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Synopsis: 36 

Compensated cirrhosis exhibited a marked increase in mitochondrial unfolded protein response with 37 

the high levels of CLPP. However, decompensated cirrhosis showed reduced UPRMT with a 38 

significant increase in number of senescent hepatocytes. Over-expression of CLPP in an in vitro 39 

model of premature senescence could significantly reduce senescence associated phenotype by 40 

inhibiting mitochondrial ROS and altering mitochondrial respiration. 41 

Abstract: 42 

Background and Aims: Non-dividing hepatocytes in end-stage liver disease indicates permanent 43 

growth arrest similar to senescence. Identifying senescence in vivo is often challenging and 44 

mechanisms inhibiting senescence are poorly understood. In lower organisms mitochondrial unfolded 45 

protein response (UPRMT) helps in increasing longevity; however, its role in senescence and liver 46 

disease is poorly understood. Aim of this study was to identify hepatocyte senescence and role of 47 

UPRMT in cryptogenic cirrhosis. 48 

Methods: Doxorubicin was used to induce senescence in non-neoplastic hepatocytes (PH5CH8) and 49 

hepatoma cells (HepG2 and Huh7). Senescence-associated markers and unfolded protein response 50 

was evaluated by fluorescence microscopy, immunoblotting and gene expression. Explants/biopsies 51 

from normal, fibrosis, compensated and decompensated cirrhosis without any known etiology were 52 

examined for presence of senescence and UPRMT by immunohistochemistry and gene expression. 53 

Results: Accumulation of senescent hepatocytes in cryptogenic cirrhosis was associated with reduced 54 

proliferation, increased expression of γH2AX and p21, together with loss of LaminB1. Dysfunctional 55 

mitochondria and compromised UPRMT were key features of senescent hepatocytes both in vitro and 56 

also in decompensated cirrhosis. Intriguingly, compensated cirrhotic liver mounted strong UPRMT, 57 

with high levels of mitochondrial protease, CLPP. Over-expression of CLPP inhibited senescence in 58 

vitro, by reducing mitochondrial ROS and altering oxygen consumption.  59 

Conclusions: Our results implicate a role of hepatocyte senescence in cryptogenic cirrhosis together 60 

with a crucial role of UPRMT in preventing hepatocyte senescence. A compromised UPRMT may shift 61 

the fate of cirrhotic liver towards decompensation by exaggerating hepatocyte senescence.  Restoring 62 

CLPP levels at least in cell culture appears as a promising strategy in mitohormesis, thereby, 63 

preventing senescence and possibly improving hepatocyte function. 64 

 65 

Keywords: Cryptogenic liver cirrhosis, Mitochondrial respiration, Mitochondrial unfolded protein 66 

response, Oxidative stress 67 
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Introduction 73 

Liver injury usually leads to high turnover of cells which includes both cellular death and 74 

regeneration. During chronic liver injury, impairment in regenerative capacity results in functional 75 

insufficiency, often culminating in cirrhosis which is also clinically regarded as end-stage liver 76 

disease.  Two distinct sub-clinical stages have been proposed for cirrhosis which includes (a) an early 77 

compensated phase with or without varices and (b) a late decompensated phase with life threatening 78 

complications such as variceal haemorrhage, ascites, UGI bleed or hepatic encephalopathy [1]. The 79 

evolution of cirrhosis involves a pathological transition from highly regenerating nodules in 80 

compensated state to explicatively exhausted hepatocytes during decompensated state, finally 81 

culminating in parenchymal extinction [1]. There are a few questions still unanswered regarding the 82 

cirrhotic evolution: what tips the balance in favour of a decompensated state and what mechanisms 83 

rescues hepatocytes from growth inhibition.  In chronic liver disease, hepatocyte damage leading to 84 

cell death has been extensively studied, while the process of cellular senescence which prevents 85 

hepatocyte proliferation is relatively less explored. A senescent hepatocyte is permanently growth 86 

arrested which inhibits liver regeneration and contributes to disease progression. Evidence now 87 

strongly point towards existence of senescent hepatocytes in various liver diseases related to alcohol, 88 

HCV and fatty liver [2-4]. Mechanisms involved in hepatocyte senescence are poorly understood. 89 

Some studies have highlighted the role of cell cycle inhibitors like p21, TGFβ and telomere 90 

shortening in hepatocyte growth arrest and senescence [2, 5-7]. Cellular senescence due to telomere 91 

attrition is usually a slow process; however oxidative damage usually results in accelerated ageing and 92 

often referred as stress induced premature senescence (SIPS). Oxidative damage is often a hallmark 93 

feature in cirrhotic liver [8, 9], which in turn implicates its role in genesis of senescent hepatocytes. 94 

Mitochondria are the main sources of reactive oxygen species and considered a main cause of ageing 95 

[10]. Hepatocytes are rich in mitochondria and altered mitochondrial functions have been documented 96 

in a variety of chronic liver diseases [11].  Maintaining the mitochondrial function and removal of 97 

defective mitochondria are therefore important in preventing senescent changes and in maintenance of 98 

organ homeostasis. Dysfunctional mitochondria are removed by the process of mitophagy which is 99 

often defective in senescence [12]. Defective mitophagy has been well studied in the context of liver 100 

disease [13, 14].  Recent studies have pointed to the existence of yet another cellular mechanism, 101 

named mitochondrial unfolded protein response (UPRMT) involving mitochondrial-to-nuclear 102 

communication/retrograde response for recovery of dysfunctional mitochondria [15].  This protein 103 

quality control mechanism is well studied in model organisms, such as yeast, C. elegans, D. 104 

melanogaster etc. Work in C. elegans has revealed a link between UPRMT and enhanced longevity 105 

[16]. This in turn implicates a role of UPRMT during aging including senescence. However, the role of 106 

UPRMT in the context of mammalian senescence is not well studied. As senescence is a stress 107 
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response, it is essential to evaluate the role of UPRMT in this process. Senescent cells often accumulate 108 

in disease conditions, such as cirrhosis; there are hardly any data available on relevance of UPRMT in 109 

End Stage Liver disease (ESLD). Recently, two papers have highlighted contradictory roles of UPRMT 110 

in liver. Gariani et al. reported that NAD+ replenishment promoted UPRMT to prevent fatty liver [17]. 111 

On the other hand deletion of mitochondrial protease, CLPP, a key player of UPRMT, protected mice 112 

from development of fatty liver when fed a high fat diet [18, 19]. 113 

Identifying senescence in clinical specimens is often challenging and mechanisms involved in 114 

hepatocyte senescence are poorly understood.  Further, strategies averting hepatocyte growth 115 

inhibition due to senescence appears crucial in preventing liver disease. As mitochondrial 116 

dysfunctions accompany liver disease, we hypothesized that alterations in mitochondrial stress 117 

response pathway viz., UPRMT, may accompany senescent associated changes during progression of 118 

liver disease and key players of UPRMT can ameliorate hepatocyte senescence. Aim of the present 119 

study was to identify senescence-associated markers together with alterations in UPRMT pathway 120 

using, first an in vitro model of doxorubicin induced hepatocyte senescence and secondly during 121 

progression of end stage liver disease in cryptogenic liver disease. There is hardly any information 122 

available on the molecular events associated with development of cryptogenic liver disease. Also, 123 

other forms of basic insults, such as alcohol, viruses or fatty liver disease etc might involve 124 

mitochondrial damage as part of pathogenesis of cirrhosis. Hence, the choice of cryptogenic cirrhosis 125 

as it would provide better insights into the role of UPRMT exclusive to cirrhosis and not confounded 126 

by other risk factors. Accordingly, we hypothesized a role of deregulated UPRMT and hepatocyte 127 

senescence in synergistically contributing towards the pathogenesis of cryptogenic liver disease. 128 

Briefly, the work revealed accumulation of senescent hepatocytes in decompensated cirrhosis and 129 

compromised UPRMT as a key senescence-associated feature.  Intriguingly, a strong UPRMT in 130 

compensated cirrhosis indicated its possible role in survival. This work also highlights the role of 131 

mitochondrial protease, CLPP, which is a key player of UPRMT in preventing stress induced 132 

premature senescence at least in cell culture system.    133 

RESULTS 134 

Low dose of Doxorubicin induces permanent growth arrest similar to senescence in hepatoma 135 

cells.   136 

In a previous work we had demonstrated that low dose of doxorubicin induced senescence in 137 

osteosarcoma cells [20].  To test if hepatoma cells (HepG2 and Huh7) can also show senescence like 138 

changes, cells were treated with doxorubicin for 2hr with different doses ranging from 0.5-5µM, 139 

followed by change into fresh medium and growth was monitored for 6 days. A 2µM dose of 140 

doxorubicin showed maximum growth arrest by 6th day in both the cell lines (Fig. 1A). Flow 141 
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cytometry analysis showed that doxorubicin treatment resulted in significant growth arrest as revealed 142 

by two to three fold increase in percentage of cells in the G2/M phase of cell cycle in hepatoma cells.   143 

In comparison to G2M arrest, the percentage cell death as indicated by sub G0 cells was considerably 144 

less in doxorubicin treated cells (Fig. 1B). To test if the doxorubicin treated cells were permanently 145 

growth arrested, cells were stimulated with 10% serum and immunocytochemsitry was performed for 146 

proliferation marker, Ki67. Compared to control, the doxorubicin treated cells on 6th day showed 147 

fewer number of Ki67 positive nuclei indicating growth arrest (Fig. 1C, D). HepG2 cells with wild 148 

type p53, showed more prominent growth arrest compared to Huh7 harbouring mutant p53.   149 

Doxorubicin treated HepG2 and Huh7 cells under bright field microscope showed enlarged and 150 

flattened morphology and a significant increase in Senescence Associated-β-galactosidase (SA-β-gal) 151 

positivity (>90%) on the 6th day of treatment indicative of premature senescence (Fig. 2A). Other 152 

senescence-associated markers were evaluated by both immunoblot assay and confocal microscopy. 153 

Premature senescence in doxorubicin treated cells was associated with increase in levels of DNA 154 

damage marker, γH2AX and also a heterochromatin associated repressive marker, H3K9me3 (Fig. 2B, 155 

C, D). The inhibitor of cyclin dependent kinases, p21 which results in growth arrest was prominently 156 

increased in the doxorubicin treated HepG2 cells. As p21 is a transcriptional target of p53, its levels 157 

were hardly detected in Huh7 cells harboring dysfunctional p53 (Fig. 2B).  The changes in above 158 

markers were also associated with a prominent loss in nuclear lamina protein, LaminB1, which was 159 

confirmed by immunoblotting as well as imaging (Fig. 2B, C, D).  Doxorubicin treated HepG2 and 160 

Huh7 cells also showed a distinct senescence associated secretory phenotype (SASP) which is 161 

described in detail in later section (see Fig. 9D). These results indicated that treatment with low dose 162 

of doxorubicin induced senescent features in hepatoma cells regardless of their p53 status. Hence, 163 

hereafter the doxorubicin treated cells are referred as senescent cells. 164 

Doxorubicin induced premature senescence is associated with mitochondrial dysfunction and 165 

compromised UPRMT 166 

Transmission electron microscopy (TEM) revealed fewer and enlarged mitochondria in senescent 167 

HepG2 and Huh7 cells (Fig. 3A).  Unlike the control cells which showed well placed stacks of 168 

mitochondrial cristae, the senescent cells showed incomplete and disrupted cristae. Mitochondrial 169 

membrane potential (MMP) was measured using a mitochondrial membrane potential sensitive dye, 170 

TMRE. Senescent HepG2 cells showed more accumulation of TMRE than control cells suggestive of 171 

hyperpolarized mitochondria (Fig. 3B).  In contrast, the Huh7 cells showed fourfold decrease in 172 

TMRE accumulation, indicating mitochondrial depolarization. The TMRE results were also 173 

corroborated by yet another MMP sensitive agent, Mitotracker red, which showed enhanced intensity 174 

in senescent HepG2 cells but feeble in senescent Huh7 cells (Fig. 3C). 175 
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As oxidative stress is an underlying cause of cellular senescence we stained the cells with MitoSOX, a 176 

specific indicator of mitochondrial superoxide. Senescent HepG2 and Huh7 cells showed increase in 177 

levels of MitoSOX, as analysed by flow cytometry (Fig. 3D).  Next, we evaluated if mitochondrial 178 

dysfunction is related to mitochondrial content. For this the mtDNA content relative to nuclear DNA 179 

content (mtDNA/nDNA) was measured by real-time qPCR. The senescent cells showed a significant 180 

decrease in mtDNA (Fig. 3E). Since mitochondrial biogenesis is also responsible for the 181 

mitochondrial mass, we evaluated the expression levels of various genes involved in its biogenesis. 182 

PGC1α showed increased expression following senescence, while its downstream targets such as 183 

TFAM, NRF1 and NRF2α showed downregulation (Fig. 3F).  184 

In a model organism, C. elegans, it has been shown that defects in mitochondria lead to activation of a 185 

stress response pathway viz., the UPRMT. Some key players of UPRMT pathway were therefore 186 

analyzed in senescent cells by both real time PCR and immunoblotting. Senescent HepG2 and Huh7 187 

cells showed a significant decline in transcript levels of mitochondrial matrix proteases CLPP and 188 

YME1L1; mitochondrial chaperone, HSP60 and a transcription factor ATF5, (Fig. 4A). Further 189 

immunoblotting revealed two fold reductions in key players of UPRMT pathway viz., HSP60, HSP10 190 

and CLPP (Fig. 4B), thereby indicating compromised UPRMT response during senescence. 191 

Cryptogenic cirrhotic liver showed accumulation of senescent hepatocytes and an altered 192 

UPRMT 193 

Having identified the senescence-associated markers in the in vitro study, we evaluated if the above 194 

markers can also identify senescent hepatocyte in the end stage liver disease. In addition, the gene 195 

expression of the UPRMT pathway was also evaluated in the chronology of events leading to cirrhosis. 196 

Extrinsic factors such as alcohol, lipid and hepatotropic viruses, are known to compromise 197 

mitochondrial functions. Hence, these etiologies were excluded and the focus of the study was on 198 

cryptogenic liver disease where there is no information available, to the best of our knowledge, on the 199 

molecular events involved in disease progression. A detailed workout on the different subject groups, 200 

their clinical and pathological characterization is described in the material and methods section. 201 

Briefly, the four groups in the study included are control subjects, fibrosis, compensated and 202 

decompensated cirrhosis. The clinical and immunohistochemical parameters of the various subjects 203 

are shown in Table 1. As expected the decompensated liver showed a significantly higher MELD 204 

score, lowered levels of albumin and deranged liver function tests. 205 

The senescence-associated gene signature (p21, p53, γH2AX, LaminB1 and H3K9Me3), was used to 206 

identify hepatocyte senescence in liver disease by performing immunohistochemistry on serial 207 

sections of 15 cases in each subject group of different histological stages ranging from Fibrosis (Stage 208 

1-2) to cirrhosis (Stage 5-6 with compensated and decompensated states).  A progressive increase in 209 
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staining of γH2AX in hepatocyte nuclei was noted in cirrhosis as compared to fibrosis indicative of 210 

persistent DNA damage (Fig. 5). Accumulation of p53 and p21 in cirrhotic liver, together with loss of 211 

Ki67 (Fig. 6) staining indicated growth arrest of hepatocyte. Staining of LaminB1 appeared solely on 212 

the nuclear membrane of hepatocytes in control and early fibrotic stage. Compensated cirrhotic liver 213 

showed a mixed pattern for LaminB1 expression, unchanged or with partial loss from nuclear 214 

membrane. However, LaminB1 appeared feebly stained and predominantly in nucleoplasm with either 215 

a complete or partial loss from the nuclear membrane, in decompensated cirrhotic liver. Surprisingly, 216 

the staining intensity or level of H3K9me3 remained unaffected in the various stages of liver disease 217 

(Fig. 6). These results indicated hepatocyte senescence as a key feature of cryptogenic liver disease, 218 

and loss of LaminB1 appeared to be a promising senescence-associated marker. 219 

Next, we tested if progression towards decompensation is also associated with mitochondrial 220 

dysfunction. Transmission electron microscopy of control liver revealed presence of multiple intact 221 

electron dense mitochondria with well formed cristae (Fig. 7A).  The compensated cirrhotic liver 222 

showed mitochondria with either well defined or poorly formed cristae. The decompensated cirrhotic 223 

tissue showed enlarged mitochondria with a loss of cristae. The alterations in mitochondrial 224 

morphology in liver disease were also associated with alterations in UPRMT pathway. The expressions 225 

of most UPRMT genes (CLPP, HSP60, TIM17 and NOA1) were relatively similar in control and 226 

fibrosis group. The compensated cirrhotic cases showed relatively higher RNA expression of UPRMT 227 

genes (CLPP, YME1L1, HSP60 and ATF5) when compared to decompensated cirrhosis and fibrosis 228 

(Fig. 7B). Of these, mitochondrial protease, CLPP, showed the most significant increase in its 229 

transcript level in compensated cirrhosis. In immunohistochemistry also, an intense CLPP expression 230 

was noted in the compensated cirrhotic tissue, which also appeared punctate possibly indicative of its 231 

mitochondrial localization (Fig. 7C). The other UPRMT markers viz. HSP60 and HSP10 also showed 232 

an increase in IHC intensity scores in compensated cirrhosis compared to both control and 233 

decompensated state (Fig. 7C). These results indicated a probable role of an activated mitochondrial 234 

stress response pathway as an adaptive response only in the compensated cirrhotic liver. 235 

CLPP over-expression in hepatoma cells attenuates senescence by inhibiting ROS  236 

Amongst all the UPRMT genes CLPP showed maximal expression in compensated liver, hence it was 237 

over-expressed in hepatoma cells to evaluate its role in premature senescence. Both HepG2 and Huh7 238 

cells were transfected with either CLPP-GFP or GFP alone and stable cell clones were selected 239 

showing more than 90% GFP positivity (Fig. 8A).  Unlike the control cells which showed a pan GFP 240 

expression, the CLPP over-expressing cells showed a punctate pattern in the cytoplasm which co-241 

localized with  Mitotracker, thereby confirming its mitochondrial localization (Fig. 8B). The growth 242 

kinetics of CLPP over-expressing cells was similar to their control counterpart (Fig. 8C). When 243 

treated with doxorubicin, the CLPP-GFP cells showed almost 50% reduction in SA-β-Gal staining 244 
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when compared to control GFP cells (Fig. 9A,B). This was also accompanied with increased levels of 245 

LaminB1 and decreased levels of γH2AX and H3K9Me3 in doxorubicin treated CLPP cells (Fig. 8C). 246 

Senescence is often accompanied by a secretory phenotype which was much subdued in CLPP 247 

expressing cells when exposed to doxorubicin (Fig. 9D). 248 

Next, we examined the probable mechanisms by which CLPP could attenuate cellular senescence. 249 

Several studies have implicated reactive oxygen species (ROS) in regulating cellular senescence. To 250 

examine the mitochondrial specific ROS generation, cells were stained with MitoSOX and detected 251 

by flow cytometry. The doxorubicin treated senescent HepG2 and Huh7 cells expressing GFP alone 252 

showed higher ROS levels on 6th day compared to non-senescent counterparts (Fig. 9E). However, the 253 

CLPP over-expressing cells showed a significant decline (3 fold in HepG2 and 2 fold in Huh7) in the 254 

ROS levels after Dox treatment on 6th day (Fig. 9E). Besides ROS level, we also evaluated if CLPP 255 

can alter mitochondrial functioning by effecting either its number or biogenesis.  Ratio of mtDNA 256 

(12S)/nDNA (18S) gene was used to quantify changes in mtDNA levels.  Expression of CLPP 257 

marginally enhanced 12S/18S ratio in absence of doxorubicin stress. Intriguingly, following 258 

doxorubicin treatment both vector alone and CLPP over-expressing cells showed similar low level of 259 

mitochondrial DNA (Fig. 10A). This indicated that CLPP is not able increase the mitochondrial DNA 260 

content following stress. Multiple transcription factors  play a role in mitochondrial biogenesis, of 261 

which main regulators are Peroxisome proliferator-activated receptor gamma coactivator-1 alpha 262 

(PGC-1α) and its downstream targets mitochondrial transcription factor A (TFAM) and nuclear 263 

respiratory factor (NRF1 and NRF2). CLPP on its own was unable to alter the expression levels of 264 

regulators involved in the mitochondrial biogenesis pathway in absence or presence of doxorubicin 265 

induced stress (Fig. 10B). Since mitochondrial biogenesis remained unaffected by CLPP, we next 266 

tested the possibility if CLPP can rescue the damaged mitochondria by restoring their polarization 267 

state. Over-expression of CLPP could not change the polarization status of mitochondria in both the 268 

cell lines as evident by Mitotracker staining (Fig. 10C). These results thus indicate that CLPP has 269 

little role in mitochondrial biogenesis and polarization status in conditions of stress induced premature 270 

senescence. Overall the results indicated that CLPP over-expression can reduce senescence by 271 

lowering the oxidative stress and the resulting DNA damage. 272 

CLPP over-expression rescues senescent phenotype in non-neoplastic hepatocytes, PH5CH8 273 

Since HepG2 and Huh7 are hepatoma cells, we repeated some of the experiments in PH5CH8 cells, 274 

which are non-neoplastic immortalised human hepatocytes and closely resembles the primary 275 

hepatocytes [21]. Doxorubicin treatment led to induction of senescence in PH5CH8 cells with almost 276 

90% cells showing SA-β-Gal positivity (Fig. 11A). The senescent PH5CH8 cells also showed lower 277 

levels of UPRMT players viz. CLPP, HSP60 and HSP10, with a significant 2 fold reduction in CLPP 278 

expression in the senescent cells when compared to the control (Fig. 11B). Hence, CLPP was 279 
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transiently transfected into PH5CH8 cells. CLPP-GFP showed a distinct punctate pattern in the 280 

cytoplasm, unlike that of pan localization pattern of GFP vector alone (Fig. 11C). Further, CLPP-GFP 281 

colocalized with Mitotracker Red confirming its mitochondrial localisation in the non-tumorigenic 282 

hepatocyte cell line (Fig. 11D). On the sixth day following treatment with doxorubicin, the CLPP 283 

over-expressing PH5CH8 showed an increase in levels of LaminB1 and decrease in levels of γH2AX 284 

and H3K9Me3 compared to the control (Fig. 11E). However, unlike the hepatoma cells, the changes in 285 

levels of these senescent markers in PH5CH8 were not statistically significant. This in turn is 286 

explained by the fact that PH5CH8 cells are difficult to transfect with only 30% transient transfection 287 

efficiency. 288 

Effect of CLPP on mitochondrial respiration 289 

As CLPP is localized in mitochondria an obvious question was whether it can affect the oxygen 290 

consumption and bioenergetics profile following doxorubicin stress. The overall respiratory responses 291 

was measured using the Seahorse extracellular flux analyzer, for the hepatoma cells expressing either 292 

GFP vector or CLPP and additionally cells were treated with and without doxorubicin. The respiratory 293 

response is illustrated in Fig. 12A. In general Huh7 cells exhibited higher basal rate of respiration 294 

compared to HepG2 cells (Fig. 12A, B). Compared to control, the basal respiration rate was higher in 295 

senescent HepG2 cells; while Huh7 senescent cells showed a subtle, albeit non-significant, decrease. 296 

Similar to the extracellular flux assay, the respiratory capacity of isolated mitochondria using an 297 

oxygen microsensor (TBR1025: One-Channel Free Radical Analyzer), in presence of CLPP, was 298 

barely affected (Fig. 12E). Overall, in the absence of doxorubicin induced stress, CLPP over-299 

expression on its own did not alter the basal respiration profile in both the hepatoma cell lines, (Fig. 300 

12A, B, E). Following doxorubicin treatment, HepG2-CLPP showed a decrease in basal, maximal and 301 

ATP linked respiration (Fig. 12B-D) in contrast to the marked increase in treated Huh7-CLPP cells, 302 

compared to doxorubicin-treated GFP cells (Fig. 12B-D). To get an overall picture of the 303 

bioenergetics profile of CLPP over-expressing cells in presence and absence of doxorubicin-induced 304 

stress, the basal OCR vs. ECAR data was plotted (Fig. 12F). The energy map showed HepG2 having a 305 

glycolytic phenotype, while Huh7 cells showed a high metabolic phenotype with higher glycolysis 306 

and oxidative phosphorylation (OXPHOS). On its own, CLPP shifted the bioenergetic profiles in 307 

presence of doxorubicin stress, but not in its absence. Doxorubicin-treated HepG2-GFP senescent 308 

cells showed high metabolic state, while HepG2-CLPP doxorubicin treated cells showed a low 309 

glycolytic profile. Huh7-GFP Dox treated senescent cells had glycolytic phenotype whereas, Huh7-310 

CLPP Dox treated cells showed higher energetic state of both OXPHOS and glycolysis. Overall, these 311 

results indicated that CLPP affects the mitochondrial respiration only when cells are exposed to stress 312 

conditions, and, further, it shifts the energy phenotype depending on the cellular context. 313 

 314 
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Discussion 315 

Hepatocyte senescence resulting in growth inhibition is often a terminal event following liver injury. 316 

Strategies to prevent senescence are likely to stop end stage liver disease progression. Infact, a recent 317 

study has suggested that regenerative capacity of liver can be improved by specifically targeting the 318 

senescent hepatocytes [22]. The present study describes UPRMT as a key pathway to prevent 319 

senescence-associated dysfunction. Decline in UPRMT exaggerates the hepatocyte senescence and 320 

shifts the cirrhotic fate towards decompensation.  321 

Hepatocyte senescence associated with loss of LaminB1 is a prominent feature of 322 

decompensated cryptogenic cirrhosis 323 

Unlike the molecular events associated with alcoholic, viral and fatty liver disease etiologies, hardly 324 

any data is available on cryptogenic liver disease. The present study for the first time indicate 325 

accumulation of senescent hepatocytes in cryptogenic cirrhosis which in turn was accompanied  by 326 

persistent DNA damage (γH2AX), mito-inhibition (low Ki67 index and increase in cell cycle 327 

inhibitors p21 and p53), together with loss of nuclear lamina protein LaminB1. However, it is 328 

important to note that increased levels of p53 and p21 can also help maintain quiescence in 329 

hepatocytes [23, 24] and hence more specific markers of senescence are required. We now report that 330 

loss of LaminB1 is a promising marker to detect senescent hepatocytes in liver disease. The nuclear 331 

lamins belong to class of intermediary filaments which help in maintaining the nuclear morphology, 332 

structure and function [25]. Recent studies have indicated mutations in lamin or lamin associated 333 

genes in fatty liver disorders and knockout of lamin in rodent model resulted in spontaneous fatty 334 

liver development [26, 27]. In view of a role of lamin in gastrointestinal and liver disease [28] we 335 

surmise that premature senescence-associated with loss of LaminB1, as a possible cause of 336 

cryptogenic cirrhosis. 337 

Compensated cirrhosis mounts a strong UPRMT, which is compromised in decompensated 338 

cirrhotic liver and senescent hepatocytes 339 

The present data indicated a specific increase in UPRMT pathway in compensated cirrhosis compared 340 

to both early fibrosis and late decompensated state, thereby making it important as the data is scanty 341 

regarding the molecular event(s) which help in preserving organ function during compensatory phase 342 

of cirrhosis. Using a rodent cirrhotic model Liu et al. [29] constructed different gene clusters in 343 

compensated vs. decompensated liver. Of these, the gene cluster with NFκB as a hub protein, showed 344 

an initial increased expression during early cirrhosis followed by a decrease in later stages. Our results 345 

on UPRMT signalling  is similar to the observations of Liu et al. as compensated cirrhotic liver 346 

mounted a strong UPRMT signalling, which in contrast was attenuated in decompensated liver. In fact, 347 

the electron micrographs showed near normal mitochondria in compensated cirrhosis, thereby 348 
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indicating a possible role of UPRMT in maintaining organelle integrity. This probably could explain 349 

why even in presence of senescent cells, the compensated liver could retain its function. Thus, we infer 350 

that UPRMT is a compensatory mechanism mounted during early phase of cirrhosis to help maintain 351 

the hepatocyte function; however beyond a certain limit a precipitous decline in the mitochondrial 352 

stress pathway can lead to progressive phase of decompensation. While a  role of hepatocyte 353 

senescence  has been shown in liver disease due to alcohol, fatty liver and viral etiologies [30],  it 354 

remains to be seen if the role of UPRMT  seen in cryptogenic cirrhosis is also applicable to other known 355 

causes  of liver disease. Nonetheless, the present work indicated UPRMT as a promising therapeutic 356 

target in liver disease. 357 

Over-expression of mitochondrial protease, CLPP attenuates senescence response, reduces 358 

oxidative stress and alters the mitochondrial respiration   359 

The contrasting difference in UPRMT in compensated and decompensated cirrhotic liver led us to 360 

reason that UPRMT pathway may provide a survival advantage and even protect cells from stress 361 

induced senescence.  Indeed, CLPP over-expression suppressed senescence-associated markers in 362 

both the hepatoma cell lines regardless of their p53 status. Our results are also supported by a report 363 

that loss of CLPP accelerated replicative senescence in mouse fibroblasts [31]. Additionally, 364 

knockdown of CLPP in muscle cells lead to decrease in proliferation which was not due to cell death 365 

[32]. There are contradictory results on CLPP knockout and ageing. Gispert et al. (2013) reported that 366 

CLPP knockout mice are smaller sized and have high postnatal mortality [31]. On the contrary, yet 367 

another mouse model showed that loss of CLPP resulted in death in utero and those pups which 368 

survived showed normal ageing [33]. The probable mechanism by which CLPP attenuates senescence 369 

response is mostly by lowering the levels of reactive oxygen species. The mitochondrial protease 370 

complex of LON-CLPP can degrade the mitochondrial complex I ROS generating domain, thereby 371 

reducing ROS levels of the depolarized mitochondria [34]. Also, knocking out CLPP in cancerous 372 

cells resulted in increased ROS levels [35]. Since oxidative stress is a major initiator of senescence 373 

response, restoring mitochondrial protease activity may prove beneficial as an antioxidative strategy.  374 

As CLPP and other UPRMT markers are upregulated in compensated liver cirrhosis, we surmise that 375 

mitochondrial retrograde response will act as an effective strategy in maintaining mitohormesis during 376 

liver injury.  377 

We found that CLPP influenced respiration only under conditions of oxidative stress. Intriguingly, in 378 

the two cell lines tested, CLPP exerted totally opposing effects on respiration; a decrease in OCR was 379 

seen in HepG2 cells and a contrary increase was observed in Huh7 cells. In view of these confounding 380 

results, we surmise that an effect of CLPP on respiration to prevent senescence is dependent on the 381 

cellular context. Knockdown of CLPP either in muscle cell line C2C12 or in leukemic cells resulted in 382 

lower basal respiration rate [32, 35] but loss of CLPP resulted in increase in basal respiration in white 383 
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adipose tissue [18]. Following CLPP knockout, only a moderate respiratory deficiency was reported 384 

in heart cells [36]. Thus, it is inferred that effect of CLPP on respiration is dictated by not only the 385 

cellular context but also the stress incurred. The present study, notwithstanding the small number of 386 

clinical samples, highlights a role of UPRMT as a potential drug target in liver disease. 387 

Cryptogenic liver disease is generally believed to be burnt-out cases of autoimmune hepatitis (AIH), 388 

occult alcoholism and fatty liver, however, a recent study by Thuluvath et. al., indicated that 389 

cryptogenic disease is a distinct entity [37]. Whatever, may be the initial cause, the subsequent 390 

molecular events in progression of cryptogenic disease remained elusive till now. In this regard, the 391 

present study is novel, as it has unravelled a role of hepatocyte senescence together with decline in 392 

UPRMT signalling as key events in development of cryptogenic liver disease. In conclusion, mounting 393 

either a strong UPRMT or restoring CLPP level appears to be a promising mitohormetic strategy in not 394 

only reducing cellular senescence by preventing oxidative stress, but also augmenting hepatocyte 395 

function to prevent cirrhosis associated decompensation. 396 

Materials and Methods: 397 

Cell lines and reagents 398 

HepG2 (p53+/+) and Huh7 cells (p53mut) were obtained from NCCS, India. PH5CH8 cells were a kind 399 

gift from Prof. Nobuyuki Kato, Okayama University Japan. All cell lines were grown in DMEM (Cell 400 

Clone-Cat#CC3004) containing 10% FBS (Hyclone-Cat#SH30071), 100mg/ml penicillin, 100mg/ml 401 

streptomycin, 2.5µg/ml Amphotericin B (Hyclone-Cat#SV30079) and 2.5mM L-glutamine at 370C 402 

with 5% CO2 in a humidified incubator. Various antibodies with their dilutions and source of 403 

fluorescent dyes are given in Table 2. 404 

Clinical samples and work out of subjects 405 

The study included four different groups: Healthy control, Fibrosis, Compensated Cirrhosis and 406 

Decompensated Cirrhosis with 15 subjects in each group.  Our hospital is a tertiary referral centre for 407 

liver diseases and in the prospective study done between 2015-2016, an average of about 733 patients 408 

with cirrhosis required admission of which 5.9% cases (43/733) were with unrecognized etiologies. 409 

These subjects tested negative for HBV-DNA and HCV- RNA. The sera of these subjects were also 410 

negative for autoantibodies thereby ruling out autoimmune disorders. Further, these subjects had no 411 

genetic/family history of liver disease and did not have history of significant alcohol consumption. 412 

Since, most of the cryptogenic cases are believed to be burnt-out NASH, in the present study, patients 413 

with histological hepatic steatosis of <5% were also included. The biopsy of all the included patients 414 

had no evidence of any other possible etiology for liver cirrhosis. 415 

The clinical staging of cirrhosis was classified into compensated or decompensated groups based on 416 

absence or presence of any evidence of decompensation- variceal bleed, hepatic encephalopathy, 417 
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ascites, or jaundice [38]. All the cases included in the present study were received for routine 418 

diagnostic reporting in the department of Pathology. The pathological review of tissue samples and re-419 

assessment of certain histopathological features was performed by single pathologist.  420 

Control liver tissue was obtained from farthest, non tumour area (>2 cm) of surgically resected 421 

specimens from patients undergoing surgery for cholangiocarcinoma and showing no specific 422 

pathology of liver. For fibrosis and compensated cirrhosis, liver biopsy was obtained from patients.  423 

Diagnosis of compensated group was based on the absence of clinical criteria of decompensation. 424 

Explant cirrhotic liver tissue was collected from patients undergoing live donor liver transplant 425 

surgery and this group mainly constituted the cryptogenic decompensated group.  426 

Fibrosis group comprised cases showing fibrous expansion of some portal areas, with or without short 427 

fibrous septa and no evidence of bridging. Histological sub-classification of cirrhosis was performed 428 

according to Laennec staging system, a modification of Metavir system [39].  429 

Immunohistochemistry for senescence-associated markers were done in all the subjects (N=15 in each 430 

group). However, UPRMT expression was studied in a subset of subjects (Control-5, Fibrosis-6, 431 

Compensated cirrhosis-8, and Decompensated cirrhosis-7) where enough material was available to do 432 

both RNA expressions by qPCR and IHC. Samples were collected after approval from institutional 433 

ethics committee (approval # F25/5/43/AC/ILBS/2013/1157) according to Helinski declaration and 434 

informed consent was taken from all the patients. 435 

Treatment of cells with doxorubicin for induction of senescence 436 

HepG2 and Huh7 were treated with 2µM doxorubicin (Dox, Sigma- Cat#D1515) for 2hr in complete 437 

DMEM. However, for stable cells (expressing GFP or CLPP-GFP) a lower dose of 1µM doxorubicin 438 

was used. This is because 1 µM dose was found to be sufficient for inducing senescence in both GFP 439 

control and CLPP over-expressing cells. As 2µM dose of doxorubicin also resulted in cell death in 440 

stable cells, hence to delineate effects specific to senescence, the lower dose of doxorubicin was 441 

preferred.  Cells were washed once and then replenished with media containing 10% FBS. Medium 442 

was changed on 3rd day. Induction of senescence on 6th day was confirmed by Senescence associated-443 

β-Galactosidase assay as previously described by Dimri et al., [40]. Briefly, cells were fixed with 2% 444 

formaldehyde and 0.2% glutaraldehyde in PBS, and then washed with PBS. Cells were stained for 3 h 445 

to 24 h in X-gal staining solution [1 mg/ml X-gal, 40 mM citric acid/sodium phosphate (pH 6.0), 5 446 

mM potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM NaCl, 2 mM MgCl2] at 370C in a 447 

non-CO2 incubator. Cell stained with characteristic blue color were identified and counted using 448 

bright field microscopy. 449 

Growth assay by crystal violet 450 
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10,000 cells were plated in 24 well plates in triplicates and treated with doxorubicin the following 451 

day. Cells were stained with 0.2% crystal violet made in 2% ethanol at indicated time intervals after 452 

doxorubicin treatment and collected in 1% SDS. The absorbance was recorded at 570nm. 453 

Cell cycle analysis by flow cytometry 454 

Cells were fixed in 70% ethanol, washed, stained with propidium iodide solution containing 5mg/ml 455 

RNase A at 370C in dark and acquired in a flow cytometer (BD FACSCalibur™, BD Biosciences, San 456 

Jose, CA) and DNA content was measured at 630/22 nm filter. Data analysis was done by FlowJo® 457 

software (Beckton-Dickenson, USA). 458 

Immunofluorescence imaging 459 

Cells plated on coverslips were fixed with either methanol/acetone (1:1) or 4% formaldehyde in PBS. 460 

Blocking and permeabilization was done in 3% BSA containing 0.1% Triton X-100 followed by 461 

incubation with primary antibody diluted in 1% BSA overnight at 40C. Primary antibody was detected 462 

using Alexa Fluor 488 or 594 conjugated secondary (anti-mouse/rabbit/goat) antibodies and mounted 463 

in DAPI mounting media. Images were taken either with confocal microscope (LEICA TCS SP2 464 

Confocal Laser Scanning Microscope, Leica Microsystems, Heidelberg, Germany) or a fluorescence 465 

microscope (Nikon ECLIPSE Ni, Nikon Instruments Inc., Melville, NY). MFI of confocal images 466 

were calculated using LAS AF Lite software, Leica Microsystems. 467 

Immunoblotting 468 

Cells were lysed in RIPA lysis buffer containing protease inhibitors (1mM PMSF, 1mg/ml aprotinin) 469 

and phosphatase inhibitors (1mM sodium orthovanadate, 10mM sodium fluoride). Equal amount of 470 

protein was separated onto 12% SDS-polyacrylamide gels and transferred to PVDF membrane. Blots 471 

were blocked in 5% non-fat dry milk, incubated with respective primary antibodies followed by 472 

incubation with HRP-conjugated secondary antibody. Single blot was cut and probed for different 473 

antibodies. The signals were detected by Clarity Max Western ECL substrate (Bio-Rad, Hercules, 474 

CA) using chemiluminescence detection system (Proteinsimple, San Jose, CA). Quantification of 475 

immunoblots was done using Image J software (NIH, Bethesda, MD). 476 

RNA extraction and quantitative Real-Time Polymerase Chain Reaction (qPCR) 477 

RNA was extracted from cell lines and tissue samples using TRIzol (Cat#15596018-Invitrogen, 478 

Carlsbad, CA) method according to manufacturer’s protocol. cDNA was synthesized from 1µg RNA 479 

using RevertAid First Strand cDNA Synthesis Kit (Cat#K1622-Thermo Scientific, Waltham, MA). 480 

qPCR was performed using Maxima SYBR Green (Cat#K0222-Thermo Scientific) in ABI ViiA 7 481 

detection system (Applied Biosystems, Foster City, CA). Gene expression was normalised against 482 
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18S mRNA which served as an internal control. Relative expression was calculated using the formula 483 

2-∆∆Ct [41]. 484 

Mitochondrial polarization and mitochondrial ROS detection 485 

For mitochondrial polarisation, cells were trypsinized, washed with PBS and stained with 100nM 486 

Tetramethylrhodamine ethyl ester (TMRE) in PBS containing 1% FBS for 20-30min at 370C in dark. 487 

After incubation, cells were washed twice with staining buffer (PBS, 1% FBS) and acquired in BD 488 

FACSVerse™ (BD Biosciences, San Jose, CA). For imaging, cells were stained with 100nM 489 

MitoTracker in staining buffer for 30min at 370C, washed and fixed in 4% formaldehyde for 15min. 490 

Images were taken in fluorescence microscope. For estimating mitochondrial ROS, cells were 491 

suspended in staining buffer containing 5µM MitoSOX for 10min at 370C in dark, washed and 492 

acquired in BD FACSVerse™. Data was analysed on GFP+ gated population using FlowJo® software. 493 

Transmission electron microscopy 494 

4 X 106 cells (N=3 for each sample) or 1mm3 for tissue (2 specimen from each subject) were fixed 495 

with 2.5% glutaraldehyde and 2% paraformaldehyde, made in 0.1M sodium phosphate buffer (pH 7.4) 496 

overnight at 40C. Secondary fixation was done in 1% osmium tetroxide. Fixed cells were dehydrated 497 

in various grades of acetone followed by clearing with toluene and infiltration with decreasing 498 

toluene: resin ratios. Blocks were prepared in epoxy resin. From each block 3 ultrathin sections were 499 

mounted onto copper grids and viewed on high resolution transmission electron microscope, TECNAI 500 

200 Kv TEM (Fei, Electron Optics, Hillsboro, OR). Atleast 5-10 random areas were chosen for 501 

viewing from each section. 502 

Immunocytochemistry for Ki67 503 

Control and doxorubicin treated cells grown on coverslips were serum stimulated for 24hr followed 504 

by fixation in 4% formaldehyde. Cells were blocked and permeabilised in 3% BSA containing 0.1% 505 

Triton X-100 for 1 hr and incubated with Ki67 antibody overnight at 40C. This in turn was detected by 506 

HRP-labelled secondary antibody using DAB (3, 3′ Diaminobenzidine) (Cat# QD420-YIKE 507 

BioGenex, Fremont, CA) for colour development. 508 

Immunohistochemistry 509 

Formalin fixed paraffin embedded tissue sections (4µM) were deparaffinised in xylene and rehydrated 510 

in decreasing grades of ethanol. Tissue sections were blocked in 3% H2O2 for 10min followed by 511 

antigen retrieval in either citrate buffer (pH 6) or Tris-EDTA buffer (pH 9).  Power block was 512 

performed using BioGenex kit for 5min. Slides were incubated with primary antibody overnight at 513 

40C followed by treatment with Super Enhancer (Cat# QD420-YIKE BioGenex, Fremont, CA) for 514 

20min. This was then detected by incubation with HRP tagged antibody followed by colour 515 
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development using DAB as chromogen. Hepatocytes were distinguished based on size and polygonal 516 

shape, further the cord arrangement of the hepatocytes as evident in the images also helped in 517 

delineating them from the other cell types present in the portal and sinusoidal area. Stained slides 518 

were photographed in bright field microscope (Nikon ECLIPSE Ni, Nikon Instruments Inc.) and 519 

evaluated by a pathologist based on % positivity (positive cells/total cells X 100) and staining 520 

intensity (0-absent, 1-minimal, 2-moderate, 3-severe). IHC scores were calculated as % positivity X 521 

intensity. 522 

Plasmid constructs, transfection and generation of stable cell clones 523 

Full length human CLPP cDNA was cloned in pEGFP-N1 at XhoI and BamHI sites. pEGFP-N1 524 

empty backbone was used as control. GFP and CLPP-GFP plasmids were transfected in HepG2, Huh7 525 

and PCH5CH8 cells using Lipofectamine® LTX with Plus™ Reagent (Cat#15338100, Invitrogen, 526 

Carlsbad, CA). These cells were selected and cultured in presence of Geneticin (500µg/ml; 527 

Cat#10131027, Gibco™, Carlsbad, CA). Stable cell lines of HepG2 and Huh7 were established by 528 

dilution plating. Percentage of GFP+ cells were evaluated by flow cytometry.  529 

Mitochondrial DNA estimation 530 

To estimate mitochondrial DNA depletion, genomic DNA was isolated using 531 

phenol/chloroform/isoamylalcohol. mtDNA copy number was determined by co-amplifying 532 

mitochondria encoding 12S rRNA and nuclear encoding 18S rRNA as reference gene. SYBR green 533 

chemistry was used for qPCR amplification. 534 

Mitochondria isolation and oxygen consumption rate 535 

Mitochondria were isolated from 20X106 cultured cells using Mitochondria Isolation Kit (Cat #89874, 536 

Thermo Fisher Scientific Waltham, MA) according to the manufacturer’s protocol. The isolated 537 

mitochondrial fraction was resuspended in suspension buffer [HEPES (20mM, pH 7.2), sucrose 538 

(0.3M), EDTA (1mM), MgCl2 (2mM), KH2PO4 (0.5mM)] and the change in dissolved oxygen 539 

concentration was monitored every 30sec by using TBR1025 single-channel free radical analyzer 540 

(World Precision Instruments, Sarasota, FL).  541 

Mitochondrial stress test 542 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) was analysed using 543 

Seahorse XF24 Analyzer and Seahorse XF Cell Mito Stress Test Kit (Cat#103015, Agilent/Seahorse 544 

Bioscience, Santa Clara, CA). FCCP concentration and cell density was standardised prior to 545 

experiment setup. Sensor cartridge was hydrated and equal numbers of cells were seeded onto 546 

Seahorse XF24 Cell Culture Microplates one day before assay. On the day of assay the cartridge was 547 

loaded with oligomycin (10µM), FCCP (5µM for HepG2 and 2.5µM for Huh7) and 548 
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rotenone/antimycin A (5µM). The compounds were serially injected to measure the basal and the 549 

changes in OCR after addition of the electron transport chain inhibitors. After the end of the assay, 550 

total protein content in each well was quantified by BCA Protein Assay Kit (Cat#23225; Thermo 551 

Scientific, Waltham, MA) and was used to normalise the OCR values. 552 

Statistics 553 

All statistical analysis were done using GraphPad Prism version 6.01 for Windows, GraphPad 554 

Software, La Jolla, CA, www.graphpad.com. Two tailed Student’s t-test was used for cell culture 555 

experiments to arrive at the p values between two different conditions. For clinical samples, Kruskal 556 

Wallis one-way ANOVA with Dunn’s multiple comparison tests was used to calculate p values 557 

between the groups. Differences were considered statistically significant with p values less than 0.05 558 

(* P≤ 0.05, ** P≤ 0.01, *** P≤0.001, **** P≤0.0001). Data was represented as mean ± SD from 559 

biological replicates. 560 
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 695 

Figure Legends 696 

Figure 1. Doxorubicin induces growth arrest in hepatoma cells.  697 

(A) Growth curve of hepatoma cells (Huh7 and HepG2) treated with 2µM doxorubicin (Dox) for 2 hr 698 

(Day 0), replenished with fresh medium and growth kinetics was monitored at specified time intervals 699 

(1 to 6 days) by staining with  crystal violet  dye whose  absorbance was checked 700 

spectrophotometrically  at 570nm. Cells treated with vehicle alone served as control (Con). (B) Cell 701 

cycle distribution of control (Con) and doxorubicin (Dox) treated cells as analyzed by flow cytometry. 702 

Following treatment with doxorubicin for 2hr, cells were cultured for 6 days, fixed in ethanol, stained 703 

with Propidium Iodide (PI) and subjected to flow cytometry for cell cycle analysis. Representative 704 

histogram and bar graph shows the distribution of cells in different phase of cell cycle. The data 705 

shown are mean ± SD from three separate experiments. (C) Immunocytochemsitry for Ki67 in 706 

HepG2 and Huh7 control and doxorubicin treated cells after 6 days. Serum stimulation was done for 707 

24hr prior to Ki67 staining. Inset shows magnified view of cells. Brown colour indicates Ki67 708 

positive nuclei. Scale bars: 50µm. (D) Bar diagram showing percentage Ki67 positivity in control 709 

(Con) and doxorubicin (Dox) treated hepatoma cells. Individual data points represent percentage 710 

positivity of atleast ten different microscopic fields and data is represented as mean ± SD. Student’s t 711 

test was used to calculate the significance (****, P≤ 0.0001) 712 

Figure 2. Doxorubicin induces premature senescence in both HepG2 and Huh7 irrespective of 713 

their different p53 status.  714 

(A) Bright field microscopy images of Control (Con) and Doxorubicin (Dox) treated hepatoma cells 715 

(HepG2 with wild type p53 and Huh7 with mutant p53) subjected to SA-β-galactosidase assay. 716 

Briefly, cells were treated for 2 hours with doxorubicin, changed with fresh medium and cultured for 717 

6 days following which SA-β-galactosidase assay was done. Blue colour indicates SA-β-gal positive 718 

cells. Scale bar: 50µm. Adjoining bar diagram shows percentage SA-β-galactosidase positivity in 719 

control and doxorubicin treated cells.  Individual data points represent mean percentage positivity of 720 

atleast five different microscopic view-fields. The data is represented mean ± SD of multiple 721 

replicates. (B) Representative immunoblots showing expression of senescence-associated markers viz. 722 

p21, γH2AX, H3K9me3 and LaminB1 in control (Con) and doxorubicin (Dox) treated cells at 6th day. 723 
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(C) Bar diagrams showing the relative expression of senescence markers in control and doxorubicin 724 

treated cells normalised with GAPDH.  Experiment was done in quadruplicates and data was plotted 725 

as mean ± SD. (D) Merged confocal images showing expression of γH2AX (red), H3K9me3 (green) 726 

and LaminB1 (red) in control and doxorubicin treated cells on 6th day. Cells were counterstained with 727 

DAPI (blue). (E) Bar graphs show the relative mean fluorescent intensity (MFI) of senescence-728 

associated markers calculated in different view-fields. Individual data points represent MFI 729 

quantification in one particular field. Data represented as mean ± SD. For all the experiments 730 

described, the significance was calculated by Student’s t test (* P≤0.05, ** P≤0.01, *** P≤0.001, 731 

**** P ≤0.0001). 732 

Figure 3. Mitochondrial dysfunction following senescence in HepG2 and Huh7 cells.  733 

(A) Representative transmission electron micrographs of control and senescent hepatoma cells. 734 

Abbreviations, N: nucleus, M: mitochondria, ER: endoplasmic reticulum, AV: autophagic vacuole, *: 735 

heterochromatin. Scale bar: 1µm. (B) Representative histogram plots showing changes in 736 

mitochondrial polarization as measured by sequestration of TMRE in control (Con) and senescent 737 

(Sen) cells on 6th day as analysed by flow cytometry. Bar diagrams shows quantification of TMRE in 738 

control and senescent hepatoma cells using three biological replicates. (C) Representative images of 739 

control and senescent cells stained with mitochondrial potential dependent dye, Mitotracker Red 740 

(mitochondria, red) and counterstained with DAPI (nucleus, blue). Scale bar: 100µM and 50µM. (D) 741 

Bar diagram showing quantification of mitochondrial ROS production in control and senescent cells 742 

stained with fluorescent dye, MitoSOX, which is a probe to detect mitochondrial superoxide. (E)  743 

Mitochondrial DNA (mtDNA) quantification in HepG2 and Huh7 cells by real time qPCR 744 

amplification of mitochondrial encoded 12S rRNA and the nuclear encoded 18S rRNA which served 745 

as a reference gene. Results are expressed as relative ratio of 12S mtDNA over 18S nDNA. (F)  746 

Relative gene expression, by qPCR, of mitochondrial biogenesis regulatory genes in control vs. 747 

senescent HepG2 and Huh7 cells. For all experiments the bar indicates values as mean ± SD of three 748 

independent experiments.  P values were calculated by paired student’s t test (* P≤0.05, ** P≤0.01, 749 

***P ≤0.001). 750 

Figure 4. UPRMT is compromised in doxorubicin induced senescent cells.  751 

(A) Bar graphs represent relative expression of UPRMT genes as measured by real time qPCR in 752 

control vs. senescent HepG2 and Huh7 cells. The bars represent mean ± SD from three independent 753 

experiments. (B) Representative immunoblots of UPRMT genes in control and senescent HepG2 and 754 

Huh7 cells. The adjoining bar graph shows their relative quantification normalised to GAPDH. Data 755 

is represented as mean ± SD of four biological replicates.  P values were calculated by paired 756 

Student’s t test (* P≤0.05, ** P≤0.01, ***P≤0.001, ****P≤0.0001). 757 
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Figure 5. Accumulation of senescent hepatocytes in various stages of liver disease. 758 

Immunohistochemistry (IHC) showing senescence-associated markers in different subject groups viz., 759 

Control, Fibrosis, Compensated (Comp) Cirrhosis and Decompensated (Decomp) Cirrhosis. A total of 760 

15 different samples were analysed in each group.  Representative images show expression of DNA 761 

damage associated marker, γH2AX; growth arrest marker, p53; cyclin dependent kinase inhibitor, p21  762 

and nuclear lamina protein, LaminB1. Brown staining indicates positivity. Scale bar: 10µM. Adjacent 763 

scatter plots show the changes in expression of each of the markers in different stages of liver disease. 764 

For γH2AX and p21, IHC score was calculated as explained in methods section. For p53, percentage 765 

positivity was plotted, whereas for LaminB1, percentage of cells with intact nuclear membrane was 766 

taken as variable for quantification. Individual data point in the scatter plot represent samples scored 767 

in each group.  The quantified data is represented as mean ± SD. Kruskal Wallis one-way ANOVA 768 

with Dunn’s multiple comparison test was used in order to determine the statistical significance 769 

between the groups  (* P≤0.05, ** P≤0.01, ***P≤0.001, ****P≤0.0001). 770 

Figure 6. Representative images of H3K9me3 and Ki67 immunohistochemistry done in various subject 771 

groups viz., control, fibrosis, compensated and decompensated cirrhosis. Brown colour indicated 772 

positivity. Scale bar: 20µm. 773 

Figure 7. Mitochondrial associated changes in various stages of end stage liver disease.  774 

(A) Representative transmission electron micrograph of liver tissue from control, compensated and 775 

decompensated cirrhosis. Note the presence of intact electron dense mitochondrial cristae (indicated 776 

by yellow arrowheads) in control and compensated cirrhosis, while enlarged mitochondria with 777 

diffused cristae (indicated by red arrowheads) in decompensated cirrhosis. N: nucleus, ER: 778 

Endoplasmic Reticulum, H: Heterochromatin. Scale bar: 0.5µM. (B) Bar graph shows the relative 779 

expression of UPRMT genes quantified by qPCR in control, fibrosis, compensated (Comp) and 780 

decompensated (Decomp) cirrhosis. Values are represented as mean ± SD. Individual data points 781 

represent number (N) of subjects in each group:  N=5 in control, N=6 in fibrosis, N=8 in compensated 782 

cirrhosis and N=7 in decompensated cirrhosis. Kruskal Wallis one-way ANOVA was used to 783 

calculate the significance within the groups. (C) Representative images of liver sections showing 784 

immunohistochemistry for UPRMT markers in control, fibrosis, compensated (Comp) and 785 

decompensated (Decomp) cirrhosis. Scale bar: 10µM. Adjacent scatter plots representing variations in 786 

intensity scores (0-absent, 1-minimal, 2-moderate, 3-severe) of CLPP, HSP60 and HSP10. Data is 787 

represented as mean ± SD. Kruskal Wallis one-way ANOVA with Dunn’s multiple comparison test 788 

was used to calculate the significance between the groups. (*P≤0.05, **P≤0.01, ***P≤0.001, 789 

****P ≤0.0001) 790 

Figure 8. CLPP over-expression and establishment of stable hepatoma cell lines.  791 
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(A) Histogram plots showing percentage of GFP positivity in stable HepG2 and Huh7 cells expressing 792 

either empty GFP vector or CLPP-GFP as analysed by flow cytometry. (B) Immunofluorescence 793 

images of stable cell clones of HepG2 and Huh7 cells showing expression of either GFP or CLPP-794 

CLPP (green). Note CLPP-GFP showed a punctate expression which co-localized with Mitotracker 795 

Red. Nucleus was counterstained with DAPI. (C) Growth of cells expressing GFP and CLPP-GFP 796 

was monitored by uptake of crystal violet dye at specified time intervals and quantified by reading the 797 

absorbance at 570nm. The data is represented as mean ± SD from three independent experiments.  798 

Figure 9. CLPP over-expression attenuated senescence-associated changes in hepatoma cells 799 

following doxorubicin treatment by reducing ROS levels.  800 

(A) Representative bright field microscopic images of SA-β-Gal staining in GFP vector and CLPP-801 

GFP over-expressing HepG2 and Huh7 cells following doxorubicin treatment on 6th day. Scale bar: 802 

50µm. (B) Bar diagrams showing percentage of SA–β-Gal positive cells. Individual data points 803 

represent percentage positivity per microscopic field. (C) Immunoblots showing the expression of 804 

three senescence-associated markers and GAPDH served as loading control.  The numbers below the 805 

blots represent relative fold change compared to untreated control (Con) in GFP and CLPP over-806 

expressing cells following doxorubicin (Dox) treatment at 6th day. (D) Relative expression of 807 

senescence associated secretory phenotype (SASP) markers as quantified by real time qPCR in 808 

control (Con) and doxorubicin (Dox) treated HepG2 and Huh7 cells expressing either GFP or CLPP-809 

GFP. The data represents mean ± SD from three independent experiments. (E) Representative 810 

histogram showing shift in median fluorescent intensity (MFI) of MitoSOX which is an indicator of 811 

the mitochondrial ROS levels. The bar diagram showing quantification of mitochondrial ROS in 812 

HepG2 and Huh7 cells expressing either GFP or CLPP-GFP when treated with either vehicle or 813 

doxorubicin. MFI of MitoSOX was calculated on GFP+ gated population. Individual data points 814 

represent three biological replicates and data is represented as mean ± SD. For all statistical 815 

significance, P values were calculated by Student’s t test (*P≤0.05, **P≤0.01, ***P≤0.001, 816 

****P ≤0.0001) 817 

Figure 10. Effect of CLPP on mitochondrial DNA content, biogenesis and polarization in HepG2 818 

and Huh7 cells.  819 

(A) mtDNA quantification in hepatoma cells expressing either GFP or CLPP and treated without 820 

(Con) or with doxorubicin (Dox). Quantification was done by real time qPCR amplification of 821 

mitochondrial 12S rRNA gene and nuclear 18S rRNA which served as a reference gene. Results are 822 

expressed as ratio of 12S mtDNA to 18S nDNA. (B) Relative gene expression of mitochondrial 823 

biogenesis regulatory genes by real time qPCR in GFP vs. CLPP over-expressing cells treated with 824 

doxorubicin (Dox). Untreated cells served as control (Con). The bar diagram represent values plotted 825 
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as mean ± SD from three different experiments. P values were calculated by paired Student’s t test (* 826 

P≤0.05, ** P≤0.01, ***P≤0.001). (C) Representative fluorescence images of control and doxorubicin 827 

(Dox) treated GFP and CLPP-GFP (green) over-expressing cells, stained with Mitotracker 828 

(mitochondria, red) dye which detects mitochondrial polarization status. Cells were counterstained 829 

with DAPI (nucleus, blue). Scale bar: 100µm, 50µm.  830 

Figure 11. CLPP over-expression rescues senescent phenotype in non-neoplastic hepatocytes 831 

(PH5CH8). 832 

(A) Representative bright field microscopy images of SA-β-Gal staining in control (Con) and 833 

doxorubicin (Dox, 2µM) treated cells. Cells were treated for 2hr, changed to fresh medium and grown 834 

for 6 days following which staining was done. Scale bar: 50µm. Adjoining bar diagram shows 835 

percentage SA-β-Gal positivity with data points representing atleast 10 different microscopic fields. 836 

(B) Representative immunoblots of UPRMT genes in control (Con) and senescent (Sen) PH5CH8 cells. 837 

The adjoining bar graphs shows their relative quantification normalised to GAPDH. Individual data 838 

points represent three biological replicates. (C) Representative fluorescence images showing 839 

expression of GFP and CLPP-GFP (green) transiently transfected in PH5CH8 cells. Nucleus was 840 

counterstained with DAPI (blue). Scale bar 20µM. (D) Immunofluorescence images of PH5CH8 cells 841 

showing expression of either empty GFP vector or CLPP (green). As compared to pan expression of 842 

GFP vector control, CLPP showed a punctate expression which co-localized with Mitotracker Red. 843 

Nucleus was counterstained with DAPI (blue). Scale bar 10µM. (E) Representative immunoblots of 844 

senescence-associated markers in GFP and CLPP-GFP over-expressing PH5CH8 cells after 845 

doxorubicin (Dox) treatment. The adjoining bar graph shows the relative quantification normalised to 846 

GAPDH. Individual data points represent three biological replicates. The bar diagrams represent data 847 

values as mean ± SD. P values were calculated by Student’s t test (* P≤0.05, ****P≤0.0001) 848 

Figure 12. CLPP over-expression altered mitochondrial respiration in hepatoma cells.  849 

(A) Representative Extracellular Flux Assay plots of HepG2 and Huh7 cells, expressing either GFP or 850 

CLPP, using the Seahorse XF Cell Mito Stress Test Kit. Respiration was monitored on 6th day 851 

following treatment with either doxorubicin (Dox) or vehicle (Con).  The oxygen consumption rate 852 

(OCR) was monitored at basal level in the absence of exogenous substrate, followed by sequential 853 

addition of oligomycin (1.0µM), FCCP (0.50µM for HepG2 and 0.25µM for Huh7) and 854 

rotenone/antimycin A (0.5µM). Points represent mean ± SD. Protein content of each well was used to 855 

normalise the OCR. (B) Bar graphs represent basal respiration in both HepG2 and Huh7 cells 856 

expressing either GFP or CLPP. (C) Bar graphs represents maximal respiration in both HepG2 and 857 

Huh7 cells expressing either GFP or CLPP. (D) Bar graphs represent ATP linked respiration in both 858 

HepG2 and Huh7 cells expressing either GFP or CLPP. (E) Oxygen consumption rate of isolated 859 
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mitochondria from GFP and CLPP over-expressing HepG2 and Huh7 cells as measured by oxygen 860 

microsensor (TBR1025 single-channel free radical analyzer). 2mM NADH was added (arrow) after 861 

5min and its oxidation was monitored every 30sec. (F) Energy phenotype analysis by plotting OCR 862 

vs. ECAR (extracellular acidification rate) in CLPP and GFP over-expressing cells with or without  863 

doxorubicin (Dox) treatment. The bar graph represents value as mean ± SD and P values was 864 

calculated by Student’s t test (* P≤0.05, ** P≤0.001).  865 
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Table 1. Clinical parameters and immunohistochemical scores of various markers in different 

patient groups 

 

 
p values in bold indicate significant changes 
 

Variables Control Fibrosis Compensated 
Cirrhosis 

Decompensated 
Cirrhosis 

p value 
(1 way ANOVA) 

Age (years) 26.20±0.58 34.00±5.77 55.75±1.81 45.57±3.85 0.0017 

Sex                      
(%, female) 

0.60 0.33 0.50 0.29 
 

Total Bilirubin 
(mg/dL) 

0.88±0.15 0.88±0.16 1.73±0.33 5.09±1.91 0.0013 

AST                      
(IU/L) 

21.4±3.03 55.50±9.01 51.63±6.81 60.43±11.52 0.0111 

ALT                   
(IU/L) 

20.6±6.64 88.83±23.29 37.00±6.50 31.43±6.90 0.0061 

Albumin            
(g/dL) 

4.26±0.19 4.02±0.25 3.58±0.18 2.83±0.25 0.0046 

Creatinine 
(mg/dL) 

0.64±0.07 1.06±0.44 0.64±0.04 0.68±0.10 0.9903 

INR 0.99±0.03 1.02±0.05 1.18±0.08 1.81±0.23 0.0015 

MELD score 6.60±0.40 8.67±2.27 10.00±0.89 17.29±2.66 0.0035 

p21                          
(IHC score) 

3.70±0.43 27.59±3.94 55.79±7.31 102.4±7.24 < 0.0001 

p53                             
(% positivity) 

34.73±1.98 37.27±1.29 58.80±1.01 69.53±1.56 < 0.0001 

LaminB1                   
(% intact nuclear 

membrane) 
86.50±0.92 86.70±0.99 42.14±1.55 6.81±0.46 < 0.0001 

γH2AX              
(IHC score) 

53.13±2.72 80.00±6.44 133.5±3.16 239.6±4.87 < 0.0001 

ClpP             
(intensity score) 

1.00±0.0 0.33±0.21 2.94±0.63 1.71±0.29 0.0001 

HSP60         
(intensity score) 

2.20±0.37 1.83±0.17 2.75±0.25 2.00±0.22 0.0390 

HSP10         
(intensity score) 

2.00±0.32 1.67±0.21 2.75±0.16 1.29±0.18 0.0024 
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Table 2. List of antibodies and various fluorescent dyes used in the study. 
 

Antibodies Catalogue no. Lot no. 
Dilutions 

IHC 
/ICC 

Immuno-
fluorescence 

Western 
blotting 

p21 AM434-5M (BioGenex) 
AM2391115 Ready 

to use 
- 1:500 

p53 AM239-5M (BioGenex) 
AM2391115 Ready 

to use 
- - 

Ki67 AM297-5M (BioGenex) 
Clone MIB-1 Ready 

to use 
- - 

H3K9me3 ab8898 (Abcam) GR186864-1 1:400 1:200 1:1000 
γH2AX ab26350 (Abcam) GR90011-1 1:500 1:200 1:1000 
GAPDH G9545 (Sigma) 060M4775 - - 1:5000 

LaminB 
sc-6216 (Santa Cruz 
Biotechnology) 

F1812 1:100 1:50 1:500 

CLPP GTX104656 (GeneTex) 39708 1:200 - 1:500 

HSP10 
PAB501Hu01 (Cloud-
Clone Corp) 

A20170621181 
1:20 - 1:250 

HSP60 
PAA822Hu01 (Cloud-
Clone Corp) 

A20170621167 
1:20 - 1:250 

Alexa Fluor 488 or 
594 conjugated 
secondary (anti-
mouse/rabbit/goat) 

anti-M-488 A11029 
anti-M-594 A11032 
anti-R-488 A11034 
anti-R-594 A11037 

1503602 
1420905 
1423009 
1420978 

- 1:2000 - 

Anti-Goat IgG-
HRP 

A5420 (Sigma) whole molecule - - 1:3000 

Anti-Rabbit IgG-
HRP 

170-6515 (BioRad) whole molecule - - 1:5000 

Anti-Mouse IgG-
HRP 

170-6516 (BioRad) whole molecule - - 1:5000 

Fluorescent dyes Catalogue no. 

Propidium iodide 349523 (BD Biosciences) 
DAPI mounting media  H1200 (Vector Laboratories) 
MitoTracker Red CMXRos M7512 (Invitrogen) 
MitoSOX M36008 (Invitrogen) 
Tetramethylrhodamine ethyl ester perchlorate (TMRE) 87917 (Sigma) 
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