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Zusammenfassung

Onkogene KrasG12D-Expression transformiert adulte Azinuszellen irreversibel in
duktale Zellen. Die sogenannte azinär-duktale Metaplasie (ADM) ist entscheidend bei
der Entwicklung des duktalen Pankreaskarzinoms (PDAC). Jüngste Studien zeigen,
dass diese metaplastische Veränderung eine spezielle Umlagerung des Zytoskeletts
erfordert, welche wiederum eine Umverteilung der apiko-basalen Spannung innerhalb
der Azinuszellen erzeugt. Der genaue Mechanismus für diese apiko-basale
Spannungsumverteilung ist jedoch noch unbekannt. mTOR (mechanistisches Ziel der
Rapamycinkinase), eine Zielstruktur von onkogenem Kras, beruht auf der Funktion von
Rptor (regulatorisch assoziiertes Protein von mTOR, Komplex 1) und Rictor (RPTORunabhängiger Begleiter von mTOR, Komplex 2), um die mutmaßlichen PDAConkogenen Komplexe, mTORC1 und mTORC2, zu bilden. Der Actin-verwandte
Protein 2/3 (Arp2/3) -Komplex ist ein Actin-Keimbildner, der die neuartige ActinPolymerisation und die Erzeugung mechanischer Spannungen in anderen biologischen
Zusammenhängen fördert.
Ein gut etabliertes Mausmodell der entzündungsbeschleunigten KrasG12D-gesteuerten
frühen Pankreaskarzinogenese wurde verwendet. Ebenfalls wurden Rptor und Rictor in
Azinuszellen spezifisch ausgeschaltet, um mTORC1 und mTORC2 zu deaktivieren,
während Arpc4 (Aktin-verwandte Protein 2/3 Komplexuntereinheit 4) deletiert wurde,
um die Funktion des Arp2/3-Komplex zu verhindern. Ein 3D-Kultursystem wurde
appliziert, um die ADM-Bildung in vitro zu untersuchen. Die Ergebnisse der
präklinischen

Modelle

wurden

an

menschlichen

Materialien

bestätigt.

Massenspektrometrische Proteomanalyse wurde zum Screening auf nachgeschaltete
Ziele von mTORC1 und mTORC2 verwendet.
Sowohl mTORC1 als auch mTORC2 sind insbesonders in ADM-Läsionen bei
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Menschen und Mäusen aktiviert. Funktionell hemmt die alleinige Deaktivierung von
mTORC1 oder mTORC2 nur vorübergehend die onkogene KrasG12D-gesteuerte ADMBildung. Eine gleichzeitige Deaktivierung von mTORC1 und mTORC2 ist erforderlich,
um die onkogene KrasG12D-gesteuerte ADM-Entwicklung dauerhaft zu unterdrücken.
Somit

existiert

Proteomanalysen

eine

synergistische

identifizieren

Wechselwirkung

Arp2/3-Komplex

als

zwischen
den

ihnen.

Die

gemeinsamen

nachgeschalteten Effektor von mTORC1 und mTORC2. Die genetische Deaktivierung
des Arp2/3-Komplexes blockiert die onkogene KrasG12D-gesteuerte ADM-Entwicklung
vollständig und ahmt den Phänotyp von Mäusen, bei denen sowohl mTORC1 als auch
mTORC2 fehlen, nach. Insbesondere KrasG12D-Azinuszellen mit deaktiviertem Arp2/3Komplex sind nicht in der Lage, eine apiko-basale Spannungsumverteilung zu erzeugen.
Mechanistisch gesehen ist mTORC1 für die direkte Proteinsynthese von Rac1 (kleine
GTPase 1 der Rac-Familie) und Arp3 verantwortlich, während mTORC2 die Aktivität
des Arp2/3-Komplexes durch Akt / Rac1-Signalübertragung fördert.
Nun identifizieren wir eine gleichzeitige, jedoch nicht redundante regulatorische Rolle
von mTORC1 und mTORC2 bei der Förderung der Arp2/3-Komplexfunktion, die für
die KrasG12D-gesteuerte ADM-Bildung unverzichtbar ist. Die durch den Arp2/3Komplex vermittelte Aktinpolymerisation ist für die Erzeugung einer Umverteilung der
apiko-basalen Spannung verantwortlich und instruiert Azinuszellen eine duktale
Morphologie anzunehmen.
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Abstract

Upon oncogenic KrasG12D expression, adult acinar cells assume an irreversible
phenotype of acinar-to-ductal metaplasia (ADM), playing a crucial role in pancreatic
ductal adenocarcinoma (PDAC) development. Recent studies demonstrate that this
metaplastic change requires a specific cytoskeleton rearrangement generating apicalbasal tension redistribution within acinar cells. However, the exact mechanism for this
apical-basal tension redistribution is still unknown. mTOR (mechanistic target of
rapamycin kinase), a downstream target of oncogenic Kras, relies on the function of
Rptor (regulatory associated protein of mTOR, complex 1) and Rictor (RPTOR
independent companion of mTOR, complex 2) to form putative oncogenic complexes
of PDAC: mTORC1 and mTORC2. The actin-related protein 2/3 (Arp2/3) complex is
an actin nucleator promoting novel actin polymerization and generation of mechanical
tension in other biological contexts.
A well-established mouse model of inflammation-accelerated KrasG12D-driven early
pancreatic carcinogenesis was used. At the same time, Rptor and Rictor were
conditionally ablated in acinar cells to deactivate mTORC1 and mTORC2, while Arpc4
(actin related protein 2/3 complex subunit 4) was deleted to ablate the function of
Arp2/3 complex. A 3D-culture system was applied to investigate ADM formation in
vitro. Results from the preclinical models were confirmed on human materials. Mass
spectrometry-based proteomic analysis was used for screening downstream targets of
mTORC1 and mTORC2.
Both mTORC1 and mTORC2 are mainly activated in human and mouse ADM lesions.
Functionally, mTORC1 or mTORC2 deactivation alone only transiently inhibits
oncogenic KrasG12D-driven ADM formation. A dual deactivation of mTORC1 and
mTORC2 is required to persistently suppress oncogenic KrasG12D-driven ADM
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development, demonstrating a synergistic interaction between them. The proteomic
analyses identify the Arp2/3 complex as the common downstream effector of mTORC1
and mTORC2. Genetic deactivation of Arp2/3 complex completely blocks oncogenic
KrasG12D-driven ADM development in mice, photocopying the phenotype of mice
deficient for both mTORC1 and mTORC2. In particular, KrasG12D acinar cells with
deactivated Arp2/3 complex are not capable of generating apical-basal tension
redistribution. Mechanistically, mTORC1 is responsible for the direct protein synthesis
of Rac1 (Rac family small GTPase 1) and Arp3 while mTORC2 promotes the activity
of Arp2/3 complex by Akt/Rac1 signalling.
Now, we identify a dual, yet non-redundant, regulatory role of mTORC1 and mTORC2
in promoting Arp2/3 complex function, which is indispensable for Kras G12D-driven
ADM formation. The Arp2/3 complex-mediated actin polymerization is responsible for
generating apical-basal tension redistribution, acting as an “incipient” instruction cue
for ductal morphology of acinar cells.
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1. Introduction
1.1 Pancreatic ductal adenocarcinoma
Pancreas cancer is highlighted by a similar morbidity and mortality.1 Though surgical
resection leads to more prolonged survival compared with chemotherapy, radiation
therapy and palliative care, only a small part of patients are eligible for curative
resection due to the late diagnosis.2 Furthermore, a majority of patients succumb to
recurrence in the end.1, 3, 4 Total deaths due to pancreas cancer are predicted to increase
dramatically to become one of the top cancer killers before 2030 in the USA.5 Early
diagnosis and treatment of pancreatic cancer is the only way to reduce mortality.
Pancreatic ductal adenocarcinoma (PDAC) is the most common entity of malignant
pancreatic tumours, which also include solid-pseudopapillary neoplasms (SPNs),
pancreatic neuroendocrine tumours (PanNETs), acinar cell carcinomas (ACC),
pancreatoblastomas,

classified

according

to

tumour

morphology

and

immunohistochemical features.6, 7 Risk factors for PDAC consist of cigarette smoking,
chronic pancreatitis, diabetes, obesity, races and inherited risk factors.8 But the most
vital driver factor of PDAC is gene alteration, generally including genetic mutations in
kirsten rat sarcoma viral oncogene homolog (KRAS), cyclin-dependent kinase inhibitor
2A (CDKN2A), tumor protein p53 (TP53) and small mothers against decapentaplegic
(SMAD4).9 KRAS is the most universal mutated oncogene, usually co-exists with
genetic alternations on putative tumour suppressers such as CDKN2A, TP53 and
SMAD4.7, 10, 11 There are three well-established PDAC precursor lesions: pancreatic
intraepithelial neoplasias (PanINs), intraductal papillary mucinous neoplasms (IPMNs),
and mucinous cystic neoplasms (MCNs).12 Every precursor lesion is different from
each other with their unique features in pathology.
In the adult pancreas, more than 90% of it are acinar cells, and the rest are ductal and
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endocrine cells, including α, β, δ, PP and ɛ cells.13 It was thought that PDAC originates
from ductal cells in the pancreas because of their similar morphologies. Recently,
results from genetically engineered mouse models (GEMMs) revealed that PDAC can
be initiated from different cell types in the pancreas.14 Lineage tracing studies
demonstrate that PanIN lesions mainly arise from the acinar cell.15 However, IPMNs
might develop from the ductal epithelium within the so-called progenitor niche; the
origin of MCN is still unknown.14 Thus, the cell of origin for PDAC remains elusive. It
was reported that insulin-expressing cells could also be transformed to develop PanINs
and PDAC in the context of Kras mutation, p53 mutation and caerulein-induced
pancreatitis.16

1.2 GEMM of PDAC
1.2.1 KrasG12D mouse model
To identify the molecular mechanism of initiation and development of pancreatic cancer,
develop novel diagnostic and therapeutic strategies, GEMMs are employed to
recapitulate several pancreatic tumour subtypes. In GEMMs of PDAC, a so-called
“KrasG12D strain” was used as the backbone mouse model (see below). This mouse
model relies on the Lox-Stop-Lox-KrasG12D mouse strain (referred to as LSL-KrasG12D)
and the Cre recombinase-dependent tissue-specific system. In the LSL-KrasG12D mouse,
the expression of knock-in mutant KrasG12D allele is blocked by STOP cassette flanked
by LoxP sites. In the presence of Cre recombinase driven by Pdx1 or Ptf1a (also known
as p48), the pancreas-specific promoter, mutant Kras is activated by removing STOP
cassette and by Cre recombinase. These mice developed precursor lesions and partially
progressed to PDAC after a long latency. Based on the KrasG12D mouse model, one of
the most used GEMMs of PDAC was generated by crossing with the LSL-Trp53R172H
mouse strain. It displayed invasive and metastatic carcinomas.17, 18

1.2.2 Inducible system
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However, there is a limitation of these mouse models. The Cre-mediated recombination
occurs in embryo, which means Kras is activated in a very early stage, the pancreas
develops PanINs rapidly after birth, which is different from the PDAC development in
humans. Here, PDAC occurs in the mature gland of adult subjects through random
mutations in the pancreas. To overcome these shortcomings, an inducible system was
developed in which genes of interest can be knocked in or knocked out temporally and
spatially. As such, one of frequently used system is CreER technology which was firstly
described by Feil et al. in 1996. In this new version of the Cre-loxp system, Cre
recombinase is fused to a mutated ligand-binding domain (LBD) of the human estrogen
receptor (ER), which is so-called CreER. The CreER recombinase can be activated by
tamoxifen instead of estradiol in vivo.19 Once induced by tamoxifen, CreER
recombinase translocates from the cytoplasm into the nucleus, where it mediates the
genetic recombination of LoxP sites.20 Currently, the most effective CreER
recombinase

is

CreERT2

version.

The

LBD

of

CreERT2

harbours

G400V/M543A/L544A triple mutations to avoid possible unexpected side effects
induced by tamoxifen21,

22

In the field of PDAC modelling, the inducible systems

include ElastasCreERT2, Ptf1aCre-ERTM, and Pdx1-CreERT,23-25 where the CreER
recombinase expression is driven by cell-type-specific promotors in pancreas. To
monitor the recombination efficiency of these inducible systems, a reporter gene has
been developed and used as a critical tool. The most widely used reporters are
autofluorescent proteins (AFPs), such as green fluorescent protein (GFP) and red
fluorescent protein (RFP). The expression of AFPs can be detected by fluorescenceactivated cell sorting (FACS) at the single living cell level, fluorescence microscopy
and fluorometer without any invasive treatment and exogenous substrates. The
ubiquitous expression of AFPs can be achieved by inserting the reporter gene into the
Rosa26 locus, which is transcriptionally active across the majority of organs. The
temporal and tissue-specific expression of Rosa26-targeted reporter proteins can be
realized by the Cre-loxp system using the above mentioned Loxp_Stop_Loxp
strategy.26
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1.3 Acinar-to-ductal metaplasia
In the pancreas, acinar cells are highly plastic which have the potential of
dedifferentiating to other cell types such as ductal cells and endocrine cells.15, 27. The
acinar-to-ductal metaplasia (ADM) is a process that acinar cells acquire a duct-like
phenotype.28 In vivo, ADM can be induced by oncogenic Kras and pancreatitis.29 In
vitro, the factors that are applied to promote ADM formation include mutant Kras,30
transforming growth factor-α (TGF-α), hepatocyte growth factor (HGF) in rodent31 and
transforming growth factor-β (TGF-β) in human.32 During the process of ADM, gene
expression profile changes dramatically. Part of genes are downregulated, such as Ptf1a,
Mist1, Gata6. These are transcription factors which maintain the morphology and
functions of acinar cells. Genetic ablation of any of these genes in acinar cells leads to
ADM formation.33-35 Other genes like p120 catenin, an intracellular protein, which
supports cell-cell adhesion, its deletion in the pancreas lead to ADM formation.36 Part
of genes are upregulated. Transcription factors Sox9 and Pdx1 are required for acinar
cell dedifferentiation. Sox9 mainly expresses in human and mouse centroacinar cells,
also in acinar cells and some ductal cells, but at a low level.37, 38 In the context of
inflammation, Sox9 expression increased dramatically in acini which proceed to
ADM.39 The expression of Pdx1 is mostly in islets, but few in acinar cells of adult
mouse pancreas, in pancreatitis, Pdx1 is upregulated.40, 41 Furthermore, the sustained
Pdx1 expression in acinar cells induced also ADM phentype.42 Besides, the matrixdegrading metalloproteinases (MMP)-9 was strongly upregulated in the inflamed
pancreas. Inflammatory macrophages secret several cytokines to activate nuclear factor
(NF)-κB, which regulates the degradation of the extracellular matrix through MMP-9.
It is proved that the MMP inhibitor completely blocked the pancreatitis-induced ADM
formation in vivo.43

1.4 Pancreatic regeneration
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ADM is common after acute pancreatitis or injury. In wild-type animals, ADM
formation is a transient process that resolves itself in 7 days post caerulein treatment.
During this process, pancreatic regeneration is achieved by ADM redifferentiation and
acinar cell proliferation.44-46 Some genes are essential for pancreas regeneration; for
example, Hes1 is expressed in the centroacinar cells; the loss of Hes1 leads to persistent
ADM after acute caerulein-induced pancreatitis.47 Knock out of ARID1A, which
altered most frequently in PDAC, leads to impaired recovery of the exocrine
compartment.48 Hedgehog (Hh) pathway maintains progenitor cell number in adult
tissues, genetic inhibition of Hh Signaling results in impaired pancreatic regeneration.49
Numb, a multifunctional protein, is vital for cell division and maintaining progenitor
cell. Deletion of Numb in pancreatic acinar cells leads to abundant duct structures 7
days post caerulein injection.45

1.5 ADM driven by oncogenic KrasG12D
In the presence of KrasG12D, ADM lesions do not differentiate back to acinar cells, but
they further progress into pre-neoplastic lesions and eventual PDAC. This is mediated
by a number of downstream pathways of oncogenic KrasG12D (see below).

1.5.1 MAPK pathway
Mitogen-activated protein kinase (MAPK) pathway is well studied as a downstream
pathway of Kras. It regulates cell growth, proliferation, differentiation and other
biological processes. The classical MAPK pathway is Ras → Raf → MEK → ERK;
Firstly, the activated Kras phosphorylates the serine/threonine kinase Raf, continuously,
MAPK kinase (MEK1/2) is activated by Raf, which proceeds on phosphorylating
extracellular signal-regulated kinase (ERK1/2).50 In wild-type mice, the MAPK
pathway is upregulated but only for a short time during acute pancreatitis, in the context
of oncogenic KrasG12D, the upregulation is consistent. A pharmacological inhibition of
MAPK signalling prevents the ADM and PanIN formation in KrasG12D mice 1 week
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after caerulein injection. Interestingly, under the inhibition of Mek1/2, PanIN lesions
are capable of redifferentiating back to acinar cells.51 Above all, the sustained activation
of MAPK pathway is partially accountable for ADM, PanIN and PDAC development
caused by oncogenic KrasG12D and pancreatitis.

1.5.2 PI3K pathway
Phosphoinositide 3-kinase (PI3K) is another downstream effector of Kras. It is proved
in mice that PI3K p110α isoform is activated in pancreatic precursor lesion induced by
oncogenic KrasG12D and pancreatitis. A pharmacological inhibition of p110α block the
ADM formation in vivo. Moreover, the genetic inactivation of p110α prevents the
formation of pre-neoplastic lesion in these models. Further analysis revealed that the
p110α signalling regulates the ADM plasticity through actin cytoskeleton.29
Consistently, Payne SN et al. proved the similar finding, he generated a Pc1Pik3cap110*
mouse model in which PI3K signalling is persistently activated, and observed that this
persistently activated PI3K signalling accelerated the ADM development in vivo.
ERK1/2, the downstream of PI3K, is involved in such process.52 Sustained activation
of Akt signalling, the downstream of PI3K, drives the formation of “ductal structures”:
a portion of these ductal structures is the result of proliferative ductal epithelium, ADM
lesions and β cells also contribute partially to these “ductal structures”.

53

Rac family

small GTPase 1 (Rac1), a guanosine triphosphatase (GTPase) of rhodopsin (Rho)
family, is also a downstream effector of PI3K, regulating actin dynamics. It is proposed
that the deactivation of PI3K pathway and the Rac1 ablation prevent the KrasG12Ddriven ADM development in vivo by affecting the similar cellular machinery-actin
remodelling.54

1.5.3 Other pathways
Other upregulated signalling pathways include polycystic kidney disease 1 (PKD1),
Notch and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). It
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was reported that the expression of oncogenic Kras cause san oxidative stress in ADM
and PanIN leions. In 3D culture, the pharmacological inhibition of mitochondrial
reactive oxygen species (mROS) reduced the capacity of isolated KrasG12D acinar cells
in promoting ADM lesions in vitro. The further study revealed that mROS activated
PKD1, which triggers the NF-κB pathway. Collectively, it led to the increased
expression of epidermal growth factor receptor (EGFR) and its ligands TGF-α and a
disintegrin and metalloptroteinase-17 (ADAM 17).55 In vitro data from the same
researchers proved that TGF-α induced ADM formation through Kras activation, PKD1
is activated as a downstream target of Kras, however, inhibition of Notch pathway block
ADM formation under activated TGF-α-Kras-PKD1 signalling.56 In another study, the
TGFα-induced ADM relies on the function of matrix metalloproteinase (MMP) 7,
which is important in maintaining the pro-ADM function of Notch signalling vitro.57

1.6 Pancreatic injury
Oncogenic KrasG12D promotes ADM and PanIN formation in mouse model, however
few of them develop PDAC, to accelerate this procedure, extra events are required.
Such additional events include mutation of p53,58 CDKN2A,59 inactivations of
Smad4.60
The widely used method to accelerate oncogenic Kras-driven pancreatic carcinogenesis
is the caerulein-induced pancreatitis. Caerulein, an analogue of cholecystokinin (CCK),
stimulates the secretion of digestive enzymes in rodents, resulting in the severe
autodigestion by pancreatic protease.61 According to the commonly used protocol for
acute pancreatitis induction, mice are administered caerulein at supramaximal levels,
seven doses hourly one day, 50 μg/kg body weight, but in pancreatic regeneration
research, two consecutive days intraperitoneal injection are required.62, 63 However, in
the presence of oncogenic KrasG12D, the organ regeneration in acinar cell compartment
is blocked, instead, the acinar cell acquired non-reversible ADM phenotype and some
of them further progress into PanIN lesions and PDAC after caerulein-induced
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pancreatitis.64

1.7 mTOR signalling
Mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase which
belongs to the PI3K-related kinase (PIKK) family. mTOR is involved in two complexes,
mTOR complex 1 (mTORC1) and 2 (mTORC2), which play crucial roles in growth,
metabolism and disease.

1.7.1 mTORC1 signalling
Components of mTORC1
mTORC1 is composed of mTOR, the regulatory-associated protein of mTOR (Rptor),
mammalian lethal with Sec13 protein 8 (mLST8, also known as GβL),65, 66 proline-rich
Akt substrate of 40 kDa (PRAS40)67, 68 and DEP domain-containing mTOR-interacting
protein (DEPTOR).69 Rptor is required for mTORC1 kinase activity.70, 71 mLST8 keeps
the kinase activation loop stable.72 However, the other two subunits play an inhibitory
role in the signalling.

Figure 1. The simplified structure of mTORC1
mTORC1 upstreams
mTORC1 is activated by the small GTPase ras homolog enriched in brain (Rheb),73
which is the downstream effector of Tuberous Sclerosis Complex (TSC). Many growth
factor pathways such as insulin/insulin-like growth factor-1 (IGF-1) pathway, receptor
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tyrosine kinase-dependent Ras signalling, Wnt signalling and the inflammatory
cytokine TNFα activate mTORC1 via phosphorylating TSC.74 For example, insulin
promotes the PI3K activity that converts phosphatidylinositol 4,5-bisphosphate (PIP2)
to phosphatidylinositol 3,4,5 trisphosphate (PIP3). By the function of PIP3, Akt is
recruited to the plasma membrane where it is phosphorylated by pyruvate
dehydrogenase kinase 1 (PDK1) at Thr308, leading to the partial activation of Akt This
partially activated Akt, in turn, phosphorylates TSC2, which further activate the
mTORC1.75
mTORC1 signalling is inhibited under the circumstances of glucose deprivation,
hypoxia and DNA damage through either the direct phosphorylation of Rptor or the
indirect activation of TSC.76-78 mTORC1 is also tightly regulated by the concentration
of amino acid. It was reported that Rag GTPases could be converted to be activated
state once stimulated by amino acids, which allows them to bind to Rptor, then
mTORC1 is recruited to the lysosomal surface and activated by Rheb. This discovery
was considered as a breakthrough by unraveling the mechanism underlying amino acid
sensing by mTORC1.79, 80
mTORC1 downstream
p70S6 Kinase 1 (S6K1) and eIF4E Binding Protein (4EBP) are two main downstream
targets of mTORC1. S6K1 is phosphorylated by mTORC1 on Thr 389 and further
phosphorylated by PDK1. Activated S6K1 subsequently phosphorylates eukaryotic
translation initiation factor 4B (eIF4B) to promote the mRNA translation initiation. At
the meantime, it also phosphorylates programmed Cell Death 4 (PDCD4), an inhibitor
of eIF4B, to accelerate the degradation of PDCD4.81, 82 The 40S ribosomal protein S6
(S6) can also be phosphorylated by S6K1, it is linked to the mRNA translation and cell
growth.83 The other substrate-4EBP binds to eukaryotic translation initiation factor 4E
(eIF4E), as such, it prevents the assembly of Eukaryotic initiation factor 4F (eIF4F)
complex. When phosphorylated by mTORC1, 4EBP dissociates from eIF4E, promoting
the mRNA translation initiation.84 mTORC1 promotes the protein synthesis mainly
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through these two key effectors.
mTORC1 also activates the sterol responsive element binding protein (SREBP) which
is a transcription factor regulating the expression of metabolic proteins associated with
fatty acid and cholesterol biosynthesis.85 S6K1 can activate carbamoyl-phosphate
synthetase (CAD), which governs the pyrimidine synthesis pathway.86 mTORC1 also
regulates the transcription factor hypoxia-inducible factor 1 (HIF1α), which promote
the glucose metabolism by increasing the expression of glycolytic enzymes.87 Thus,
mTORC1 signalling activates lipid, nucleotideand glucose metabolism to support cell
growth.
Unc-51-like kinase 1 (ULK1) can also be phosphorylated by mTORC1 when the
nutrient is sufficient. This phosphorylation of ULK1 prevents the initiation of
autophagy.88 Transcription factor EB (TFEB) can also be phosphorylated by mTORC1,
which inhibits the process of autophagy.89,

90

In this way, mTORC1 promotes cell

growth via the inhibition of protein catabolism.

1.7.2 mTORC2 signalling
Components of mTORC2
mTORC2 shares the component of mTOR, mLST8 and DEPTOR with mTORC1.
However, mLST8 is required to maintain the rictor-mTOR binding instead of the rptormTOR interaction.91 Rapamycin insensitive companion of mTOR (Rictor) is specific
to mTORC2, and it is essential for its activity.92 mTORC2 also contains the unique
regulatory subunits of mammalian stress-activated protein kinase interacting protein 1
(mSin1) and protein observed with rictor 1 and 2 (Protor1/2).93, 94
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Figure 2. The simplified structure of mTORC2
mTORC2 upstream
mTORC2 is the downstream of insulin/PI3K signalling. One subunit of mTORC2 is
mSin1 which has a pleckstrin homology (PH) domain. Via this PH domain, it interacts
with mTOR kinase domain to prevent the activation of mTORC2, when insulin is not
available. However, this inhibition can be released upon the SIN1-PH binding to PIP3
(generated by PI3K) at plasma membrane.95 It is also reported that PI3K promotes the
binding of mTORC2 to ribosomes, which are necessary for the mTORC2 activity;
however, how ribosomes activate mTORC2 is elusive.96 mTORC2 can also be activated
by phosphorylated Akt at T308, and this partial activation of Akt phosphorylates mSin1,
which drives the mTORC2 activity.97

mTORC2 downstream
The first identified substrate of mTORC2 was protein kinase C alpha (PKCα),
regulating the actin cytoskeleton.98 After that, it is reported that several other members
of PKC protein kinase can also be phosphorylated by mTORC2, such as PKCδ, PKCζ,
PKCγ and PKCε,99-101 involved in cytoskeleton organization and cell migration
regulation. Another important downstream effector of mTORC2 is Akt.102 Akt is
phosphorylated at Ser473 by mTORC2, leading to fully activated AKT signaling.103
Furthermore, the serum- and glucocorticoid-induced protein kinase (SGK)1 is be
activated by mTORC2 to regulate the ion transport and to promote cell survival.104
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1.7.3 Physiological functions of mTOR signalling
Both mTORC1 and mTORC2 are involved in various biological processes and they
play essential roles in physiological procedures. Using well-established mouse models,
more and more functions of these two mTOR complexes are being uncovered in
mammalians.
The regulation of mTORC1 signalling is critical for glucose homeostasis. The
hyperactivation of mTORC1 in the liver inhibits autophagy and gluconeogenesis,
resulting in hypoglycemia.105, 106 Sustained mTORC1 activity in the pancreas improves
glucose tolerance at the beginning, but reduces β-cell mass and leads to hyperglycemia
in the end.107,

108

mTORC1 signalling also promotes muscle growth. Activated

mTORC1 signalling is correlated with muscle hypertrophy,109 impaired mTORC1
signalling leads to severe muscle atrophy.110 Both mTORC1 and mTORC2 signalling
play important roles in adipogenesis and lipid homeostasis. Inhibition of mTORC1
blocks adipogenesis and suppresses lipogenesis in the adipocyte.111 mTORC2
activation has been shown to accelerate lipogenesis in the liver.112 In the immune system,
mTORC1 promotes T-cell activation and expansion via facilitating anabolic
metabolism.113 Recent studies found that mTORC1 plays a complicated role in T-cell
maturation.114, 115 In nervous system development, the loss of mTORC1 or mTORC2
leads to smaller neuron and early death. Conversely, the hyperactivation of mTORC1
signalling in the brain is associated with various brain disorders.116

1.7.4 Oncogenic functions of mTOR signalling
mTOR is widely involved in tumorigenesis of multiple diseases including breast cancer,
head and neck cancer, colorectal cancer, intestinal cancer, prostate cancer, pancreatic
cancer and so on.117-122 Sustained mTORC1 signalling in tumours can be achieved in
different ways. As the downstream of PI3K/Akt and MAPK pathways, which are
frequently mutated in cancers, mTORC1 is activated subsequently.123 Besides, the
mutated p53 negatively regulates the lysosomal TSC2, which leads to the hyperactive
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mTORC1.124 Furthermore, mTOR itself is found to be mutated in a variety of cancers,
leading to the hyperactivation of mTORC1.125 Sustained mTORC1 signalling promotes
cell growth and proliferation and accelerates cancer development. mTORC2 is also
required in prostate cancer in the mouse model and essential for human prostate
epithelial cells to develop tumours.126 Researchers have also shown that specific
mTORC2 inhibitor blocks breast cancer cell growth and survival in vivo and in vitro.127
Also, the loss of mTORC2 signalling inhibits PDAC tumour growth in mouse
models.128

1.7.5 mTOR inhibitor
Rapamycin is the typical inhibitor of mTORC1. It binds the peptidyl-prolyl-isomerase
FKBP12 to inhibit mTORC1 activation.129 mTORC2 is not sensitive to acute rapamycin
treatment, but its inhibition can be achieved by the prolonged Rapamycin treatment,
potentially due to an impaired mTORC2 assembly disturbed by the rapamycin-FKBP12
complex.130
Previously, a number of rapamycin analogues, namely rapalogs, have been tested by
clinical trials.131-134 Unfortunately, none of them were as successful as expected from
pre-clinical research.135 It was found that mTORC2 is activated due to negative
feedback on insulin/PI3K/Akt signalling when mTORC1 is inhibited alone.97 This
explanation is proved by increased Akt signalling detected in tumour biopsies from the
clinical trial.136 It was also reported that the rapalogs only partially inhibited the
downstream activity of mTORC1, for example, the phosphorylation of S6 was indeed
inhibited whereas the 4EBP1 activity was resistant in a majority of clinical settings.137,
138

Moreover, the mTORC1 inhibition promotes the autophagy and micropinocytosis

which again support cancer growth and survival.139 Therefore, the combination of
rapalogs and autophagy inhibitors is being tested in clinical trials. The preliminary
results in melanoma patients showed an improved efficacy compared with the rapalog
monotherapy.140
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Recently, inhibitors targeting both mTORC1 and mTORC2 are developed and tested in
clinical trials. These novel inhibitors are ATP-competitive catalytic inhibitors against
mTOR, which suppress both mTORC1 and mTORC2 catalytic activity directly.
Although these new mTOR inhibitor were more effective than rapalogs in preclinical
research, the feedback activation of PI3K also took place after the long-term treatment
with ATP-competitive mTOR inhibitors.141 Thus, the dual PI3K/mTOR inhibitors are
currently under development to overcome this feedback activation.

1.8 Arp2/3 complex
1.8.1 Physiological function of Arp2/3 complex
The actin-related protein 2/3 (Arp2/3) complex is composed of seven subunits, two of
which are Arp2 and Arp3, actin-related proteins, the other five of which are Arpc1 to 5.
Arpc1 can be encoded by paralogous genes Arpc1a and Arpc1b, Arpc5 also has two
isoforms: Arpc5 and Arpc5l.142 In the inactive conformation of Arp2/3 complex, Arp2
and Arp3 are separated,143 when it is activated, Arp2/3 complex binds to the pre-existing
actin filaments, also called mother filaments, Arp2 and Arp3 move close and form a
dimmer on the sides of mother filaments, promoting a new filament (daughter filament)
nucleation on the dimmer.144 Therefore, the Arp2/3 complex function as generating
branched actin networks. Its activity is mainly regulated by nucleation-promoting
factors (NPFs) such as N-WASP or WAVE.145, 146 Different paralogous subunits in
Arp2/3 complex also show different activity in promoting actin polymerization, Arpc1b
and Arpc5l are more efficient.142 Besides, the phosphorylation of Arp2 is also essential
for the activity of the Arp2/3 complex.147 Small molecules CK-666 and CK-869 are
commonly used inhibitors specifically for Arp2/3 complex. CK-666 binds between
Arp2 and Arp3, stabilizing Arp2/3 inactive conformation. CK-869 has a different
binding site on Arp3, which reduces the stability of Arp2-Arp3 dimmer and inhibits
Arp2/3 activation.143
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1.8.2 Oncognic function of Arp2/3 complex
Arp2/3 subunits were studied in different diseases in past decades. In PDAC cell lines,
Arpc1a gene is overexpressed, the silencing of Arpc1a in AsPC-1 cell line suppresses
cell migration and invasion.148 Besides, Arpc3 and Arpc4 are also overexpressed,
especially the silencing of Arpc4 inhibits cell migration in all tested PDAC cell lines.149
In colorectal cancer, the expression of Arp2 and its regulator WAVE2 is positively
correlated with the liver metastasis.150 Similarly, the co-expression of Arp2 and WAVE2
in lung adenocarcinoma and breast ductal carcinoma predicts shorter survival time.151,
152
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2. Hypothesis

Previously, we and others have provided genetic evidence defining the oncogenic
function of both mTORC1 and mTORC2 in overt PDAC.128, 153-156 However, it remains
unknown whether these two mTOR complexes are involved early pancreatic
carcinogenesis, especially in ADM and PanIN formation. To address this, a wellestablished mouse model of inflammation-accelerated KrasG12D-driven early pancreatic
carcinogenesis was used.
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3. Material and Methods

3.1 Instruments and chemicals
3.1.1 Instruments

Analytic Balance

Sartorius, Goettingen, Germany

PH meter

Peqlab Biotechnologie GmbH, Erlangen, Germany

Biometra TOne

Analytic Jena AG, Jena, Germany

X-RAY CASSETTE

X-ray GmbH, Augsburg, Germany

Microtome RM2255

Leica, Wetzlar, Germany

GLOMA multi detection system

Promega, Madison, USA

Nanodrop 2000

Thermo Fisher Scientific, Waltham, USA

HERA safe

Thermo Scientific, Langenselbold, Germany

HERA cell 150

Thermo Scientific, Langenselbold, Germany

Axiovert 40 CFL

Zeiss, Oberkochen, USA

Electrophoresis chamber

Bio-Rad, Carlifonia, USA

Vortex mixer

Neolab, Heiderburg, Germany

TissueLyser

QIAGEN, Hilden, Germany

Centrifuge 5415 R

Eppendorf, Hamburg, Germany

Centrifuge 5424

Eppendorf, Hamburg, Germany

Titromax 100

Heidolph Instruments GmbH, Schwabach, Germany

Multifuge 3SR+

Thermo Fisher Scientific, Waltham, USA

Roller mixer

Merck, Darmstadt, Germany

Cryostat CM 3000

Leica Microsystems, Bensheim, Germany

3.1.3 Miscellaneous
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Hypodermic-needle

Braun, Melsungen, Germany

PAP Pen

Kisker, Steinfurt, Germany

Star Seal Advanced Polyolefin Film

Starlab, Hamburg, Germany

SafeSeal micro tube

SARSTEDT, Nuembrecht, Germany

Cell strainer 100 μm

Corning Incorporated, New York, USA

RT-PCR primers

Merck, Darmstadt, Germany

Vasofix Safety

BRAUN, Melsungen, Germany

Weighing tray

Carl Roth GmbH+Co.KG, Karlsruhe, Germany

Disposable Pasteur pipettes

Carl Roth GmbH+Co.KG, Karlsruhe, Germany

Feather disposable scalpel

Daigger Scientific, Vernon Hills, USA

Medical examination gloves

Critical Environment Solutions Ltd, Swindon, England

Pipetboy

INTEGRA Biosciences GmbH, Biebertal, Germany

Multiply-uStrip 0.2 ml chain

SARSTEDT AG, Nuembrecht, Germany

8-Lid chain, flat

SARSTEDT AG, Nuembrecht, Germany

96-well PCR microplate

STARLAB, Hamburg, Germany

Filter Tip

STARLAB, Hamburg, Germany

Embedding cassettes

Carl Roth, Karlsruhe, Germany

Vacuum Filter

Sarstedt, Newton, USA

12-well cell culture plate

Merck, Darmstadt, Germany

Cell culture dishes, 60*15mm

Merck, Darmstadt, Germany

Disposable forceps

Megro GmbH, Wesel, Germany

Syringe 1ml and 5ml

BRAUN, Melsungen, Germany

Serological pipette 5ml-50ml

Merck, Darmstadt, Germany

Syringe Filter 0.2 μm

Thermo Scientific, Waltham, USA

Cell strainer 100 μm

Corning Incorporated, New York, USA

Medical X-ray film

Agfa HealthCare, NV, Mortsel, Belgium

Nitrocellulose blotting membrane

GE Healthcare, Germany

Parafilm

Merck, Darmstadt, Germany

Tube 15 ml and 50 ml

Merck, Darmstadt, Germany

Insulin syringe

BRAUN, Melsungen, Germany
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Sarstedt, Nuembrecht, Germany

3.1.2 Chemicals and reagents
RNeasy Mini Kit

Qiagen GmbH, Hilden, Germany

BCA Protein Assay Kit

Thermo Fisher Scientific, Waltham, USA

Tamoxifen

Merck, Darmstadt, Germany

Phosphatase inhibitor cocktail tablet

Roche, Mannheim, Germany

Protease inhibitor cocktail tablet

Roche, Mannheim, Germany

Western Blotting detection reagents

GE Healthcare, Buckinghamshire, UK

SignalStain Ab Diluent

Cell signaling, Frankfurt, Germany

Sample reducing agent (10x)

Invitrogen, Carlsbad, USA

LDS sample buffer (4x)

Invitrogen, Carlsbad, USA

Ethonal absolut

Otto Fischar GmbH, Saarbrucken, Germany

Roticlear

ROTH, Karlsruhe, Germany

Aqua

BRAUN, Melsungen, Germany

Isofluran

CP-Pharma Handelsgesellschaft mbH, Burgdorf,
Germany

Saline

Fresenius Kabi Deutschland GmbH, Homburg,
Germany

Powdered milk

Carl Roth GmbH+Co.KG, Karlsruhe, Germany

Agarose

VWR, Radnor, USA

Bovines Serum Albumin

Roche Diagnostics, Mannheim, Germany

DMSO

Roche Diagnostics, Mannheim, Germany

30% Acrylamide

Carl Roth GmbH, Karlsruhe, Germany

TEMED

Carl Roth GmbH, Karlsruhe, Germany

Eosin

Merck, Darmstadt, Germany

Hamotoxylin

Roche Diagnostics, Mannheim, Germany

HCl (5N)

Merck, Darmstadt, Germany

Isopropanol

Merck, Darmstadt, Germany

Chloroform

Merck, Darmstadt, Germany
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Citrate

Merck, Darmstadt, Germany

DMEM-medium

Merck, Darmstadt, Germany

FSC

Merck, Darmstadt, Germany

Dulbecco’s PBS (1×)

Merck, Darmstadt, Germany

Trypsine/EDTA (10×)

Merck, Darmstadt, Germany

Penicillin/Streptomycin (1×)

Merck, Darmstadt, Germany

PBS powder

Merck, Darmstadt, Germany

Protein ladder

Thermo Fisher Scientific, Waltham, USA

Collagen Type I

Corning Incorporated, New York, USA

Hanks’ salt solution

Biochrom GmbH, Berlin, Germany

Waymouth’s MB 752/1 Medium (1×)

Gibco, Waltham, USA

Collagenase P

Roche, Mannheim, Germany

Soybean trypsin inhibitor

Gibco, Waltham, USA

HEPES

Gibco, Waltham, USA

Caerulein

Merck, Darmstadt, Germany

3.2 Patient material and tissue collection
PDAC and chronic pancreatitis tissues were obtained from patients who carried out
pancreatic resections. All the diagnoses were histologically confirmed. Samples were
either partially snap-frozen in liquid nitrogen or partially fixed in paraformaldehyde
(PFA) solution for 24 hours and then embedded in paraffin for histological analysis.
Normal pancreas tissues were obtained through an organ donor program from
previously healthy donors; all the samples had previously been collected at Technical
University Munich and written informed consent had been obtained from these patients.
The use of pancreatic tissues for this study was approved by the local Ethics committee
(approval number: 80/17s).
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3.3 Experimental procedures
3.3.1 Animals
Mice line harbouring floxed allele of Rptorloxp/loxp(Rptorfl/fl, stock number: 013188),
Rictorloxp/loxp (Rictorfl/fl, stock number: 020649), the pancreas-specific inducible Cre
recombinase line Ptf1aCreERTM (also known as p48CreERTM, stock number: 019378) and
LSL-Rosa26CAG-tdTomato (stock number: 007914) were purchased from The Jackson
Laboratory (Bar Harbor, Maine, USA). Ptf1aCre/+ (also known as p48Cre/+) mice and
LSL-KrasG12D mice have been described previously.153 The wild type C57BL/6J mice
were obtained from Charles River Laboratory (Sulzfeld, Germany). The Arpc4flox/flox
line was generated by R.K. and M.I. as previously described.157

3.3.2 Animal breeding
All mice were housed at pathogen-free mouse facility with normal housing conditions
under a 6 am-6 pm hour light cycle at the Technical University of Munich. Mouse
husbandry and breeding were maintained for the complete duration of the research. All
mouse experiments described here were approved by the Technical University of
Munich and the Institutional Animal Care and Use Committees (Proposal number:
ROB-55.2-2532.Vet_02-17-83). All experimental procedures were in compliance with
the German Federal Animal Protection Laws.

3.3.3 Tamoxifen (TAM) induction
Tamoxifen suspension was prepared according to the following procedure:
1. Weigh 80 mg tamoxifen powder in 2 ml micro tube.
2. Add 200 μl pure ethanol to the micro tube.
3. Add 1800 μl oil to the micro tube to gain a final concentration of 40 mg/ml,
shake it up and down for several times.
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4. Oscillate the micro tube for 5 min at room temperature until tamoxifen powder
is completely dissolved.
5. Centrifuge the tube shortly to get rid of the air bubbles inside.
6. Seal the tube with parafilm and store at -20°C for no longer than 4 months.
Induction procedure:
1. Warm the stored tamoxifen solution to room temperature. Once thawed, store at
4°C no longer than one week.
2. Fill 1 ml syringe with 600 μl tamoxifen working solution, connect it to Vasofix
Safety tube and fill up the tube with a working solution.
3. Fix the mouse from the back with one hand, and softly insert the Vasofix Safety
tube into the stomach with the other hand, administer 100 μl tamoxifen solution
slowly.
4. Label the mouse card with date and treatments.
5. Each mouse was treated with tamoxifen three times per week at the age of 5-6
weeks (Day1, Day3, Day5). Treatment had to be stopped once mice showed
apparent adverse effects.

3.3.4 Caerulein-induced acute pancreatitis
Acute pancreatitis was induced at 8-9 weeks of age by consecutive caerulein injections
for two days. All mice were treated with eight hourly intraperitoneal (i.p.) caerulein
injections (2 μg per mouse each dose).63 Control mice were treated with saline. The
time point and the day of the last dose were considered as hour 0 and day 0, respectively.

3.4 Genotype identification
3.4.1 Tissue collection for genotyping of transgenic mouse
Earmarking is carried out using a ear tag puncher to with a consecutive number. The
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marking scheme is demonstrated in Figure 3. Gather all the ear punch tissue samples in
a single micro tube for DNA isolation and genotype identification.

.
Figure 3. Earmarking system of transgenic mouse models

3.4.2 DNA isolation
Add 150 μl STE buffer and 5 μl proteinase K to each micro tube containing ear tissue
sample, cap the tube tightly and shake at 55°C overnight to lyse the tissue. Centrifuge
at 12000 rpm at room temperature for 10 min. Transfer the supernatant to a new micro
tube. Add 400 μl 100% Isopropanol to each sample and mix by pipetting. Incubate at
room temperature for 10 min to precipitate gDNA. Centrifuge at 12000 rpm at room
temperature for 10 minutes. Discard the supernatant, wash the gDNA pellet with 500
μl 70% ethanol 2 times. Remove the supernatant and incubate at 37°C for 10 minutes.
Add 50 ul ddH2O to each tube and incubate at 55°C for 15 minutes. Store DNA solution
at 4°C.
Recipe
1 L STE buffer
Dissolve 5.84 g NaCl, 1.21 g Tris, 0.29 g EDTA in 900 ml ddH2O, adjust the pH to 8.0,
fill up with ddH2O to 1 liter, store at room temperature.

3.4.3 Polymerase chain reaction (PCR)
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1. Prepare the following mixture on ice. The primer sequences are displayed in Table
1.
Components

Volume per sample (μl)

Master mix

12.5

Primer mixture (forward and reverse)

1

H2O

10.5

Table 1. Genotyping Primer list for mouse strains

Mouse Strain
p48Cre-ERTM

Rptorfl/fl

Rictorfl/fl

Primer Type

Sequence 5' - 3'

Forward

GAA GGC ATT TGT GTA GGG TCA

Reverse

GGC TGA GTG AGG GTT GTG AG

Forward

CTC AGT AGT GGT ATG TGC TCA G

Reverse

GGG TAC AGT ATG TCA GCA CAG

Forward

CAA GCA TCA TGC AGC TCT TC

Reverse

TCC CAG AAT TTC CAG GCT TA

Wild type
LSL-KrasG12D

Forward
Common

CTG CAT AGT ACG CTA TAC CCT GT

Mutant Forward

GCA GGT CGA GGG ACC TAA TA

Wild type
Forward
LSL-Rosa26CAG-

Wild type

tdTomato

Reverse

AAG GGA GCT GCA GTG GAG TA

CCG AAA ATC TGT GGG AAG TC

Mutant Forward

CTG TTC CTG TAC GGC ATG G

Mutant Reverse

GGC ATT AAA GCA GCG TAT CC

Transgene
p48Cre

TGT CTT TCC CCA GCA CAG T

Reverse
Common

GGT TCT TGC GAA CCT CAT CA
GAG CAG CCC ATT CGT CCT
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Wild type

GTC GCG GTA GCA GTA TTC GT

Reverse
Arpc4fl/fl

Forward

AAG CCT TGC CCG AGA TAA TG

Reverse

AAG CAA AGC CAG TCC CTC AC

2. Vortex the mixture shortly and transfer to PCR tube on ice.
3. Add 1 μl DNA solution into PCR tube from last step. Positive and negative control
are necessary.
4. Put tubes in PCR machine under certain thermal conditions as follows:
Temperature (℃)

Duration

Repetition

95

10 min

1×

95

15 sec

55

30 sec

72

40 sec

72

5 min

1×

4

-∞

1×

30

3.4.4 Agarose gel electrophoresis
1. Add 3 g agarose powder into 200 μl TBE buffer, microwave at 600 W for 10 min
until agarose totally dissolve.
2. Cool down briefly, add 5 μl ethidium bromide in and shake well.
3. Cast agarose gel in the mold. Cool down at room temperature until the gel gets
solidified.
4. Load 10 μl reaction outcome into well.
5. Run the gel at 150 volts for 30 min in TBE buffer. TBE buffer must cover the gel.
6. Image under UV and save image for record.
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3.5 Three-dimensional (3D) culture
3.5.1 3D and 2D culture medium preparation
1. Add all the components together and wait until Soybean Trypsin Inhibitor and
NaHCO3 totally dissolved, sterilize 3D culture medium with disposable vacuum filter.
Store at 4°C for up to 2 months.
2. 3D culture medium was mainly used for 3D collagen gel preparation, 2D culture
medium was mainly for acinar cell cluster culture.
3. 3D culture medium composition for total volume of 200 ml is as follows:
Components

Volume/Amount

Concentration

Waymouth's MB 752/1 media

154 ml

-

FBS

40 ml

20%

Penicillin/streptomycin

4 ml

2%

Soybean Trypsin Inhibitor

40 mg

0.2 mg/ml

5000× Dexamethasone

40μl

4 μg/ml

HEPES

2 ml

10 mM

NaHCO3

0.52 g

2.6 mg/ml

4. 2D culture medium composition for total volume of 200 ml is as follows:
Components

Volume/Amount

Concentration

Waymouth's MB 752/1 media

177 ml

-

FBS

20 ml

10%

Penicillin/streptomycin

2 ml

1%

Soybean Trypsin Inhibitor

20 mg

0.1 mg/ml

5000× Dexamethasone

20 μl

2 μg/ml

HEPES

1 ml

5 mM

NaHCO3

0.26 g

1.3 mg/ml
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Recipe
5000× Dexamethasone
Dissolve 20 mg dexamethasone powder in Waymouth's MB 752/1 media, fill up to 1
ml to generate a 20 mg/ml stock. Aliquot and store at -20°C.

3.5.2 Acinar cell isolation
Pancreas dissection and harvest (Day -1)
A rapid organ harvest is crucial for sufficient extraction of viable acinar cells.
1. Euthanize mouse with isoflurane.
2. Fix the mouse supinely on the dissection plate. Sterilize mouse abdomen with
70% ethanol spray. Median laparotomy with sterile scissors and forceps to
expose the whole abdominal cavity.
3. Grab and pull the spleen with forceps to expose the mesentery between stomach
and pancreas and cut it with scissors to dissect the pancreas from stomach.
4. Pull the spleen vertically, liberate the head of pancreas from the beginning of
small intestine with scissors carefully and rapidly and resect the lifted pancreas.
5. Hold the spleen with forceps and dissect the pancreas.
6. Transfer the pancreas to chilled 5% FBS/Hank’s solution on ice immediately.
7. Fix the rest part of the pancreas in 4% formalin overnight for recombination
efficiency calculation.
Recipe
5% FBS/Hanks’ solution
Add 25 ml FBS to 475 ml Hanks’ balanced salt solution, store at 4℃.
4% Formalin
Mix the same amount of 8% formalin stock and ddH2O to get 4% formalin, store at
room temperature.
Enzymatic digestion of pancreas (Day -1)
From this step, the rest procedures were performed with sterile dissection tools in a
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hood with laminar flow.
1. Pick the pancreas with sterile disposable plastic forceps from chilled 5%
FBS/Hanks’ solution and transfer it to a 6 cm culture dish containing 5 ml
collagenase P solution (1mg/ml, prepared with 5% FBS/Hanks’ solution,
filtered with 0.2 μm sterile strainer).
2. Mince the pancreas into 1 mm small pieces and keep the dish in a 37℃
incubator for 15 min.
3. Remove pancreas tissue together with the collagenase P solution to a 50 ml
sterile Falcon tube with 10 ml 5% FBS/Hanks’ solution and centrifuge at 300
rpm for 5 min.
4. Aspirate the supernatant, wash pancreatic tissue with 10 ml 5% FBS/Hanks’
solution, swirl the washing solution until tissue cluster disperse and centrifuge
at 300 rpm for 5min.
5. Discard the supernatant, re-suspend the pellet in 25 ml 5% FBS/Hanks’
solution added in another 5 ml FBS by pipetting gently up and down with 25
ml pipet.
6. Transfer the tissue suspension with 25 ml pipet to a new 50 ml Falcon tube
through a 10 cm sterile mesh. Keep the tip of the pipet on the mesh while
rotating and pipetting to grind pancreatic tissue into the acinar cell cluster.
Centrifuge at 300 rpm for 5 min.
7. Remove the supernatant, wash the pellet with 10 ml 5% FBS/Hanks’ solution
by swirling to resuspension. Centrifuge at the same speed with last step for 5
min.
8. Aspirate the supernatant, re-suspend the pellet with 10 ml 2D culture medium
by pipetting softly up and down.
9. Dilute 5 μl 20 ug/ml caerulein stock solution in 495 μl 2D culture medium
evenly, add 100 μl diluent to cell suspension.
10. Mix acinar cell suspension gently and transfer to a sterile 10 cm culture dish.
11. Incubate acinar cells in 2 ng/ml caerulein-included 2D culture medium under
37℃, 5% CO2 condition for 24 hours.
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Recipe
Collagenase P solution
Dissolve 50 mg collagenase P powder in 5% FBS/Hanks’ solution, fill up to 50 ml to
generate 1 mg/ml collagenase P solution, sterilize with 0.2 μm filter, store at 4°C less
than 2 weeks.
Caerulein stock solution
Dissolve 2 mg caerulein powder in sterile saline, fill up to 100 ml to get 20 μg/ml
concentration, sterilize by passing through 0.2 μm filter, aliquot in 2 ml or 1.5 ml sterile
micro tube, store at -80°C.

3.5.3 Collagen gel preparation and 12-well plates coating (Day 0)
1. Prepare collagen gel on ice for the first and second layer according to the following
list.
Final Collagen

Final Volume for One Well in 12-Well

Concentration (Con)

Plate

First Layer

1.5 mg/ml

1.5 ml

Second Layer

1.0 mg/ml

0.5 ml

Collagen Gel

Components of Collagen
Gel
10× PBS
Collagen

Volume (V)
VPBS =10% VFinal Volume
VCollagen = VFinal Volume * ConFinal Collagen Concentration
/ ConOriginal Collagen Concentration

NaOH (1 M)

VNaOH = VCollagen * 0.023

3D Culture Medium

V3D culture medium = VFinal Volume - VCollagen - VPBS - VNaOH

NaHCO3 (7.5%)

VNaHCO3 = VFinal Volume / 60

V: volume; Con: concentration
2. Pipet 500 μl mixture to each well of 12-well plate as the following diagram shows,
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assuring that the gel covers the bottom of each well evenly.

Figure 4. 3D culture diagram for each well in 12-well plate.

3. Leave the plate at 37℃ for 30 min until collagen mixture gets solidified when it is
ready to seed the first layer.
4. The original concentration of collagen product is variable. It changes with Lot.
Number. For example:
Volume for One Well in 12-Well Plate
Components of
Collagen Gel

Volume for First Layer (μl)

Volume for Second
Layer (μl)

10× PBS

150

50

Collagen (4 g/ml)

562.5

187.5

NaOH (1 M)

12.9

4.3

749.6

249.9

25

8.3

3D Culture
Medium
NaHCO3 (7.5%)

Recipe
10× PBS
Dissolve 4.775g PBS powder in sterile ddH2O, fill up to 50 ml.
Sterilize with 0.2 μm filter, aliquot in 1.5 ml micro tube and store at 4°C
1 M NaOH
Dissolve 2 g NaOH in sterile ddH2O, fill up to 50 ml.
Sterilize with 0.2 μm filter, aliquot in 1.5 ml micro tube and store at 4°C
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7.5% NaHCO3
Dissolve 3.75 g NaHCO3 in sterile ddH2O, fill up to 50 ml.
Sterilize with 0.2 μm filter, aliquot in 1.5 ml micro tube and store at 4°C

3.5.4 Seeding of acinar cell in collagen gel (Day 0)
1. Prepare collagen gel for the first layer on ice following the above description.
2. Transfer acinar cell suspension to a new 50 ml Falcon tube, centrifuge at 300
rpm for 5 minutes. Discard the supernatant, wash acinar cell pellet with the same
protocol mentioned above.
3. Re-suspend acinar cell clusters with collagen gel, pipet up and down gently with
1 ml tip for short time, seed 1.5 ml mixture in each collagen-coated well.
4. Leave 12-well plates at 37℃, 5% CO2 for 60 min until the solidification of
collagen-cell mixture.
5. Add 2 ml 2D culture medium with substances into each well and incubate at
37℃, 5% CO2 condition until time point. The substances list is in Table 2.
Table 2. List of pharmaceutical inhibitors or activators used in this study

Name

Catalogue
number

Concentration

Company

Ck666

SML0006

100 µM

Sigma-Aldrich
(Munich, Germany)

Cytochalasin D
(Cyt D)

C8273

0.2 µM

Sigma-Aldrich

Rapamycin

553210

100 nM

Sigma-Aldrich

Akt inhibitor
(Akti 1/2)

Ab142088

5 µM

Abcam
(Cambridge, UK)

Bisindolylmalei
mide XI

Ab143783

3 µM

Abcam
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hydrochloride
(BIM XI)
EHT1864

3872

50 µM

TOCRIS Bioscience (WiesbadenNordenstadt, Germany)

SC79

SML0749

11 µM

Sigma-Aldrich

Cycloheximide
(CHX)

46401

178 µM

Sigma-Aldrich

TGF-α

239-A

100 ng/ml

R&D Systems, Minneapolis,
USA

Recipe
TGF-α stock solution
Add 6 μl acetic acid to 10 ml sterile PBS solution to prepare 10 mM acetic acid
solution, filter with 0.2 μm strainer, pipet 1 ml liquid to 100 μg recombinant human
TGF-α to reconstitute at 100 μg /ml, aliquot in 1.5 ml micro tube and store at -80°C
less than 3 months.

3.6 RNA isolation from 3D culture (Day 2)
1. Aspirate 2D culture medium from the well, pinch the collagen gel with
disposable plastic forceps and transfer to 1.5 ml micro tube, centrifuge at 1200
rpm for 2 minutes.
2. Discard the supernatant in the micro tube, move the gel pellet to a new 2 ml
micro tube with a small steel bead inside.
3. Lyse collagen-cell mixture with 1 ml TRLzol reagent, oscillate at 50 times per
minute for 5 minutes until the mixture is homogeneous.
4. Pipet the homogeneous mixture to a new 1.5 ml RNase-free micro tube. Incubate
5 minutes to dissociate the nucleoproteins complex completely.
5. Add 200 μl chloroform, then cap the tube tightly, shake with hands strongly for
15 seconds.
6. Incubate at room temperature for 2-3 minutes.
7. Centrifuge at 12,000g at 4°C for 15 minutes. The mixture is separated into 3
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layers, the upper aqueous phase, the lower organic phase and interphase.
8. The rest procedure was performed with RNeasy mini kit (Qiagen, Venlo,
Netherlands), according to the manufacturer’s procedures.

3.7 Reverse transcription
The RNA samples from 3D culture were processed for first strand cDNA synthesis with
reverse transcriptase. The concentration of RNA samples was measured by Nanodrop
2000, the following procedure is done by RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermoscientific, Germany). Add 0.1-1 μg total RNA and 1 μl
oligo(dT)18 primer to a sterile, nuclease-free tube on ice, fill up with nuclease-free water
to 12 μl. Then add 4 μl 5× Reaction Buffer, 1 μl RiboLock RNase Inhibitor, 2 μl 10 mM
dNTP Mix, 1 μl Reverse Transcriptase to the above tube. Mix gently and centrifuge.
Incubate for 60 min at 42℃.Terminate the reaction by heating at 70℃ for 5 min. Dilute
cDNA sample with 100 μl ddH2O for the following use. Store at -20℃ for less than one
week.

3.8 Quantitative real-time polymerase chain reaction (QRT-PCR)
5 μl of diluted cDNA samples were mixed with 10 μl SYBR green master mix, 1 μl
forward primer, 1 μl reverse primer and 3 μl ddH2O. QRT-PCR was performed using
the LightCycler480. cDNA samples were incubated at 95℃ for 5 min to denature, then
amplified for 45 cycles, each composed of incubation at 95℃ for 15 seconds and at 60℃
for 45 seconds. The mRNA expression level of the target gene was normalized by the
mouse housekeeping gene Rps29 (ribosomal protein S29) using the LightCyclerTM480
software.153 The primer sequences are showing in Table 3.
Table 3. Sequences of primers used for QRT-PCR analysis of mouse genes

Gene Name

Sense (5’→3’)

Antisense (5’→3’)
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Krt19-m
Rps29-m
Rbpjl-m
Rbpj-m
mTOR-m
Rptor-m
Rictor-m
Pdx1-m
Mist-m
Arp3-m
Rac1-m

CGAGAACTACCAAGATGC
TGCT
CCCAGGTCGCCGTCCACT
CTGAGC
TCTACTGGAGTCACCCAC
GGAA
GTATCGAAGTCAGTGGCG
GT
ACTGTAAGTGCCACTGCG
AA
CCGCTACTGTGTCTTGGCA
T
GCCAAGAGCATCTTCCCT
GT
GAATGCACCCGTCCTTGTC
T
GCGTTGAGTCACCCAAAC
AT
GGAAGCACATCATGGGTC
AGA
TAAGCGAGGAGCTGAGTG
GT
ACAGACGCTTCCTGTCAT
GG

39
TCCATCCCACTTGCGCATAA
GCGTGCCTTCCAGGGCAGCTT
TCATG
GGAAGCACTGGCGGCACA
GCAGGCTCAGGTGAGTCAAA
ACAACGGAACTGCAAACTGC
CAGCTCGCGGATCTCAAAGA
TGCTCTATGGCCCAACCAAG
TCATAAACCTGCTTGGCGTC
AATTGCAACAGCTGCTCGTC
TACGCATCTTCATCTTCCTCC
ATT
TAGAACTCAGGCGTGGAAGC
GTGGTTGAAAGGCCCAACAC

3.9 Paraformaldehyde (PFA) fixation of 3D culture (Day 2)
1. Discard culture medium from the well, pinch the collagen gel from two ends of
the diameter gently with disposable plastic forceps and lie it in cassette rapidly.
2. Put the cassette into 4% PFA solution and incubate at room temperature
overnight.
3. Transfer the cassette to PBS, after washing, go through dehydration machine.
4. Cut the dehydrated collagen gel into 4 pieces with a scalpel. Embed them in
paraffin

3.10 Protein isolation from 3D culture and frozen tissue
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Proteins were extracted from 3D culture with 1 x RIPA buffer containing phosphatase
and protease inhibitors. Transfer collagen gel to 1.5 ml tube with forceps, centrifuge at
12,000g for 2 minutes. Remove the supernatant and wash the collagen pellet with PBS
for 2 times. From this step forward, the protein isolation from 3D culture and frozen
tissue were performed using the same experimental procedures. Oscillate the pellet
strongly at 50 times per minute for 5 minutes with steel beads in 100 μl RIPA buffer.
Incubate protein samples on ice for 40 min to get complete homogenized. The samples
were then centrifuged at full speed at 4℃ for 20 minutes. Transfer the supernatant
(protein lysate) to a new tube on ice. Measure protein concentration using the BCA kit.
Recipe
1× RIPA buffer
Dilute 1 ml 10×RIPA stock solution in 9 ml ddH2O, dissolve one tablet of phosphatase
inhibitor and one tablet of protease inhibitor in the mixture. Store at 4℃ less than 2
weeks.

3.11 Western-blot analysis
After measurement of protein concentration, denature the same amount of protein and
run polyacrylamide gel to separate it, and then transfer to a nitrocellulose (NC)
membrane. 5% milk incubation for 1 hour at room temperature was used to block
unspecific binding on the membrane. Then transfer the membrane to the primary
antibody in blocking buffer for overnight incubation at 4°C. The concentration of
primary antibody and secondary antibody is displayed in Table 4 and 5. After washing,
incubate the membrane with secondary antibody in 5% milk for 1 hour at room
temperature. Wash the membrane and add on detection solution evenly. Develop the
image on x-ray film in the darkroom by means of chemiluminescence technique.
Recipe
10× Running buffer
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Dissolve 30.0 g of Tris base, 144.0 g of glycine in dH2O, fill up to 1000 ml. Store at
room temperature and dilute to 1× before use.
1× Running buffer
Dilute 100 ml 10×running buffer to 900 ml dH2O, add 10 ml 10% SDS to the mixture.
1× Blotting buffer
Mix 200 ml methanol with 100 ml 10x running buffer, add 700ml dH2O to 1 L.
Table 4. Primary antibody list

Catalog
Antibody name

Application

Producer

number
Cell Signaling Technology
Rabbit Anti-mTOR
#

2983

WB

（NEB, Frankfurt/Main,

mAb

Germany）
Rabbit Anti-Rptor
2280

WB

Cell Signaling Technology

20984-1-AP

IHC

Proteintech

2140

WB

Cell Signaling Technology

5536

WB

Cell Signaling Technology

2976

IHC

Cell Signaling Technology

4060

WB, IHC

Cell Signaling Technology

4056

WB

Cell Signaling Technology

Rabbit Anti-Akt mAb#

9272

WB

Cell Signaling Technology

Rabbit Anti-p-S6S235/236

4858

WB, IHC

Cell Signaling Technology

mAb#
Rabbit Anti-Rptor pAb#
Rabbit Anti-Rictor
mAb#
Rabbit Anti-pmTORS2448 mAb#
Rabbit Anti-pmTORS2448 mAb#
Rabbit Anti-p-AktS473
mAb#
Rabbit Anti-p-AktT308
mAb#
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mAb#
Rabbit Anti-t-S6 mAb#

2217

WB

Cell Signaling Technology

5482

WB, IHC

Cell Signaling Technology

9408

WB

Cell Signaling Technology

3675

IF

Cell Signaling Technology

8815

WB

Cell Signaling Technology

EB08249

WB

Everest Biotech Ltd

AP4321

WB

ECM Biosciences

Rabbit Anti-Arp2 pAb#

AP3861

WB, IHC

ECM Biosciences

Rabbit Anti-Arp3 pAb#

AP4581

WB, IHC

ECM Biosciences

3796

IHC, IF

Cell Signaling Technology

AB_2133570

IHC, IF

Rabbit Anti-p-Ndrg
1T346 mAb#
Rabbit Anti-t-Ndrg 1
mAb#
Phospho-Myosin Light
Chain 2 (Ser19) Mouse
mAb#
Mouse Anti-Rac1
mAb#
Goat Anti-Arpc4 Ab#
Rabbit Anti-Arpc1b
pAb#

Rabbit Anti-α-Amylase
mAb#
Rat Anti-Krt19 mAb#

Developmental Studies
Hybridoma Bank

Rabbit Anti-Claudin 18
mAb#

700178

IHC

Invitrogen

2760

IHC

Cell Signaling Technology

4590

IHC

Cell Signaling Technology

MA5-12178

IHC

Invitrogen

Ab205

IF

Abcam

Rabbit Anti-Glucagon
mAb#
Rabbit Anti-Insulin
mAb#
Mouse Anti-Muc5AC
mAb#
Mouse Anti-F-actin
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mAb#
Rabbit Anti-Hsp90
4877

WB

Cell Signaling Technology

SC-1615

WB

Santa Cruz Biotechnology

SC-32233

WB

Santa Cruz Biotechnology

9375

WB

Cell Signaling Technology

2056

WB

Cell Signaling Technology

mAb#
Mouse Anti-β-actin Ab#
Mouse Anti-GAPDH
mAb#
Rabbit Anti-pPKCα/βII (T638/641)
mAb#
Rabbit Anti-PKCα
mAb#

WB = western blot; IHC = Immunohistochemistry; IF = Immunofluorescence; Ab# =
antibody
Table 5. Secondary antibody list

Catalog
Antibody name

Application

Producer

number
Rabbit HRP (horseradish
peroxidase)-labelled Anti-Rat
IgG Ab#
Goat

HRP-Labelled

Dako
P0450

IHC

Deutschland
GmbH

Polymer

Dako
Deutschland
GmbH
Dako
Deutschland
GmbH
Nichirei
Bioscience
Nichirei
Bioscience

K4001

IHC

K4003

IHC

Simple StainTM MAX PO

414141F

IHC

Simple Stain Mouse MAX PO

414341F

IHC

115-546-062

IF

Dianova

A-11007

IF

Invitrogen

Anti-Mouse Ab#
Goat

HRP-Labelled

Polymer

Anti-Rabbit Ab#

Goat Alexa Fluor 488 AntiMouse IgG Ab#
Goat Alexa Fluor 594 Anti-Rat
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IgG Ab#
Goat Alexa Fluor 594 AntiA-11034

IF

Invitrogen

A-11012

IF

Invitrogen

A-11006

IF

Invitrogen

A-11005

IF

Invitrogen

Anti-Mouse IgG HRP Conjugate

W4028

WB

Anti-Rabbit IgG HRP Conjugate

W4018

WB

SC-2354

WB

Rabbit IgG Ab#
Goat Alexa Fluor 488 AntiRabbit IgG Ab#
Goat Alexa Fluor 488 Anti-Rat
IgG Ab#
Goat Alexa Fluor 594 AntiMouse IgG Ab#

Mouse

anti-goat

IgG-HRP

Conjugate

PROMEGA,
Madison, USA
PROMEGA,
Madison, USA
Santa Cruz
Biotechnology

WB = western blot; IHC = Immunohistochemistry; IF = Immunofluorescence; Ab# =
antibody

3.12 Active Rac1 pull-down assay
GTP-bound Rac1 was detected in whole pancreas tissue lysate or acinar explants using
a commercially available kit (Active Rac1 Detection Kit, #8815, Cell Signaling
Technology, NEB, Frankfurt/Main, Germany) according to the manufacturer’s
instruction. The visualization of total and GTP-bound Rac1 was performed using
western-blot analysis.

3.13 Immunohistochemistry (IHC) and immunofluorescence (IF)
Obtained organ were preserved in 4% PFA overnight, then embedded in paraffin and
cut into slices with 2 μm thickness. Sections were subjected to Hematoxylin and eosin
(H&E), IHC and IF staining. Generally, citrate buffer was used for heat-induced epitope
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retrieval. Briefly, IHC and IF staining was performed with 10% goat serum in PBST as
blocking. Primary antibody was diluted in antibody dilution and incubate at 4℃
overnight. The respective secondary antibody was added on the slice and incubate at
room temperature for 1 hour. The primary and secondary antibody is displayed in Table
3 and 4. After washing, for IHC staining, DAB diluent was used to display the positive
staining, for IF, DAPI was add on the slice before mounting. For quantification of IHC
staining, sections were scanned by microscope under 5× magnification. The analysis
was done by Image J.
Recipe
Citrate buffer
Dissolve 2.94 g Citrate powder in dH2O, adjust the pH to 6, fill with water up to 1L.
Store at room temperature less than 2 weeks.
10% Goat serum
Dilute 100 μl goat serum in 900 μl PBST before using, keep it on ice.

3.14 Mass spectrometry-based proteomics
For mass spectrometry, the protein was isolated with urea lysis buffer. After measuring
protein concentration with BCA kit, Coomassie stain was performed to show proteins
on the polyacrylamide gel before sending for protein mass spectrometry analysis
(Figure 5). It was done in cooperation with Dr. Christina Ludwig by HF-KMS01
(Thermo Fisher Scientific, USA) instrument in Bavarian Center for Biomolecular Mass
Spectrometry of Technical University of Munich.
Recipe
8 M Urea lysis buffer
Dissolve 2.4 g urea, 9.3 mg EDTA, 39.53 mg NH4HCO3, 5 μl 1M DTT stock solution
and half tablet of protease inhibitor cocktail in H2O, fill up to 5 ml. Store at room
temperature, always prepares fresh buffer before use.
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Figure 5. Coomassie stain of protein samples used for mass spectrometry analysis.

3.15 Downstream differential abundance analysis
The quantitative proteomic results were further statistically analysed using the Perseus
software (Version: 1.6.10.43, http://www.coxdocs.org/doku.php?id=perseus:start),158
to obtain mTORC1 and mTORC2 proteomic signatures and related KEGG pathways
using the default setting. In brief, LFQ intensities were transformed by Log2(x) and the
missing values were imputed and replaced according to the normal distribution. For the
generation heatmap, a multiple-sample test was applied to KrasG12D, KrasG12D; Rptor-/and KrasG12D; Rictor-/- samples to yield differentially expressed proteins using ANOVA
test followed by Permutation-based p-value correction (cut-off FDR: 0.05). To obtain
mTORC1- or mTORC2-specific proteomic signature, a two-sample test (Student’s Ttest) was applied and p-value is followed by Permutation-based correction (cut-off FDR:
0.01, fold change S0=0.1) to generate a list of differentially expressed proteins between
KrasG12D and KrasG12D; Rptor-/- samples as well as between KrasG12D and KrasG12D;
Rictor-/- samples (Figure 25). The list of upregulated proteins (KrasG12D vs. KrasG12D;
Rptor-/- and KrasG12D vs. KrasG12D; Rictor-/-) was considered as specific proteomic
signatures (Figure 26) and they were subjected to KEGG pathway enrichment analysis.
As such, p values were calculated by Fisher exact test and followed by BenjaminiHochberg correction to generate final FDRs (Figure 27; Table 6, 7)，as previously
described.158
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3.16 Quantification of ADM and PanIN
For ADM quantification in 3D culture, 5 pictures were taken from one well of each
mouse on day2. The area of ADM was calculated by ImageJ (Maryland, USA). For
PanIN and α-Amylase percentage quantification in vivo, the whole slide of relative IHC
staining was scanned, the area calculation was done by ImageJ, the number of lesions
was calculated manually.

3.17 Statistical analysis
GraphPad Prism V.5 Software (GraphPad, San Diego, California, USA) was used for
the statistical analysis. All experiments were repeated for three times. An unpaired
Student’s t-test was used to evaluate the difference between the two groups. P <0.05 was
considered as statistical significance standard. Results are expressed as mean ± SD.
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4. Results

4.1 mTOR signalling is activated in ADM in vivo

Firstly, we stained histological sections of normal pancreas (n=5), chronic pancreatitis
(CP) (n=10) and PDAC (n=20) for a number of activation markers for mTORC1 (pmTORS2448, RPTOR and p-S6S235/236) and mTORC2 (p-mTORS2448 and p-NDRG1T346)
signaling. In accordance with previously published data128, 153, we observed that acinar
cells in normal pancreas were weakly stained, but PDAC cells were in general positive,
indicating a dual activation of mTORC1 and mTORC2 signalling in established PDAC
(Figure 6). To our special attention, ADM lesions in CP sections were particularly
stained for these activation markers of mTORC1 and mTORC2 (Figure 6). To further
validate this, we compared their expressions in normal pancreas and CP tissues using
western-blot analysis in humans. Indeed, the expression of activation markers for
mTORC1 (p-mTORS2448, RPTOR and p-S6S235/236) and mTORC2 (p-mTORS2448,
RICTOR, p-AKTS473 and p-NDRG1T346) were increased in CP tissues comparing to the
normal pancreas (Figure 7).

Besides, we tested whether mTORC1 and mTORC2 were also activated in a mouse
model of early pancreatic carcinogenesis driven by KrasG12D and caerulein-induced
pancreatitis. Here, we observed that both mTORC1 and mTORC2 were activated in
these mouse ADM lesions, which is consistent with the findings in human chronic
pancreatitis (Figure 8). These in vivo data suggest that mTOR signalling is activated in
precursor lesion of PDAC.
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Figure 6. Representative IHC pictures show p-mTORS2448, RPTOR, p-S6S235/236 and p-NDRG1T346 in the
ADM lesions of human chronic pancreatitis and PDAC; Scale bars:50 μm.

Figure 7. Western-blot analysis demonstrates the expression of p-mTORS2448, RPTOR, RICTOR, pS6S235/236 and p-AKTS473 and p-NDRG1T346 in normal (n=4) and chronic pancreatitis (n=6) tissues.
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Figure 8. Representative IHC pictures show p-mTORS2448, RPTOR, p-S6S235/236 and p-NDRG1T346 in the
ADM lesions of KrasG12D mouse model; Scale bars: 50 μm.

4.2 mTOR signalling is involved in ADM formation in vitro
To clarify if mTOR signalling is involved in ADM in vitro, we performed a ADM
formation assay in 3D culture system. It was reported that isolated wild-type acinar
cells treated with TGF-α or acinar clusters with spontaneous oncogenic Kras expression
were able to differentiate to duct-like structures in the collagen matrix.31 In the current
study, we further optimized the protocol and stimulated explanted wild-type cells with
2 ng/ml caerulein for 24 h before implantation into the 3D culture. As such, the isolated
acinar clusters are able to differentiate to metaplastic ductal lesions even in the absence
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of TGF-α treatment (Figure 10A). This result was confirmed by QRT-PCR. We isolated
RNA from TGF-α-mediated and control ADM (PBS treated) at 48h and also from fresh
wide-type acinar cells, and checked mRNA expression level of α-Amylase, the marker
of acinar cell; Krt19, the marker of ductal cell; Rbpjl and Mist1, acinar cell identity
factors; Rbpj and Pdx1, acinar cell dedifferentiation factors.159, 160 The expression of αAmylase, Rbpjl, Mist1 reduced dramatically in TGF-α-mediated and control ADM
compared to fresh acinar cell, also the expression of Krt19, Rbpj, Pdx1 increased
significantly (Figure 9), which indicated acinar cell dedifferentiation to ductal
phenotype in 3D culture. However, TGF-α-induced and oncogenic KrasG12D-driven
ADM are bigger than control ADM in the 3D culture at 48h (Figure 10A). These data
suggested that TGF-α stimulation and oncogenic Kras promote ADM formation in vitro
(Figure 10A). On this basis, we checked mTOR, Rptor, Rictor mRNA expression level
in these ADM. QRT-PCR results showed that both Rptor and Rictor increased
significantly in TGF-α-induced and KrasG12D-driven ADM compared with control, also
mTOR was upregulated in TGF-α-mediated ADM compared with control (Figure 10B).
Also, proteins were isolated from these ADM, and western blot was implied to analyze
the activation of mTOR signalling. It shows that p-mTORS2448, Rptor and Rictor,
members of mTOR complexes, are overexpressed in KrasG12D-mediated and TGF-αinduced ADM compared with control, also, p-PkcαT638, p-Ndrg1T346 and p-S6S235/236,
the downstream targets of mTOR signalling upregulate significantly; p-AktS473, the
target of mTORC2, increases in KrasG12D-mediated ADM (Figure 11). Therefore, these
data indicate that mTORC1 and mTORC2 signalling are involved in ADM formation
in vitro.
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Figure 9. QRT-PCR demonstrates the mRNA expression level of α-Amylase, Rbpjl, Mist1, Krt19, Rbpj
and Pdx1 in fresh acinar cells, PBS- and TGF-α-mediated ADM; n=3, *: <0.05, unpaired t-test.

Figure 10. (A and B) Representative phase-contrast pictures show oncogenic KrasG12D-induced ADM
lesions, TGF-α-induced ADM lesions from wild-type acinar cells and ADM lesions from wild-type
acinar cells (control) in 3D culture; quantitative data show the area of ADM lesions in vitro, n=3, *:
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<0.05, unpaired t-test; QRT-PCR demonstrates the mRNA expression level of mTOR, Rptor and Rictor
in oncogenic KrasG12D-mediated ADM lesions, TGF-α-mediated ADM lesions from wild-type acinar
cells and control ADM lesions in 3D culture; n=3, *: <0.05, unpaired t-test.

Figure 11. Western-blot analysis demonstrates the expression of p-mTORS2448, t-mTOR, Rptor, Rictor,
p-S6S235/236, p-AktS473 and p-Ndrg1T346 in oncogenic KrasG12D-induced ADM lesions, TGF-α-induced
ADM lesions from wild-type acinar cells and controls ADM lesions, in vitro.

4.3 Loss of Rptor or Rictor displays no pancreatic abnormalities
From in vivo and in vitro data, we might conclude that mTOR signalling plays a vital
role in precursor lesion of PDAC. To test the functional significance of mTORC1 and
mTORC2 activation in ADM lesions, we generated p48CreERTM; Rptorflox/flox and
p48CreERTM; Rictorflox/flox to specifically deactivate mTORC1 and mTORC2 function in
pancreatic acinar cells in a tamoxifen-inducible manner (Figure 12A). To trace the fate
of recombined acinar cells, we crossed these lines with a Cre-dependent LSLRosa26CAG-tdTomato reporter allele to generate p48CreERTM; Rptorflox/flox; LSLRosa26CAG-tdTomato (referred to as ‘Rptor-/-’ mice) and p48CreERTM; Rictorflox/flox; LSLRosa26CAG-tdTomato (referred to as ‘Rictor-/-’ mice), respectively. All recombined acinar
cells were genetically labelled by a red fluorescent protein variant (RFP: tdTomato). All
mice were treated with tamoxifen at 5-6 weeks of age (Figure 14). Inducible Cremediated recombination efficiency was assessed by RFP immunohistochemistry
staining (Figure 12D). The recombination efficiency was around 95%. The results of
the western-blot analysis confirmed reduced expression of Rptor and Rictor in Rptor-/and Rictor-/- pancreas after tamoxifen treatment (Figure 12B). The loss of Rptor or
Rictor in acinar cells had no physiological impact, as reflected by random blood glucose
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levels and body weight analysis (Figure 12C), histological analysis (Figure 12D),
staining for endocrine (Insulin and Glucagon) and exocrine (Keratin 19 (Krt19) and αAmylase) markers (Figure 13). Therefore, we conclude that deletion of Rptor or Rictor
leads to no pancreatic abnormalities.

Figure 12. (A) Diagram of inducible Cre-mediated recombination. Rptor or Rictor is specifically ablated
in pancreas at 5 weeks old, as shown by deleting exon 6 or 11; (B) Western-blot analysis demonstrates
the expression of Rptor and Rictor in control, Rptor-/- and Rictor-/- mice at 8 weeks old; β-actin indicates
equal loading; (C) Quantitative data show the random blood glucose (mg/dL) and the body weight (g) of
control, Rptor-/- and Rictor-/- mice, n>=3, unpaired t-test; (D) H&E staining shows the histology of
pancreas from 8-week-old Rptor-/-, Rictor-/- and control mice; Representative IHC pictures show the
expression of RFP in these animals at 8 weeks old after tamoxifen induction; Scale bars: 50 μm.
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Figure 13. Representative IHC pictures show the exocrine (Krt19 and a-Amylase staining) and endocrine
(Glucagon and Insulin staining) compartment of Rptor-/-, Rictor-/- and control mice at 8 weeks old; Scale
bar: 50 μm.

4.4 Rptor or Rictor is involved in ADM formation
To determine whether Rptor or Rictor is required for ADM formation, we examined the
impact of Rptor or Rictor ablation on ADM formation in vivo and in vitro.
Firstly, we turn to caerulein induced pancreatitis mouse model. These mice were
induced with tamoxifen at 5 weeks old to block mTORC1 or mTORC2 signalling
separately and injected with caerulein 8 hourly for 2 consecutive days. The pancreas
was harvested 2 or 14 days after caerulein injection (Figure 14A). ADM is the dominant
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pancreatic responses to injury, besides leukocyte infiltration, increased separation of
acinar lobules. All mice displayed similar histological changes, which were not
significantly altered by Rptor or Rictor deletion (Figure 15B). In this study, 14 days
post-injury, the pancreas was mostly restored as expected in control mice and also in
Rptor-/- or Rictor-/- mice (Figure 15B). These data suggest that Rptor or Rictor is not
required for inflammation-induced ADM formation and pancreatic regeneration in vivo.

Figure 14. (A) 5-week-old transgenic mice were induced with tamoxifen at day 1,3,5, and injected with
caerulein for 2 consecutive days at 8 weeks old. Pancreas was harvested for analysis 2 or 14 days after
caerulein injection; (B) Representative H&E-stained sections show histological changes 48 hours and 14
days after caerulein-induced pancreatitis in control, Rptor-/- and Rictor-/- pancreas; Scale bar: 50 μm.

Secondly, we performed an ADM formation assay in 3D culture. Pancreatic acinar cells
were isolated from control and Rptor or Rictor ablation mice and treated with TGF-α
for 48h. Interestingly, Rptor or Rictor knock out acini still generated intact but smaller
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duct-like structures compared with control acinar cells (Figures 15). Thus, this result
suggests that both Rptor and Rictor are partially required for TGF-α-induced ADM
formation in vitro.

Figure 15. Representative IF pictures show the capacity of ADM formation (induced by TGF-α) of acinar
cells isolated from wild type (control), Rptor -/- and Rictor-/- pancreata in 3D culture, all acinar cells are
marked by RFP; Scale bar: 100 μm; Quantitative data shows the area of ADM lesions in vitro, n=3,
*<0.05, unpaired t-test.

4.5 Rptor and Rictor is crucial for KrasG12D-mediated ADM and PanIN
formation
To investigate the oncogenic role of mTORC1 and mTORC2 in PDAC, we generated
p48CreERTM; LSL-KrasG12D/+; Rptorflox/flox; LSL-Rosa26CAG-tdTomato (referred to as
‘KrasG12D; Rptor-/-’ mice), p48CreERTM; LSL-KrasG12D/+; Rictorflox/flox; LSL-Rosa26CAGtdTomato

(referred to as ‘KrasG12D; Rictor-/-’ mice) and p48CreERTM; LSL-KrasG12D/+; LSL-

Rosa26CAG-tdTomato (referred to as ‘KrasG12D’ mice). These animals were treated with
caerulein for two days after tamoxifen induction. Here, the deactivation of mTORC1
(KrasG12D; Rptor-/-) or mTORC2 (KrasG12D; Rictor-/-) significantly inhibited ADM
development 14 days after caerulein treatment in KrasG12D mice (as exemplified by
H&E staining, а-Amylase and Krt19 staining, Figure 16，17，18). Furthermore, PanIN
formation (as exemplified by Claudin 18 and Muc5ac staining) in KrasG12D; Rptor-/- and
KrasG12D; Rictor-/- was also reduced, compared to KrasG12D mice (Figure 17，18). RFP
IHC staining shows that the recombination efficiency is stable on the 14th day post
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caerulein injection (Figure 16). In KrasG12D mice treated with saline, pancreas
morphology was largely normal, although occasional PanINs were already evident by
8 weeks of age (Figure 16). Indeed, the results of western-blot analysis revealed that
the genetic ablation of Rptor or Rictor led to a significant reduction in the expression
of Rptor, Rictor and mTOR as well as compromised activation of downstream targets
of mTORC1 (p-S6S235/236) and mTORC2 (p-AktS473 and p-NdrgT346) in pancreas (Figure
19B). Stainings for p-S6S235/236, p-NdrgT346 and p-AktS473 in pancreatic sections
confirmed the results of western-blot analysis (Figure 19A). These data demonstrate
that the activity of mTORC1 and mTORC2 is functionally indispensable for oncogenic
KrasG12D-mediated ADM development.

Figure 16. Occasional PanINs can be detected in KrasG12D mice treated with saline by 8 weeks of age
(black arrow indicates low-grade PanIN). Representative H&E-stained sections show histological
changes 48 hours and 14 days after caerulein-induced pancreatitis in KrasG12D, KrasG12D; Rptor-/- and
KrasG12D; Rictor-/- pancreas; Representative IHC pictures show the expression of RFP in these animals
(scale bars: 50 µm).
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Figure 17. Representative IHC pictures show components of acinar cells (α-Amylase-positive), ADM
(Krt19-positive) and PanIN (Claudin18- or Muc5ac-positive) lesions 14 days after caerulein-induced
pancreatitis in KrasG12D, KrasG12D; Rptor-/- and KrasG12D; Rictor-/- pancreata (scale bars: 50 µm).

Figure 18. Quantitative data shows the area of acinar cells and the number of ADM and PanIN lesions
in KrasG12D, KrasG12D; Rptor-/- and KrasG12D; Rictor-/- pancreata 14 days after caerulein-induced
pancreatitis, n=3, *: <0.05, unpaired t-test.
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Figure 19. (A) Representative IHC pictures show stainings of p-S6S235/236, p-Ndrg1T346 and p-AktS473 14
days after caerulein-induced pancreatitis in KrasG12D, KrasG12D; Rptor-/- and KrasG12D; Rictor-/- pancreata
(scale bars: 50 µm); (B) Western-blot analysis demonstrates the expression of Rptor, Rictor, and mTOR
(and p-mTORS2448) as well as activation of downstream targets of mTORC1 (p-S6S235/236) and mTORC2
(p-Ndrg1T346, p-AktS473) in KrasG12D, KrasG12D; Rptor-/- and KrasG12D; Rictor-/- pancreata.

4.6 Rptor and Rictor is critical for ADM formation in the presence of
KrasG12D in vitro
To analyze the effect of Rptor or Rictor on ADM formation in the presence of KrasG12D
in vitro, freshly harvested explants from the pancreas of KrasG12D, KrasG12D; Rptor-/and KrasG12D; Rictor-/- littermates were incubated with caerulein for 24 hours, we found
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that a lot of dead single acinar cell suspended in the culture medium in KrasG12D; Rptor/-

and KrasG12D; Rictor-/- explants compared with control. Acini clusters were seeded in

collagen gel at 0h. At 48h, we observed round and large ADM structures from KrasG12D
pancreas in 3D culture, however, only irregular and small ADM-like structures from
KrasG12D; Rptor-/- and KrasG12D; Rictor-/- explants could be observed (Figure 20). We
quantified the average area of ADM lesions and found that the size of the formed
structures in KrasG12D; Rptor-/- and KrasG12D; Rictor-/- explants is smaller at 48h
compared with that from KrasG12Dsamples. Taken together, the loss of Rptor or Rictor
strongly inhibit the KrasG12D-driven ADM formation in vitro.

Figure 20. (A and B) Representative IF pictures show the capacity of ADM formation in acinar cells
isolated from KrasG12D, KrasG12D; Rptor-/- and KrasG12D; Rictor-/- pancreas in 3D culture, all acinar cells
are marked by RFP; Quantitative data shows the area of ADM lesions in vitro, n=3, *: <0.05, unpaired ttest.

4.7 mTORC1 and mTORC2 synergistically promote KrasG12D-induced
ADM formation
To test if mTORC1 and mTORC2 synergistically promote KrasG12D-induced ADM
formation, we generated p48CreERTM; LSL-KrasG12D/+; Rptorflox/flox; Rictorflox/flox; LSLRosa26CAG-tdTomato (referred to as ‘KrasG12D; Rptor-/-; Rictor-/-’ mice) compound mice
which is double-deficient for mTORC1 and mTORC2 function. All animals were
treated with tamoxifen at 5-6 weeks of age, and they were treated with caerulein for
two consecutive days. Better than the phenotype of KrasG12D; Rptor-/- and KrasG12D;
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Rictor-/- mice, there was no detectable ADM lesions two weeks after caerulein treatment
in KrasG12D, Rptor-/-; Rictor-/- pancreas (Figure 21). To investigate the long-term impact
of mTORC1- or mTORC2-deficiency on pancreatic carcinogenesis, we sacrificed a set
of compound mice 24 weeks after caerulein treatment. As previously described,161
KrasG12D animals developed high-grade PanIN lesions and numerous ADM lesions with
occasionally visible intact acinar cells (Figure 21 and 22). The phenotype of KrasG12D;
Rptor-/- and KrasG12D; Rictor-/- animals have slightly attenuated: more intact acinar cells
(labelled by а-Amylase staining) and less ADM (labelled by Krt19 staining) lesions
were observed, as compared to KrasG12D mice; however, no difference in the area of
PanIN lesions was observed. Strikingly, the double-deficient (KrasG12D; Rptor-/-; Rictor/-

) mice showed only a few ADM lesions and low-grade PanIN lesions (Figure 22 and

23). Taken together, mTORC1 or mTORC2 ablation alone only transiently inhibits
oncogenic KrasG12D-driven ADM formation. A dual deactivation of mTORC1 and
mTORC2 is required to persistently suppress oncogenic KrasG12D-driven ADM
development and carcinogenesis.

Figure 21. Representative H&E-stained sections show histological changes 14days and 24 weeks after
caerulein-induced pancreatitis in KrasG12D, KrasG12D; Rptor-/-, KrasG12D; Rictor-/- and KrasG12D; Rptor-/-;
Rictor-/- pancreas (scale bars: 50 µm).
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Figure 22. Representative IHC pictures show components of acinar cells (a-Amylase-positive), ADM
(Krt19-positive) and PanIN (Claudin18- or Muc5ac-positive) lesions 24 weeks after caerulein-induced
pancreatitis in KrasG12D, KrasG12D; Rptor-/-, KrasG12D; Rictor-/- and KrasG12D; Rptor-/-; Rictor-/- pancreas
(scale bars: 50 µm).

Figure 23. Quantitative data shows the number of acinar cells, ADM and PanIN lesions in KrasG12D,
KrasG12D; Rptor-/-, KrasG12D; Rictor-/- and KrasG12D; Rptor-/-; Rictor-/- pancreas 24 weeks after caeruleininduced pancreatitis (right panel), n>=5, *: <0.05, unpaired t-test.
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4.8 Identification of differently expressed proteins in KrasG12D versus
Rptor or Rictor ablation -KrasG12D mouse model
To investigate the underlying mechanism responsible for ADM formation, we
performed a mass spectrometry-based proteomic analysis using KrasG12D, KrasG12D;
Rptor-/- and KrasG12D; Rictor-/- pancreatic samples 14 days after caerulein treatment.
Similar to histological findings, the clustering analysis revealed that the proteasomes of
KrasG12D; Rptor-/- and KrasG12D; Rictor-/- samples were comparable, but they were
highly distinctive from KrasG12D samples (Figure 24). Next, we performed a pairwise
comparison to identify proteins that were differentially expressed between KrasG12D and
KrasG12D; Rptor-/- samples as well as between KrasG12D and KrasG12D; Rictor-/- samples.
The volcano plots show the statistical significance versus the fold change for differently
expressed proteins detected in the proteomic analysis (Figure 25). The up-regulated
significant proteins between KrasG12D and KrasG12D; Rptor-/- mice or between KrasG12D
and KrasG12D; Rptor-/- animals are depicted as red solid circle and green solid circle, and
the down-regulated significant proteins are displayed as black solid circles. From these
upregulated proteins, we pick out all proteins that were increased in KrasG12D mouse
model and represent the distribution of them in the Venn diagram (Figure 26). Of the
708 up-regulated proteins in KrasG12D animal, 578 were detected between KrasG12D and
KrasG12D; Rptor-/- mice, 440 were detected between KrasG12D and KrasG12D; Rictor-/mice, 310 were shared by these two sets of comparations.

Results

65

Figure 24. The heat map presents different expression profile of all proteins tested in Kras G12D animal
compared with KrasG12D; Rptor-/- and KrasG12D; Rictor-/- samples (n=3).

Figure 25. The volcano plots show the fold change and significance of differently expressed proteins
detected in the proteomic analysis. Each dot in the right part of the volcano plot represent an up-regulated
protein, displayed in red or green, each black dot represents a down-regulated protein in these two sets
of comparison (n=3, FDR<0.05).
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Figure 26. Venn diagram display 578 up-regulated proteins of KrasG12D sample detected in KrasG12D
versus KrasG12D; Rptor-/-, 440 detected in KrasG12D versus KrasG12D; Rictor-/-, 310 shared by the two sets
of comparisons.

4.9 KEGG pathway enrichment analysis
To explore the functional relevance, we analyzed the KEGG pathways using mTORC1
and mTORC2 proteomic signatures (Figure 27; Table 6, 7). Notably, KEGG analysis
identified six pathways: “Regulation of actin cytoskeleton”, “Lysosome”, “Focal
adhesion” and “Fc gamma R-mediated phagocytosis”, “MAPK signaling pathway”,
“Shigellosis”, which were shared by mTORC1 and mTORC2 proteomic signatures. As
“Regulation of actin cytoskeleton” was the most significant pathway and as it was also
known to be involved in ADM formation54, 162, we went on to explore this pathway. In
particular, Arpc1b (actin related protein 2/3 complex, subunit 1B), Arpc3 (actin related
protein 2/3 complex, subunit 3) and Arpc5 (actin related protein 2/3 complex, subunit
5) are essential components of Arp2/3 complex which is an actin nucleator consisting
of seven subunits.163, 164 These data suggest that the Arp2/3 complex is involved in
oncogenic KrasG12D-driven ADM formation.
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Figure 27. 9 enriched pathways were detected in KrasG12D versus KrasG12D; Rptor-/-, 6 enriched pathways
were detected in KrasG12D to KrasG12D; Rictor-/- comparison. Shared up-regulated proteins related to each
enriched pathway are presented in the table.
Table 6. Enriched pathway in KrasG12D vs. KrasG12D; Rptor-/-

KEGG name
Regulation
of
actin
cytoskeleton
Spliceosome
MAPK signaling pathway
Focal adhesion
Lysosome
Pathogenic Escherichia
coli infection
Fc gamma R-mediated
phagocytosis
Shigellosis
Bacterial invasion of
epithelial cells

P value

Enrichment

Ben. Ho. FDR

5.86950000E-07

1.6353

4.48040000E-05

5.17800000E-06
5.40120000E-05
9.49090000E-05
2.28710000E-04

1.7716
1.7716
1.6299
1.5748

2.37150000E-04
1.54610000E-03
2.41490000E-03
5.23750000E-03

2.53460000E-04

1.6784

5.27670000E-03

4.30600000E-04

1.6732

7.04330000E-03

4.30600000E-04

1.6732

7.58510000E-03

7.28690000E-04

1.6674

9.81580000E-03

Enrichment

Ben. Ho. FDR

4.03360000E-07

1.6705

2.94460000E-05

2.92560000E-05

1.6705

1.28140000E-03

4.97550000E-05

1.6705

1.55660000E-03

9.59690000E-05
2.43330000E-04
4.12230000E-04

1.5978
1.6705
1.6705

2.62710000E-03
4.84450000E-03
6.01850000E-03

Table 7. Enriched pathway in KrasG12D vs. KrasG12D; Rictor-/-

KEGG name
Regulation
of
actin
cytoskeleton
Focal adhesion
Fc gamma R-mediated
phagocytosis
Lysosome
MAPK signaling pathway
Shigellosis

P value
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4.10 Validation of mass spectrometry data in vivo and in vitro
Firstly, we investigated the expression of several Arp2/3 complex components (Arp2,
Arp3 and Arpc1b) in pancreatic tissues from KrasG12D, KrasG12D; Rptor-/- and KrasG12D;
Rictor-/- mice 14 days after caerulein treatment. Accordingly, the results of western-blot
analysis revealed that the expression of these Arp2/3 complex components was reduced
in both KrasG12D; Rptor-/- and KrasG12D; Rictor-/- samples, compared to KrasG12D
samples (Figure 28A). In vitro, Arp2, Arp3 and Arpc1b expression was higher in
KrasG12D-mediated ADM lesions, as compared to TGF-α-induced ADM lesions from
wild-type acinar cells and control ADM lesions (Figure 28B). Finally, the expression of
ARPC1B, ARP2 and ARP3 was also higher in human CP tissues than that in the normal
pancreas (Figure 28C). Also, we confirmed these data using IHC staining analysis
(Figure 28D). F-actin was localized on both apical and basal part of these ADM lesions
of KrasG12D pancreas in vivo and in vitro (Figure 29).

Figure 28. (A) Western-blot analysis confirms the reduced expression of Arpc1b, Arp2 and Arp3 in
KrasG12D; Rptor-/- and KrasG12D; Rictor-/-, compared to KrasG12D samples; (B) Western-blot analysis
demonstrates the expression of Arpc1b, Arp2 and Arp3 in oncogenic KrasG12D-induced ADM lesions,
TGF-α-induced ADM lesions from wild-type acinar cells and ADM lesions from wild-type acinar cells,
in vitro; (C) Western-blot analysis demonstrates the expression of ARPC1B, ARP2 and ARP3 in normal
and chronic pancreatitis tissues. GAPDH is served as equal loading; (D) Representative IHC pictures
show the staining of Arp2 andArp3 in human chronic pancreatitis tissue and normal human pancreas
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(scale bars: 50 µm).

Figure 29. Representative IF pictures show the F-actin and Krt19 localization in the ADM lesions of
KrasG12D pancreas two weeks after caerulein injection and in the ADM lesion formed by isolated KrasG12D
acinar cells in vitro (scale bars: 25 µm).

4.11 Loss of Arpc4 displays no pancreatic abnormalities
From the KEGG pathway enrichment analysis, we noticed that the regulation of actin
cytoskeleton is the most significant pathway involved in ADM formation. In this
pathway, many proteins correlated with actin cytoskeleton are upregulated. For
example, Arp2/3, Cofilin 1, Profilin 2 and Tmsb4x, most of them are actin-binding
proteins. Therefore, we choose the Arp2/3 complex as the main target to study its role
in precursor lesion of PDAC. Moreover, it is reported that the y-branching of actin
filament network mediated by Arp2/3 complex is ideally suited for generating
mechanical tension required in lamellipodia formation.165 Thus, we hypothesized that
the tension-generating property of branch network mediated by Arp2/3 complex might
be responsible for creating the apico-basal tension redistribution in the process of ADM
formation.
To test this, we crossed an Arpc4flox/flox (actin-related protein 2/3 complex, subunit 4)
line with p48CreERTM to generate p48CreERTM; Arpc4flox/flox (referred to as ‘Arpc4-/-’
mice). Previous studies have proved that the loss of Arpc4 subunit completely
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deactivated the function of Arp2/3 complex.157 All mice were treated as above
mentioned. The results of western-blot analysis confirmed reduced expression of Arpc4,
Arp2, Arp3 and Arpc1b in Arpc4-/- mice after tamoxifen treatment (Figure 30A). The
loss of Arp2/3 complex function in acinar cells had no significant impact on pancreatic
physiology, as reflected by histological analysis, staining for endocrine (Insulin and
Glucagon) and exocrine (Keratin 19 (Krt19) and α-Amylase) markers, random blood
glucose levels and body weight analysis (Figure 30B, 30C).

Figure 30. (A) Western-blot analysis demonstrates the expression of Arpc1b, Arp2, Arp3 and Arpc4 in
wildtype (control) and Arpc4-/- pancreata; (B) Quantitative data show the random blood glucose (mg/dL)
and the body weight (g) of control and Arpc4-/- mice; n=3, unpaired t-test; (C) Representative IHC
pictures show the exocrine (Krt19 and α-Amylase staining) and endocrine (Glucagon and Insulin staining)
compartment of these animals (scale bars: 50 µm).

4.12 Arpc4 is required for ADM formation
To test if Arpc4-/- mice are generally resistant to ADM formation, we treated them with
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caerulein for two consecutive days and sacrificed 48 hours and 14 days after caerulein
treatment. The pancreas of all Arpc4-/- mice was fully regenerated on day 14, indicating
that the loss of Arp2/3 complex function did not influence organ regeneration. Notably,
the number of ADM lesions was dramatically reduced in Arpc4-/- mice 48 hours after
caerulein treatment, as compared to control animals (Figure 31A). Thus, acinar cells
deficient for Arp2/3 complex function are protected against inflammation-induced
ADM formation.
After in vivo experiments, pancreatic acinar cells were isolated from control and Arpc4
ablation mice and treated with TGF-α for 48h. Ductal-like structure generated from
Arpc4 knock out acini is smaller compared with control (Figures 31B). This result
suggests that the inhibitory effect of Arp2/3 complex on ADM formation is cell
autonomous in vitro. Overall, the data from in vivo and in vitro indicate that Arp2/3
complex is necessary for acinar-to-ductal epithelial reprogramming.

Figure 31. (A) Representative H&E-stained sections show histological changes 48 hours and 14 days
after caerulein-induced pancreatitis in control and Arpc4 -/- pancreas (scale bars: 50 µm); (B)
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Representative pictures show the capacity of ADM formation (induced by TGF-α) of acinar cells isolated
from control and Arpc4-/- pancreas in 3D culture. Quantitative data shows the area of ADM lesions in
vitro, *<0.05, unpaired t-test.

4.13 The inactivation of Arp2/3 complex completely blocks oncogenic
KrasG12D-mediated ADM formation
To investigate the potential oncogenic role of Arp2/3 complex, we generated
p48CreERTM; LSL-KrasG12D/+; Arpc4flox/flox (referred to as ‘KrasG12D; Arpc4-/-’ mice).
After tamoxifen induction, all animals were treated with caerulein and subjected to
histopathological characterization 14 days after treatment. Compellingly, all KrasG12D;
Arpc4-/- pancreas were completely devoid of ADM and PanIN lesions, as compared to
KrasG12D pancreas (Figure 32A, 32C, as exemplified by H&E staining, а-Amylase,
Krt19, Claudin 18 and Muc5ac staining). The results of western-blot analysis revealed
that the genetic ablation of Arpc4 led to a dramatic reduction in the expression of Arpc4,
Arp2, Arp3 and Arpc1b in KrasG12D; Arpc4-/- pancreas, as compared to KrasG12D
pancreas (Figure 32B). Besides, Rac1 expression was significantly reduced in KrasG12D;
Arpc4-/- pancreas. Except for Rictor and p-AktS473 (the reduction in KrasG12D; Arpc4-/samples), no difference in the activation of downstream targets for mTORC1 (pmTORS2448, Rptor and p-S6S235/236) and mTORC2 (p-mTORS2448 and p-NdrgT346) was
observed between KrasG12D and KrasG12D; Arpc4-/- pancreas (Figure 32B). Consistently,
KrasG12D; Arpc4-/- acinar cells showed a compromised capacity in forming ADM lesions
in vitro, as compared to KrasG12D acinar cells (Figure 33). It is reported that the myosin
activity (as exemplified by phospho-Myosin Light Chain 2Ser19, p-MLC2S19) is higher
apically than basally in acinar cells; however, this gradient was lost in the ADM lesions
of KrasG12D pancreata.166 Here IF shows that KrasG12D; Arpc4-/- acinar cells maintained
acinar phenotype (positive for α-Amylase staining) with focused myosin activity
(labelled by p-MLC2S19, Figure 34) in 3D culture. In comparison, KrasG12D acinar cells
assumed ductal phenotype (positive for Krt19) with basally enhanced myosin activity
(positive for p-MLC2S19 staining) in vitro, underscoring the importance of apical-basal
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tension redistribution in instructing ADM formation (Figure 34). Taken together, these
data demonstrate a crucial role of Arp2/3 complex in ADM formation by redistributing
apical-basal tension.

Figure 32. (A) Representative H&E-stained sections show histological changes 14 days after caeruleininduced pancreatitis in KrasG12D and KrasG12D; Arpc4-/- pancreas (scale bars: 50 µm); (B) Western-blot
analysis demonstrates the expression of p-mTORSer2448, pAktS473, p-Ndrg1T346, p-S6S235/236, Rictor, Rptor,
Arpc1b, Arp2, Arp3, Arpc4 and Rac1 14 days after caerulein-induced pancreatitis in KrasG12D and
KrasG12D; Arpc4-/- pancreas; (C) Representative IHC pictures show components of acinar cells (αAmylase-positive), ADM (Krt19-positive) and PanIN (Claudin18- or Muc5ac-positive) lesions 14 days
after caerulein-induced pancreatitis in KrasG12D and KrasG12D; Arpc4-/- pancreas (scale bars: 50 µm).
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Figure 33. Representative phase contrast pictures show the capacity of ADM formation of acinar cells
isolated from KrasG12D and KrasG12D; Arpc4-/- pancreas in 3D culture; quantitative data show the area of
ADM lesions in vitro, n=3, *: <0.05, unpaired t-test.

Figure 34. Representative IF pictures show p-MLC2S19, Krt19 and а-Amylase staining in ADM lesions
formed by acinar cells isolated from KrasG12D and KrasG12D; Arpc4-/- pancreas in 3D culture.

4.14 mTORC2 activates the activity of Arp2/3 complex via Akt/Rac1
signal axis while mTORC1 controls the protein synthesis of Rac1/Arp3
We went on to investigate how mTORC1 and mTORC2 affect the activity of Arp2/3
complex. As illustrated earlier, since Rac1 is indispensable for KrasG12D-driven ADM
formation, the phenotype of mTORC2-deficient mice can be attributed to damped Rac1
activity.54, 162 mTORC2 activates Rac1 activity through two substrates: Akt and Pkcα.167,
168

Rac1 promotes the activity of the Arp2/3 complex via WAVE proteins (WASP-

family verprolin-homologous proteins, Figure 33A).169 Thus, we hypothesise that: 1).
inhibition of these signal pathways blocks ADM formation of isolated KrasG12D acinar
cells; 2). activation of these signal pathways reconstitutes the ADM phenotype in
isolated KrasG12D; Rictor-/- acinar cells in vitro. To test this, a variety of pharmaceutical
inhibitors against Akt1/2 (Akti-1/2), Pkcα (BIM XI), Rac1 (EHT 1864), Arp2/3 (CK666), actin polymerization (Cytochalasin D) were used to test their capacities in
inhibiting KrasG12D-induced ADM formation in 3D culture (Figure 35A). This analysis
revealed that inhibition of Akt, Rac1, Arp2/3 complex and actin polymerization
effectively block isolated KrasG12D acinar cells in forming ADM in vitro whereas
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inhibition of Pkcα had no effect (Figure 35A). These data suggest that
mTORC2/Akt/Rac1/Arp2/3 complex signal constitutes a crucial pathway mediating
ADM formation in isolated KrasG12D acinar cells. Indeed, Rac1 pull-down activation
assay confirmed that both Rac1 expression and activation (GTP-bound) were
dramatically reduced in both KrasG12D; Rictor-/- and KrasG12D; Rptor-/- pancreatic tissues,
as compared to KrasG12D pancreas (Figure 35B). Furthermore, inhibition of either Akt
(Akti-1/2) or Rac1 (EHT 1864) reduced consistently phosphorylation levels of pAktS473 and expression levels of Rac1, Arp2, Arp3 and Arpc1b in the isolated KrasG12D
acinar cells. No such effect was observed for Pkcα inhibition (Figure 36).
Consistently, activation of Akt signalling by an Akt activator (SC 79) reconstituted
ADM phenotype in isolated KrasG12D; Rictor-/- acinar cells, but not in isolated KrasG12D;
Rptor-/- acinar cells (Figure 37A). The SC 79 treatment increased phosphorylation
levels of p-AktS473 and it induced Rac1 expression and activation simultaneously in
KrasG12D; Rictor-/- acinar cells (Figure 37B, 38A). In addition, the SC 79 treatment
activated Akt signaling in KrasG12D; Rptor-/- acinar cells (Figure 37C). To confirm that
Rac1 is responsible for ADM formation induced by Akt activation in KrasG12D; Rictor/-

acinar cells, a combinational treatment of Akt activator and Rac1 inhibitor was applied.

As such, the additional Rac1 inhibition completely blocked the ability of Akt activator
in inducing ADM formation in KrasG12D; Rictor-/- acinar cells (Figure 38B). Thus,
mTORC2 promotes the function of Arp2/3 complex through Akt/Rac1 pathway in
driving KrasG12D-mediated ADM formation.
The Akt activity in KrasG12D and KrasG12D, Rptor-/- pancreas was comparable, and Akt
activation failed to reconstitute ADM phenotype in isolated KrasG12D, Rptor-/- acinar
cells (Figure 37A). However, Rac1 expression (and activity) together with components
of Arp2/3 was indeed reduced in KrasG12D, Rptor-/- pancreas, as compared to KrasG12D
pancreas. Thus, these phenomena in mTORC1-deficient mice cannot be explained by
Akt signalling. As mTORC1 is a master complex responsible for protein synthesis, we
hypothesise mTORC1 is accountable for the protein synthesis of Rac1 and Arp2/3
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complex components. To test this, we performed a protein synthesis assay using isolated
KrasG12D acinar cells in 3D culture. As such, the freshly prepared acinar cells were
added to 3D culturing condition to form ADM lesions for 12 hours. To determine the
protein synthesis rates of Rac1 and Arp2/3 complex components, ADM lesions were
treated with cycloheximide (CHX: an inhibitor of protein synthesis) then released from
CHX and harvested at 0-, 0.5-, 1-, 2- and 3-hours in the presence of mTORC1 inhibitor
(Rapamycin, Figure 39). This analysis revealed that the activity of mTORC1 is
responsible for the protein synthesis of Rac1 and Arp3, but not for Arp2, Arpc1b (Figure
39). As an internal control, Rapamycin treatment reduced p-S6S235/236 levels in these
ADM cells (Figure 39).

Figure 35. (A) Representative IF pictures show the capacity of ADM formation of acinar cells isolated
from KrasG12D pancreas under the treatment of Pkcα (BIM XI), Akt (Akti-1/2), Rac1 (EHT1864), Arp2/3
(CK-666) and actin (Cyt D) inhibition; quantitative data shows the area of ADM lesions in vitro (low
panel), n=3, *: <0.05, unpaired t test; (B) Rac1 pull-down assay shows Rac1 activation (GTP-Rac1) and
expression 14 days after caerulein-induced pancreatitis in KrasG12D, KrasG12D; Rptor-/- and KrasG12D;
Rictor-/- pancreas; one out of three independent experiments is shown.

Figure 36. Western-blot analysis show the expression of p-AktS473, Rac1, Arp2, Arp3, Arpc1b in
KrasG12D-induced ADM cells treated with control (PBS), or Akt1/2 (Akti-1/2), or p-Pkcα (BIM XI) or
Rac1 inhibitor (EHT 1864).
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Figure 37. (A) Representative IF pictures show the capacity of ADM formation of acinar cells isolated
from KrasG12D; Rictor-/- and KrasG12D; Rptor-/- pancreas under the treatment of control and Akt activator
(SC79); quantitative data shows the area of ADM lesions in vitro (low panel), n=3, *: <0.05, unpaired t
test; (B) Western-blot analysis shows the activation of Akt pathways (p-AktS473) in KrasG12D; Rictor-/acinar cells after the treatment of Akt acivator (SC79); (C) Western-blot analysis shows the activation of
Akt pathways (p-AktS473) in KrasG12D; Rptor-/- acinar cells after the treatment of Akt acivator (SC79).

Figure 38. (A) Rac1 pull-down assay shows the active Rac1 (GTP-Rac1) in KrasG12D; Rictor-/- acinar
cells after the treatment of Akt acivator (SC79); (B) Representative IF pictures show the capacity of
ADM formation of acinar cells isolated from KrasG12D; Rictor-/- pancreata under the treatment of control,
Akt activator (SC79), Rac1 inhibtor (EHT 1864) and both; quantitative data shows the area of ADM
lesions in vitro (low panel), n=3, *: <0.05, unpaired t test.
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Figure 39. Western-blot analysis of block-and-release assay shows the expression of Arpc1b, Arp2, Arp3,
Rac1, p-S6S235/236 and S6 under the treatment of control or Rapamycin; one out of three independent
experiments is shown, quantitative data shows the relative density of Arp3, Rac1 and p-S6S234/236 at 2h
and 3h timepoint, n=3, *: <0.05, unpaired t-test.
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5. Discussion

In human PDAC, more than 80% of cases carry Kras mutation which persistently
activates the downstream effectors to promote tumour growth, and metastasis.170 mTOR
signalling is a downstream pathway of MAPK pathway and vital for cell growth and
survival. mTOR activation is widely implicated in tumorigenesis. The fatality of PDAC
urges researchers to find a solution to make early diagnosis and treatment. In our
previous study, mTOR signalling promotes PDAC development in the mouse model
and is overexpressed in most human PDAC samples.171 In this study, we observed that
the activation of mTOR signaling is an early event associated with pancreatic
carcinogenesis that is visible already in pre-neoplastic ADM lesions.
Previously, it has been published that the TGF-α treatment or the expression of
oncogenic Kras promotes ADM formation at a conversion rate of around 75% without
the pre-treatment of caerulein.172-175 Here, we optimized the assay protocol by
incubating the isolated pancreatic acinar cells in 2D culture medium with caerulein for
24 hours before seeding them in collagen gel. As such, the ADM formation at higher
conversion rate (data is not shown) is observed in the absence of mutant Kras
expression or TGF-α stimulation. It was verified by measuring the ADM markers via
QRT-PCR assay. This optimized assay protocol enabled us to investigate the phenotypic
difference between the physiological ADM lesions formed by wild-type acinar cells
and the oncogenic ADM lesions by acinar cells with oncogenic KrasG12D expression.
However, how caerulein promotes the ability of acinar cells to form ADM lesions in
vitro is still elusive.
In this study, in vivo and in vitro data indicate that the mTOR signaling is implicated in
the precursor lesion of PDAC. Hence, we used the transgenic mouse model to study the
impact of mTORC1 and mTORC2 on the KrasG12D-driven ADM formation. Given the

Discussion

80

known important physiological function of mTORC1 and mTORC2 in pancreas (e.g.
endocrine function107, 108), we did not use the conventional pancreas-specific Cre such
as p48Cre to ablate Rptor and Rictor, respectively. Instead, we turned to an inducible
mouse model. It was reported that the Ptf1aCreER allele specifically targets the acinar
cell compartments and recombine the KrasG12D allele effectively.15 In this study, RFP,
as a reporter, is employed to monitor the creERTM-mediated recombination efficiency.
After the TAM induction, the pancreas of the reporter strain appears to be red. Based
on the immunohistochemistry analysis of RFP, he recombination efficiency is as high
as approximately 95%. Previously, it has been reported that the conventional creERmediated recombination efficiency in the pancreatic acinar cell is as low as 10%.15 The
published experience showed that the creERTM construct is about 10-fold more
sensitive to induction than the creER.21 Moreover, in smooth muscle, the creERTMmediated recombination efficiency is up to 100% .176 In this study, the creERTMmediated recombination efficiency is sufficient and stable, which is the experimental
prerequisite to stably reproduce the presented results
In this study, we found that the inhibition of mTORC1 or mTORC2 signalling alone
only partially block the KrasG12D-driven ADM formation in vivo; however, the dual
inhibition of mTORC1 and mTORC2 was required to persistently inhibit the ADM and
PanIN formation. These findings are similar to the observations of mTOR inhibitor in
clinical trials: rapalogs, as the first generation of mTOR inhibitor, is sensitive to
mTORC1. The monotherapy with rapalogs failed in the majority of primary solid
tumours due to the feedback activation of insulin/PI3K/Akt signaling when mTORC1
signalling is blocked for a long time.177 Later on, the dual mTORC1/2 inhibitors were
developed as targeted anticancer agents. The ATP-competitive mTOR kinase inhibitor,
the second-generation inhibitor, blocks the activity of

mTORC1 and mTORC2

entirely by inhibiting the catalytic activity of mTOR.123 In preclinical research, the dual
mTORC1/2 inhibitor was used in mouse model, and PDAC progression was
significantly delayed.156 The results of clinical trial testing the effectiveness of dual
mTORC1/2 inhibitor are also promising.178, 179 All these findings support that both
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mTORC1 and mTORC2 signalling play an essential role in promoting oncogenic Krasmediated PDAC onset and progression. .
Based on KEGG pathway enrichment analysis, we identified the regulation of actin
cytoskeleton is the most correlated pathway in the oncogenic KrasG12D-mediated ADM
formation. This finding is consistent with the previous study.54, 166 It is reported that the
actin rearrangement is strongly associated with ADM formation. F-actin redistributes
to the basolateral side from the apical, leading to the loss of cell polarity during the
ADM formation. The inhibition of actin cytoskeleton results in an impaired ADM
formation. In our study, we verified these findings in our 3D culture system. It is
reported that the actin cytoskeleton remodeling is not only critical in the ADM
formation, but also in the epithelial-mesenchymal transition (EMT) and cancer
metastasis.180 During EMT, the actin rearrangement support the dynamic cell
elongation and provide the directional motility, contributing to a migratory phenotype
of cancer cells.181 In metastasis, cancer cell has a high plasticity to migrate from primary
tumour site to distant tissue; the acquisition of migratory capacity dependents on the
actin reorganization.
Cell morphology altered in the process of ADM formation, EMT and cancer metastasis.
It is reported that of several cellular forces drive morphogenesis. The genetic screens
uncover that the key driver underpinning morphogenesis is the actomyosin cytoskeleton,
composed of actin and myosin. In the network, myosin can generate contractile force.182
Hendrik A. and his colleagues found that the myosin activity was mainly apically
located in pancreatic acinar cells, but upon transformation, it redistributes to the
basolateral side and concentrates on both sides of duct-like cells.166 In this study, we
identified the same distribution of myosin activity in oncogenic KrasG12D-mediated
ADM lesions. Actin filaments can produce pushing (protrusive) forces on the leading
edge of cells. Branched network-mediated protrusion (lamellipodia) generates more
pushing forces than parallel bundles-mediated protrusion (filopodia), and function as a
main cellular motor to move the cutting edge forward in cell migration.183 In
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lamellipodia, Arp2/3 complex, one regulator of the actin cytoskeleton, promote
dendritic nucleation and generate the branched network. It creates a daughter filament
on the side of mother filament at an angle of around 70°.184, 185 In this way, being
anchored on mother filament, daughter filament transmits the force of actin
polymerization onto membrane much more effectively. Also, according to the
calculation in a specific model, pushing force imposed at an angle to the membrane also
promote protrusion much better.183,

186

From previous study, we can conclude that

Arp2/3 complex play an essential role in cell morphogenesis. In this study, we
confirmed this view by finding that impaired Arp2/3 complex blocked oncogenic
KrasG12D-mediated ADM formation in vivo and in vitro.
In the KEGG pathway enrichment analysis, the expression of Rac1is also increased in
in KrasG12D pancreata. RAC1 is widely involved in solid tumours; it promotes cancer
cell proliferation, metastasis and drug-resistance.187 Around three decades ago, it was
found that Rac1 regulates the actin cytoskeleton organization in fibroblast.188 In gastric
adenocarcinoma, Rac1 inhibition block the EMT process and the acquisition of stemlike cells phenotype.189 In colorectal cancer, mTORC1 and mTORC2 promote EMT,
motility and metastasis via Rac1 signalling.190 Moreover, in breast cancer, mTORC2
activates Akt and PKC pathways, both of which converge on the Rac1 to promote cell
invasion and motility.168 Besides, in our study, Rac1 activity is upregulated in KrasG12D
pancreata after caerulein treatment. It was reported that Rac1 promotes the KrasG12Dmediated ADM formation by regulating actin cytoskeleton,54 however, the mechanism
underlying the Rac1-mediated actin rearrangement was not well addressed.
Nevertheless, the downstream of Rac1 is well studied in lamellipodia, which provides
the dominant force in cell motility as we discussed above. It was found that activated
Rac1 directly recruits the WAVE complex at the plasma membrane, and subsequently
activates Arp2/3 complex, which mediates the branched actin network.191 In the KEGG
pathway enrichment analysis, both of Rac1 and Arp2/3 complex are increased in Krasmediated ADM formation, imply the critical role of Rac1-WAVE-Arp2/3-mediated
cytoskeleton reorganization in this particular scenario. Another alternative mechanism
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for Rac1-mediated actin rearrangement is by activating PAK (p21-activated kinase).
PAK1 is a known regulator of actin dynamics and cell motility.192 Since PAK1 is not
appeared in our proteomic analysis , the Rac1-PAK-mediated actin polymerization may
not be involved in the KrasG12D-mediated ADM formation.
In this study, we provided descriptive and functional evidence delineating a crucial role
of Arp2/3 complex in oncogenic KrasG12D-mediated ADM formation. Through a nonredundant regulatory system, the function of the Arp2/3 complex is controlled by
oncogenic mTORC1 and mTORC2. In particular, the Arp2/3 complex-mediated actin
polymerization is responsible for generating apical-basal tension redistribution, it acts
as an “incipient” instruction cue for inducing ductal morphology of acinar cells.
Previously, we demonstrated an oncogenic property of mTORC1 signalling in
established PDAC. As such, the KrasG12D/Mek-mediated mTORC1 signalling promotes
a highly metastatic subtype of PDAC.153 Further analysis uncovered that the oncogenic
activity of KrasG12D/Mek-mediated mTORC1 signalling partially relied on Aldh1a3
(aldehyde dehydrogenase 1 family member A3) function. Here, we demonstrated that
the oncogenic activity of mTORC1 in early carcinogenesis rather depended on its
regulatory function on Rac1 and Arp2/3 complex in polymerizing actin cytoskeleton.
Thus, the oncogenic Kras-mediated mTORC1 signalling is per se oncogenic; however,
it may use distinct downstream effector to promote tumour progression depending on
the specific stage of PDAC development. Compared to mTORC1 signalling, the
function of mTORC2 signalling is less pleiotropic. Previously, Driscoll and co-workers
reported that deactivation of mTORC2 signalling by Rictor deletion specifically
impaired PanIN progression to invasive carcinoma in a well-defined mouse model of
PDAC.156 It is observed that mTORC2 deactivation led to an elevation of multiple CDK
(Cyclin-dependent kinase) inhibitors such as p16Ink4a and p21Cip1 in PanIN lesions,
thereby, blunted PanIN progression. However, it remains elusive how mTORC2
signalling would affect the function of CDK inhibitors. Alternatively, we provided
evidence that the oncogenic activity of mTORC2 signalling could also be attributed to
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its classic role in regulating actin cytoskeleton via Akt/Rac1 signal axis. However, this
oncogenic function of mTORC2 signalling is particularly crucial for oncogenic Krasdriven ADM formation rather than PanIN progression. Collectively, these data argue
for a context-dependent role of oncogenic mTORC1 and mTORC2 signalling in a
different stage of PDAC development.
The Arp2/3 complex is the first identified actin nucleator whose function is unique that
it binds to the sides of existing actin filament and promotes novel actin polymerization
to form branching filament network, leading to so-called y-branching.193, 194 Notably,
this y-branching of filament network by Arp2/3 complex is ideally suited for generating
mechanical tension required in a variety of biological circumstances such as
lamellipodia formation.165 Thus, it is conceivable that this tension-generating property
of y-branching filament is responsible for creating the apico-basal tension redistribution
in the process of oncogenic ADM formation. For the first time, we demonstrated that
the Arp2/3 complex is the converging point of two major oncogenic pathways of PDAC:
mTORC1 and mTORC2. Thus, targeting of the Arp2/3 complex may circumvent the
feedback responses elicited by direct mTOR inhibition.153, 195 The effectiveness of such
therapies should be tested in a translational setting. Certainly, the function of the Arp2/3
complex in established PDAC needs to be further addressed.
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6. Summary

Previously, we and others have provided genetic evidence defining the oncogenic
function of both mTORC1 and mTORC2 in PDAC. Now, we observed that mTORC1
and mTORC2 were particularly activated in pre-neoplastic ADM lesions. The
deactivation of mTORC1 or mTORC2 activity compromised oncogenic KrasG12Dinduced ADM development. The proteomic analyses identified the Arp2/3 complex, as
the common downstream effector of mTORC1 and mTORC2 signalling. The Arp2/3
complex is the first identified actin nucleator consisting of seven proteins: Arp2, Arp3
and Arpc1-Arpc5. In the ADM development, it mediates y-branching of actin filament
responsible for generating apical-basal tension redistribution. Mechanistically,
mTORC1 is responsible for the direct protein synthesis of Rac1 and Arp3 while
mTORC2 promotes the activity of Arp2/3 complex by Akt/Rac1 signal axis. Finally,
deactivation of Arp2/3 complex by pancreas-specific Arpc4 ablation completely blocks
oncogenic KrasG12D-induced ADM formation. Thus, we defined a dual, yet nonredundant, regulatory function of mTORC1 and mTORC2 on Arp2/3 complex in
promoting ADM formation.
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8. Abbreviation

PDAC

Pancreatic ductal adenocarcinoma

SPNs

Solid-pseudopapillary neoplasms

PanNETs

Pancreatic neuroendocrine tumors

PanINs

Pancreatic intraepithelial neoplasias

MCNs

Mucinous cystic neoplasms

IPMNs

Intraductal papillary mucinous neoplasms

GEMMs

Genetically engineered mouse models

LBD

Ligand-binding domain

ER

Estrogen receptor

AFP

Autofluorescent proteins

FACS

Fluorescence-activated cell sorting

ADM

Acinar-to-ductal metaplasia

TGF-α

Transforming growth factor-α

HGF

Hepatocyte growth factor

MMP-9

Matrix-degrading metalloproteinases-9

Hh

Hedgehog

MAPK

Mitogen-activated protein kinase

GTPase

Guanosine triphosphatase

mROS

Mitochondrial reactive oxygen species

CCK

Cholecystokinin

mTOR

Mechanistic target of rapamycin

PIKK

PI3K-related kinase

mTORC1

mTOR complex 1

mTORC2

mTOR complex 2

Rptor

Regulatory-associated protein of mTOR

Abbreviation
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mLST8

Mammalian lethal with Sec13 protein 8

PRAS40

Proline-rich Akt substrate of 40 kDa

DEPTOR

DEP domain-containing mTOR-interacting protein

TSC

Tuberous Sclerosis Complex

IGF-1

Insulin/insulin-like growth factor-1

S6K

p70S6 Kinase

4EBP

eIF4E Binding Protein

SREBP

Sterol responsive element binding protein

CAD

Carbamoyl-phosphate synthetase

Rictor

Rapamycin insensitive companion of mTOR

SGK

Serum- and glucocorticoid-induced protein kinase

Arp2/3

Actin-related protein 2/3

NPFs

Nucleation-promoting factors

ADF

Actin depolymerizing factor

p-MLC2

Phospho-myosin light chain 2

CHX

Cycloheximide

ICAM-1

Intercellular adhesion morlecule-1

TNF

Tumor necrosis factor

KEGG

Kyoto encyclopedia of genes and genomes

PCR

Polymerase chain reaction

3D

Thress-dimentional

RFP

Red fluorescent protein

IHC

Immunohistochemistry

IF

Immunofluorescence

WB

Western blot

QRT-PCR

Quantitative real-time polymerase chain reaction

PFA

Paraformaldehyde

UV

Ultraviolet

TAM

Tamoxifen

Abbreviation

100

NC

Nitrocellulose

KRAS

Kirsten rat sarcoma viral oncogene homolog

CDKN2A

Cyclin-dependent kinase inhibitor 2A

TP53

Tumor protein p53

SMAD4

Small mothers against decapentaplegic

TGF-β

Transforming growth factor-β

PI3K

Phosphoinositide 3-kinase

Rac1

Rac family small GTPase 1

PKD1

Polycystic kidney disease 1

NF-κB

Nuclear

factor

kappa-light-chain-enhancer

of

activated B cells
EGFR

Epidermal growth factor receptor

ADAM17

A disintegrin and metalloptroteinase-17

Rheb

Ras homolog enriched in brain

PIP2

Phosphatidylinositol 4,5-bisphosphate

PIP3

Phosphatidylinositol 3,4,5 trisphosphate

PDK1

Pyruvate dehydrogenase kinase 1

eIF4B

Eukaryotic translation initiation factor 4B

PDCD4

Programmed Cell Death 4

eIF4E

Eukaryotic translation initiation factor 4E

eIF4F

Eukaryotic initiation factor 4F

HIF1α

Hypoxia-inducible factor 1

ULK1

Unc-51-like kinase 1

TFEB

Transcription factor EB

mSin1

Mammalian stress-activated protein kinase interacting
protein 1

Protor1/2

Protein observed with rictor 1 and 2

PH

Pleckstrin homology

PKCα

Protein kinase C alpha
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Rho

Rhodopsin

Aldh1a3

Aldehyde dehydrogenase 1 family member A3

Krt19

Keratin 19

CHX

Cycloheximide

PAK

p21-activated kinase
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