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Abstract

Background and Aims: Liver regeneration (LR) following partial hepatectomy (PH) occurs 

via activation of various signaling pathways. Disruption of single pathway can be compensated 

by activation of another pathway to continue LR. The Wnt-β-catenin pathway is activated early 

during LR and conditional hepatocyte loss of β-catenin delays LR. Here, we study mechanism of 

LR in the absence of hepatocyte-β-catenin.

Approach & Results: Eight-week-old hepatocyte-specific Ctnnb1 knockout mice (β-

cateninΔHC) were subjected to PH. These animals exhibited decreased hepatocyte proliferation 

at 40–120h and decreased cumulative 14-day (14d) BrdU labeling of <40%, but all mice survived 

suggesting compensation. Insulin-mediated mTORC1 activation was uniquely identified in the 

β-cateninΔHC mice at 72–96h after PH. Deletion of hepatocyte Raptor, a critical mTORC1 partner, 

in the β-cateninΔHC mice led to progressive hepatic injury and mortality by 30d. PH on early-

stage non-morbid RaptorΔHC-β-cateninΔHC mice led to lethality by 12h. RaptorΔHC mice showed 

progressive hepatic injury, spontaneous LR with β-catenin activation, but died by 40d. PH on early 

stage non-morbid RaptorΔHC mice was lethal by 48h. Temporal inhibition of insulin receptor and 

mTORC1 in β-cateninΔHC or controls after PH was achieved by administration of linsitinib at 48h 

or rapamycin at 60h post-PH, and completely prevented LR leading to lethality by 12–14d.
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Conclusions: Insulin-mTORC1 activation compensates for β-catenin loss to enable LR after 

PH. mTORC1 signaling in hepatocytes itself is critical to both homeostasis and LR and is only 

partially compensated by β-catenin activation. Dual inhibition of β-catenin and mTOR may have 

notable untoward hepatotoxic side effects.
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The liver is the largest gland of the body performing around 500 functions related to 

metabolism, synthesis, storage, and detoxification. Because of the diversity and criticality of 

the functions as well as its strategic location, liver is bestowed with a capability to regenerate 

unlike any other organ. The process of liver regeneration (LR) has most commonly been 

studied by surgical removal of two-thirds of the liver by partial hepatectomy (PH). After PH, 

the process of LR is initiated by a concerted effort of various mitogenic growth factors like 

HGF and EGF, and several non-mitogenic cytokines like IL-6, TNFα and others (1). Studies 

in many transgenic and knockout mouse models have demonstrated molecular and cellular 

redundancy during LR. In fact, single genetic deletion of growth factors, cytokines, or their 

receptors or co-receptors, often leads to only a partial delay in LR, suggesting existence of 

fail-safe mechanisms ensuring LR (1, 2).
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The Wnt-β-catenin signaling is a major contributor of LR following PH in rats, mice 

and zebrafish (3–5), as well as after acetaminophen overdose in mice and patients, and 

after carbon tetrachloride-induced liver injury (6, 7). Mice with liver-specific knockout of 

β-catenin, liver-specific double-knockout of LRP5 and LRP6 (co-receptors of Wnt ligands), 

or hepatic endothelial cell-specific knockout of Wntless, all exhibit delayed LR (5, 8–12). 

However, LR is eventually restored albeit by unknown mechanisms. The aim of the current 

study was to validate the delay in LR in the absence of hepatocyte-β-catenin and to identify 

the compensatory mechanisms enabling LR and allowing survival.

Experimental Procedures

Animals

All animal husbandry and experimental procedures, including animal housing and diet, were 

performed under the guidelines and approval of the National Institutes of Health and the 

Institutional Animal Care and Use Committee at the University of Pittsburgh. Mice were 

fed regular chow in standard caging and kept under a 12-hour light–dark cycle with no 

enrichment. Ctnnb1flox/flox mice were reported before (5). Raptorflox/flox mice were reported 

before and were purchased from the Jackson Laboratory (Strain #:013188) (13).

More detailed methods in the online supplement

Results

Acute hepatocyte-specific deletion of β-catenin severely impairs liver regeneration

Previously, others and we have shown that mice with Albumin-Cre driven chronic genetic 

loss of β-catenin from hepatocytes and cholangiocytes (β-cateninΔLiver), exhibited lower 

liver weight to body weight ratio (LW/BW), but lacked any other overt phenotype (5, 14). 

Instead of Albumin-Cre, which might lead to adaption to chronic β-catenin loss from the 

hepatic epithelial or ‘hepithelial’ cells, we used AAV8-TBG-Cre to acutely and selectively 

delete β-catenin from hepatocytes (β-cateninΔHC) (Fig. 1A). At baseline, a very small subset 

of β-cateninΔHC mice had smaller liver size along with stiff and fibrotic livers, which 

were excluded from the LR studies (Fig. S1A). In majority of the cases, acute hepatocyte-

specific deletion did not impact body weight, liver size or LW/BW (Fig. 1B, S1B). Next, 

β-cateninΔHC and control mice were subjected to PH (Fig. 1A). Control mice showed an 

average LW/BW recovery to 3.8% at 14 days (14d) after PH, whereas β-cateninΔHC mice 

recovered to around 2.6% at 96 hours (96h), but no further gain was evident even at 14d of 

LR (Fig. 1B).

Since β-catenin regulates LR in major part by regulating expression of Ccnd1, we 

first analyzed Cyclin D1 levels and distribution in β-cateninΔHC and control mice by 

immunohistochemistry (IHC) (5, 15). In control mice, Cyclin D1 was present in zone 2 at 

baseline, as shown previously (16). During LR, Cyclin D1-positive hepatocytes were seen in 

the periportal and midzonal region at 24h and also in pericentral regions from 40–96h, while 

beginning to return to baseline-like localization at 120h after PH (Fig. 1C–D, Fig. S1C). The 

β-cateninΔHC mice exhibited a diminished induction of Cyclin D1 which gradually increased 

from 40h to 96h and began to decrease at 120h (Fig. 1C). A more careful characterization 
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revealed the increase to be overall less profound in the β-cateninΔHC mice as compared to 

controls and to be in the periportal and midzonal regions at 40h and panzonal from 72–96h 

with continued increase in periportal and midzonal expression even at 120h (Fig. 1D, Fig. 

S1C). Quantitative polymerase chain reaction (qPCR) analysis also confirmed a rapid Ccnd1 
up-regulation after PH in control mice from 12h to 96h, while livers from β-cateninΔHC mice 

only exhibited scant up-regulation between 40h-120h, peaking at 96h (Fig. S1D).

Hepatocyte proliferation was next assessed by IHC for Ki67 to identify cells in S-phase with 

careful attention to zonality. In controls, increased Ki67-positive hepatocytes were observed 

at 40h in periportal and midzonal regions, with overall fewer but panzonal presence at 

72–96h after PH (Fig 1E–F, Fig. S1E–F). In β-cateninΔHC, there is a clear lack of any 

Ki67-positive hepatocytes at 40h with overall lower but maximal positivity seen at 72–96h 

especially in periportal and midzone regions (Fig. 1E–1F, Fig. S1E–F). Temporal hepatocyte 

proliferation was assessed by IHC for BrdU, which was injected intraperitoneally 5h prior to 

euthanasia. Control mice exhibited increased BrdU-positive hepatocytes at 40h followed by 

a decline thereafter (Fig. S2A–B). In β-cateninΔHC mice, occasional hepatocytes around the 

portal vein were BrdU-positive at 40h and occasional hepatocytes were BrdU in periportal 

or midzonal regions at 72–96h (Fig. S2A–B). To address cumulative hepatocyte proliferation 

over time in control and β-cateninΔHC mice after PH, and to also investigate the localization 

of proliferating hepatocytes, we performed both IHC for BrdU, and immunofluorescence 

(IF) for BrdU, HNF4α (hepatocytes), and panCK (cholangiocytes) after 14d of continuous 

BrdU administration in drinking water over the course of LR. Control mice exhibited around 

90–100% of hepatocytes to be BrdU-positive along with a pan-lobular distribution by both 

IHC and by colocalization of BrdU and HNF4α-positive by IF (Fig. 1G, Fig. S2C–D). 

Analysis for their zonal localization revealed >90% of hepatocytes to be BrdU-positive in 

all 3 zones at 14d after PH in the controls (Fig. 1H). In β-cateninΔHC mice, there was 

preponderance of BrdU-positive or BrdU-HNF4α-dual positive hepatocytes in periportal 

(~90%) and midzonal (~40%) regions with only <5% hepatocytes in zone 3 being positive 

(Fig. 1G–H, Fig. S2C–D). These results indicated LR to still occur in the β-cateninΔHC mice 

even though it was suboptimal, and thus enabled survival of these mice after PH.

Since we observed discordance in LR in β-cateninΔHC versus previously published β-

cateninΔLiver mice which showed a notable rebound in LR at 72h after PH (5, 11), we 

next performed a direct comparison of regeneration kinetics between the two models. Unlike 

β-cateninΔHC mice, we observed a significant increase of hepatocyte proliferation at 72h 

post-PH in β-cateninΔLiver mice (Fig. S2E–F), similar to the previously published studies.

Overall, these data suggest LR in β-cateninΔHC mice to be occurring slowly but surely, thus 

underscoring a fundamental role of β-catenin in murine LR.

Activation of the mTORC1 signaling at 72 hours co-occurs with compensatory increase in 
LR in β-cateninΔHC mice

Despite impaired LR after PH in β-cateninΔHC mice, increased Cyclin D1 and continued 

low grade hepatocyte proliferation was evident from 72h onwards with all mice surviving 

past 14d after PH with around 40% hepatocytes having undergone replication. This 

suggested activation of a compensatory signaling pathway may be driving LR in the 
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absence of hepatocyte β-catenin. To uncover such mechanisms, livers from controls and 

β-cateninΔHC mice that underwent PH were first assessed for status of other similar 

developmental pathways including YAP, NOTCH, and Hedgehog signaling pathways (17–

20). We employed qPCR to determine expression of known downstream target genes of 

the respective pathways as surrogates of the state of their signaling. No differences were 

observed in the NOTCH and Hedgehog pathways (Fig. S3A–B). We saw an unexpected and 

significant impairment in YAP activation as observed by failed induction of Cyr61 and Ctgf 
in the β-cateninΔHC mice during LR as compared to the controls at similar times (Fig. S3C). 

While intriguing, this observation could not be the contributing mechanism of hepatocyte 

proliferation in β-cateninΔHC mice during LR.

Next, we assessed the status of some well-known effectors associated with cell proliferation 

in lysates from control and β-cateninΔHC livers at various time-points after PH. Examining 

cytokine-induced signaling first, we found no notable differences in phosphorylation status 

of TNFα-induced NF-κB activity between the controls and β-cateninΔHC (Fig. S3D) (21, 

22). Likewise, there were no consistent differences in P-STAT3-Y705 levels between 

the two groups at all time-points (Fig. S3D). Stress response pathways p38 MAPK and 

AMPK have also been implicated as mediators of cell proliferation during LR after PH 

(23, 24). However, we found comparable phosphorylation of both proteins in control and 

β-cateninΔHC mice during LR (Fig. S3D). Overall, lack of noteworthy and consistent 

differences in any of these effector molecules between the control and β-cateninΔHC mice 

after PH precluded any of these as possible mechanisms of ongoing LR in the absence of 

hepatocyte-β-catenin.

Next, we evaluated the status of the mTOR signaling, which is another pertinent effector 

downstream of various growth factors that mediates cell proliferation and has been shown 

to play an important role in liver growth following PH (13, 25, 26). In control mice, the 

mTORC1 pathway was activated at 12h post-PH shown by increased levels of P-mTOR-

S2448 and its downstream effectors P-p70S6K-T389, P-S6-S235/236, P-S6-S240/244, and 

P-4E-BP1-S65 followed by a decrease in activity from 24h onwards returning to baseline 

levels at 72h (Fig. 2A–B, S3E), as also reported elsewhere in previous studies (25, 26). 

Intriguingly, in β-cateninΔHC mice, in addition to the early activation, a second more 

profound and wider peak of mTORC1 activation was observed at 72–96h as seen by 

enhanced levels of P-mTOR-S2448 and its downstream effectors P-p70S6K-T389, P-S6-

S235/236 and P-S6-S240/244, while P-4E-BP1-S65 was increased at 72h, by WB analyses 

and their quantification (Fig. 2A–B, S3E).

To address localization, we performed IHC for P-S6-S235/236 in control and β-cateninΔHC 

livers from different time-points after PH. In controls, IHC for P-S6-S235/236 showed a 

pan-lobular increase at 40h over baseline followed by a gradual decrease from 72–120h 

(Fig. 2C). β-cateninΔHC mice exhibited a similar pan-lobular increase in P-S6-S235/236 

staining at 40h and showed an even more intense staining from 72–96h (Fig. 2C). Careful 

quantification showed 97.5% (238 out of 244) of mitotic hepatocytes in β-cateninΔHC mice 

to be positive for P-S6-S235/236, in all stages of cell cycle phases (Fig. 2D–E). Similar 

results were also observed by IHC staining of P-S6-S240/244 (Fig. S3F).
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Collectively, our data identified a second unique wave of mTORC1 activation in the β-

cateninΔHC mice after PH, suggesting it to be a likely compensatory mechanism driving LR.

Acute hepatocyte-specific deletion of Raptor and β-catenin causes failure of LR after PH

To unequivocally address the role of mTORC1 signaling in the absence of hepatocyte 

β-catenin, we took advantage of genetically engineered mouse models. Since Raptor is the 

defining subunit of mTORC1 essential for its activation, we crossed Raptorflox/flox mice with 

Ctnnb1flox/flox mice, and generated acute hepatocyte-specific Raptor and β-catenin double 

deletion mice (RaptorΔHC-β-cateninΔHC) using AAV8-TBG-Cre. Raptorflox/flox mice getting 

AAV8-TBG-Cre (RaptorΔHC) were used as single knockout controls. Two weeks after virus 

injection, we performed PH to these mice to investigate their role in LR.

Strikingly, none of the RaptorΔHC-β-cateninΔHC mice survived beyond 6–12h post-PH, 

and none of the RaptorΔHC mice survived beyond 48h post-PH (Fig. 3A). At the time of 

death, RaptorΔHC-β-cateninΔHC and RaptorΔHC mice displayed significantly lower LW/BW 

than controls (Fig. 3B). We examined serum biochemistry from the two groups of animals 

at the time of their demise after PH. At 6h, the RaptorΔHC-β-cateninΔHC showed lower 

ALT, comparable AST, higher ALP and lower serum albumin compared to controls at the 

same time point (Fig. 3C). This suggested ongoing hepatobiliary injury along with hepatic 

insufficiency and liver failure. Histologically, while the control livers at 6h post-PH were 

already showing increase in Cyclin D1 staining in midzonal hepatocytes, there were only 

a few periportal Cyclin D1-positive hepatocytes (Fig. 3D). Despite high serum ALT and 

AST in controls at 6h which are likely remnants of surgical resection, there was no ongoing 

cell death within hepatic parenchyma in the controls at 6h as seen by negative TUNEL 

staining (Fig. 3D). However, clusters of TUNEL-positive hepatocytes were specifically 

observed in pericentral regions in the RaptorΔHC-β-cateninΔHC livers at 6h post-PH (Fig. 

3D). Histology was also reminiscent of ongoing cell death and immune cell infiltration 

in the pericentral region (Fig. 3E). A notable ductular reaction was only visible in the 

6h post-PH RaptorΔHC-β-cateninΔHC livers (Fig. 3E). The hepatocytes were also notably 

smaller in the RaptorΔHC-β-cateninΔHC livers at this stage (Fig. 3F). All of these features 

were indicative of ongoing failure of LR and associated acute liver failure.

Serum biochemistry from RaptorΔHC mice was assessed at around 24h before 100% 

mortality was observed in these animals. While serum ALT, AST and ALP levels were 

reducing in controls from the 6h control values, the RaptorΔHC mice showed persistent 

increases in these markers of hepatobiliary injury which were significantly higher than the 

time-matched controls (Fig. S4A). IHC analysis showed a notable decrease in numbers of 

Cyclin D1-positive hepatocytes, Ki67-positive hepatocytes and higher numbers of TUNEL-

positive cells in the RaptorΔHC mice as compared to controls at 48h post-PH (Fig. 3G). 

There was a small decrease in hepatocyte size in the RaptorΔHC mice at this time along with 

evidence of microsteatosis indicating blunted LR (Fig. S4F).

In short, loss of Raptor from hepatocyte-β-catenin-deficient mice led to early lethality 

after PH precluding us from addressing any compensatory role of mTORC1 in LR in 

the β-cateninΔHC mice. Intriguingly, RaptorΔHC mice also succumbed to PH albeit at 48h 

after surgery suggesting the relevance of early mTORC1 activation after PH in controls. 
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Also, since RaptorΔHC-β-cateninΔHC mice exhibited a much more severe liver injury and 

accelerated liver failure after PH compared to RaptorΔHC mice, this suggests that β-catenin 

may be cooperating with the mTORC1 signaling for optimum liver recovery after PH.

Acute hepatocyte-specific deletion of Raptor causes progressive injury, liver regeneration 
partially by β-catenin activation, and is eventually fatal

Although we observed cooperation of mTORC1 and β-catenin in initiating LR, PH led to 

death in 100% of RaptorΔHC mice around 48h. Therefore, we decided to examine these 

mice at baseline. Two weeks after virus injection, livers from the RaptorΔHC mice were 

assessed for mTORC1 signaling. RaptorΔHC livers showed loss of Raptor, P-mTOR-S2448, 

P-p70S6K-T389, P-S6-S235/236 and P-S6-S240/244 (Fig. 4A). RaptorΔHC mice at this 

stage showed slight but significant elevations in serum levels of ALT, AST, and ALP (Fig. 

4B). Simultaneously, we observed reduction in serum albumin, glucose, triglycerides, and 

cholesterol (Fig. 4B, S4B). Histologically, livers from RaptorΔHC mice exhibited weak 

eosinophilic staining of cytosol by H&E, enhanced cell death by significantly increased 

TUNEL-positive hepatocytes, elevated CD45-positive immune cells and F4/80-positive 

macrophage infiltration (Fig. 4C–D). No fibrosis was observed by Sirius red staining or by 

mRNA expression of Col1a1 and Acta2 (Fig. S4C–E). Because of increased inflammation 

and pale eosinophilic cytoplasm, we next examined the state of hepatocyte differentiation. 

Markers of hepatocyte dedifferentiation including Hnf4α-P2 isoform and Afp expression 

were decreased whereas Hnf4α-P1 isoform was unchanged (Fig. 4E). Further, expression of 

hepatocyte metabolic genes including those encoding proteins involved in urea cycle (Arg1) 

and gluconeogenesis (G6pc, Pck1) were decreased as were genes encoding for liver-derived 

secretory proteins (Alb, Trf, Ttr) (Fig. 4F). Transmission electron microscopy (TEM) 

revealed mitochondrial swelling, endoplasmic reticulum (ER) whorl formation indicating 

protein synthesis inhibition and ER stress, increased lysosomes, and increased autophagy 

(Fig. 4G). Due to the observed indolent injury in RaptorΔHC mice, we next examined state 

of hepatocyte proliferation. A concurrent attempt at compensatory liver regeneration was 

observed by the presence of increased Ki67-positive hepatocytes in S-phase of cell cycle in 

the RaptorΔHC mice (Fig. 4C).

Next, we asked if liver repair by enhanced cell cycle entry of hepatocytes in RaptorΔHC mice 

could be due to activation of the Wnt-β-catenin signaling. WB analysis was performed 

on whole liver lysates from the livers of controls and RaptorΔHC mice. We observed 

an accumulation of β-catenin and active non-phosphorylated form of β-catenin together 

with its proliferative targets Cyclin D1 and Myc (Fig. 5A). A concomitant decrease in 

the known metabolic targets of β-catenin like GS and CYP2E1 was also observed in the 

RaptorΔHC livers (Fig. 5A). Accumulation of β-catenin was also verified by IHC staining 

(Fig. 5B). While control livers showed midzonal Cyclin D1 staining, RaptorΔHC livers 

showed enhanced periportal and midzonal Cyclin D1 positive hepatocytes with only 1–2 

layers of hepatocytes around the central vein remaining consistently negative for this marker 

of G1-to-S transition (Fig. 5B). Pericentral zonation of GS and CYP2E1 was maintained 

but overall weaker in RaptorΔHC mice and in agreement with WB (Fig. 5B). In line with 

the changes at the protein level, we observed increased mRNA expression of β-catenin 

proliferative target genes Ccnd1 and Myc, a universal β-catenin target Axin2, and decreased 
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mRNA of hepatocyte-specific differentiation/metabolic targets Glul and Cyp2e1 (Fig. 5C). 

β-catenin is well known to be regulated post-translationally by phosphorylation-mediated 

degradation. Interestingly, in addition to decreased degradation as indicated by increased 

non-phosphorylated β-catenin (Fig. 5A), we also observed a modest but significant increase 

in the mRNA expression of Ctnnb1, the gene encoding for β-catenin (Fig. 5C).

Because of the evidence of activation of pro-proliferative β-catenin signaling in the 

RaptorΔHC mice, we next wanted to directly assess the ongoing cell proliferation. BrdU was 

administered in drinking water for 14d to controls and RaptorΔHC mice. Intriguingly, fewer 

hepatocytes labeled with BrdU in the RaptorΔHC mice despite an increase in Cyclin D1- and 

Ki67-positive hepatocytes suggesting a failure of completion of cell cycle underscoring an 

important role of mTORC1 signaling in successful cell division (Fig. 5D–E).

Considering that despite compensatory β-catenin activation in the RaptorΔHC mice did not 

lead to successful increase in hepatocyte proliferation (Fig. 5D–E), we next decided to 

follow these acute hepatocyte Raptor-deleted mice for extended periods of time. Indeed, 

after 20d of AAV8-TBG-Cre injection, the RaptorΔHC mice stopped gaining weight but after 

30d lost body weight progressively (Fig. 5F). In fact, they became increasing morbid and 

died by 40d thus showing significantly shorter lifespan (Fig. 5G).

Thus overall, an acute loss of Raptor and in turn mTORC1 signaling in hepatocytes leads 

to a global impairment of metabolic, synthetic, secretory functions, and limits overall liver 

repair.

Dual loss of Raptor and β-catenin from hepatocytes leads to accelerated liver injury, 
failure, and lethality

Considering the compensatory activation of β-catenin in RaptorΔHC mice at baseline, and 

the striking phenotype of deleting β-catenin in addition to Raptor deficiency in RaptorΔHC-

β-cateninΔHC mice post-PH, we decided to monitor these mice for longer time without 

any intervention. RaptorΔHC-β-cateninΔHC mice started losing weight from 10d after virus 

injection. Males lost 20% body weight and females lost 25% body weight by 30d, at 

which time they died thus exhibiting significantly shorter survival (Fig. 6A–B). Control and 

β-cateninΔHC mice had no weight loss and showed normal survival during the course of the 

study (Fig. 6A–B).

At the time of required euthanasia, livers of the RaptorΔHC-β-cateninΔHC mice were pale 

and small, and the LW/BW was only 1.89% as compared to controls and β-cateninΔHC mice 

at around 4–4.25% (Fig. 6C). RaptorΔHC-β-cateninΔHC mice showed significantly elevated 

ALT, AST, ALP, total and direct bilirubin, indicating severe hepatocellular and cholestatic 

injury (Fig. 6D). β-cateninΔHC and control mice showed no abnormal serum biochemistry 

at this time. RaptorΔHC-β-cateninΔHC mice also showed a significant decrease in serum 

levels of albumin, which was one-third of the controls or β-cateninΔHC mice suggesting 

severe defect in synthetic ability (Fig. 6E). These mice also displayed hypoglycemia 

and hypotriglyceridemia, all of which are signs of hepatic insufficiency (Fig. 6E). Serum 

cholesterol levels were significantly upregulated in the RaptorΔHC-β-cateninΔHC mice and 

likely due to cholestatic injury in these mice, which may lead to decreased bile acid 
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synthesis through feedback inhibition of de novo bile acid synthesis from cholesterol leading 

to higher serum cholesterol (Fig. 6E). No such defects were evident in either control or 

β-cateninΔHC mice.

Next, we evaluated liver histology in the three groups. Both the control mice and the β-

cateninΔHC mice showed normal histology overall (Fig. 6F). RaptorΔHC-β-cateninΔHC mice 

exhibited decreased size of liver lobules, weak eosinophilic staining of cytosol, decreased 

size of hepatocyte nucleus, and massive immune cell infiltration under H&E (Fig. 6F). CD45 

staining showed a pan-lobular infiltration of immune cells with more cells in the pericentral 

region which were also F4/80 positive (Fig. 6F, S4G). Sirius red staining revealed massive 

portal and sinusoidal fibrosis with massive induction of αSMA-positive stellate cells (Fig. 

6F, S4G). TUNEL staining revealed significantly increased cell death (Fig. 6F). β-catenin 

deletion in RaptorΔHC mice prevented cell proliferation as no nuclear Ki67- or Cyclin 

D1-positive hepatocytes were observed in the RaptorΔHC-β-cateninΔHC livers (Fig. 6F, S4G).

HNF4α is an important regulator of hepatocyte functions. Hnf4α can be transcribed in 

two isoforms. P1 isoform is expressed in the adult liver while P2 isoform is expressed in 

the fetal liver and in liver cancer, and can serve as a dominant-negative effector of the P1 
form (27–29). We observed down-regulation of Hnf4α-P1 and an upregulation of Hnf4α-P2, 

along with a significant decrease in HNF4α positive target gene Ugt2b1 and increase in 

its negative target gene Akr1b7 in the RaptorΔHC-β-cateninΔHC mice, suggesting loss of an 

overall differentiation of the liver (Fig. S4H).

Collectively, these results show that Raptor cooperates with β-catenin in maintaining hepatic 

homeostasis. Loss of both proteins in mature hepatocytes leads to rapid deterioration in the 

hepatic function and acute liver failure. While this is a novel finding, this model is unable 

to allow us to investigate specifically the role and regulation of mTORC1 signaling that 

appears to allow LR in the absence of hepatocyte β-catenin.

Insulin/IGF1 drives mTORC1 activation and promotes compensatory adaptation in the β-
cateninΔHC after PH

To further determine the mechanism and significance of delayed mTORC1 activation during 

LR in the β-cateninΔHC mice, we next tested various growth factors that are known to 

drive mTORC1 activation (30). To address the upstream effector of sustained mTORC1 

activation in the β-cateninΔHC mice, we first assessed status of well-known growth factor 

drivers of LR including hepatocyte growth factor (HGF) and epidermal growth factor (EGF) 

(1, 2). HGF and EGF induce phosphorylation of receptor tyrosine kinases MET and EGFR 

respectively to activate Ras/Raf/MEK/ERK and/or PI3K/AKT to activate the mTORC1 

signaling. We tested lysates from regenerating livers from controls and β-cateninΔHC mice 

for P-MET-Y1349 as a readout for MET activation but did not find any unique increase in 

the β-cateninΔHC livers at any time-point (Fig. S5A). We also examined P-EGFR-Y1068 as 

an indicator of EGFR activation and did not observe any distinct increase in β-cateninΔHC 

livers as well (Fig. S5B).

Insulin/Insulin-like growth factor 1 (IGF1) signaling pathway is known to regulate cell 

survival, growth, and proliferation and a well-known contributor to LR after PH (31, 32). In 

Hu et al. Page 9

Hepatology. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fact, the liver is the key organ in insulin-mediated regulation of metabolism and growth, and 

is the main secretory site of IGF1 and insulin-like growth factor binding proteins (IGFBPs) 

(31, 33). We asked whether compensatory mTORC1 activation evident in LR at 72h after PH 

in the β-cateninΔHC mice could be insulin/IGF1 dependent. Indeed, a strong insulin receptor/

IGF1 receptor (INSR/IGF1R) activation was observed as seen by enhanced levels of P-INSR 

β-Y1150/1151 and P-IGF1R β-Y1135/1136 (Fig. 7A–B). Insulin signaling is known to 

phosphorylate GSK3β at serine-9 (34), which was also observed in the β-cateninΔHC livers 

at 72h after PH (Fig. 7A). Next, we examined gene expression of key ligands and receptors 

individually within the insulin growth factor signaling pathway. Igf1 expression was 

comparably elevated in both β-cateninΔHC and control mice at 24h post-PH (Fig. S5C). No 

significant differences in the expression of IGF2 (Igf2), IGF receptors Igf1r and Igf2r, and 

several IGFBP genes including Igfbp1, Igfbp3, Igfbp4, Igfbp5, and Igfbp6 were observed 

between control and β-cateninΔHC mice (Fig. S5C). IGFBP2 is known to act in part through 

IGF1 pathway to control hepatocyte proliferation (35). Interestingly, Igfbp2 exhibited a 

transient drop from 12h to 96h in β-cateninΔHC mice, while it stayed stable during LR 

in control mice (Fig. S5C). This could be a mechanism of impairment of hepatocyte 

proliferation in the β-cateninΔHC mice but could not be the basis of enhanced proliferation 

through higher P-INSR/IGF1R evident in the mouse livers especially at 72h post-PH. No 

difference was evident in the expression of insulin receptor (Insr) either across LR process 

between the control and β-cateninΔHC mice (Fig. S5C). In the absence of a clear upstream 

stimuli, we next examined insulin levels in the serum of control and β-cateninΔHC mice at 

72h. Interestingly, we found significantly higher serum levels of insulin in the β-cateninΔHC 

as compared to control mice, which also coincided with high P-INSR β-Y1150/1151 and 

P-GSK3β-S9 levels (Fig. 7C). As a possible mechanism behind higher insulin levels, we 

next examined the expression of genes involved in gluconeogenesis positing that high 

glucose output in β-cateninΔHC mice to counteract the well-known hypoglycemia that occurs 

post PH, may be the trigger behind higher serum insulin levels (36). In fact, gluconeogenesis 

genes including phosphoenolpyruvate carboxykinase 1 (Pck1) and glucose 6-phosphatase 

(G6pc), which are normally periportally expressed, are negatively regulated by the Wnt-β-

catenin signaling (37). We observed greater increase in the extent of expression of both 

genes especially at 24h-40h after PH in the β-cateninΔHC livers supporting our argument 

(Fig. S5D).

To further validate our observations, we next examined status of mTORC1 signaling in the 

β-cateninΔLiver mice at 72h after PH, when there was a profound rebound of hepatocyte 

proliferation in these mice. Like β-cateninΔHC mice, β-cateninΔLiver mice showed increased 

levels of P-INSR β-Y1150/1151, P-mTOR-S2448, P-p70S6K-T389, and P-S6-S240/244 at 

72h after PH (Fig. 7D).

Thus insulin-insulin receptor-mTORC1 axis seems to be activated in the absence of β-

catenin in hepatocytes after PH and may be playing a role in enabling LR.
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Temporal insulin or mTORC1 blockade completely prevents LR in β-cateninΔHC after PH 
leading to mortality

To conclusively address role of insulin-INSR-mTORC1 as the driver of LR in β-catenin-

deficient mice, we administered INSR/IGF1R inhibitor linsitinib or mTORC1-specific 

inhibitor rapamycin to control and β-cateninΔHC mice at 48h or 60h post-PH, after the 

conclusion of the first peak of mTORC1 activation, and daily thereafter (Fig. 7E). Either 

treatment led to significantly enhanced morbidity and mortality in the β-cateninΔHC mice 

while no effect was observed on the control mice (Fig. 7F). Linsitinib completely blocked 

P-INSR β-Y1150/1151, P-IGF1R β-Y1135/1136, P-p70S6K-T389, and P-S6-S240/244 in 

the β-cateninΔHC mice, proving its high specificity and efficacy (Fig. 7G). Both linsitinib 

and rapamycin treatment prevented recovery of liver mass following PH (Fig. 7H–I) and led 

to a failure of hepatocyte proliferation in β-cateninΔHC mice as noted by a 14-day BrdU 

pulse (Fig. 7J–K), while there was a negligible effect seen in the controls.

In conclusion, we have identified insulin signaling driving mTORC1 activation leading to 

acute compensatory adaptation in the absence of hepatocyte β-catenin to ensure growth of 

the liver following PH.

Discussion

PH and living donor liver transplantation can be performed clinically because of liver’s 

capacity to regenerate. Preclinical models of LR have revealed multiple signaling pathways 

that are activated to drive the regeneration process. Redundancy among pathways during LR 

is also known such that inhibition of one pathway is usually compensated by activation of 

another, enabling continued LR. HGF/Met loss has been shown to be compensated by EGF/

EGFR activation and EGF/EGFR loss by HGF/Met activation (38, 39). IL-6 or TNFα loss 

is compensated by unknown factor/s, but these animals also regenerate albeit with a delay 

(22, 40). Likewise, elimination of β-catenin from the hepithelial cells is also compensated 

during LR by heretofore unknown factor. Understanding these redundancies is of relevance 

since hepatocellular cancers (HCCs) commonly display an activation of similar pathways 

and inhibitors of several of these pathways are either available or on the horizon for clinical 

use. Judicious use of combinations in HCC will be important to prevent untoward adverse 

effects caused by inhibition of ongoing LR in the background diseased liver.

We also observed differences between use of Albumin-Cre mice and AAV8-TBG-Cre for 

floxed-gene deletion in the liver. Gene deletion by the former in the hepithelial cells 

begins at around embryonic day 14–16 when cholangiocytes still express Albumin and 

continues 2–4 weeks after birth (41), while the latter allows acute gene deletion from 

hepatocytes within 1–2 weeks of administration. Other than also impacting expression in 

cholangiocytes, genetic elimination by Albumin-cre leads to chronic adaptation in the liver 

cells which may confound true functions of the deleted gene. Use of acute approaches 

of genetic deletion disallow any adaptation and thus may report more accurate function 

of a gene. For example, chronic deletion of integrin-linked kinase induced chronic injury, 

adaptation and hepatocyte proliferation, while adenoviral-cre-mediated acute elimination 

led to acute widespread hepatic necrosis (42, 43). We observed differences in phenotypes 

when β-catenin or Raptor were deleted by AAV8-TBG-Cre versus Albumin-Cre. Mice with 
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Albumin-Cre Raptor deletion (RaptorΔLiver) showed delayed LR after PH without impact 

on survival (44). However, acute Raptor deletion led to a 100% mortality by 48h after 

PH. β-CateninΔHC mice generated acutely showed 5–6-fold lower Ki67-positive hepatocytes 

compared to controls at 72h peaking at 96h (still 6-fold lower than the peak of hepatocyte 

proliferation in controls at 40h), whereas β-cateninΔLiver mice rebound by 72h after PH to 

the same level as controls at 40h (5, 11). Thus, care should be taken when interpreting 

results of gene deletion attained acutely versus chronically.

We also observed what appears to be a spatiotemporal wave of hepatocyte proliferation 

during LR after PH. Using zonal analysis for staining for Cyclin D1 and Ki67, this wave 

of proliferation appears at 40h from the periportal and midzonal regions and extends to 

the pericentral zone by 96h in controls. However, in the β-cateninΔHC mice it begins in 

the same directionality but at 72h and is overall severely blunted. Based on long-term 

BrdU incorporation, control livers show hepatocyte proliferation in all three zones, while 

β-cateninΔHC mice showed blunted but definite proliferation mostly in periportal zone and 

midzone of the hepatic lobules.

To find the mechanisms driving LR in the absence of hepatocyte β-catenin, we screened 

many candidates and finally identified a novel compensatory regulation of the mTORC1 and 

β-catenin signaling in murine livers. We found insulin being the driver of the mTORC1 

activation in β-cateninΔHC mice, as linsitinib could completely block INSR activation, 

mTORC1 activation, and LR, leading to liver failure and demise of the animals. Insulin 

is produced by the pancreas and is constantly available through the portal vein. Plasma 

insulin levels are increased after PH in rats and dogs (45, 46). Intraportal infusion of insulin 

augments liver graft regeneration in patients undergoing living donor liver transplantation 

(47). Although there are other growth factors serving as possible stimulators of the 

mTORC1, pharmacological blockage of INSR using linsitinib was able to completely 

shut down the delayed mTORC1 signaling in β-cateninΔHC mice after PH, like mTORC1 

inhibition itself, proving the significance of this unique axis in driving LR in the absence of 

hepatocyte β-catenin. The reason of high insulin level is unknown at this stage and requires 

further investigation.

We speculate glucose metabolic perturbations after surgical hepatic resection to be highly 

relevant in this process of sensing liver loss and triggering LR. The development of 

“physiological hypoglycemia” after PH has been shown to be pertinent for initiating LR 

and any attempt to interfere with it disrupts the process (48, 49). The development of 

hypoglycemia is likely due to the loss of liver mass since liver is the fundamental organ 

regulating systemic glucose homeostasis and may simply be due to loss of hepatic mass 

culminating into limited glycogen reserves along with decreased gluconeogenic output 

(reviewed in (36)). The hypoglycemia begins to be curtailed by adaptive responses in the 

form of increased hepatic gluconeogenesis and by suppression of liver glycolytic activity, 

which together likely limits development of sustained life-threatening hypoglycemia (50). 

Eventually, as hepatocyte proliferation occurs and liver mass begins to be restored, these 

perturbations in glucose metabolism resolve. However, in hepatocytes lacking β-catenin, the 

response to the physiological hypoglycemia after PH may be exacerbated. Gluconeogenesis 

genes are normally located in the periportal zone of the hepatic metabolic lobule and 

Hu et al. Page 12

Hepatology. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



absent in pericentral hepatocytes where normal Wnt-β-catenin signaling is observed at 

baseline (51). The Wnt-β-catenin-TCF signaling has been shown to directly suppress 

gluconeogenesis in the liver through inhibition of genes like fructose-1,6-bisphosphatase 

(Fbp1), phosphoenolpyruvate carboxykinase 1 (Pck1), and glucose 6-phosphatase (G6pc) 

(52–54). In our recent unpublished work, β-catenin-deficient livers exhibit expansion of 

periportal genes to other metabolic zones, a phenomenon labeled as periportalization of the 

liver. It is conceivable that β-cateninΔHC mice after PH and in response to hypoglycemia 

have an exaggerated adaptation due to higher gluconeogenesis (shown by greater increases 

in expression of some gluconeogenesis genes) that may lead to episodic hyperglycemia, and 

trigger enhanced insulin secretion leading to the observed hyperinsulinemia in β-cateninΔHC 

mice seen at 72h after PH. Higher levels of P-GSK3β-S9 at this time also validate the 

ongoing insulin action on hepatocytes but the overall impact of inactivation of GSK3β in 

regulating glucose-glycogen balance remains incompletely understood and outside the scope 

of the current study (55, 56). This observed increase in serum insulin leads to engagement of 

insulin receptor on hepatocytes causing their activation and downstream mTORC1 activation 

which collaterally contributes to hepatocyte proliferation. This is an intriguing example of 

integration of metabolism and proliferation in the hepatocytes.

While we were trying to address the role of mTORC1 in β-cateninΔHC mice, we also 

were able to study RaptorΔHC mice as a genetic model of mTORC1 deficiency, in some 

detail. Acute elimination of hepatocyte-Raptor led to notable hepatopathy which was a 

result of progressive loss of hepatocyte identity and injury leading to gradual metabolic 

impairment, loss of weight and eventually demise by 40d. A global decrease in Hnf4α 
expression and function along with expression of several key genes essential for metabolic 

homeostasis, were seen in the RaptorΔHC livers. Eventually, there was evidence of ER stress, 

mitophagy and other forms of autophagy, leading to a complex phenotype encompassing 

cell death, immune response and compensatory LR. There appears to be evidence of Wnt-β-

catenin activation leading to enhanced cell proliferation, however due to a more universal 

requirement of mTOR signaling in control of RNA translation and ribosomal biogenesis, 

eventually the activation of regenerative pathway becomes inconsequential leading to 

hepatic failure and mortality in mice. Intriguingly, mTORC1 signaling has been previously 

shown to inhibit WNT signaling (31). And ectopic activation of WNT signaling can also 

lead to perturbations in zonal targets of β-catenin such that zone 1 could begin to express 

zone 3 target genes (57). However, we don’t observe ectopic expression of WNT target 

genes in zone1 in RaptorΔHC livers despite enhanced ccnd1 expression. It is conceivable 

that the imbalance in the P1 and P2 isoforms of HNF4α observed in the RaptorΔHC livers 

may uncouple WNT signaling from the metabolic gene expression along with the global 

impact of absent mTOR on control of RNA translation and ribosomal biogenesis. Future 

work is needed to further dissect how loss of mTORC1 uncouples WNT signaling from 

regulating various metabolic and proliferative events. Nonetheless, the function of β-catenin 

in RaptorΔHC mice is directly evident when both Raptor and β-catenin are simultaneously 

deleted from hepatocytes, which resulted in accelerated morbidity and mortality.

Our findings have high translational value. While liver is innately bestowed with a capacity 

to regenerate and there appear to be notable fail-safe mechanisms in place, the redundancies 

are finite and should be carefully elucidated to prevent untoward adverse effects on liver 
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function when using combinatorial therapies. For example, simultaneous blockade of EGF 

and HGF signaling in the liver led to notable morbidity and mortality (58, 59). Chronic use 

of mTOR inhibitors (which is not equal to genetic elimination of mTOR in hepatocytes) 

such as in post-transplantation indications can have metabolic side effects including 

dyslipidemias, metabolic syndrome and diabetes and their non-judicious use may profoundly 

impair hepatic function based on our findings (60). Eventually, based on our current study, 

we caution the use of combinatorial therapies that may concomitantly target mTORC1 and 

β-catenin signaling in hepatocytes. Anti-β-catenin therapies are on the horizon for treatment 

of subsets of cancers (61). mTOR inhibitors including more recent bi-steric and specific 

inhibitors of mTORC1 are also being discovered for use as anticancer agents (62). It is 

enticing to combine these therapies for treatment of cancers such as HCC. However, such 

combinations may have perilous consequences on liver function, although our studies are 

based only on genetic elimination of effectors of the mTOR and Wnt pathway rather than 

therapeutic inhibition, which may be overall less profound. However, adverse effect due 

to hepatocyte-specific deletion of β-catenin and Raptor alerts us to a possibility of liver 

injury, while therapeutic inhibition achieved by systemic administration of inhibitors of 

the two pathways may not be as thorough, it may confound hepatic toxicity profile due 

to impact on extrahepatic tissues. Also, we have previously shown that mutated- and active-

β-catenin HCCs exhibit Glutamine Synthetase-Glutamine-mTORC1 activation, and these 

tumors respond to mTOR inhibitors, precluding the need if using anti-β-catenin agents (63). 

Anti-β-catenin therapy by itself is highly effective in controlling tumor burden in β-catenin-

driven preclinical HCC models although such therapeutics are not yet available for use in 

patients (64–66). Taken together, there is no advantage of combining the two therapies, 

but if combined, caution should be taken. Thus, careful elucidation of the cooperative 

physiological functions of specific pathways may be of high significance and relevance.
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ALP alkaline phosphatase

ALT alanine aminotransferase

AST aspartate aminotransferase

IF immunofluorescence

IGF1 insulin -like growth factor 1
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IGFBPs insulin-like growth factor binding proteins; IHC, 

immunohistochemistry

INSR insulin receptor

LR liver regeneration

LW/BW liver weight to body weight ratio

mTOR mechanistic target of rapamycin

mTORC1 mTOR complex 1

PH partial hepatectomy

qPCR quantitative polymerase chain reaction

Raptor regulatory-associated protein of mTOR

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

WB western blot
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Fig. 1. Acute hepatocyte-specific deletion of β-catenin severely impairs liver regeneration
(A) Schema of generation of control and β-cateninΔHC mice model, and partial hepatectomy 

(PH).

(B) Liver weight to body weight ratio (LW/BW) at different time points at baseline and 

post-PH in control and β-cateninΔHC mice. Livers of a subset of β-cateninΔHC mice (green 

dots) were abnormally small, grossly fibrotic and showed poor regeneration. (Multiple 

unpaired t test, *P < 0.05, **P < 0.01, ****P < 0.0001)
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(C) Representative immunohistochemistry (IHC) of Cyclin D1, a proliferative β-catenin 

target regulating G1-to-S phase transition, in control and β-cateninΔHC mice at different time 

points. (Scale bars: 100 μm)

(D) Violin plots depicting quantification of Cyclin D1-positive hepatocytes per zone in 

control and β-cateninΔHC mice at different time points after PH.

(E) Violin plots showing quantification of Ki67-positive hepatocytes per zone in control and 

β-cateninΔHC mice at different time points after PH.

(F) Representative IHC of Ki67 in control and β-cateninΔHC mice. (Scale bars: 100 μm. 

Two-way ANOVA, ***P < 0.001, ****P < 0.0001)

(G) Representative IHC of BrdU in control and β-cateninΔHC mice. (Scale bars: 50 μm. 

Two-way ANOVA, ***P < 0.001, ****P < 0.0001). C: central vein; P: portal vein.

(H) Quantification of BrdU-positive hepatocytes per zone in control and β-cateninΔHC mice 

after 14d of continuous BrdU administration in drinking water over the course of LR. 

(Two-way ANOVA, ****P < 0.0001)
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Fig. 2. Activation of the mTORC1 signaling at 72 hours co-occurs with compensatory increase in 
LR in β-cateninΔHC mice
(A) Western blot (WB) analysis of the mTORC1 pathway during LR using whole liver 

lysates from control and β-cateninΔHC mice.

(B) Quantification of P-mTOR-S2448, P-p70S6K-T389, and P-S6-S235/236 in (A). (Two-

way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001)

(C) Representative IHC of P-S6-S235/236 in control and β-cateninΔHC mice. C: central vein; 

P: portal vein. (Scale bars: 100 μm)

(D) Number of P-S6-S235/236-positive (red) and -negative (black) proliferative hepatocytes 

at 72h post-PH in β-cateninΔHC mice.
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(E) Representative IHC of P-S6-S235/236-positive proliferative hepatocytes at 72h in β-

cateninΔHC mice. (Scale bars: 20 μm)

Hu et al. Page 22

Hepatology. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Acute hepatocyte-specific deletion of Raptor and β-catenin causes failure of LR after PH
(A) Kaplan-Meier survival curve of control, RaptorΔHC, and RaptorΔHC-β-cateninΔHC mice 

post-PH. (**P < 0.01)

(B) LW/BW at indicated time points post-PH. (Unpaired t test, ***P < 0.001, ****P < 

0.0001)

(C) Serum levels of ALT, AST, ALP, and albumin. (Unpaired t test, *P < 0.05, **P < 0.01, 

***P < 0.001)

(D) Representative IHC of Cyclin D1 and TUNEL at 6h post-PH in control and RaptorΔHC-

β-cateninΔHC mice. (Scale bars: 100 μm)
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(E) Representative H&E staining showing ductular reaction and immune cell infiltration in 

the 6h post-PH RaptorΔHC-β-cateninΔHC livers. (Scale bars: 25 μm)

(F) Representative H&E staining showing decreased hepatocyte size in the 6h post-PH 

RaptorΔHC-β-cateninΔHC livers. (Scale bars: 25 μm)

(G) Representative IHC of Cyclin D1, Ki67, and TUNEL at 48h post-PH in control and 

RaptorΔHC mice. (Scale bars: 100 μm)
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Fig. 4. Acute hepatocyte-specific deletion of Raptor causes hepatopathy
(A) WB of the mTORC1 pathway using whole liver lysates from control and RaptorΔHC 

mice.

(B) Serum levels of ALT, AST, ALP, albumin, glucose, and triglycerides in control and 

RaptorΔHC mice at two weeks after virus injection. (Unpaired t test, *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001)

(C) Representative H&E and IHC showing increased cell death (TUNEL), immune cell 

(CD45) and macrophage (F4/80) infiltration, and cell proliferation (Ki67, arrowhead: Ki67-

positive hepatocytes) in RaptorΔHC mice. (Scale bars: 100 μm)

Hu et al. Page 25

Hepatology. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) Quantification of (C). (Unpaired t test, *P < 0.05, ***P < 0.001)

(E) qPCR of HNF4α-P1, P2, and Afp showing dedifferentiation of RaptorΔHC livers. 

(Unpaired t test, **P < 0.01)

(F) qPCR of genes in urea cycle (Arg1), gluconeogenesis (G6pc, Pck1), and genes encoding 

liver-derived secretory proteins (Alb, Trf, Ttr). (Unpaired t test, *P < 0.05, **P < 0.01, ***P 

< 0.001)

(G) Representative transmission electron microscopy (TEM) images of RaptorΔHC livers 

showing mitochondrial swelling (black arrowhead), endoplasmic reticulum whorl formation 

(yellow arrowhead), increased lysosomes, and increased autophagy (white arrowheads). 

(Scale bars were indicated in each panel)
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Fig. 5. Acute hepatocyte-specific deletion of Raptor causes liver regeneration partially by β-
catenin activation and is eventually fatal
(A) WB of the Wnt-β-catenin pathway using whole liver lysates from control and RaptorΔHC 

mice.

(B) Representative IHC of β-catenin and its downstream targets Cyclin D1, GS, and 

CYP2E1 in control and RaptorΔHC mice. (Scale bars: 100 μm)

(C) qPCR of the Wnt-β-catenin pathway genes in control and RaptorΔHC mice. (Unpaired t 

test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)

(D) Representative IHC of BrdU and (E) quantification of BrdU-positive hepatocytes in 

control and RaptorΔHC mice after 14d of continuous BrdU administration in drinking water 
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after virus injection. Arrowhead: BrdU-positive hepatocytes. (Scale bars: 100 um. Unpaired t 

test, **P < 0.01)

(F) RaptorΔHC mice exhibited progressive weight loss from 20d to 40d after virus injection.

(G) Kaplan-Meier survival curve of control and RaptorΔHC mice after virus injection. (**P < 

0.01)
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Fig. 6. Dual loss of Raptor and β-catenin from hepatocytes leads to accelerated liver injury, 
failure, and lethality
(A) RaptorΔHC-β-cateninΔHC mice showed rapid weight loss from 10d to 30d after virus 

injection.

(B) Kaplan-Meier survival curve of control, β-cateninΔHC, and RaptorΔHC-β-cateninΔHC 

mice after virus injection. (**P < 0.01)

(C) LW/BW of control, β-cateninΔHC, and RaptorΔHC-β-cateninΔHC mice 30d after virus 

injection. (One-way ANOVA, ****P < 0.0001)

(D) Serum levels of ALT, AST, ALP, Total Bilirubin, and Direct Bilirubin showing severe 

hepatocellular and cholestatic injury in RaptorΔHC-β-cateninΔHC mice. (One-way ANOVA, 

****P < 0.0001)
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(E) Serum metabolic profiles showing hepatic insufficiency in RaptorΔHC-β-cateninΔHC 

mice. (One-way ANOVA, **P < 0.01, ***P < 0.001, ****P < 0.0001)

(F) Representative H&E and IHC of CD45, TUNEL, Sirius red, and Cyclin D1. (Scale bars: 

100 μm)
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Fig. 7. Insulin-insulin receptor drives compensatory mTORC1 activation in β-cateninΔHC mice
(A) WB showing high levels of P-INSR β-Y1150/1151, P-IGF1R β-Y1135/1136, and P-

GSK3α/β-S21/9 at 72h using whole liver lysates from control and β-cateninΔHC mice.

(B) Quantification of P-INSR β-Y1150/1151 and P-IGF1R β-Y1135/1136 in (A). (Two-way 

ANOVA, **P < 0.01)

(C) ELISA of serum insulin levels at 72h post-PH in control and β-cateninΔHC mice. 

(Unpaired t test, **P < 0.01)
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(D) WB of P-INSR β-Y1150/1151, P-IGF1R β-Y1135/1136, P-mTOR-S2448, P-p70S6K-

T389, and P-S6-S240/244 at 72h post-PH using whole liver lysates from control, β-

cateninΔHC, and β-cateninΔLiver mice.

(E) Schema showing experimental design of INSR/IGF1R and mTORC1 inhibition.

(F) Kaplan-Meier survival curve of vehicle or drug-treated control and β-cateninΔHC mice. 

(***P < 0.001)

(G) WB of P-INSR β-Y1150/1151, P-IGF1R β-Y1135/1136, P-p70S6K-T389, and P-S6-

S240/244 at 96h post-PH using whole liver lysates from vehicle or drug-treated control and 

β-cateninΔHC mice.

(H) Gross images of livers from vehicle or drug-treated control and β-cateninΔHC mice at 

14d post-PH. (Scale bars: 1 cm)

(I) LW/BW of vehicle or drug-treated control and β-cateninΔHC mice. (One-way ANOVA, 

*P < 0.05, **P < 0.01, ****P < 0.0001)

(J) Representative IHC and (K) quantification of BrdU in vehicle or drug-treated control and 

β-cateninΔHC mice. (Scale bars: 100 μm. One-way ANOVA, **P < 0.01, ****P < 0.0001)
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