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Abstract

Activation of the mTOR pathway is frequently found in cancer, but mTOR inhibitors have thus
far failed to demonstrate significant antiproliferative efficacy in the majority of cancer types.
Besides cancer cell-intrinsic resistance mechanisms, it is conceivable that mTOR inhibitors
impact on non-malignant host cells in a manner that ultimately supports resistance of cancer
cells. Against this background, we sought to analyze the functional consequences of mTOR
inhibition in hepatocytes for the growth of metastatic colon cancer. To this end, we established
a liver epithelial cell (LEC)-specific knock-out (KO) of mTOR (mTOREC mice). We used these
mice to characterize the growth of colorectal liver metastases with and without partial
hepatectomy to model different clinical settings. While the LEC-specific loss of mTOR
remained without effect on metastasis growth in intact liver, partial liver resection resulted in
the formation of larger metastases in mMTORE mice compared to wildtype controls. This was
accompanied by significantly enhanced inflammatory activity in LEC-specific mTOR KO livers
after partial liver resection. Analysis of NF-kB target gene expression and
immunohistochemistry of p65 displayed a significant activation of NF-kB in mTORE® mice,
suggesting a functional importance of this pathway for the observed inflammatory phenotype.
Taken together, we show an unexpected acceleration of liver metastases upon deletion of
MTOR in liver epithelial cells. Our results support the notion that non-malignant host cells can
contribute to resistance against mTOR inhibitors and encourage to test if anti-inflammatory

drugs are able to improve the efficacy of mTOR inhibitor for cancer therapy.
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Introduction

Colorectal cancer (CRC) ranks as the third most frequent malignant tumor worldwide and is
accompanied by substantial cancer-associated morbidity and mortality (1). While the prognosis
of patients with locally confined tumor growth has improved significantly in recent years (2),
clinical care of metastasized CRC remains challenging (3). Due to continuous development of
surgical techniques and establishment of interdisciplinary therapy planning, CRC patients with
liver metastases can nowadays undergo treatment with curative intent (4). This is an
impressive achievement and about 25% of patients survive five years or longer (4).
Unfortunately, the majority of patients still develop tumor recurrence in the liver or other organs
and will, ultimately, succumb to the disease (2). This demonstrates the urgent need to better
understand the pathogenesis of both primary and secondary liver metastasis of colorectal

cancer.

Our understanding of the molecular and cell biological mechanisms that govern the function of
non-tumor cells for organ metastasis have greatly improved in recent years. The vast majority
of publications have focussed on the role of immune cells, fibroblasts and endothelial cells of
the tumor microenvironment for metastatic niche formation (5). Rather astonishingly, the
function of hepatocytes, by far the most abundant cell type in the liver, for hepatic metastasis
received a lot less attention. It has been reported over 30 years ago that specific lectins on
hepatocytes are functionally important for liver metastasis via mediating adherence of tumor
cells to the liver (6). Shortly thereafter, the group of Pnina Brodt showed paracrine stimulation
of metastatic cell growth by IGF-1 secreted from hepatocytes (7). It was not until recently,
however, that the mechanistic importance of hepatocytes for directing metastatic niche
formation has received substantially more attention. A very elegant study directed by Gregory
Beatty has shown that interleukin-6 (derived from the microenvironment of pancreas and colon
cancer) stimulates hepatocytes to release serum amyloid A (and other factors) to induce
accumulation of myeloid cells and activation of hepatic stellate cells, thereby supporting
metastatic seeding and outgrowth (8). With an equally impressive experimental approach,

Georg Halder and colleagues were able to show that both primary and secondary liver tumors
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resulted in activation of the Hippo downstream effectors YAP and TAZ in hepatocytes and that
experimental hyperactivation of YAP in hepatocytes surrounding melanoma-derived liver
metastasis inhibited tumor growth (9). These studies convincingly demonstrate that
hepatocytes are able to support as well as to constrain metastatic progression in the liver and

underscore the need to better understand the functionally involved pathways.

Metabolic reprogramming is a hallmark of both primary tumor formation and metastasis (10).
Besides cellular growth, antioxidant defence and therapy resistance, tumor-specific metabolic
alterations are of pivotal importance for various stages of metastasis (11). While cancer
metabolism was for the longest time thought to be primarily determined by cell-intrinsic factors,
e.g. genetic changes, we know today that the tumor microenvironment (TME) is able to
profoundly modify the metabolic activity of cancer cells (12). Breast cancer cells, for example,
display significant differences in their use of anaplerotic pathways between primary tumor and
lung metastases, suggesting a causal involvement of the TME (13). With respect to colon
cancer it was shown that creatine in the extracellular space of the liver is used by cancer cells
for ATP generation, ultimately facilitating survival and growth of hepatic metastasis (14). These
fascinating results led us to hypothesize that intervening with the metabolism of hepatocytes
could inhibit the survival of colon cancer metastases in the liver, potentially representing a
novel therapeutic approach. To test our hypothesis, we evaluated the consequences of a
functional loss of the mTOR (mechanistic target of rapamycin) pathway in hepatocytes. The
highly conserved serine/threonine kinase mTOR translates nutrient availability and growth
factor signaling into different cellular responses (15). Under conditions of abundant nutrients
(e.g. glucose and amino acids), growth and proliferation of cells is encouraged by mTOR (16).
Conversely, when nutrients are scarce, mTOR signaling is inhibited, resulting in a reduction of
anabolic processes (e.g. protein and lipid synthesis), induction of autophagy and, ultimately,
cessation of cellular proliferation (17). mTOR consists of two functionally and molecularly
distinct complexes: mTOR complex 1 (mTORC1) is activated by nutrients and growth factor
signaling and inhibited by rapamycin while mTORC2 is mainly activated by growth factors and

insensitive towards acute rapamycin treatment (15). Taken together, mTOR is considered to
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be a central signaling relay for the orchestration of cellular metabolism with environmental

conditions.
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Materials and Methods

Animal experiments

All experiments were done in accordance with the German legislation governing animal studies
and the Guide for the Care and Use of Laboratory Animals (National Institutes of Health (NIH),
Publication No 85-23, revised 2011). The experiments were approved by the Governmental
Animal Care and Use Committee (Landesamt fur Natur Umwelt und Verbraucherschutz
(LANUV) Nordrhein-Westfalen, Recklinghausen, Germany; reference number: 84-
02.04.2015.A126 and 81-02.04.2017.A398). Liver epithelial cell-specific mTOR knock-out
(KO) mice (termed mTOR'EC) were generated via the Cre/loxP (18) system with floxed mTOR
mice (19) and albumin-Cre mice (20). 8-12 weeks old mice were used for experiments. Mice
were housed in the Institute for Laboratory Animal Science (ILAS) at the University Hospital of
the RWTH Aachen University. Mice were given ad libitum access to water and chow. Gastight
room under strict 12h light/dark cycles (day: 7:00 am-7:00 pm), H.O, gas-disinfection, cage
bedding, 22 + 1°C room temperature, 50 + 10% relative humidity and specific pathogen free

(SPF) conditions were applied.

Antibodies

Phospho-Akt (Ser473) (Cell Signaling Technology (CST), #4060), B-actin (Sigma-Aldrich
#A5441), Caspase-3 (Abcam, #ab4051), CD45 (Thermo Fisher Scientific, #14-0451-82), F4/80
(Thermo Fisher Scientific, #14-4801-82), Ki-67 (CST, #12202), Ly-6G (BioLegend, #127601),
LC3B (Sigma-Aldrich, #L7543), mTOR (CST, #2983), p62 (SQSTM1) (MBL International,
#PMO045), p65 (CST, #8242), p-p70-S6 Kinase (CST, #9234), p-Histone H3 (CST, #9701),

RIP3 (ProSci, #2283).

Cell lines and primary hepatocytes
The established murine colon carcinoma cell line MC38 (21) was maintained in Dulbecco’s
Modified Eagle’s Medium Ham’s Nutrient Mixture F-12 (DMEM, Sigma-Aldrich, D8437) with

10% fetal bovine serum (Gibco). Cells were used between passages 10 and 25 at
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approximately 70-90% confluence. Primary murine hepatocytes were isolated from livers of
WT and mTOREC mice at 8-12 weeks of age and maintained in DMEM (Gibco) with 10% fetal
bovine serum as previously reported (22). Cells were cultured in a humidified incubator with

5% CO at 37°C.

Murine model of colorectal cancer liver metastasis

All surgical procedures were performed under general anaesthesia. Analgesia was ensured
by Buprenorphine (0.05 mg/kg BW) 30 minutes before skin incision and in 8h intervals for 3
days after the operation. Anesthesia was performed with an isoflurane-oxygen mixture
(induction: 3-4% isoflurane, maintenance: 1-1.5% isoflurane, oxygen flow 2l/min), and mice
were fixed in a supine position on a heating pad. The abdominal cavity was exposed through
a 3-cm midline laparotomy and an abdominal wall retractor system was placed. The spleen
was exposed on a gauze and 7.5 x 10* MC38 cells in 250ul HBSS (Hank’s balance salt
solution, Gibco) were injected into the central part of the spleen within 15 seconds, and the
needle was maintained in the spleen for 2 minutes. Afterwards, the spleen was removed and
the abdominal wall was closed by suturing the muscle layer followed by the skin. After 14 days,
mice were anesthetized as described before and the abdominal cavity was re-opened. The
left-anterior and right-anterior segment of the liver including the gallbladder were resected by
haemostatic clip ligation according to published literature (23). After establishing haemostasis,
the abdominal cavity was closed and analgesia was continued for 3 days. All mice were
sacrificed 4 weeks after the initial operation, and the number of metastatic nodules was

evaluated.

Isolation of genomic DNA and total RNA and quantitative PCR analysis

Genomic DNA (gDNA) was isolated from mouse ear punches and hepatocytes with the
NucleoSpin Tissue Kit (Macherey-Nagel, Germany). RNA was isolated from mouse liver with
peqGOLD RNAPure reagent (VWR, USA) and QlAshredder spin columns (Qiagen) according

to the manufacturer’s instructions. RNA vyield and purity were determined
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spectrophotometrically. RNA integrity was checked by MOPS buffered denaturizing RNA gel
electrophoresis and only samples with a 28S/18S ratio of at least 1.8 were included in the
gPCR study. First strand cDNA of 1 pg total RNA per reaction was synthesized with an oligo
(dT) primer and a SuperScript™ First Strand Synthesis System (Invitrogen). Quantitative real-
time PCR analysis was conducted on an ABI 7500 Real-Time PCR system using
PowerSYBR® Green PCR Master Mix (Thermo Fisher Scientific, Waltham, USA). Primer-
specific annealing temperatures were pre-evaluated prior to the study to optimize PCR
conditions. Primer specificity was checked by melt curve analyses and TAE-buffered DNA
agarose gel electrophoresis of obtained PCR products. Amplification efficiency was calculated
with LinRegPCR 2016.0 (Heart Failure Research Center, Amsterdam, The Netherlands) and
used for efficiency corrections (24). Inter-Run calibrators were used if necessary to correct for
inter-run variations. Relative fold-changes of target gene expression were calculated with
gbase+ 3.0 (Biogazelle, Zwijnaarde, Belgium) that automatically applies the above mentioned

corrections to the AACq method (25). Primer sequences are available upon request.

Protein Isolation and Western Blot Analysis

Hepatocytes or liver tissue samples were lysed in RIPA lysis buffer (LOmmol/L Tris-HCI pH7.5,
150mmol NaCl, 0.25% SDS, 10mg/ml Natriumdeoxycholat, 1% Nonidet P40, 1mmol/L
NasVOs, 1mmol/L DTT, 2mmol/L PMSF, 10mmol/L NaF, 2umol/L Leupeptin and 4.4x10*
TIU/mg Aprotinin). The lysate was sonicated and clarified by centrifugation (12.000g, 10
minutes, 4°C), snhap frozen in liquid nitrogen and stored at -80°C until assayed. Total protein
samples (30ug) were heated at 95°C for 5 min in sample buffer, subjected to polyacrylamide
gel electrophoresis (PAGE) and electro-transferred onto nitrocellulose membranes (GE
Healthcare, Germany). Blocking with 5% non-fat dry milk or bovine serum albumin (BSA, Carl
Roth, Germany) was done for 1h at room temperature (RT). Blocking buffer was removed and
the membranes were incubated with the primary antibody overnight at 4°C. After washing three
times for 5 min in TBST (TBS buffer with 0.1% v/v Tween-20), the secondary antibody was

applied for 1h at RT. Thereafter, the membrane was washed thrice for 5 min with TBST,
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incubated for 1 min ECL (Perkin Elmer, USA) and the signal was determined with an INTAS

ECL Chemocam imager (INTAS Science Imaging, Germany).

Immunohistochemistry

All Immunohistochemistry experiments were performed on formalin-fixed, paraffin-embedded
tissues with heat-mediated antigen retrieval (10 min at 110°C in Dako Target Retrieval Solution
in the Decloaking Chamber (Biocare Medical, USA)). After washing twice with TBST, the slides
were blocked with blocking buffer (ZytoChem Plus AP kit, Zytomed System, Germany) for 5
min, followed by Avidin and Biotin blocking for 15 min (Avidin/Biotin Blocking Kit, Vector,
Germany). Slides were incubated with primary antibody overnight at 4°C, followed by two
washing steps and application of the secondary antibody for 1h at RT. After repeated washing
with TBST, subjection to streptavidin-AP conjugate (ZytoChem Plus AP kit) was done for 15
min at RT and the reaction was developed with AP red solution (Permanent AP Red Kkit,
Zytomed System). The reaction was stopped by washing the slides briefly in demineralized

water (dH20), and nuclei were briefly stained with haematoxylin.

Qil red O staining

Cryosections were done at 10 ym and immediately fixed in ice-cold formalin for 10 min. After
washing with PBS for 5 min, sections were incubated in 60% 2-propanol for 10 seconds. QOil
red O staining solution was applied for 15 min, followed by running tap water for 5 min and
nuclear were briefly stained with haematoxylin for 30 seconds. The reaction was stopped in

dH20 and slides were mounted with glycerol gelatin (Glycergel, Dako) and coverslipped.

Electron microscopy

Liver tissue of WT and mTOR'® mice was fixed with 1.5% glutaraldehyde in 0.067M
cacodylate buffer at pH 7.4 containing 1% sucrose and kept in the fixative for 24h at 4°C. Then,
tissue samples were washed with 0.1M cacodylate buffer with sucrose and post-fixed with 1%

osmium tetroxide in the same buffer containing 1.5% potassium ferricyanide for 1h at 4°C.
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Then, samples were washed in 0.1 M cacodylate followed by dehydration in ethanol, infiltration
with Epon resin for 2d, embedding in the same resin and polymerisation at 60°C for 48h.
Ultrathin sections were obtained using a Leica Ultracut UCT ultramicrotome and mounting on
Formvar-coated copper grids. These were staining with 2% uranyl acetate in water and lead
citrate. Finally, sections were analyzed in a Tecnai T12 electron microscope equipped with an

Eagle 4kx4k CCD camera (Thermo Fisher Scientific, The Netherlands).

Proteomics sample preparation with label-free quantification (LFQ)

About 10 mg frozen liver tissue per sample was homogenized under denaturing conditions
with a FastPrep (three times for 60 s, 4 m x s-1) in 1 mL of a buffer containing 4% SDS, 0.1 M
DTT, 0.1 M Tris pH 7.8, followed by sonication for 1 min, boiled at 95°C for 5 min in a thermal
shaker and centrifuged at 15,000 g for 5 min. The supernatant was transferred into new protein
low binding tube (Eppendorf, Germany). Protein precipitation was achieved by adding four
times excess volume of ice-cold acetone at -20°C overnight. Pelleting at maximum speed at 4
°C was followed by three washes with acetone and samples were dried in a vacuum
concentrator. Lyophilized proteins were dissolved in 6 M guanidinium chloride (GdmCI), 5 mM
tris(2-carboxyethyl)phosphine, 20 mM chloroacetamide and 50 mM Tris-HCI pH 8.5. Samples
were boiled for 5 min at 95 °C and sonicated for 15 min in a water sonicator. About 150 ug
protein per sample (~10 pL) were diluted 1:10 with nine times volume of 10% acetonitrile and
25 mM Tris pH 8.5, followed by a trypsin digestion (1:50) at 37 °C overnight. Subsequent
peptides were purified with C18 columns and further fractionated by strong cation exchange
(SCX) chromatography. Desalted peptides were reconstituted in 0.1% formic acid in water and
further separated into four fractions by strong cation exchange chromatography (SCX, 3M
Purification, Meriden, CT). Eluates were first dried in a SpeedVac, then dissolved in 10 pl 5%
acetonitrile and 2% formic acid in water, briefly vortexed, and sonicated in a water bath for 30
seconds prior injection to nano-LC-MS/MS. 5 pg of each SCX fraction and a non-fractioned

sample were used for proteome profiling.
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LC-MS/MS instrument settings for shotgun proteome profiling and data analysis

LC-MS/MS was carried out by nanoflow reverse-phase liquid chromatography (Dionex
Ultimate 3000, Thermo Scientific) coupled online to a Q-Exactive Plus Orbitrap mass
spectrometer (Thermo Scientific). Briefly, the LC separation was performed using a PicoFrit
analytical column (75 pm ID x 55 cm long, 15 ym Tip ID; New Objectives, Woburn, MA) in-
house packed with 2.1-um C18 resin (Reprosil-AQ Pur, Dr. Maisch, Ammerbuch, Germany).
Peptides were eluted using a non-linear gradient from 3.8 to 50% solvent B over 173 min at a
flow rate of 266 nl/min (solvent A: 99.9% water, 0.1% formic acid; solvent B: 79.9% acetonitrile,
20% water, 0.1% formic acid). 3.5 kilovolts were applied for nanoelectrospray ionization. A
cycle of one full FT scan mass spectrum (300-1,750 m/z, resolution of 70,000 at m/z 200,
AGC target 1 x 10°) was followed by 12 data-dependent MS/MS scans (200-2,000 m/z,
resolution of 35,000, AGC target 5 x 105, isolation window 2 m/z) with normalized collision
energy of 25 eV. Target ions already selected for MS/MS were dynamically excluded for 30
seconds. In addition, only peptide charge states between two to eight were allowed. Raw MS
data were processed with MaxQuant software (v1.6.10.43) and searched against the murine
proteome database UniProtKB with 55,153 entries, released in 08/2019. Parameters of
MaxQuant database searching were: A false discovery rate (FDR) of 0.01 for proteins and
peptides, a minimum peptide length of 7 amino acids, a first search mass tolerance for peptides
of 20 ppm and a main search tolerance of 4.5 ppm, and using the function “match between
runs”. A maximum of two missed cleavages was allowed for the tryptic digest. Cysteine
carbamidomethylation was set as fixed modification, while N-terminal acetylation and
methionine oxidation were set as variable modifications. Contaminants, as well as proteins
identified by site modification and proteins derived from the reversed part of the decoy
database, were strictly excluded from further analysis. The mass spectrometry data have been
deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (26) with the

dataset identifier PXD019998.
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Experimental design, statistical rationale, pathway and data analyses

The correlation analysis of biological replicates and the calculation of significantly different
proteins was done with Perseus (v1.6.10.43). LFQ intensities, originating from at least two
different peptides per protein group, were transformed by log2. Only protein groups with valid
values within compared experiments were used for further data evaluation. Statistical analysis
was done by a two-sample t-test with Benjamini-Hochberg (BH, FDR of 0.05) correction for
multiple testing. For comprehensive proteome data analyses, we applied gene set enrichment
analysis (GSEA, v3.0) (27) in order to see, if a priori defined sets of proteins show statistically
significant, concordant differences between knockouts and controls. We used GSEA standard
settings, except that the minimum size exclusion was set to 5 and Reactome v7.0 and KEGG
v7.0 were used as gene set databases. The cut-off for significantly regulated pathways was

set to be < 0.05 p-value and < 0.25 FDR.
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Results

Basic characterization of liver epithelial cell-specific mTOR knockout mice

To investigate the functional role of mMTOR in hepatocytes for liver metastasis, we generated
liver epithelial cell-specific mMTOR knockout mice (MTORYC) via the Cre/loxP system (18).
Quantitative PCR with genomic DNA isolated from primary hepatocytes displayed a deletion
efficiency of roughly 50% (Figure S1A). Immunoblot analysis of primary hepatocytes isolated
from mTOR'E® mice revealed a strong reduction of the mTOR protein, while whole liver lysates
failed to show a significant difference between WT and mTOR'® mice (Figure S1B). To
analyze the functional effects of the mTOR loss, established downstream target proteins of
MTOR were characterized via immunoblot. As can be seen in figure S1C, both basal and
stimulated phosphorylation of p70/S6K is clearly reduced in mTOR-deficient hepatocytes.
Insulin-stimulated activation of Akt was enhanced in KO hepatocytes, confirming earlier reports
(28, 29). Overall, these results demonstrated sufficient inhibition of the mTOR signaling
pathway in mTOR“¢ mice. To characterize the effect of the LEC-specific mTOR loss on the
global proteome, label-free mass spectrometry was performed. Pearson correlation was used
to compare the proteome profiles of all five biological replicates of WT and mTOR“E€ mice. The
Pearson correlation coefficients were highly similar, ranging from 0.926 to 0.99 in WT and KO
liver tissue (Figure S2A), suggesting a very good quality of the proteome data sets. A volcano
plot visualized proteins with significantly different expression between the genotypes (Figure
S2B, Table 1). With the help of the STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) software, the network of molecular interactions among downregulated
proteins (at least one standard deviation from the mean) was visualized (Figure S3). The most
striking and significantly downregulated pathways within this network were RNA binding (FDR:
3.62e-09, GO) and the ribosome (FDR: 1.03e-05, KEGG), both known to be under control of
the mTOR pathway, further supporting functional mTOR inactivation (30). Taken together, the
LEC-specific loss of mMTOR had only modest effects on the proteome profile, which can be
explained either by insufficient KO efficiency or by activation of compensatory pathways. Next,

we sought to evaluate the impact of the LEC-specific mTOR loss on liver histology. Various
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routine histochemical stainings (H&E, Sirius red and Oil red O) did not show differences
between WT and mTORE€ mice (Figure 1). Likewise, hepatocellular proliferation (judged by
Ki-67 nuclear positivity, figure S4) and apoptosis (using cleaved caspase-3, figure S4) was not
different between the genotypes. Given the importance of hepatocytes for hepatic
macrophages (31), we sought to characterize the effect of the LEC-specific mTOR loss on the
abundance of inflammatory cells in the liver. While the number of total leukocytes (visualized
by CD45 immunohistochemistry) was unchanged, significantly higher numbers of F4/80-
positive macrophages were detected in LEC-specific mTOR knockout mice (Figure 2). As
treatment of myeloid cells with rapamycin, a well-established inhibitor of mMTORCL1, promotes
the secretion of pro-inflammatory factors (e.g. tumor necrosis factor-a (TNF-a) and interleukin-
6 (IL-6) (32-34), we determined the expression of genes known to impact on the recruitment
of inflammatory cells. As can be seen in figure 3, interleukin-18 (ll1b), TNF-a (Tnfa),
Chemokine (C-C motif) ligand 2 (Ccl2), macrophage migration inhibitory factor (Mif),
transforming growth factor-B1 (Tgfbl), interleukin-6 (l16) and the anti-inflammatory cytokine
interleukin-10 (1110) were expressed at similar levels in the livers of WT and mTOR“C mice.
Autophagy, a catabolic process affecting organelle degradation and protein turnover (35), is of
central importance for liver biology and inhibited by mTOR (36, 37), suggesting that autophagy
might be enhanced in mTORE® mice. However, analysis of autophagy based on the detection
of LC3B processing, p62 protein expression and electron microscopy-based visualization of
autophagosomes could not detect significant differences between the livers of WT and
MTOREC mice (Figure S5). In summary, with the exception of enhanced macrophage
abundance in KO livers, the LEC-specific functional inactivation of mTOR remained without

significant effects on the majority of basic biological and histological traits.

Liver metastasis of colon cancer cells is not affected by LEC-specific loss of mTOR
Liver metastases of colon cancer in mice were established according to an established protocol
(38). Injection of the established murine colon cancer cell line MC38 (21) into the spleen (with

subsequent splenectomy) resulted in the formation of visible liver metastasis after 28 days
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(Figure 4A). Quantification of the metastatic load revealed no difference between WT and
mTOREC mice (Figure 4A). In line with this result, the relative number of proliferating cells both
in the benign liver adjacent to the metastases and in the tumor nodules themselves were
similar between the genotypes (Figure S6). Immunohistochemistry was applied to characterize
the inflammatory reaction of the liver surrounding the metastatic nodules. Total leukocytes
(CD45) and neutrophils (Ly6G) displayed no significant difference when WT and mTOR'E®
mice were compared (Figure 4B). Of note, the abundance of F4/80-positive macrophages was
significantly higher upon LEC-specific loss of mTOR (Figure 4B), reminiscent of the findings in

un-challenged mice (Figure 2).

Loss of mTOR in LECs enhances liver metastasis after partial hepatectomy

To be able to mirror the clinical situation of surgical resection of liver metastases, we performed
partial liver resection 14 days after injection of the murine colon cancer cell line into the spleen
(Figure S7). This resulted in a clear acceleration of metastasis progression in the mTORE¢
mice (Figure 5A). Analysis of proliferation of metastasis-adjacent liver cells and tumor cells
again showed no difference between WT and mTOR“C mice (Figure S8). Of note, the
inflammatory activity in the benign liver surrounding the metastatic nodules was significantly
enhanced in mice harbouring a LEC-specific mTOR deletion. All examined cell types (total
leukocytes, F4/80-positive macrophages and neutrophils) were found at significantly higher
levels in mTOREC compared to WT mice (Figure 5B). We sought to better understand the
underlying mechanism and decided to analyze NF-kB activity as this pathway is both crucial
for the inflammatory response (39) and has been shown to functionally interact with mTOR
(40, 41). Immunohistochemistry-based localization of p65 demonstrated nuclear positivity in
hepatocytes exclusively in mTOREC mice (Figure 6A). Furthermore, various established NF-
kB target genes with pro-inflammatory functions (ll1b, Tnfa, Ccl2, Ccl5, Cxcll, Cxcl2 and
Cxcl5) were expressed at significantly higher levels in the livers of LEC-specific mMTOR KO
mice (Figure 6B). These results suggested that the loss of mTOR in liver parenchymal cells

aggravated the growth of colon cancer liver metastases via NF-kB-mediated inflammation.
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Partial hepatectomy results in necroptosis upon LEC-specific deletion of mTOR

The histopathological analysis of the tissue samples demonstrated the existence of focal
necrotic areas exclusively in the livers of mTOREC mice after partial liver resection (Figure 7A).
As these areas morphologically resembled necroptosis (42, 43), we decided to analyze the
protein expression of the established necroptosis marker RIP3K (protein kinase receptor-
interacting protein 3) (44). Indeed, RIP3K protein was found to be stabilized in the livers of
mTOR'EC mice after partial hepatectomy (Figure 7B), supporting the emergence of necroptosis
in this setting. Immunohistochemistry displayed a robust inflammatory response to the focal
necrotic areas (Figure 7A), well in line with the established pro-inflammatory consequences of

necroptosis (45).
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Discussion

Our results demonstrate that inhibiting the mTOR kinase in liver epithelial cells aggravates
metastatic growth of colon cancer after partial liver resection. We observed elevated
inflammatory activity in the livers of mTOREC mice after partial hepatectomy and provide
experimental evidence to support a functional role of canonical NF-kB in this setting. These
results are well in line with clinical experience with mTOR inhibitors as rapamycin and its
derivatives are known to induce both systemic and organ-specific (e.g. lung, skin, kidney,
intestine) inflammation (46, 47). In addition, LEC-specific loss of mMTORCL1 (via deletion of the
regulatory subunit Raptor) resulted in enhanced hepatic inflammation, characterized by
elevated numbers of macrophages as well as T- and B-lymphocytes (48). A functional
interdependence of mTOR and NF-kB signaling was reported for the first time by the group of
Tony Hunter, noting attenuated NF-kB activity upon activation of mMTORC1 (via deletion of the
negative mMTORC1 regulators TSC1 and TSC2) (40). Shortly thereafter, researchers from
Vienna not only confirmed the attenuating function of mMTORCL1 activation, but went on to show
that mTORCL inhibition (via rapamycin) actually enhanced NF-kB signaling (41). Furthermore,
genetic deletion of the mTOR kinase in hematopoietic stem cells resulted in NF-kB activation
(49), all well in line with our results. The molecular basis for these findings remained largely
elusive until the Superti-Furga lab displayed that mTOR inhibition (via Torin-1 or PP242)
markedly suppressed the re-synthesis of IkBa, resulting in enhanced nuclear abundance of
p65 and, ultimately, expression of NF-kB target genes upon TNF-a stimulation (50). As TNF-
a is of pivotal importance in the early stages of liver regeneration (51), this mechanism could
well explain the enhanced NF-kB signaling observed by us. However, the exact molecular
nature of the interconnection of MTOR and NF-kB after partial liver resection remains elusive

at this point and needs to be addressed by future work.

The association of increased metastasis with elevated canonical NF-kB signaling upon LEC-
specific loss of MTOR suggested a functional importance of NF-kB for liver metastasis. This is

well in line with published work demonstrating reduced liver metastasis of murine lung cancer
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and melanoma due to functional inactivation of IKK-f, a kinase of pivotal importance for
activation of the canonical NF-kB pathway (52). In this publication, the authors were able to
show activated canonical NF-kB signaling in murine livers in response to the establishment of
metastases from Lewis lung carcinoma (LLC) cells. Double staining with F4/80 and phospho-
IkBa, an established marker of NF-kB activation, demonstrated that the majority of activated
NF-kB was found in hepatic macrophages (52). A functional importance of NF-kB in
macrophages for metastatic growth was further supported by conditional gene targeting of IKK-
B. Of note, LEC-specific deletion of IKK-B had no impact on the metastatic load in this
publication. The obvious conflict with our results is most likely explained by the different
experimental setups. We only observed activation of the canonical NF-kB pathway in
hepatocytes under conditions of mMTOR deficiency and liver regeneration. Taken together, our
data suggest that under certain conditions the canonical NF-kB pathway in hepatocytes is

indeed able to impact on the progression of liver metastases.

The PI3K/Ak/mTOR signaling pathway is activated by various growth factors and mitogens
during the process of liver regeneration (53). Successful and timely completion of liver
regeneration after liver surgery is of paramount importance for postoperative rehabilitation and
the overall prognosis of the patient. Independent research groups were able to show that
treatment with rapamycin and rapalogs did not significantly delay liver regeneration in different
rodent models of partial hepatectomy (54-56). Of note, the systemic administration of mMTORC1
inhibitors was not without effect as it significantly reduced hepatocyte proliferation, enhanced
apoptosis of hepatic cells and reduced expression of growth factors at different time points in
the first week after partial hepatectomy (54-56). However, this neither affected the timely
completion of the regenerative process nor the survival of the animals in a significant way. In
principle, these results were confirmed in a mouse model displaying defective mTORCL1
specifically in liver epithelial cells (48). Again, mMTORC1 deficiency resulted in early defects of
hepatocyte mitosis and enhanced hepatocellular damage early after partial liver resection, but

overall liver regeneration and animal survival was not affected. While these results argue for a
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compensable role of mMTORCL1 for liver regeneration, a different picture emerges when
MTORC2 signaling is analysed. Mice harbouring a liver epithelial cell-specific inactivation of
MTORC2 (due to Cre/loxP-mediated deletion of Rictor) showed higher mortality after partial
hepatectomy, potentially due to reduced activation of Akt (57). These results suggest that the
two basic components of mMTOR encompass different functional roles for successful liver
regeneration after partial hepatectomy. Our results are seemingly not in line with this
suggestion as we did not observe defective liver regeneration upon LEC-specific inactivation
of the mTOR kinase (resulting in loss of both mMTORC1 and mTORCZ2). Of note, our mouse
model is characterized by a rather low knock-out efficiency, much lower compared to the
efficiency reported for Aloumin-Cre-driven deletion of Raptor and Rictor, respectively (48, 58).
This points to a paramount importance of mTOR signaling for the function and survival of
hepatocytes and bile duct epithelial cells. It can be concluded that the low knock-out efficiency
observed in our mice explains the inconsistency with the work of Xu et al. (57), who have noted
a significant contribution of mMTORC2 in liver epithelial cells for regeneration after partial

hepatectomy.

Necroptosis is a form of programmed cell death and a characteristic response of caspase-8-
deficient cells to TNF-a or other stimulators of the extrinsic pathway of triggering apoptosis
(42, 59, 60). We observed necroptosis in LEC-specific mMTOR KO mice after partial
hepatectomy in a situation of enhanced activity of the canonical NF-kB pathway. This conflicts
with reports demonstrating necroptosis in mice with robustly reduced NF-kB activity in liver
epithelial cells due to deletion of IKKa/p or TAK-1 (TGF-B-activated kinase 1) (43, 61). Of note,
our experimental setup did not permit to unravel the exact functional connection between
necroptosis and enhanced NF-kB activity. While the results mentioned above support a
necroptosis-inhibiting role for NF-kB reminiscent of the well-established anti-apoptotic function
of NF-kB, our observations could be explained by an activation of the canonical NF-kB pathway
downstream of necroptosis. In fact, this is supported by published data from the group of

Junying Yuan (who coined the term “necroptosis” in 2005), demonstrating robust activation of
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the canonical NF-kB pathway in various cell lines in response to activation of necroptosis (62).
What's more, the Yuan group reported enhanced expression and secretion of pro-inflammatory
cytokines as a consequence of necroptosis-induced NF-kB activation, a finding well in line with
our results. Taken together, this suggested that the LEC-specific inactivation of mTOR results
in the activation of hepatocellular necroptosis in the context of liver regeneration due to partial
hepatectomy. However, this is not supported by the published literature, where several
independent groups have reported a functional importance of mTOR activation for the
execution of necroptosis (63-65). We cannot rule out the possibility that the focal necrotic areas
in the mTOR“C mice originated from mTOR-proficient hepatocytes. It is at least conceivable
that the intercellular communication in the liver is modified by the presence of mTOR-deficient
hepatocytes in such a way that a regenerative stimulus results in focal necroptosis. While this
seems to be a rather daring hypothesis, cell-intrinsic effects of the mTOR loss might be better
suited to explain our observation. Specifically, a potential impact of the loss of mMTOR on the

activity of caspase-8 seems mandatory to address.
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Figure Legends

Figure 1. Basic histopathological traits are not affected by the LEC-specific mTOR loss.
A, Liver sections from WT and mTOR"“¥¢ mice were stained with H&E, Sirius Red and Oil red
O (scale bar = 50 um). B, Positive areas were quantified with ImageJ software and shown as

bar graphs. Data are represented as mean + SEM by unpaired two-sided Student’s t test.

Figure 2. LEC-specific mTOR deletion results in elevated numbers of F4/80+
macrophages in the liver. A, Immunohistochemistry against F4/80 and CD45 of liver sections
from WT and mTOR'E® mice (scale bar = 100 um). B, Positive cells were quantified with
ImageJ software and shown as bar graphs. Data are represented as mean + SEM by unpaired

two-sided Student’s t test, *p < 0.05.

Figure 3. The expression of genes involved in the inflammatory response in the liver is
not affected by the LEC-specific loss of mTOR. Gene expression was determined via
guantitative real-time PCR, data were analyzed with gBase plus and the results are shown as
bar graphs (KO relative to WT). Neither Interleukin-18 (l11b), Tumor necrosis factor-a (Tnfa),
Chemokine (C-C motif) ligand 2 (Ccl2), Macrophage migration inhibitory factor (Mif),
Transforming growth factor- B1(Tgfbl), Interleukin-6 (116) nor Interleukin-10 (l110) are
significantly different between the genotypes. Data are represented as mean + SEM by

unpaired two-sided Student’s t test.

Figure 4. Loss of mTOR in liver epithelial cells does not affect murine colon cancer liver
metastasis. A, Gross appearance of livers with MC38 metastases. Tumor number from both
WT and mTORE® mice were quantified with ImageJ software and shown as bar graphs. B,
Abundance of leukocytes (CD45), F4/80+ macrophages and neutrophils (Ly6G) was
investigated with immunohistochemistry. Positive cells were quantified with ImageJ and results
are shown as bar graphs. Data are represented as mean + SEM by unpaired two-sided

Student’s t test, *p < 0.05.
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Figure 5. Enhanced metastatic load and inflammation after partial hepatectomy upon
LEC-specific mTOR deletion. A, Gross appearance of livers with MC38 metastases after
partial hepatectomy. Tumor number from both WT and mTOR® mice were quantified with
ImageJ software and shown as bar graphs. B, Abundance of leukocytes (CD45), F4/80+
macrophages and neutrophils (Ly6G) was investigated with immunohistochemistry. Positive
cells were quantified with ImageJ and results are shown as bar graphs. Data are represented

as mean + SEM by unpaired two-sided Student’s t test, *p < 0.05, **p <0.01.

Figure 6. Elevated activity of the canonical NF-kB pathway in liver samples of mTOR'E¢
mice after partial hepatectomy. Gene expression of established NF-kB target genes was
determined via quantitative real-time PCR, data were analyzed with qBase plus and the results
are shown as bar graphs (KO relative to WT). Interleukin-18 (ll1b), Tumor necrosis factor-o
(Tnfa), Chemokine (C-C motif) ligand 2 (Ccl2), Chemokine(C-C motif) ligand 5 (Ccl5),
Chemokine (C-X-C motif) ligand 1(Cxcll), Chemokine (C-X-C motif) ligand 2 (Cxcl2),
Macrophage migration inhibitory factor (Mif), Transforming growth factor- p1(Tgfb1), Collagen
type | alpha (Colla) and Interleukin-10 (1110) are all significantly reduced in mTORE® samples.
Data are represented as mean + SEM by unpaired two-sided Student’s t test, *p < 0.05, **p

<0.01, ***p <0.001.

Figure 7. Development of necroptosis in the livers of mTOR'E mice during liver
regeneration. A, Morphology of focal necrotic areas in mTORYC mice after partial
hepatectomy. Sections were stained with H&E as well as antibodies against CD45, F4/80 and
Ly6G. B, Protein expression of the necroptosis marker RIP3K was analyzed by Immunoblot in
whole liver lysates of WT and mTORLEC mice after partial hepatectomy. A sample from DSS-

induced colitis served as the positive control (PC) and GAPDH as the loading control.

Figure 8. Graphical summary demonstrating the potential sequence of events leading
to enhanced metastatic growth after partial liver resection upon LEC-specific mTOR

loss.
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Table 1. List of significantly altered proteins in mTOR“C/WT liver tissue. Posterior error
probability (PEP), MS2 spectral count frequency (MS/MS Count), Benjamini-Hochberg

corrected p values and fold changes are shown.
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Supplementary Figure Legends

Figure S1. A, Mtor PCR on genomic DNA extracted from isolated hepatocytes of WT and
mTOREC mice. B, Western blot analysis of isolated hepatocytes and liver whole protein
between WT and mTORE® mice. C, Murine hepatocytes were stimulated with insulin (10
nmol/l, 30 min), MTOR, phospho-p70S6K and phospho-AKT ser473 expression were analyzed

via Western Blot, $-actin served as the loading control.

Figure S2. A, The Pearson correlation of KO versus WT liver proteomes in scatter plots. B,
Volcano plot featuring liver proteome data, with the mean difference of LFQ intensities between
mTOR'EC and WT tissues on the x axis versus statistical significance on the y axis (-log10 of
the p value). Significantly regulated proteins are shown in red (down in mTORE€) and green

(up in MTORLE®),

Figure S3. STRING PPI (protein—protein interaction) network and pathway analysis of proteins
with downregulation at least one standard deviations from the log2 transformed median values
in MTOR“EC/WT liver tissue. Proteins which belong to the GO (Gene Ontology) pathway “RNA
binding” are highlighted in red and those which belong to the KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway “ribosome” are highlighted in blue. Unconnected nodes were

removed.

Figure S4. Effect of LEC-specific mTOR deletion on proliferation and apoptosis of
hepatocytes. Immunohistochemistry against phosphorylated Histone H3 and activated
caspase-3 was performed. Positive cells were quantified with ImageJ and results are shown

as bar graphs.

Figure S5. Analysis of autophagy in WT and mTORE€ livers. A, Western blot against p62 and
LC3B was performed on whole protein samples from primary murine hepatocytes, B-actin
served as the loading control. Densitometry was used to quantify protein expression relative
to the loading control. B, Electron microscopy (EM) was performed on liver samples from WT

and mTORE€ mice, arrows demonstrate autophagosomes.
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Figure S6. Proliferation of tumor cells and hepatocytes adjacent to metastases was analyzed

via immunohistochemistry against phosphorylated Histone H3.

Figure S7. Schematic diagram of the applied murine models of colon cancer (MC38 cells) liver
metastases. A, Mirroring the initial metastatic phase and B, representing the situation after

surgical resection of liver metastases.

Figure S8. Proliferation of tumor cells and hepatocytes adjacent to metastases after partial

hepatectomy was analyzed via immunohistochemistry against phosphorylated Histone H3.


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.239426; this version posted August 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Literature

1. Mattiuzzi C, Sanchis-Gomar F, Lippi G. Concise update on colorectal cancer epidemiology.
Ann Transl Med. 2019;7:609.

2. Siegel RL, Miller KD, Fedewa SA, Ahnen DJ, Meester RGS, Barzi A, et al. Colorectal cancer
statistics, 2017. CA: A Cancer Journal for Clinicians. 2017;67:177-93.

3. Zarour LR, Anand S, Billingsley KG, Bisson WH, Cercek A, Clarke MF, et al. Colorectal Cancer
Liver Metastasis: Evolving Paradigms and Future Directions. Cellular and Molecular Gastroenterology
and Hepatology. 2017;3:163-73.

4, Dhir M, Sasson AR. Surgical Management of Liver Metastases From Colorectal Cancer.
Journal of Oncology Practice. 2016;12:33-9.

5. Sceneay J, Smyth MJ, Moller A. The pre-metastatic niche: finding common ground. Cancer
Metastasis Rev. 2013;32:449-64.

6. Beuth J, Ko HL, Oette K, Pulverer G, Roszkowski K, Uhlenbruck G. Inhibition of liver metastasis
in mice by blocking hepatocyte lectins with arabinogalactan infusions and D-galactose. J Cancer Res
Clin Oncol. 1987;113:51-5.

7. Long L, Nip J, Brodt P. Paracrine growth stimulation by hepatocyte-derived insulin-like growth
factor-1: a regulatory mechanism for carcinoma cells metastatic to the liver. Cancer Res.
1994;54:3732-7.

8. Lee JW, Stone ML, Porrett PM, Thomas SK, Komar CA, Li JH, et al. Hepatocytes direct the
formation of a pro-metastatic niche in the liver. Nature. 2019;567:249-52.
9. Moya IM, Castaldo SA, Van den Mooter L, Soheily S, Sansores-Garcia L, Jacobs J, et al.

Peritumoral activation of the Hippo pathway effectors YAP and TAZ suppresses liver cancer in mice.
Science. 2019;366:1029-34.

10. DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv. 2016;2:e1600200.
11. Elia I, Doglioni G, Fendt SM. Metabolic Hallmarks of Metastasis Formation. Trends Cell Biol.
2018;28:673-84.

12. Elia I, Fendt S-M. In vivo cancer metabolism is defined by the nutrient microenvironment.
Translational Cancer Research. 2016:51284-57.

13. Christen S, Lorendeau D, Schmieder R, Broekaert D, Metzger K, Veys K, et al. Breast Cancer-
Derived Lung Metastases Show Increased Pyruvate Carboxylase-Dependent Anaplerosis. Cell Rep.
2016;17:837-48.

14. Loo JM, Scherl A, Nguyen A, Man FY, Weinberg E, Zeng Z, et al. Extracellular metabolic
energetics can promote cancer progression. Cell. 2015;160:393-406.

15. Albert V, Hall MN. mTOR signaling in cellular and organismal energetics. Current opinion in
cell biology. 2015;33:55-66.
16. Cornu M, Albert V, Hall MN. mTOR in aging, metabolism, and cancer. Current opinion in

genetics & development. 2013;23:53-62.

17. Ricoult SJ, Manning BD. The multifaceted role of mTORC1 in the control of lipid metabolism.
EMBO reports. 2013;14:242-51.

18. CH K. Cre/loxP system for generating tissue-specific knockout mouse models. Nutr Rev.
2004;62:243-6.

19. Gangloff YG, Mueller M, Dann SG, Svoboda P, Sticker M, Spetz JF, et al. Disruption of the
mouse mTOR gene leads to early postimplantation lethality and prohibits embryonic stem cell
development. Molecular and cellular biology. 2004;24:9508-16.

20. Postic C SM, Niswender KD, Jetton TL, Chen Y, Moates JM, Shelton KD, Lindner J, Cherrington
AD, Magnuson MA. Dual roles for glucokinase in glucose homeostasis as determined by liver and
pancreatic beta cell-specific gene knock-outs using Cre recombinase. J Biol Chem. 1999;274:305-15.
21. Corbett TH, Griswold DP, Jr., Roberts BJ, Peckham JC, Schabel FM, Jr. Tumor induction
relationships in development of transplantable cancers of the colon in mice for chemotherapy
assays, with a note on carcinogen structure. Cancer Res. 1975;35:2434-9.


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.239426; this version posted August 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

22. Berndt N, Egners A, Mastrobuoni G, Vvedenskaya O, Fragoulis A, Dugourd A, et al. Kinetic
modelling of quantitative proteome data predicts metabolic reprogramming of liver cancer. Br
Cancer. 2020;122:233-44.

23. Hori T, Ohashi N, Chen F, Baine AM, Gardner LB, Hata T, et al. Simple and reproducible
hepatectomy in the mouse using the clip technique. World J Gastroenterol. 2012;18:2767-74.

24, Ramakers C, Ruijter JM, Deprez RH, Moorman AF. Assumption-free analysis of quantitative
real-time polymerase chain reaction (PCR) data. Neuroscience letters. 2003;339:62-6.
25. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic

acids research. 2001;29:e45.

26. Martens L, Hermjakob H, Jones P, Adamski M, Taylor C, States D, et al. PRIDE: the proteomics
identifications database. Proteomics. 2005;5:3537-45.

27. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles.
Proc Natl Acad Sci U S A. 2005;102:15545-50.

28. O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, et al. mTOR inhibition induces
upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res. 2006;66:1500-8.

29. Sun SY, Rosenberg LM, Wang X, Zhou Z, Yue P, Fu H, et al. Activation of Akt and elF4E survival
pathways by rapamycin-mediated mammalian target of rapamycin inhibition. Cancer Res.
2005;65:7052-8.

30. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and disease. Nat Rev
Mol Cell Biol. 2020;21:183-203.

31. Heymann F, Tacke F. Immunology in the liver--from homeostasis to disease. Nat Rev
Gastroenterol Hepatol. 2016;13:88-110.

32. Weichhart T CG, Poglitsch M, Rosner M, Zeyda M, Stuhlmeier KM, Kolbe T, Stulnig TM, Horl
WH, Hengstschlager M, Miiller M, Sdemann MD. The TSC-mTOR signaling pathway regulates the
innate inflammatory response. Immunity. 2008;29:565-77.

33. Yang CS, Song CH, Lee JS, Jung SB, Oh JH, Park J, et al. Intracellular network of
phosphatidylinositol 3-kinase, mammalian target of the rapamycin/70 kDa ribosomal S6 kinase 1, and
mitogen-activated protein kinases pathways for regulating mycobacteria-induced IL-23 expression in
human macrophages. Cellular microbiology. 2006;8:1158-71.

34, Schmitz F, Heit A, Dreher S, Eisenacher K, Mages J, Haas T, et al. Mammalian target of
rapamycin (mTOR) orchestrates the defense program of innate immune cells. European journal of
immunology. 2008;38:2981-92.

35. Ganley IG LdH, Wang J, Ding X, Chen S, Jiang X. ULK1.ATG13.FIP200 complex mediates mTOR
signaling and is essential for autophagy. The Journal of biological chemistry. 2009;284:12297-305.
36. Blommaart EF LJ, Blommaart PJ, van Woerkom GM, Meijer AJ. Phosphorylation of ribosomal
protein S6 is inhibitory for autophagy in isolated rat hepatocytes. The Journal of biological chemistry.
1995;270:2320-6.

37. Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue, controls autophagy in
yeast. J Biol Chem. 1998;273:3963-6.

38. Lafreniere R, Rosenberg SA. A novel approach to the generation and identification of
experimental hepatic metastases in a murine model. J Natl Cancer Inst. 1986;76:309-22.

39. Taniguchi K, Karin M. NF-kB, inflammation, immunity and cancer: coming of age. Nat Rev
Immunol. 2018;18:309-24.

40. Ghosh S, Tergaonkar V, Rothlin CV, Correa RG, Bottero V, Bist P, et al. Essential role of
tuberous sclerosis genes TSC1 and TSC2 in NF-kappaB activation and cell survival. Cancer Cell.
2006;10:215-26.

41. Weichhart T, Costantino G, Poglitsch M, Rosner M, Zeyda M, Stuhlmeier KM, et al. The TSC-
mTOR signaling pathway regulates the innate inflammatory response. Immunity. 2008;29:565-77.
42. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et al. Chemical inhibitor of
nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat Chem Biol.
2005;1:112-9.


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.239426; this version posted August 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

43, Vucur M, Reisinger F, Gautheron J, Janssen J, Roderburg C, Cardenas DV, et al. RIP3 inhibits
inflammatory hepatocarcinogenesis but promotes cholestasis by controlling caspase-8- and JNK-
dependent compensatory cell proliferation. Cell Rep. 2013;4:776-90.

44, Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, et al. RIP3, an energy metabolism regulator
that switches TNF-induced cell death from apoptosis to necrosis. Science. 2009;325:332-6.

45, Schwabe RF, Luedde T. Apoptosis and necroptosis in the liver: a matter of life and death. Nat
Rev Gastroenterol Hepatol. 2018;15:738-52.

46. Champion L, Stern M, Israel-Biet D, Mamzer-Bruneel MF, Peraldi MN, Kreis H, et al. Brief
communication: sirolimus-associated pneumonitis: 24 cases in renal transplant recipients. Ann Intern
Med. 2006;144:505-9.

47. Thaunat O, Beaumont C, Chatenoud L, Lechaton S, Mamzer-Bruneel MF, Varet B, et al.
Anemia after late introduction of sirolimus may correlate with biochemical evidence of a chronic
inflammatory state. Transplantation. 2005;80:1212-9.

48. Umemura A, Park EJ, Taniguchi K, Lee JH, Shalapour S, Valasek MA, et al. Liver damage,
inflammation, and enhanced tumorigenesis after persistent mTORC1 inhibition. Cell Metab.
2014;20:133-44.

49, Guo F, LiJ, DuW, Zhang S, O'Connor M, Thomas G, et al. mTOR regulates DNA damage
response through NF-kappaB-mediated FANCD2 pathway in hematopoietic cells. Leukemia.
2013;27:2040-6.

50. Karonitsch T, Kandasamy RK, Kartnig F, Herdy B, Dalwigk K, Niederreiter B, et al. mTOR
Senses Environmental Cues to Shape the Fibroblast-like Synoviocyte Response to Inflammation. Cell
Rep. 2018;23:2157-67.

51. Forbes SJ, Newsome PN. Liver regeneration - mechanisms and models to clinical application.
Nat Rev Gastroenterol Hepatol. 2016;13:473-85.

52. Maeda S, Hikiba Y, Sakamoto K, Nakagawa H, Hirata Y, Hayakawa Y, et al. Ikappa B
kinasebeta/nuclear factor-kappaB activation controls the development of liver metastasis by way of
interleukin-6 expression. Hepatology. 2009;50:1851-60.

53. Wei X, Luo L, Chen J. Roles of mTOR Signaling in Tissue Regeneration. Cells. 2019;8.

54, Dahmen U, Gu Y, Shen K, Dirsch O, Li J, Fan L, et al. Onset of liver regeneration after subtotal
resection is inhibited by the use of new immunosuppressive drugs. Transplant Proc. 2002;34:2312-3.
55. Fouraschen SM, de Ruiter PE, Kwekkeboom J, de Bruin RW, Kazemier G, Metselaar HJ, et al.
mTOR signaling in liver regeneration: Rapamycin combined with growth factor treatment. World J
Transplant. 2013;3:36-47.

56. Palmes D, Zibert A, Budny T, Bahde R, Minin E, Kebschull L, et al. Impact of rapamycin on liver
regeneration. Virchows Arch. 2008;452:545-57.

57. Xu M, Wang H, Wang J, Burhan D, Shang R, Wang P, et al. mTORC2 Signaling Is Necessary for
Timely Liver Regeneration after Partial Hepatectomy. The American Journal of Pathology.
2020;190:817-29.

58. Hagiwara A, Cornu M, Cybulski N, Polak P, Betz C, Trapani F, et al. Hepatic mTORC2 activates
glycolysis and lipogenesis through Akt, glucokinase, and SREBP1c. Cell Metab. 2012;15:725-38.

59. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, et al. Fas triggers an
alternative, caspase-8-independent cell death pathway using the kinase RIP as effector molecule. Nat
Immunol. 2000;1:489-95.

60. Vercammen D, Beyaert R, Denecker G, Goossens V, Van Loo G, Declercq W, et al. Inhibition of
caspases increases the sensitivity of L929 cells to necrosis mediated by tumor necrosis factor. J Exp
Med. 1998;187:1477-85.

61. Koppe C, Verheugd P, Gautheron J, Reisinger F, Kreggenwinkel K, Roderburg C, et al. IkappaB
kinasealpha/beta control biliary homeostasis and hepatocarcinogenesis in mice by phosphorylating
the cell-death mediator receptor-interacting protein kinase 1. Hepatology. 2016;64:1217-31.

62. Zhu K, Liang W, Ma Z, Xu D, Cao S, Lu X, et al. Necroptosis promotes cell-autonomous
activation of proinflammatory cytokine gene expression. Cell Death Dis. 2018;9:500.


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.239426; this version posted August 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

63. Abe K, Yano T, Tanno M, Miki T, Kuno A, Sato T, et al. mTORC1 inhibition attenuates
necroptosis through RIP1 inhibition-mediated TFEB activation. Biochim Biophys Acta Mol Basis Dis.
2019;1865:165552.

64. Liu Q, Qiu J, Liang M, Golinski J, van Leyen K, Jung JE, et al. Akt and mTOR mediate
programmed necrosis in neurons. Cell Death Dis. 2014;5:e1084.

65. Xie Y, Zhao Y, Shi L, Li W, Chen K, Li M, et al. Gut epithelial TSC1/mTOR controls RIPK3-
dependent necroptosis in intestinal inflammation and cancer. J Clin Invest. 2020;130:2111-28.


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 1

Sirius Red

ORO

%
1.004

0.754

0.50 4

positive areal/field
o
]
o
L

Sirius Red

n.s.

WT

mTOR"¢

%
1.50 7

-

N

o
1

1.00 4

0.754

0.504

positive areal/field

0.254

ORO

0.00

wWT

mToR"E¢


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 2

F4/80 CDh45
n.s.
600 1 * 2507 J—

° R -

2 3 200

= 400 Z

2 I 2 1501

Q [}

o o

N ® 100

S 2001 =

12 (%]

o

o 9 501

0 T 0 T

wT mToOR"EC wT mToR"¢


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 3

Tnfa

I11b
n.s.

2.0

0.0

0.0

uononpui pjoy

Mif

Ccl2

2.51

o
“

onsnpul pjoy

0.0

uononpul pjoj

0.5+
0.0

116
n.s.

Tgfb1l

0.0

1110

1.519
0.0

uondnpul pjoj

Ml 7oRr'F°

OJwr

c 159


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 4

mTORLEC

Tumor number

n.s.
501

404

304

20

tumors/mouse

F4/80 CD45 Ly6G
Nn.s. n.s.
800 600 —_— 16 —_—
= = =
2 600 2 @ 12
@ S 400 | 5
© ° ®
© 400 © © 8
° ® °
> > 2
= = 200 =
2 200 2 2 4
a a a
o T 0 T 0 T
wT mTOR"S wT mTOR® wT mTOR"S®


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 5

mMTORLEC

Tumornumber

60

° )
< ~

asnow/siowny

LEC

mTOR

wT

mTOREC

LN
<
[a)
O

LYy6G

CD4s

F4/80

—

160

600

o o o
« @ <
-

PIaly /|89 aAniso

d

=

mTOR

wT

o

Lec

mTOR

L

wT

PIaly /|89 aAniso

d

mTOR"

-

-
2

o o o o
o o o o
v ¥ o N

PIaly /s|189 aAniso

o
o
=
d

o


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 6

IR
o]
=
£
- ©
n © - u
o = «x © o«
a X o
O
- _
’ _
o
t
o
[
r T T T r T T - 02
r T T T T T T © < o~ S =
® © N o ° w9 1w o 1w o 1w o 2 E
® ® & « o o o o
uononpul ploy onanpuil pjoy uononpul pioy D -
l - Te}
© n — o y
b * - o - S
c % o % < * = c
[ @] S
T T T T T T T T
T T T T T T T r r o © < ~ ° = 0 ° 0 o
0 o 0 o 0 o < ® ~ - = o~ - = o o
o o — — o (=}
uononpul pjoy uonoanpul pjoy
uonanpul pjoj uonanpul pjoj
\ o 2
o} N — g9 -
— * N * 8} - 0
ox 0 * x ¥ o c
- O =
A
r T T r T T T r T T T I T T
. - “ — [=} [=}
uononpul pjo} uononpul pjoj uononpul pjoy uononpul pjoy}



https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 7



https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

Jiao and Eickhoff et al., Figure 8

stimulation of
hepatocyte
© © proliferation

o
release of .
TNFa,IL'6 .— { necroptosis ]

@‘f >\\)\ 7 macrophage

< activation

partial hepatectomy

liver -' inflammation
. -_'_:-__J-"P::a' I(;;'j

growth of
... [ L) hee
metastates X @

accumulation of

inflammatory cells

L FA/80+ et : @ CD45+ Q liver
. hepatocyte e L macrophage |\ED neutrophil .-

leukocyte metastasis


https://doi.org/10.1101/2020.08.06.239426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.06.239426; this version posted August 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Protein names Gene names MS/MS  -LOGttest  fold change
Count p value KO/WT

3 beta-hydroxysteroid dehydrogenase
type 5;3 beta- hydroxysteroid Hsd3b5 81 3,4671 0,21
dehydrogenase type 4
Gap junction beta-1 protein Gjbl 14 2,9446 0,31
Cytochrome P450 4A12A Cyp4al2a 115 2,6623 0,36
Cytochrome P450 2F2 Cyp2f2 95 2,8650 0,39
Proteasome subunit alpha type-7 Psma7 224 2,8286 0,47
Arginyl-tRNA--protein transferase 1 Atel 31 3,5517 0,59
Putative ataxin-7-like protein 3B Atxn7I3b 25 3,5199 2,29
CycliciAMP-responsive element-binding Crebl 51 2,7910 3,80
protein 1
Stathmin Stmnl 133 2,4677 4,40
Small EDRK-rich factor 2 Serf2 11 2,7473 4,42

Table 1: List of significantly altered proteins in LEC-specific mTOR KO liver tissue. MS2, spectral count
frequency (MS/MS Count)
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