peptides, these 
were predicted using SignalP 6.0110. A KEGG Mapper search111 was used to associate identified proteins to 
molecular networks112–114. Analysis of dataset overlap between RT4 and HT1197 amyloid-identified proteins 
and tumor suppressors (https://bioinfo.uth.edu/TSGene/), oncogenes ​(​​​h​t​t​p​s​:​/​/​o​n​g​e​n​e​.​b​i​o​i​n​f​o​-​m​i​n​z​h​a​o​.​o​r​g​/​t​u​
t​o​r​i​a​l​.​h​t​m​l​​​​​) and bladder cancer drivers (https://www.intogen.org/search?cancer=BLCA) was performed using 
the Interactive web tool115.

Statistical analysis
All experiments were performed with a minimum of three biological replicates. D’Agostino & Pearson and 
Shapiro-Wilk tests were used to assess data normality and behavior. One-way analysis of variance (ANOVA) 
and Tukey’s multiple comparison test were also used to analyze the data.

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 
PRIDE96 partner repository with the dataset identifier PXD053864.
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