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Abstract: 28 

Type 2 diabetes mellitus (T2DM) is a major risk factor for hepatocellular carcinoma (HCC). 29 

Changes in extracellular matrix (ECM) mechanics contribute to cancer development1,2, and 30 

increased stiffness is known to promote HCC progression in cirrhotic conditions3,4. T2DM is 31 

characterized by an accumulation of advanced glycation end products (AGEs) in the ECM; 32 

however, how this affects HCC in non-cirrhotic conditions is unclear. Here, we find that in patients 33 

and animal models AGEs promote changes in collagen architecture and enhance ECM 34 

viscoelasticity, with greater viscous dissipation and faster stress relaxation, but not changes in 35 

stiffness. High AGEs and viscoelasticity combined with oncogenic -catenin signaling promote 36 

HCC induction, while inhibiting AGEs production, reconstituting the clearance receptor AGER1, 37 

or breaking AGE-mediated collagen crosslinks reduce viscoelasticity and HCC growth. Matrix 38 

analysis and computational modeling demonstrate that lower interconnectivity of AGEs-bundled 39 

collagen matrix, marked by shorter fiber length and greater heterogeneity, enhance viscoelasticity. 40 

Mechanistically, animal studies and 3D cell cultures show that enhanced viscoelasticity promotes 41 

HCC cell proliferation and invasion through integrin β1–Tensin 1–YAP mechanotransduction 42 

pathway. These results reveal for the first time that AGEs-mediated structural changes enhance 43 

ECM viscoelasticity, and that viscoelasticity can drive cancer progression in vivo, independent of 44 

stiffness.   45 

Main 46 

T2DM and obesity are important risks for HCC, and it is estimated that up to 30% of HCCs in 47 

nonalcoholic steatohepatitis (NASH) occur at a pre-cirrhotic stage when matrix stiffness is still 48 

low, and these patients often have poor glycemic control5,6. Interestingly, ECM changes can be 49 

driven by the accumulation of AGEs in this population. AGEs are produced by the non-enzymatic 50 

glycation of serum or tissue proteins during T2DM or can be ingested orally through the 51 

consumption of food prepared at high temperatures7. Over time AGEs accumulate in the matrix 52 

due to decreased clearance and metabolism8-10, and can biochemically modify collagen and ECM 53 

proteins11. While AGEs in NASH do not appear to increase stiffness greatly, they could impact 54 

ECM viscoelasticity. Tissues and ECMs are generally viscoelastic, exhibiting viscous energy 55 

dissipation in response to mechanical perturbations and a time-dependent mechanical response, 56 

such as stress relaxation in response to deformation12. Recent work has shown that changes in 57 



ECM viscoelasticity, independent of stiffness, have impacted cell behaviors, including 58 

proliferation and migration of breast cancer cells13-16. Here we investigated the role of AGE-59 

mediated changes in ECM mechanical properties on NASH and HCC progression.  60 

Accumulation of AGEs enhances liver viscoelasticity 61 

To evaluate the potential role of AGE-mediated changes in ECM properties in NASH, we studied 62 

the mechanical properties of liver samples from patients with NASH with or without T2DM 63 

(average nonalcoholic fatty liver disease activity [NAS] score 4, fibrosis stage 0-1) (Fig. 1a). Liver 64 

AGEs were significantly higher in patients with NASH/T2DM compared to those without T2DM  65 

(Fig. 1b). Using atomic force microscopy (AFM), we found that patients with T2DM had similar 66 

stiffness (Fig. 1c, d) but higher hysteresis area under loading-unloading cycles, corresponding to 67 

viscous energy dissipation or loss, and indicating higher viscoelasticity (Fig. 1e, f). Furthermore, 68 

using rheometry, we confirmed that livers of non-cirrhotic NASH/T2DM patients had similar 69 

storage moduli but a higher loss tangent and faster stress relaxation under a constant deformation 70 

(Fig. 1g-k).  71 

To investigate the potential link between AGEs accumulation and enhanced viscoelasticity, we 72 

studied a NASH mouse model on a high AGEs diet (HiAD)10. HiAD-fed mice exhibit steatosis, 73 

hepatocyte ballooning, insulin resistance, and higher liver AGEs compared to those on regular  74 

(chow) or fast-food diets (FFD) (Fig. 1l, m). Mice on HiAD had similar stiffness (Fig. 1n, q), but 75 

increased viscoelasticity (Fig. 1o, p and r-t), compared to those fed chow or FFD, as assessed by 76 

AFM or rheometry, respectively. Significantly, inhibiting AGEs production with Pyridoxamine 77 

(PM) or preventing the formation of AGEs-collagen crosslinks with alagebrium  (ALT) could 78 

reverse the changes in viscoelasticity (Fig. 1o, p and r-t). Together, these data indicate that AGEs-79 

mediated changes in the ECM cause enhanced liver viscoelasticity.  80 

AGEs-enhanced viscoelasticity generates a tumorigenic niche for HCC  81 

The above results prompted us to investigate the potential causal connections between ECM 82 

viscoelasticity and HCC progression. Previous studies on NASH-related HCC commonly used 83 

high-fat diet combined with the carcinogen diethylnitrosamine (DEN), genetically modified 84 

models, or long-term feeding e.g., CDAA diet17. However, DEN-induced HCCs depend on 85 

genotoxic signals and lack the typical pathogenesis in patients characterized by cell injury and 86 



inflammation preceding HCC18. To experimentally imitate the conditions with increasing ECM 87 

stress relaxation prior to HCC onset, we used a more pathophysiologically relevant model to 88 

modulate the metabolic/matrix milieu prior to tumor seeding. We hydrodynamically delivered 89 

human hMet with mutant-β-catenin19 or control vectors to chow, FFD or HiAD-fed mice. Earlier 90 

appearance and faster growth of transformed foci (GS and myc-tag positive) were observed in 91 

HiAD-fed mice compared to those on chow or FFD diet (Fig. 2a-c, and Extended Data 1a-c). 92 

Importantly, HCC growth was diminished and survival rate improved after AGEs inhibition with 93 

PM or breaking collagen/AGEs crosslinks with ALT (Fig. 2d-g, and Extended Data 1d-f).  94 

We next modulated AGEs receptor activity using two additional approaches. First, we addressed 95 

AGER1 (AGEs clearance receptor). As patients with T2DM/NASH and mice on HiAD have 96 

significantly downregulated AGER110, we sought to reverse this with an AAV8- mediated AGER1 97 

delivery prior to the hydrodynamic injection (HDI) (Fig. 2h). These mice had lower AGEs (Fig. 98 

2i) due to improved uptake, similar stiffness (Fig. 2j) but lower stress relaxation (Fig. 2 k, l, 99 

Extended Data 1h), and reduced growth of tumor foci, compared to mice injected with the control 100 

AAV8 construct (Fig. 2m, n, and Extended Data 1g).  101 

Second, we studied HCC in mice with RAGE (proinflammatory AGEs receptor) hepatocyte 102 

deletion (RAGEHepKO), and hydrodynamically injected human hMet with mutant-β-catenin 103 

(Extended Data Fig. 2a). These mice had reduced growth of tumor foci, compared to mice with 104 

fl/fl RAGE background on HiAD (Extended Fig. 2a-c), decreased liver AGEs (Extended Fig. 2d), 105 

similar stiffness (Extended Fig. 2e), and reduced stress relaxation (Extended Data Fig. 2f-h).  106 

Together, these studies with four animal models all converge on the conclusion that AGEs 107 

accumulation in the ECM creates a more viscoelastic and tumorigenic environment that promotes 108 

HCC progression.  109 

AGEs modulate collagen network architecture and connectivity leading to enhanced 110 

viscoelasticity 111 

The data presented so far suggest that AGEs accumulation in the liver is critical to enhanced ECM 112 

viscoelasticity and HCC progression, so we next sought to elucidate how AGEs accumulation 113 

modulates ECM viscoelasticity. Type-1 collagen networks are thought to be critical regulators of 114 

tissue mechanics20. AGEs can directly crosslink collagen and affect matrix mechanics by altering 115 



its helical structure21,22. Inhibiting AGEs production or disrupting AGEs/collagen crosslinks in the 116 

HiAD model decreased the amount of highly crosslinked insoluble collagen (Fig. 3a). Two-photon 117 

imaging and second harmonic generation microscopy techniques were employed to analyze the 118 

decellularized native ECM from chow or HiAD-fed mice to evaluate collagen architecture, 119 

specifically fiber length, spatial orientation, and interconnectivity. Compared to the well-organized 120 

collagen network in mice on chow diet, in HiAD-fed mice the network exhibited less connectivity 121 

with crosslinked collagen bundles that had shorter fibers and displaying greater heterogeneity (Fig. 122 

3b). Similar structures were seen in neutralized reconstituted collagen hydrogels exposed to AGEs 123 

(Fig. 3c). Next, rheological measurements were done to evaluate the viscoelastic properties of 124 

AGEs-crosslinked collagen hydrogels to study the relationship between low connectivity collagen 125 

networks and matrix characteristics. AGEs-crosslinked collagen hydrogels showed similar 126 

stiffness (Fig. 3d) but faster stress relaxation than non-crosslinked collagen (Fig. 3e). To confirm 127 

these results in a collagen-rich matrix with stiffness comparable to that of the liver, interpenetrating 128 

polymer network (IPN) 3D hydrogels made by AGEs-modified collagen and alginate were tested 129 

(Fig. 3f). Similar changes in collagen architecture and connectivity were found in collagen IPN 130 

gels (Fig. 3g). Breaking the AGEs-collagen crosslinks with ALT decreased the amount of insoluble 131 

collagen (Fig. 3h) and improved fiber length, fiber-fiber angle, and network connectivity (Fig. 3i, 132 

j). Furthermore, indentation test showed improved viscoelasticity after AGE-collagen crosslink 133 

breaking by ALT (Fig. 3k). IPN hydrogels mixed with AGEs-modified collagen also showed 134 

similar stiffness (Fig. 3l) but faster stress relaxation compared to non-modified collagen (Fig. 3m-135 

o) based on rheological measurements.  136 

To further study how matrix architecture impacts viscoelasticity, we simulated collagen matrices 137 

with a variation in two structural parameters to model the activity of AGEs: average collagen fiber 138 

bundle length and bundling angle, as a proxy for heterogeneity (Fig. 3p, q). The collagen matrices 139 

are connected by a combination of weak bonds, known to act within and between collagen fibers 140 

and underlie stress relaxation and viscoelasticity in type-1 collagen matrices, and covalent 141 

crosslinks due to AGEs activity (Extended Data Fig. 3 and Extended Data Fig. 4)23-25. Bundled 142 

networks are more heterogeneous, and exhibit faster stress relaxation than unbundled networks 143 

(Fig. 3r). Reducing fiber length (Fig. 3s and Extended Data Fig. 5) or reducing the bundle angle 144 

(Fig. 3t and Extended Data Fig. 6), increases the heterogeneity of the network and leads to faster 145 

stress relaxation. Together, these computational results show that the changes in architecture that 146 



are observed due to AGEs activity in vivo and in vitro, namely enhanced heterogeneity and shorter 147 

fiber length, are predicted to lead to faster stress relaxation and enhanced viscoelasticity.  148 

ECM viscoelasticity promotes YAP activation through tensin-1 (TNS1), mediated by 149 

integrin-β1-dependent mechanotransduction 150 

Next, we focused on the mechanotransductive pathways that could lead to tumor growth and 151 

invasion by faster stress relaxation. RNA sequencing and bioinformatics analyses were performed 152 

on mouse liver samples (chow, FFD, HiAD, HiAD plus PM, and RAGEHepKO), to identify potential 153 

mechanosensitive pathways. Kyoto Encyclopedia of Genes and Genomes  (KEGG) analyses were 154 

performed on differentially expressed genes between HiAD and FFD to categorize the enriched 155 

functional classification. In the Hippo signaling pathway group, YAP/TAZ regulated genes were 156 

enriched in HiAD-fed mice, and decreased after PM treatment and in RAGEhepKO  (Fig. 4a-c).  In 157 

the mouse models, we saw YAP activation and nuclear translocation in HiAD mice but 158 

significantly less after PM or in the RAGEhepKO  (Fig. 4d, e). To substantiate that HCC progression 159 

in faster stress-relaxing ECM was driven by YAP/TAZ, we co-injected dominant-negative (dn) 160 

TEAD2 plasmid with mutant β-catenin during HDI (Fig. 4f). We found that the number of GS/myc 161 

double positive foci significantly decreased after (dn) TEAD2 co-injection compared to those 162 

injected with the control plasmid (Fig. 4g, h). 163 

Given these results, our next question was how faster stress relaxing ECM conveys proliferative 164 

and/or invasive signals to promote HCC progression. First, to directly test the effects of matrix 165 

viscoelasticity, we constructed IPNs of alginate and reconstituted basement membrane (rBM) 166 

matrix hydrogels for 3D culture studies (rBM-IPNs). HCC cells (Huh7) were encapsulated in rBM-167 

IPN hydrogels16,26 with the same stiffness (Young's modulus 2kPa to mimic the human liver) but 168 

different levels of viscoelasticity (Fig. 5a). After 24 hours in culture, cells exhibited YAP 169 

activation (Fig. 5b, e), enrichment in cortactin with invadopodia formation and shape changes (Fig. 170 

5c, f), as well as proliferation (Fig. 5d, g) in high viscoelasticity gels. As β1-integrin–matrix 171 

interactions modulating mechanotransduction were reported in breast cancer cells in high 172 

viscoelasticity gels16,26, we used integrin β1-specific blocking antibodies, and this reduced YAP 173 

activation (Fig. 5h), cell circularity (Fig. 5i and Extended Data Fig. 7a), and proliferation (Fig. 5j). 174 



Pharmacological inhibition of the downstream signaling elements, ROCK-GTPase and myosin 2 175 

resulted in similar findings (Fig. 5k-m and Extended Data Fig. 7b). 176 

Interestingly, based on our RNAseq data, we found that Tensin 1 (TNS1) was significantly induced 177 

in an AGEs and viscoelasticity-dependent manner (Fig. 4c and Fig. 5n). TNS1 was described as 178 

part of a molecular clutch that mediates the mechanical linkage between ECM-bound integrins and 179 

the acto-myosin cytoskeleton and linked to traction force generation27-31. To study the role of TNS1 180 

in mechano-signaling, first, proximity ligation assays (PLA) were performed on Huh7 cells in high 181 

and low viscoelasticity hydrogels to capture the potential interaction of TNS1 with integrin β1. 182 

High viscoelasticity conditions promoted their interaction  (Fig. 5o, p). TNS1 knockdown (KD) in 183 

Huh7 cells by Crisp/cas9 reduced activation of YAP and proliferation in fast relaxing hydrogels 184 

(Fig. 5q, r). These data suggest that TNS1 is part of a molecular clutch that mediates the mechanical 185 

linkage between ECM-bound integrins and the actomyosin cytoskeleton responding to high 186 

viscoelasticity (Fig. 5s).  187 

Discussion 188 

In this study we show that AGEs in the liver ECM create a faster stress-relaxing viscoelastic niche 189 

leading to the activation of mechano-signaling pathways promoting HCC progression. While 190 

matrix stiffness in advanced fibrosis/cirrhosis and its effects on cancer progression have 191 

extensively been studied, our data are the first demonstrating how changes in viscoelasticity of the 192 

microenvironment, independent of stiffness, impact HCC growth. This is clinically very relevant 193 

as increasing viscoelasticity could be a new risk factor foretelling more invasive features of HCC 194 

in NASH/T2DM. Current guidelines exclude pre-cirrhotic patients from HCC screening 195 

paradigms, therefore new viscoelasticity-based imaging approaches will need to be developed to 196 

identify the population at risk.  T2DM is a major risk factor for not only liver cancer progression 197 

but also in breast32, colon33, and pancreatic cancer34-36 and this may point to the crucial role of a 198 

more viscoelastic matrix in diabetic patients.   199 

Collagen crosslinking mediated by AGEs has been thought to contribute to increasing stiffness 200 

similarly to e.g. LOXl2 or TTG, modifying the helical structure of collagen37-39. However, our 201 

studies unraveled that in certain contexts, increased collagen crosslinking leads to weakly bound 202 

collagen fibers with lower interconnectivity and shorter fibers, together promoting a viscoelastic 203 

niche. This in turn, facilitates cellular shape changes, cytoskeletal reorganization, and invadopodia 204 



formation12,13,15,16.  This could be relevant to not only the liver peritumoral matrix, but other 205 

cancers where changes in viscoelasticity are observed, but not yet implicated functionally for 206 

progression 40,41.   207 

We also identified the major role of TNS1-integrin 1-YAP mechano-transduction pathway 208 

responding to increasing viscoelasticity. While the role of YAP activation in various cancers is 209 

known, as is its role in responding to viscoelasticity in vitro14,15,26,42,43, the in vivo role of YAP 210 

activation as an inducer of cancer progression in response to changes in ECM viscoelasticity was 211 

previously unknown. Further, another element of interest relates to the role of TNS1 as a key 212 

mechanosensory in this integrin-YAP signaling pathway. TNS1 regulating and sustaining the 213 

activity of the molecular clutch could be essential for invadopodia formation and migratory activity 214 

of cells27,28, and these can be further explored in future studies.  Interestingly, TNS1 has clinically 215 

been linked to worse HCC outcomes in patients with non-viral and non-alcoholic HCC  (Extended 216 

Data Fig. 7c).  This raises the possibility that TNS1 can have a key role not only in early invasion 217 

but at later stages, with metastatic activity of tumor cells.  218 

In conclusion, we uncovered the central role of increasing viscoelasticity in the liver tumor niche.  219 

Viscoelasticity-activated mechano-cellular pathways promise to be a novel diagnostic and/or 220 

therapeutic area in NASH/T2DM-related HCC and beyond.   221 



 222 

Fig. 1: Viscoelasticity is increased in livers of patients with NASH/T2DM and mice on a high 223 

AGEs diet. 224 

a. Schematic representation of AGEs increase in NASH/T2DM. The illustration was created using 225 

BioRender.com. 226 

b. AGEs are increased in livers of NASH/T2DM patients compared to healthy or NASH livers 227 

(n=4-6, mean±SEM, *P < 0.05, **P < 0.01, ANOVA).  228 

c. Schematic of the Atomic Force Microscopy (AFM). Indent-retract was used to get force-distance 229 

curves. Indent-constant height was used to get stress relaxation curves.  230 



d. Atomic Force Microscopy (AFM) experiments were performed on snap-frozen human liver 231 

samples from healthy subjects and those with NASH or NASH with T2DM, respectively. Liver 232 

stiffness is represented as Young’s modulus. (n=4-6, mean±SEM, ns not significant, ANOVA, 233 

Tukey’s post hoc). The average stiffness of a human cirrhotic liver was indicated by a dashed line. 234 

e, f. Representative force-distance curves show larger hysteresis areas (arrow, the area between 235 

approach and retraction force curves) in patients with T2DM (e). Trapz function in MATLAB was 236 

used to measure the hysteresis area in (e), 50 force-distance curves were measured in each sample, 237 

each group (f). (n=4-6, mean±SEM,  *P < 0.05, ****P < 0.0001, ANOVA). 238 

g. Schematics depicting the rheometry tests performed on human fresh liver tissues. 239 

h, i. Rheometry was performed with 100~300 Pa of initial force. Dynamic time sweep test (2% 240 

constant strain, oscillation frequency 1 radian/s, measurements for 600s) was done first to collect 241 

the storage modulus (stiffness) and loss tangent. There were no significant differences between 242 

healthy samples and those from NASH w/o T2DM. Dynamic time sweep test showed a significant 243 

change of loss tangent (i) but not storage modulus (stiffness) (h) in livers from NASH patients 244 

with T2DM (n=4-6, mean±SEM, *P < 0.05, **P < 0.01, ns not significant, ANOVA). 245 

j, k. Stress relaxation test was performed for 110s with an initial 10% strain, and quantification of 246 

timescales at which the stress is relaxed to half its original value (τ1/2). The representative stress 247 

relaxation curves demonstrated that samples from NASH/T2DM patients had faster stress 248 

relaxation (j). Stress was normalized to the initial stress (k). (n=4-6, mean±SEM, *P < 0.05, **P 249 

< 0.01, ns not significant, ANOVA). 250 

l, Mice were placed on Chow, fast food diet (FFD) or high AGEs diet (HiAD) for 14 weeks. On 251 

HiAD diet, a group of mice either received a daily vehicle (Tris-HCl), or AGEs inhibitor 252 

(Pyridoxamine, PM, 60 mg/kg), or AGEs crosslinking inhibitor (Alagebrium, ALT, 1mg/kg). 253 

m, Liver AGEs increased in mice on HiAD and decreased following PM or ALT treatment. (n=5-254 

9, mean±SEM, *P < 0.05, ***P < 0.001, ****P < 0.0001, ANOVA). 255 

n-p, AFM was performed on the liver samples. Liver stiffness was not significantly different 256 

between the groups (n). Force-distance curves in livers from HiAD-fed mice exhibit larger 257 

hysteresis areas (arrow) than those on chow or FFD. The hysteresis was reduced in PM or in ALT-258 



treated mice (o). Trapz function in MATLAB was used to measure the hysteresis area in (o), (p). 259 

(n=5-9, mean±SEM, *P < 0.05, ****P < 0.0001, ns not significant, ANOVA). 260 

q-t, Rheometry data show that stiffness in HiAD-fed mice was comparable to chow, FFD-fed mice 261 

or those treated with PM or ALT (q). HiAD however, induced a higher loss tangent (r) and faster 262 

stress relaxation, which improved by PM or ALT-711 treatment (s, t). (N=5-8, mean ± SEM; 263 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns not significant, ANOVA, post-hoc Tukey test). 264 



 265 

Fig. 2: Mice on HiAD develop more tumor foci following hydrodynamic injection, and exhibit 266 

AGEs-dependent higher viscoelasticity. 267 

a. Schematics of the NASH-related hepatocellular carcinoma (HCC) models. Mice were fed for 7 268 

weeks either chow, FFD or HiAD. Hydrodynamic injection (HDI) was performed using vectors 269 

expressing human MET gene (pT3-EF5a-hMet-V5), and sleeping beauty (SB) transposase 270 

combined with a vector expressing either wild-type human β-catenin (pT3-EF5a-β-catenin-myc, 271 

control group) or mutant pT3-EF5a-S45Y-β-catenin -myc, mutant group). Four weeks after HDI, 272 

mice were sacrificed for analysis. 273 



b. Immunohistochemistry, co-localization of glutamate synthetase (GS) and myc-tag positive foci 274 

(more than 20 cells are considered forming a focus (circles). Scattered cells denote transduced 275 

cells (arrows). GS at baseline marks pericentral cells. Scale bar, 300 μm.  276 

c. Quantification of GS and myc positive foci. (N=5, mean ± SEM; ***p<0.001, ns not significant, 277 

ANOVA, post-hoc Tukey test)  278 

d. Schematics of the NASH-related HCC model combined with AGEs lowering interventions. 279 

Mice were fed for 7 weeks either chow, FFD or HiAD. On the HiAD diet, groups of mice either 280 

received daily vehicle, or PM (started at the time of the diet), or ALT (started after 5 weeks of 281 

diet). HDI was performed using hMet and mutant β-catenin, with the SB transposase.  282 

e. GS/myc immunohistochemistry in mice on chow, FFD and HiAD following HDI and PM/ALT, 283 

vs. vehicle treatment.   284 

f. Survival rates of mice after HDI. The worst survival at 7 weeks post-HDI was for HiAD-fed 285 

mice (+vehicle); this improved in PM-or ALT-treated mice. 286 

g. Quantification of tumor foci 7 weeks post-HDI.  PM and ALT treatment lowered the number of 287 

GS/myc tag positive foci  Scale bar, 300 μm. (N=6-8, mean ± SEM; ****P < 0.0001, ANOVA, 288 

post-hoc Tukey test). 289 

h. Schematic presentation of the NASH-related HCC model combined with AAV8-mediated 290 

AGER1 induction prior to HDI. Mice were fed HiAD and AGER1 was reconstituted by injecting 291 

AAV8-TBG-AGER1 2w prior to the HDI.  As control AAV8-TBG-GFP was used. HDI was 292 

performed using hMet/SB transposase with wild-type (control) or mutant β-catenin. 293 

i. Liver AGEs in mice were reduced by AGER1 delivery. (n=5, mean±SEM, ***P < 0.001, 294 

ANOVA). 295 

j-l. Rheometry data showing no significant difference in stiffness (j) but improved viscoelasticity 296 

(k and l) in AGER1 reconstituted mice. (N=5, mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ns 297 

not significant, ANOVA, post-hoc Tukey test).  298 

m, n. Quantification of foci (m) and GS/myc by immunohistochemistry (n). Scale bar, 300 μm. 299 

(N=5, mean ± SEM; ****P < 0.0001, ns not significant, ANOVA, post-hoc Tukey test). 300 



 301 

302 
Fig. 3 AGEs modulate collagen architecture and network connectivity leading to enhanced 303 

viscoelasticity in mouse livers and 3D hydrogels.  304 

a. Quantification of insoluble collagen on different diets. Collagen insolubility improved after PM 305 

or ALT in mic on HiAD. (N=5-10, mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ****P < 0.0001, 306 

ANOVA, post-hoc Tukey test). 307 

b. Collagen fibers in decellularized liver ECM from chow and HiAD-fed mice were analyzed by 308 

second harmonic generation (SHG) microscopy. Red arrows indicate altered collagen architecture 309 

with bundle formation. Scale bar, 100 µm. 310 

c. Collagen fibers in collagen hydrogels were analyzed by SHG. Collagen was pre- incubated with 311 

BSA or AGEs at 4 ℃ for 4 weeks. AGEs promoted bundling of fibers, scale bar, 100 µm.  312 



d, e. Collagen hydrogels from (c) were loaded on the rheometer for stiffness (d, storage modulus) 313 

and viscoelasticity testing expressed as Ƭ1/2 (e). (n=4-5, mean ± SEM, ***p<0.001, ****P < 314 

0.0001, ns not significant,  one-way ANOVA, post-hoc Tukey test). 315 

f. Schematics of the collagen/interpenetrating polymer network (IPN) hydrogel based on a physical 316 

network of collagen and calcium alginate (Alg-Ca2+). IPN gels were generated by collagen w/wo 317 

AGEs modified and Alg-Ca2+ (same concentration between gels).   318 

g. Confocal reflectance microscopy shows altered collagen fibers following addition of AGEs . 319 

Collagen was incubated with AGEs+/- ALT cross-link inhibitor, then mixed with high molecular 320 

weight alginate to generate interpenetrating polymer network (IPN) hydrogels. scale bar, 100 µm. 321 

h. Quantification of insoluble collagen in the IPN hydrogels, following AGEs+/- ALT-711 322 

treatment.  323 

i, j. Quantification of collagen fiber length (i) (CT-Fire software) and angle (j) (image J) in IPN 324 

gels. 10 pictures were measured in each sample, in each group (n=5, mean ± SEM; ****P < 0.0001, 325 

ANOVA, post-hoc Tukey test). 326 

k. Representative stress relaxation curves from IPN gels were tested by Instron 5848, 10 N load. 327 

l-o. IPN gels were loaded on the rheometer for stiffness (l, storage modulus) and viscoelasticity 328 

testing (m-o). Viscoelasticity is represented by loss tangent (m) and stress relaxation (n, o). (N=5, 329 

mean ± SEM, ***p<0.001, ****P < 0.0001, ns not significant,  one-way ANOVA, post-hoc Tukey 330 

test). 331 

p. Simulation modeling. A matrix structure consisting of individual fibrils without any bundler 332 

(left) or connecting the ends of fibrils with a specific angle (θ = 10°) (right). In both matrix 333 

structures, the length of all fibrils is 3 μm.  334 

q. After a matrix is assembled in a rectangular computational domain (20×20×5 μm), the matrix 335 

is rapidly deformed by shear strain linearly increasing up to 20%. Gray, yellow, and red indicate 336 

fibrils, cross-linkers, and bundlers, respectively.  337 

r. Stress relaxation is measured using the two matrices shown in p.  338 

s, t. Stress relaxation is measured using matrices with different bundle length (LB) (a) or different 339 

bundling angle (θ)(t).  340 



 341 

Fig. 4 YAP is involved in HCC growth driven by high viscoelasticity. 342 

a-c. Analyses of bulk RNA-seq data from mice fed chow, FFD, and HiAD diets. Mice on HiAD 343 

were treated with PM injection and a group of mice with RAGE hepatocyte depletion (RAGEHepKO) 344 

was studied. KEGG analysis (a) and heatmap (b, c) from RNAseq data show enrichment in several 345 

YAP/TAZ target genes in HiAD-fed mice, compared to the other groups. 2-3 samples from each 346 

groups were analyzed. No HD injection was done in these experiments. Genes with Log2 fold 347 

change (Log2FC) and p-value less than 0.05 were considered differentially expressed.  348 



d, e. Representative images (d) and quantification(e) of active nuclear YAP signal in mouse livers. 349 

(n= 5 mice/group, 4 random ×20 fields/sample; data are presented as the percentage of active 350 

YAP/area/×20 field, NC: vehicle treated mice; ****P < 0.0001, ANOVA, post-hoc Tukey test).  351 

f. Schematic presentation of the NASH-related HCC model combined with YAP inhibition. Mice 352 

were fed for 7 weeks chow or HiAD. HDI was performed using pT3-EF5a-hMet-V5 and pT3-353 

EF5a-S45Yb-catenin-myc, with the sleeping beauty (SB) transposase at a ratio of 25:1. These mice 354 

were also co-injected with dominant-negative (dn) TEAD2, or control (empty vector). 7 weeks 355 

after HDI, mice were sacrificed and the livers analyzed. 356 

g, h. H&E staining and GS/myc immunohistochemistry depict colocalization (g) and 357 

quantification (h) of GS/myc by immunohistochemistry showing an increase in double positive 358 

foci in control vector injected mice.  Less foci were seen in those with dn TEAD2. Scale bar, 300 359 

μm. (N=5, mean ± SEM; ****P < 0.0001, ns not significant, ANOVA, post-hoc Tukey test) 360 



 361 

Fig. 5 Integrin β1 -Tensin 1-YAP axis mediates viscoelasticity-specific mechano-cellular 362 

pathways for HCC cell invasion  363 

a. Schematics of the tunable viscoelasticity IPNs of alginate (blue) and reconstituted basement 364 

membrane (rBM) matrix (green) hydrogels. Lowering the molecular weight (MW) of alginate 365 

polymers (blue) crosslinked by calcium (red) decreases connectivity (orange arrows) of the 366 

network to increase the viscoelasticity. 367 

b-g. After 1 day in 3D culture in low or high viscoelasticity hydrogels, YAP activity was analyzed 368 

using active YAP immunofluorescence (b), quantification (e). Invadopodia formation 369 

(immunofluorescence for cortactin) (c) and circularity analysis (image J) (f). Cell proliferation was 370 



evaluated by Ki67 staining (d) and mRNA expression (g). Scale bar is 50 μm. (N=3, mean ± SEM; 371 

****P < 0.0001, ANOVA, post-hoc Tukey test) 372 

h-j. Huh7 cells encapsulated in low or high viscoelasticity IPN hydrogels were incubated with 373 

control IgG or integrin β1 blocking antibody. YAP activity was analyzed by testing YAP-regulated 374 

target gene CTGF mRNA expression (h). Invadopodia formation was analyzed by 375 

immunofluorescence for cortactin and cell circularity analysis (image J) (i). Cells proliferation was 376 

evaluated by Ki67 mRNA expression (j). (N=3, mean ± SEM; ****P < 0.0001, ANOVA, post-377 

hoc Tukey test) 378 

k-m. Huh7 cells encapsulated in low or high viscoelasticity IPN hydrogels were incubated with 379 

ROCK or Myosin II inhibitors. YAP activity was analyzed by testing YAP-regulated target gene 380 

CTGF mRNA expression (k). Circularity was analyzed (l), and cells proliferation was evaluated 381 

by Ki67 mRNA expression (m). (N=3, mean ± SEM; ****P < 0.0001, ANOVA, post-hoc Tukey 382 

test). 383 

n. Tensin 1 (TNS1) mRNA expression in Huh7 cells cultured in variable viscoelasticity 3D 384 

hydrogels, analyzed by RT-qPCR. TNS-1 mRNA is induced in high viscoelasticity 385 

conditions.( N=3, mean ± SEM; ****P < 0.0001, post-hoc Tukey test) 386 

o, p. Proximity ligation assay (PLA) analyses depict the direct binding between TNS1 and integrin 387 

β1 in high viscoelasticity 3D hydrogels. TNS1 knock-down or integrin β1 blocking reduced the 388 

interaction. PLA positive dots were quantified from 30 cells in 3 gels, each group.( mean ± SEM; 389 

***p<0.001, ****P < 0.0001, ANOVA, post-hoc Tukey test) 390 

q. Western blot of active YAP in Huh7 cells cultured in high viscoelasticity hydrogels.  391 

Crips/Cas9-mediated TNS1 knock-down decreased active YAP expression. 392 

r. Huh7 cell proliferation was evaluated by Ki67 mRNA expression in low or high viscoelasticity 393 

3D hydrogels with or without TNS1 knock-down, proliferation was reduced after TNS1 KD.  394 

s. Schematic presentation of TNS1 that serves as a key component of the ECM mechano-sensor 395 

complex by binding to integrin β1 in high viscoelasticity ECM conditions. The illustration was 396 

created using BioRender.com. 397 



 398 

Extended Data Fig. 1 Mice on HiAD develop earlier and more numerous tumor foci following 399 

hydrodynamic injection, and exhibit AGEs-dependent higher viscoelasticity (related to main 400 

Figure 2) 401 

a-c. Additional data of the early time point (4w post HDI) NASH/HCC model. Livers from Chow, 402 

FFD and HiAD-fed mice after HDI. Arrowheads, small lesions. Scale bar, 1cm(a). Quantification 403 

of visible liver tumors after 4 weeks of HDI (b). Hematoxylin and eosin (H&E) staining of the 404 

liver tissue, corresponding to GS/myc in the main figure. Scale bar, 300 μm (c). (n=5, mean ± 405 

SEM; *p<0.05, ANOVA) 406 



d-f. Additional data of 7 weeks post-HD injection of the NASH/HCC model. Representative 407 

images (d) and quantification (e) of livers with visible liver tumors from mice after HDI. 408 

Arrowheads, tumors. Scale bar, 1cm. Hematoxylin and eosin (H&E) staining of liver tissue, 409 

corresponding to GS/myc in the main figure. Scale bar, 300 μm (f). (N=6-8, mean ± SEM; ****P 410 

< 0.0001, ANOVA, post-hoc Tukey test). 411 

g, h. Additional data of NASH-related HCC model combined with AAV8-mediated AGER1 412 

induction. H&E staining (g) of the liver tissue, corresponding to GS/myc in the main figure. Scale 413 

bar, 300 μm. Representative stress relaxation (h) curves with or without AGER1 induction.  414 



 415 

Extended Data Fig. 2 RAGE depletion in hepatocytes reverses fast stress relaxation in HiAD, 416 

and appearance of transformed foci. 417 

a. Schematic presentation of the NASH-related HCC model combined with hepatocyte-specific 418 

RAGE deletion (RAGEHepKO). HDI was performed using hMet/SB transposase with wild-type  419 

(control) or mutant β-catenin.  b. H&E staining and GS/myc immunohistochemistry were 420 

performed, circles represent foci, arrows indicate transduced cells. Scale bar, 300 μm.  c. 421 

Quantification of foci (N=5, mean ± SEM; ****P < 0.0001, ns not significant, ANOVA, post-hoc 422 

Tukey test).  d. Liver AGEs were lower in RAGEHepKO in mice. (n=5, mean±SEM, **P < 0.01, 423 

ANOVA).  e-g. Liver stiffness (d) and viscoelasticity (e-g) were measured by rheometry. There 424 

was no significant difference in stiffness, but improved viscoelasticity in RAGEHepKO mice. (N=5, 425 

mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, ns not significant, ANOVA, post-hoc Tukey test). 426 



 427 

Extended Data Fig. 3: Agent-based computational model for a fibrillar matrix.  428 

a-c. Fibrils (gray, “f”), cross-linkers (yellow, “xl”), and bundlers (red, “bu”) are simplified by 429 

cylindrical segments in the model. Various bending (κb) and extensional (κs) stiffnesses maintain 430 

angles and lengths near their equilibrium values, respectively. Stiffnesses, equilibrium lengths, and 431 

equilibrium angles are listed in Table 4.  432 

d-g.  Different types of fibrils matrices. Without bundlers, a matrix is comprised of individual 433 

fibrils cross-linked to each other, resulting in small mesh size (d). With bundlers which bind only 434 

to the ends of fibrils, a matrix consists of short bundles. Depending on the angle between fibrils 435 

connected by bundlers, the shape of short bundles varies (e, f). With bundlers binding to the mid 436 

of fibrils, a matrix consists of longer bundles (g).  437 



 438 

Extended Data Fig. 4: Snapshots of matrices employed for rheological measurements.  439 

a. Matrix structures without bundlers.  440 

b. Matrix structures with different bundle length.  441 

c. Matrix structures with different bundling angles, θ. In all snapshots, white and red indicate fibrils 442 

and bundlers, respectively, and the length of fibrils is (top row) 3 μm or (bottom row) 5 μm. 443 



 444 
Extended Data Fig. 5: Stress relaxation in matrices with different bundle lengths, LB.  445 

a, b. Bundle length distribution and stress relaxation without normalization in the cases shown in 446 

Fig. 3s.  447 

c-e.  Bundle length distribution and stress relaxation with fibril length equal to 5 μm. Faster stress 448 

relaxation is observed in matrices consisting of smaller bundles. 449 



 450 
Extended Data Fig. 6: Stress relaxation in matrices generated with different bundling angles, 451 
θ.  452 

a. Stress relaxation without normalization in the two representative cases shown in Fig. 3r.  453 

b. Stress relaxation without normalization in the cases shown in Fig. 3t. In a and b, the length of 454 

fibrils is 3 μm.  455 

c, d.  Stress relaxation in cases with fibrils whose length is 5 μm.  456 



 457 

Extended Data Fig. 7: Additional data for Huh7 cell 3D culture hydrogel with variable 458 

viscoelasticity (related to main Figure 5) 459 

a. Huh7 cells encapsulated in low or high viscoelasticity IPN hydrogels were incubated with 460 

control IgG or integrin β1-blocking antibody. Invadopodia formation was analyzed by 461 

immunofluorescence for cortactin (a). Scale bar is 50 μm.  462 



b. Huh7 cells  encapsulated in low or high viscoelasticity IPN hydrogels were incubated with 463 

ROCK or myosin II inhibitors. Invadopodia formation was analyzed by immunofluorescence for 464 

cortactin (b). Scale bar is 50 μm.  465 

c. Kaplan-Meier (https://kmplot.com/analysis/) survival curve depicts that high expression of 466 

TNS1 correlated with worse survival in patients with HCC (non-viral and non-alcoholic etiology).  467 



Materials and Methods 468 

Human Liver Tissues 469 

All human samples were de-identified and exempted (Exemption 4). Human liver samples were 470 

obtained from Stanford Diabetes Research Center (SDRC), Donor Network West (DNW) and 471 

Stanford Tissue Bank. Histology was evaluated for necroinflammation, hepatocellular ballooning, 472 

ductular reaction, and fibrosis by a hepato-pathologist in a blinded fashion, and NAS scores were 473 

provided. Detailed information about the donors, including sex, age, diagnosis, and NAS score, 474 

are summarized in Table 1. 475 

Animal Studies  476 

All animal experiments were conducted according to the experimental procedures approved by the 477 

Institutional Animal Care and Use Committee at Stanford University and Palo Alto VA. Mice were 478 

housed in standard cages with 12:12 hour light/dark cycles and ad libitum access to water and food 479 

unless otherwise indicated. Mice were placed on control chow, or fast-food diet (FFD) (17.4% 480 

protein, 20% fat, and 49.9% carbohydrate, AIN-76A) supplemented with high fructose corn syrup 481 

in the drinking water at a final concentration of 42 g/L for up to 14 weeks, or high AGEs diet 482 

(prepared by cooking FFD at 120 ͦ C for 20 minutes) as previously described 44 supplemented with 483 

high fructose water. Wildtype C57BL/6J (WT) 8- to 10-week-old male mice were purchased from 484 

the Jackson Laboratory. Ragefl/fl mice on a C57B6 background were gifted by Dr. B. Arnold from 485 

German Cancer Research Center, Heidelberg, Germany. RageHepKO mice were generated by 486 

crossing Ragefl/fl mice with Albumin-cre mice (the Jackson Laboratory) for several generations. To 487 

generate hepatocyte transgenic AGER1 mice, WT mice were injected with adeno-associated virus 488 

8 (AAV8)-control green fluorescent protein (AAV8-control) or AAV8-thyroxine-binding 489 

globulin-AGER1 recombinase (AAV8-AGER1) (5x10e11 genome copies, Vector BioLabs) at 490 

week 6th of feeding (the rationale of the specific targeting in hepatocyte has been previously 491 

reported) 45.  To study the inhibition of AGEs formation or AGEs-protein crosslinking, WT mice 492 

fed with high AGEs diet were injected intraperitoneally daily with pyridoxamine hydrochloride 493 

(PM) (Sigma Aldrich) (60 mg/kg) 46, or alagebrium (ALT-711) (Sigma Aldrich, 1mg/kg)47,48, or 494 

vehicle (Tris-HCl) from the 6th week of feeding. At the time of sacrifice, pictures of livers were 495 

taken, and the number and the size of tumors on the surface were recorded.  496 



Hydrodynamic Tail Vein Injection and Plasmid Preparation 497 

Oncogenic plasmids were delivered to the mouse liver by hydrodynamic tail vein injection as 498 

previously described49. In short, pT3-EF1α-h-hMet, pT3-EF1αh-wt-β-catenin-myc-tag, pT3-499 

EF1α-h-s45y-mutant-β-catenin-myc-tag, and pCMV/ sleeping beauty transposase (SB) were 500 

constructed by Satdarshan P.S. Monga’s lab. Plasmids used for in vivo experiments were purified 501 

using the Invitrogen Endotoxin-free Maxi prep kit (Sigma-Aldrich). A combination of 20 µg of 502 

pT3-EF5-hMet and 20 µg of pT3-EF5α-wt-b-catenin-myc or pT3-EF5α-S45Y-b-catenin-myc, 503 

along with 1.6 µg of SB (25:1) were diluted in 1 ml of endotoxin-free saline (AdipoGen), filtered 504 

through 0.22 mm filter (Millipore), and injected into the tail vein of mice in 5 to 7 seconds at the 505 

beginning of the 8th week of chow, FFD or HiAD feeding. To inhibit YAP activity, mice were 506 

injected with dominant negative (dn) TEAD2 (pT3-EF1α-h-dnTEAD2, 60µg)50 or negative 507 

control vector (empty pT3-EF1α, 60 µg), (constructed by Satdarshan P.S. Monga’s lab) by 508 

hydrodynamic tail vein injection at the beginning of the 8th week of chow or HiAD feeding with 509 

hMet, s45y-mutant-β-catenin, and SB. 510 

 511 

Histology, Immunohistochemistry, and Early Foci Quantification  512 

Paraffin-embedded tissue samples were cut into 5 µm sections, deparaffinized, and rehydrated. 513 

For antigen retrieval, slides were boiled in citrate buffer (0.01 M, pH 6.0) using a microwave oven 514 

on high power for 5 min and cooled down to room temperature. After incubation in 3% aqueous 515 

H2O2 to quench the endogenous peroxidase, sections were washed in PBST (PBS with 0.1% 516 

Tween 20, v/v) washing buffer, blocked with 5% goat serum (EMD Millipore) diluted in PBST at 517 

RT for 1 h, and incubated with primary antibody (Table 2) diluted in 2% goat serum in PBST at 518 

4°C overnight.  519 

For immunohistochemistry, slides were incubated with appropriate biotinylated secondary 520 

antibodies (Table 2) for 1 h, then processed according to the ABC Peroxidase Standard Staining 521 

Kit (Thermo) for 30 min. The slides were stained with 3, 3’ Diaminobenzidine (Abcam) for 5 522 

seconds (sec) to 5 min and counterstained with hematoxylin (Thermo) for 45 sec. Images were 523 

scanned with Leica Aperio AT2 at Stanford Human Pathology /Histology Service Center. Serial 524 

sections were incubated with GS and myc tag primary antibodies, and a cluster of cells (at least 20 525 

cells) positive both for GS- and myc tag- positive were counted as early foci. 526 



Measurement of AGEs content 527 

The amount of AGEs was measured by OxiSelect™ Advanced Glycation End Product 528 

Competitive ELISA Kit (Cell Biolabs) in the serum and the liver homogenate, per the 529 

manufacturer’s instructions. Briefly, 10 mg liver samples were homogenized in PBS. After 530 

measuring protein concentration, 300 µg protein were added to a 96-well ELISA plate and 531 

incubated for one hour at room temperature. Following incubation with the secondary HRP 532 

conjugated anti-AGEs, the reaction was halted with a stop solution, and the plates were read at 450 533 

nm.  534 

 535 

RNA Extraction, Reverse Transcription, and Real-time Quantitative Polymerase Chain 536 

Reaction (RT-qPCR) 537 

According to the manufacturer's recommendations, total RNA was extracted from snap-frozen 538 

liver tissue and cells using an RNeasy mini kit (Qiagen). Complementary cDNA was created from 539 

an identical amount of RNA using the iScriptTM cDNA synthesis kit (Bio-Rad). The PowerUp 540 

SYBR Green PCR Master Mix (Applied Biosystems) was used for RT-qPCR on the 7900HT 541 

machine (Applied Biosystems), and the data were evaluated using the 2-Ct technique. As an 542 

endogenous control, acidic ribosomal phosphoprotein (Arbp) was used to standardize the data. The 543 

primer sequences used in this study are listed in Table 3. 544 

 545 

Atomic Force Microscopy 546 

Measurements on frozen liver tissues were performed on livers embedded in OCT compound 547 

(Sakura), snap frozen via direct immersion into liquid nitrogen, and cut into 100 μm sections on a 548 

Leica CM1900-13 cryostat. Samples were kept in a protease inhibitor cocktail during the AFM 549 

analysis (Roche Diagnostic). A Bruker BioAFM Resolve was used to take measurements (Bruker). 550 

For the indentation, Novascan Tech modified silicon nitride cantilevers (k = 0.01 N/m) with a 10 551 

μm diameter borosilicate glass spherical tip were employed. 552 

For each session, cantilevers were calibrated using the thermal oscillation method. AFM force 553 

maps were performed on 100 μm×100 μm fields. Each experimental group included at least 3 554 



different mice, with 2 sections from each mouse, and 3 different areas generated per section. Data 555 

analyses were done using the Hertz model in NanoScope Analysis V1.9. 556 

Rheometry for human and mouse livers 557 

Measurements were optimized to assess storage modulus, loss modulus, loss tangent, and stress 558 

relaxation together based on the method previously described51. Briefly, liver samples were 559 

prepared using an 8 mm diameter punch (Integra Miltex). The height of the slices ranged from 3 560 

to 5 mm in the uncompressed state. Samples were kept hydrated during all experiments with 561 

DMEM. Parallel plate shear rheometry was carried out on an ARES-G2 rheometer (TA 562 

instruments) at room temperature using TA TRIOS software (TA instruments). For all 563 

measurements, the upper plate was initially lowered to touch the sample, and 0.01N of nominal 564 

initial force (~300 Pa) was applied to ensure adhesive contact of the sample with the plates. 565 

Measurements were taken first with a dynamic time sweep test (2% constant strain, oscillation 566 

frequency 1radian/s, measurements taken for 600s), then stress relaxation (10% initial strain, 567 

measurements taken for 600s). 568 

 569 

Measurement of total and insoluble collagen 570 

Hydroxyproline assay for total liver collagen was performed as previously described52. Briefly, 571 

liver samples were homogenized and denatured in 6 N HCl. Hydrolyzed samples were then dried 572 

and washed three times with deionized water, followed by incubation in 50 mM chloramine T 573 

oxidation buffer for 20 min at room temperature. The samples were incubated with 3.15 M 574 

perchloric acid (Sigma-Aldrich) for 5 min, then with p-dimethylaminobenzaldehyde (Sigma-575 

Aldrich). The absorbance of each sample was measured. 576 

For insoluble collagen, the liver or collagen gel was first homogenized in 0.5M Acetic Acid with 577 

a 1:4 ratio (ex 800 ul for 200 mg liver) to make 20% liver homogenate. Next, 500ul of 20% liver 578 

homogenate was added onto 1ml of 0.5M Acetic Acid and tubes rotated at 4℃ overnight. Samples 579 

were centrifuged at 20000g for 30min to collect the pellet, resuspended in pepsin  (2 mg/ml in 580 

0.5M Acetic Acid) and incubated at 4℃ overnight. Next day the samples were centrifuged and the 581 

pellets collected. These were then studied by the Hydroxyproline Assay, described previously. 582 

 583 



Preparation of AGEs-BSA 584 

AGEs-BSA were prepared as previously described 53,54. Briefly, glycolaldehyde (Sigma-Aldrich) 585 

was dissolved in 10 mg/ml BSA/PBS to a final concentration of 33 mM. The solutions were 586 

incubated at 37°C for 72 h, followed by dialysis against PBS. The dialyzed solutions were 587 

sterilized with 2 µM filters, and aliquots were stored at -80°C. 588 

 589 

Preparation of AGEs-modified collagen and gels 590 

Collagen type I (Corning) was incubated with 2.5mg/ml in AGEs-BSA 0.1% acetic acid (Merck) 591 

to obtain 3 mg/mL collagen solution days at 4 °C for 4 weeks. BSA was mixed with collagen as 592 

the control. Alagebrium chloride (ALT, 20 mg/ml) was added as the AGEs crosslinking inhibitor. 593 

Collagen gels were polymerized by mixing 3 mg/mL AGEs modified or non-modified collagen 594 

solution with 10×PBS and neutralized with 1× NaOH (Merck) and incubated at 37 °C for 90 min 595 

leading to the formation of gels. For most gels, 1.6 mg/ml collagen was used.  596 

Alginate preparation 597 

According to the manufacturer, low-molecular-weight, ultra-pure sodium alginate (Provona UP 598 

VLVG, NovaMatrix), with a molecular weight (MW) of <75 kDa was used for fast-relaxing 599 

substrates. For slow-relaxing substrates, sodium alginate with a high MW and a concentration of 600 

guluronic acid blocks was utilized (FMC Biopolymer, Protanal LF 20/40, High-MW, 280 kDa). 601 

Alginate was treated with activated charcoal, dialyzed against deionized water for 3–4 days (MW 602 

cut-off of 3,500 Da), sterile-filtered, lyophilized, and then reconstituted to 3.5 wt% in serum-free 603 

DMEM (Gibco).The use of low/high-MW alginate resulted in high/low viscoelasticity IPNs. 604 

 605 

Imaging for collagen fibrils  606 

Methods were previously described for collagen fibrils in the liver 55. Briefly, mouse livers were 607 

decellularized in situ by detergent (0.5% (wt/vol) sodium deoxycholate, 250mL/mouse) and water 608 

(50 mL/mouse) perfusion at a pump speed of 0.2 ml/min. After the final perfusion, the livers were 609 

removed and washed overnight in PBS. For AGEs-modified collagen gels, samples were prepared 610 

as previously described. Gels were imaged 1 day after formation. 611 



For second harmonic generation (SHG) imaging, all samples were imaged using a Leica TCS SP5 612 

multiphoton confocal microscope, and a 20×, HC PL Apo, NA 0.7 oil-immersion objective was 613 

used throughout the experiments. The excitation wavelength was tuned to 840 nm, and a 614 

420 ± 5 nm narrow bandpass emission controlled by a slit was used for detecting the SHG signal 615 

of collagen. The images are recorded with an inverted confocal laser scanning microscope (Leica 616 

TCS SP8) equipped with a 20× water-immersion objective for confocal reflection imaging. An 617 

Ar+ laser at 488 nm was used to illuminate the sample, and the reflected light is detected with 618 

photomultiplier tube (PMT) detectors. Scans were 1024 × 1024 pixels, and all images are taken 619 

80–100 μm into the samples.  Collagen measurements were performed using CT-Fire software 620 

(v.2.0 beta) (https://loci.wisc.edu/software/ctfire) and ImageJ (https://imagej-nih-621 

gov.stanford.idm.oclc.org/ij/). 622 

 623 

Interpenetrating polymer network (IPN) 3D hydrogels formation 624 

Alginate was transferred to a 1.5 ml Eppendorf tube (a polymer tube) and kept on ice for each 625 

viscoelastic gel. For rBM-IPNs, alginate was mixed 30 times before the addition of rBM (Corning), 626 

at 4oC. Collagen-IPNs were created by diluting and neutralizing AGEs modified or unmodified 627 

collagen gels with 10 DMEM and 1 NaOH (Merck) at 4oC. All substrates had a final concentration 628 

of 10 mg/ml alginate, 4.4 mg/ml rBM, or 1.6 mg/ml collagen after additional DMEM was added. 629 

This was pipette-mixed, and the resulting concoction was kept on ice. Calcium sulfate was added 630 

to 1 ml Luer lock syringes (Cole-Parmer) and stored on ice to maintain the constant Young's 631 

moduli of the substrates with high and low viscoelasticity. The polymer mixes were divided into 632 

individual 1-ml Luer lock syringes (polymer syringes) and placed on ice as well. With care to 633 

avoid introducing bubbles or air into the mixture, the polymer syringe was linked to the calcium 634 

sulfate syringe to create gels. The two solutions were quickly combined using 30 pumps on the 635 

syringe handles, and the resulting mixture was placed into a well of an eight-well Lab-Tek plate 636 

(Thermo Scientific) that had been precoated with rBM. After moving the Lab-Tek dish to a 37 °C 637 

incubator, the gel was allowed to form for 1 hour before a full medium was added. 638 

 639 

Mechanical characterization of IPNs 640 



Rheology experiments were carried out with a stress-controlled AR2000EX rheometer (TA 641 

Instruments). IPNs were directly deposited onto the lower Peltier plate for rheology testing. The 642 

gel was then slowly contacted by a 25-mm flat plate, creating a 25-mm disk gel. To stop 643 

dehydration, mineral oil (Sigma) was applied to the gel's edges. The storage and loss moduli had 644 

equilibrated by the time the time sweep was done, which was at 1 rad/s, 37 °C, and 1% strain. 645 

For the stress relaxation experiments, after the time sweep, a constant strain of 5% was applied to 646 

the gel at 37 °C, and the resulting stress was recorded over the course of 4 h.  647 

 648 

Cell culture and Crisp/Cas9 mediated TNS1 knockdown  649 

Human hepatocyte-derived cellular carcinoma cell line, Huh7, was cultured in high glucose 650 

DMEM (Gibco) with 10% fetal bovine serum (FBS) (Gibco) with 1% Pen/Strep (Life 651 

Technologies). All cells were cultured at 37 °C in 5% CO2.  652 

TNS1 was knocked down in Huh7 cells by using TNS1 sgRNA(sgRNA1, 653 

GTAGAACAACGACATTGTGA; sgRNA2, TGGCTACAAGACTCTCCAAG; sgRNA3, 654 

CCCAACTTTGAGTCTAAAGG). An irrelevant sgRNA sequence was used as a negative control. 655 

sgRNAs were cloned into vector pMCB306 (Addgen Plasmid #89360, sgRNA expression vector 656 

with GFP, puromycin resistance), then co-transfected to Huh7 cells with lentiCas9-Blast (Addgen 657 

Plasmid #52962, expresses human codon-optimized S. pyogenes Cas9 protein and blasticidin 658 

resistance from EFS promoter). Transfected cells were selected by puromycin and tested for TNS1 659 

expression 2 days after transfection. 660 

 661 

3D cell encapsulation in IPNs 662 

For analysis of YAP activation, invadopodia formation, and proliferation, Huh7 cells were serum-663 

starved overnight and encapsulated in IPNs. In brief, cells were washed with PBS, trypsinized 664 

using 0.05% trypsin/EDTA, washed once, centrifuged, and resuspended in serum-free medium. 665 

The concentration of cells was determined using a Vi-Cell Coulter counter (Beckman Coulter). 666 

After Matrigel was mixed with alginate, cells were added to this polymer mixture and deposited 667 

into a cooled syringe. The solution was then vigorously mixed with a solution containing CaSO4 668 

and deposited into wells of a chambered coverglass (LabTek). The final concentration of cells was 669 



3 × 106 cells/m of IPN. The cell-laden hydrogels were gelled in an incubator at 37 °C and 5% CO2 670 

for 60 min and then were stimulated with a medium containing 10% FBS. After one day, cells 671 

were collected for RT-PCR, WB, and immunostaining analysis. 672 

Inhibitors 673 

Inhibitors were used in the 3D cell culture at the following concentrations: 10 μM Y-27632 to 674 

inhibit ROCK (Sigma); 50 μM Blebbistatin (Abcam); and 1 μg mL−1 monoclonal β1 integrin-675 

blocking antibody (Abcam, P5D2). Vehicle-alone controls for these inhibitors were as follows: 676 

DMSO for Blebbistatin, and Latrunculin-a; deionized water for Y-27632; and IgG nonspecific 677 

antibody (Sigma, I5381) for β1 integrin-blocking antibody. Y-27632 and Blebbistatin were added 678 

to the culture medium directly. Integrin β1 -blocking antibody was incubated with Huh7 cells on 679 

ice for 1 hour before encapsulation in IPNs and added to the culture medium directly. 680 

 681 

RNA Sequencing, Bioinformatics Analysis, and Kyoto Encyclopedia of Genes and Genomes 682 

(KEGG) Analysis 683 

Ragefl/fl (WT) mice were subjected to chow, FFD, or HiAD for 14 weeks. A group of HiAD-fed 684 

mice was injected i.p. daily with PM. A cohort of RageHepKO mice was placed on HiAD for 14 685 

weeks as published 10.  RNA was prepared from three mice per each group, and RNA sequencing 686 

was performed at Novogene (USA).  Gencode gene annotations version M18 and the mouse 687 

reference genome major release GRCm38 was derived from https://www.gencodegenes.org/. 688 

Dropseq tools v1.1249 were used for mapping the raw sequencing data to the reference genome. 689 

The resulting UMI-filtered count matrix was imported into R v3.4.4. Before differential expression 690 

analysis with Limma v3.40.650 sample-specific weights were estimated and used as coefficients 691 

alongside the experimental groups as a covariate during model fitting with Voom. T-test was used 692 

for determining differentially (P<0.05) regulated genes between all possible experimental groups. 693 

GSEA was conducted with the pre-ranked GSEA method within the MSigDB Reactome, KEGG, 694 

and Hallmark databases (https://broadinstitute.org/msigdb). Raw sequencing data will be uploaded 695 

to NCBI. 696 



Protein Extraction and Western Blotting 697 

Cells were washed with phosphate-buffered saline (PBS) and lysed with RIPA Buffer. The 698 

homogenate was centrifuged, and the supernatant was collected. Protein concentrations were 699 

determined with Pierce BCA Protein Assay Kit (Thermo). Protease inhibitor (Roche) and 700 

phosphatase inhibitor (Roche) were added to all the lysis procedures mentioned above, and 10-50 701 

µg of the protein samples were loaded onto SDS-polyacrylamide gel. The proteins were transferred 702 

to a polyvinylidene difluoride membrane or nitrocellulose membrane, which was blocked with 5% 703 

BSA in TBST and then incubated with primary antibodies at 4°C (Table 2) overnight. The blots 704 

were washed with TBST and further incubated with horseradish peroxidase-conjugated secondary 705 

antibodies (Table 2). The signal was detected by adding Western-Bright enhanced 706 

chemiluminescence substrate (Advansta) or SuperSignal West Pico PLUS Chemiluminescent 707 

Substrate (Thermo) and imaged with film or iBright CL1500 imaging system (Thermo). The 708 

images were processed and analyzed with NIH ImageJ and iBright Analysis software (Thermo). 709 

 710 

Fluorescent Immunostaining and Microscopy  711 

Frozen sections of livers or gel-embedded cells were washed twice with PBS and fixed with 4% 712 

paraformaldehyde at 4°C overnight. Sections were permeabilized in PBS with 0.4% (v/v) Triton 713 

X-100 for 10 min. After blocking with 5% goat serum in PBST at RT for 1 h, cells were incubated 714 

with primary antibodies (Table 2) diluted in 2% goat serum in PBST at 4°C overnight. The slides 715 

were washed and then incubated with secondary antibodies (Table 2) at RT for 1 h. Coverslips 716 

were washed with PBST between incubations and mounted with an anti-fade mounting medium 717 

with DAPI. Fluorescent images were taken with Leica TCS SPE. Images were processed with NIH 718 

ImageJ. To quantify cell circularity and cell area, the confocal images of cells were analyzed in 719 

ImageJ (https://imagej-nih-gov.stanford.idm.oclc.org/ij/) to calculate circularity and cell area. 720 

Circularity, mathematically calculated as 4π × area × (perimeter)−2, ranges from 0 to 1, with a 721 

value of 1 being a perfect circle. 722 

 723 



Proximity Ligation Assay  724 

Duolink Proximity Ligation assay kit (Sigma-Aldrich) was used to determine the interaction of 725 

TNS1 and integrin β1 in Huh7 cells. Reagents were used following the manufacturer’s instructions, 726 

and steps were optimized. In brief, anti-TSN1 and anti-integrin β1 were used as primary antibodies. 727 

The primary antibodies bound a pair of oligonucleotide-labeled secondary antibodies (PLA 728 

probes), the hybridizing connector oligos joined the PLA probes if they were close by, and the 729 

ligase created the DNA template needed for rolling-circle amplification (RCA). By using confocal 730 

microscopy, labeled oligos hybridized to the complementary sequences in the amplicon and 731 

produced discrete red fluorescent signals that could be seen and measured. (Leica Microsystems 732 

Inc.). NIH Image J software was used to count the signal, and the average counts were used to plot 733 

the bar graph. 734 

 735 

Simulation Modeling 736 

In this study, we used an agent-based model for simulating the discrete structure of collagen 737 

matrices. Supplementary Table 4 describe the details of the model and all parameter values 738 

employed in the model. The computational domain is rectangular with 20×20×5 µm in x, y, and z 739 

directions. A periodic boundary condition exists only in x and z directions. In simulations, the 740 

motions of the cylindrical elements are updated at each time step via the Langevin equation and 741 

the Euler integration scheme. The matrix consists of either thin collagen fibrils or bundles that are 742 

interconnected by cross-linkers. Each bundle is comprised of several thin fibrils joined by bundlers. 743 

Fibrils are joined either at their ends to create short bundles or in a staggering manner to create 744 

longer bundles. The shape of short bundles varies depending on the angle between fibrils; they can 745 

be thick rod-shaped bundles or loose bundles with splaying fibrils. While the bundlers are 746 

permanently bound to fibrils, the cross-linkers can unbind from fibrils at a rate that exponentially 747 

increases with an increasing force, following Bell’s law. Fibrils are permanently bound to two 748 

boundaries normal to the y direction (i.e., +y boundary located at y = 20 µm and – y boundary 749 

located at y = 0 µm). After completion of matrix assembly, 20% strain is applied to the +y 750 

boundary in the x direction, whereas the -y boundary is fixed. After reaching the 20% strain, the 751 

strain is held at a constant level to measure stress relaxation. 752 



Statistical Analysis 753 

Data are presented as mean ± standard error of the mean (SEM). Statistical analyses were 754 

performed with GraphPad Prism 9 (GraphPad Software) using ANOVA and unpaired t test with 755 

Welch’s correction or Mann-Whitney test for non-parametric values. Normality distribution was 756 

assessed with the Kolmogorov-Smirnov test. A value of at least p<0.05 has been considered and 757 

stated as significant.  758 
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