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SUMMARY

Mutant KRAS and c-MYC are oncogenic drivers and
rational therapeutic targets for the treatment of
pancreatic cancer. Although tumor growth and homeostasis are largely dependent on these oncogenes, a few residual cancer cells are able to survive
the ablation of mutant KRAS and c-MYC. By performing a genome-wide gene expression analysis
of in vivo-derived bulk tumor cells and residual cancer cells lacking the expression of mutant KRAS or
c-MYC, we have identified an increase in autocrine
IGF1/AKT signaling as a common survival mechanism in dormant cancer cells. The pharmacological
inhibition of IGF-1R reduces residual disease burden
and cancer recurrence, suggesting that this molecular pathway is crucial for the survival of cancer cells in
the absence of the primary oncogenic drivers.
INTRODUCTION
Although effective therapies are still lacking to treat pancreatic
ductal adenocarcinoma (PDAC), significant advances have
been made over the past two decades in the identification of molecular pathways that play key roles in the initiation of this malignancy. Oncogenic driver mutations in the KRAS gene have been
validated to play a pivotal role in the genesis of premalignant
lesions as well as PDAC progression (Bardeesy and DePinho,
2002; Hruban et al., 2000). More recent studies in genetic models
have demonstrated that expression of mutant KRAS is equally
required for the maintenance of primary and metastatic lesions
(Collins et al., 2012a, 2012b; Ying et al., 2012). A critical downstream effector of mutant KRAS is the c-MYC proto-oncogene,
which is suggested to play a pivotal role in the metabolism of
pancreatic cancer cells (Ying et al., 2012). We found that
c-MYC is upregulated in all human pancreatic cancer cell lines
as well as in many primary human PDAC cases and in KRASinduced pancreatic tumors in mice (Lin et al., 2013). Amplifica-

tions of the c-MYC locus are more often associated with adenosquamous carcinomas and seem to be linked to a very dismal
prognosis (Witkiewicz et al., 2015). In line with this observation,
we demonstrated in genetically engineered mice that upregulation of c-MYC in pancreatic progenitors was entirely sufficient
to induce metastatic pancreatic cancer after a short latency
(Lin et al., 2013). Moreover, expression of c-MYC was required
for cancer cell survival at primary and metastatic sites regardless
of the expression of wild-type p53 or a loss of heterozygosity of
Cdkn2a. Collectively, the genetic studies in pancreatic cancer
models expressing mutant KRAS and c-MYC provide a sound
rationale for the development of targeted therapies against
oncogenic drivers to treat early and advanced stages of pancreatic cancer.
Despite what appeared to be a complete remission of primary
and metastatic pancreatic neoplasms in response to the downregulation of c-MYC, we were able to detect residual cancer cells
within the un-remodeled tumor-associated fibrous stroma (Lin
et al., 2013). We used a genetic cell-fate-mapping technique in
combination with orthotopic transplantation into wild-type recipients to validate that the residual disease was not caused by a de
novo transformation of normal cells. These genetically labeled
dormant cancer cells lacked expression of endogenous and
exogenous c-MYC, and they were not proliferating or undergoing cell death. In comparison to the parental bulk tumor cells, a
significantly larger subset of dormant cancer cells expressed
cancer stem cell markers, and they exhibited a higher rate of
engraftment into secondary recipients (Lin et al., 2013, 2014).
The swift emergence of invasive cancer following re-expression
of c-MYC provided experimental evidence that dormant cancer
cells were the cellular basis for disease recurrence. Residual disease was also observed in a KRAS-dependent PDAC model
(Collins et al., 2012b), and it is therefore evident that cancer
stem cell dormancy will likely present a lingering challenge in
the development of targeted therapies to effectively treat
PDAC (Lin et al., 2014). This view was substantiated in a more
recent study by Viale et al. (2014) that shows that explanted
pancreatic cancer cells that remained viable following the ablation of oncogenic KRAS depend on oxidative phosphorylation
for their survival. In conclusion, all studies that have been
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Figure 1. Expression of Oncogenic KRASG12D Is Required for the Onset and Maintenance of Primary and Metastatic PDAC
(A) Generation of a genetically engineered mouse model that permits a temporally and spatially controlled expression of oncogenic KRAS and a H2B-GFP reporter in the pancreas in a doxycycline (Dox)-repressible manner (TET-OFF).
(B) Total KRAS protein expression as well as downstream activation of ERK1/2 in triple-transgenic mice before and after administration of Dox; NP, normal
pancreas of a littermate control that lacks the TetO-KRASG12D transgene.
(C) Quantitative analysis of relative ERK1/2 activation as determined by capillary electrophoresis of triplicate sets of tissues shown in (B) on a ProteinSimple
NanoPro 1000 machine.

(legend continued on next page)
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performed in reversible pancreatic cancer models highlighted
the importance for the development of adjuvant therapeutic
strategies in addition to targeting oncogenic drivers to effectively eradicate residual cancer cells and to prevent disease
recurrence.
In an effort to identify common, cancer cell-intrinsic molecular
pathways that mediate residual disease following the ablation of
oncogenic drivers, we performed a genome-wide gene expression analysis of in vivo-derived bulk tumor cells and dormant
cancer cells that survived the ablation of oncogenic KRAS or a
downregulation of exogenous c-MYC. The results presented
here illuminate the biological significance of the activation of
an insulin-like growth factor 1 (IGF1)/IGF1 receptor (IGF-1R) autocrine signaling loop and the downstream activation of AKT as a
common mechanism that promotes cancer cell survival and
dormancy following the specific ablation of oncogenic KRAS or
c-MYC. Co-targeting IGF-1R signaling along with the downregulation of the oncogenic drivers resulted in a reduction in minimal
residual disease, which might be a crucial step in developing
more effective therapeutic strategies for the treatment of PDAC.
RESULTS
Quiescent Pancreatic Cancer Cells that Survive the
Downregulation of Oncogenic KRAS Expression Are the
Cellular Basis for Cancer Recurrence upon Reactivation
of the Oncogene
We used a Cre recombinase-induced and ligand-controlled
transgene expression system (Lin et al., 2013) to generate genetically engineered mice that express mutant KRAS (KRASG12D)
in a doxycycline (Dox)-controlled manner in the pancreas (Figure 1A). In contrast to previous studies (Collins et al., 2012b;
Ying et al., 2012), the upregulation of this oncogene in our model
occurs in the absence of Dox (i.e., Tet-OFF system), and the
downstream activation of MAP kinases can be swiftly repressed
through administration of the ligand (Figures 1B and 1C). Another
unique feature of this genetic system is the predominant expression of the transactivator (tTA)-driven responder genes in the
ductal epithelium of the pancreas (Lin et al., 2013). GFP-labeled
pancreatic intraepithelial neoplastic (PanIN) lesions were readily
detectable in mice that co-expressed KRASG12D and nuclear
GFP under control of the tTA (Figure 1D). Although the initiation
and maintenance of hyper-proliferative PanIN lesions were
dependent on the expression of mutant KRAS, only 3 out of 11
mice that were maintained for up to 18 months developed
primary PDAC. A progression of these lesions into metastatic
PDAC was, however, not observed in these animals. The intro-

duction of only one Cdkn2a knockout allele initiated the development of PDAC in all KRASG12D-expressing animals after more
than 1 year, and complete deficiency in Cdkn2a accelerated
significantly the carcinogenic process (Figure 1E). As expected,
the liver and lung were the main sites for metastatic growth in
diseased mice (Figure 1F). Interestingly, induction of acute or
chronic pancreatitis seemed to have no discernable effect on
the genesis of primary and metastatic tumors in this model (not
shown). The molecular analysis of primary pancreatic cancers
from aging Cdkn2a heterozygous knockout mice revealed that
tumorigenesis was associated with the loss of the Cdkn2a
wild-type allele and an upregulation of MDM2 (Figures 1G and
1H). This confirms that the extended tumor-free survival in
Cdkn2a heterozygous knockouts mice is a consequence of the
tumor-suppressive functions of p16Ink4a and p19Arf encoded by
the remaining Cdkn2a wild-type allele. Similar to previous reports (Collins et al., 2012b; Ying et al., 2012), the Dox-controlled
suppression of mutant KRAS expression in our model led to an
induction of cell death and a swift regression of pancreatic ductal
lesions and invasive adenocarcinomas (Figure S1). Hence, the
survival of the vast majority of primary and metastatic cancer
cells was still dependent on the sustained expression of mutant
KRAS in the absence of the tumor-suppressive functions of
p16Ink4a and p19Arf.
The widespread expression of KRAS in the pancreata of transgenic mice caused numerous PanINs and multifocal disease
onset, which made it virtually impossible to discriminate dormant
cancer cells from preneoplastic cells following the downregulation of oncogenic KRAS. We therefore employed a Cre/loxPbased cell-fate-labeling method in combination with cancer
cell transplantation (Figure 2A) to study the entire process of
engraftment and growth of GFP-labeled tumor cells as well as
regression and residual disease in response to the downregulation of exogenous KRAS. Small GFP-labeled pancreatic tumor
fragments of approximately 1 mm3 in size were isolated from
the central regions of primary cancers of transgenic donors
and transplanted orthotopically into the pancreata of 8- to
12-week-old wild-type recipients. All recipient mice subsequently developed unifocal, GFP-positive pancreatic tumors
(Figure 2B) that were histologically indistinguishable from the
donor tissues (Figure S2A). Despite macroscopic remission of
primary pancreatic cancers following the ablation of mutant
KRAS and expression of pERK (Figure S2B), we were able to
detect GFP-positive residual cancer cells under the fluorescent
stereoscope (Figure 2B) or in histological sections (Figure 2C).
In contrast to bulk tumor cells prior to the administration of
Dox, residual cancer cells did not proliferate and did not undergo

(D) H&E-stained histological sections and immunofluorescent labeling of CK19, GFP, Ki67, and pERK1/2 in pancreatic specimens of 3-month-old Pdx1-Cre,
CAG-LSL-tTA, TetO-KRASG12D, TetO-H2B-GFP quadruple-transgenic mice prior to ( Dox) and after 7 days of Dox treatment. The scale bar represents 50 mm.
(E) Kaplan-Meier survival plot of mice that conditionally express mutant KRAS in a Cdkn2a heterozygous (Cdkn2a+/ ) or homozygous knockout background
(Cdkn2a / ). The table illustrates the relative incidence of metastatic lesions in these mice.
(F) Representative images of H&E-stained sections of primary PDAC as well as metastatic lesions in liver and lung.
(G) Expression of p19/Arf, MDM2, and p53 as well as activation of ERK1/2 in primary pancreatic tumors of mice that express oncogenic KRAS in the Cdkn2a
heterozygous and homozygous knockout background; NP, normal pancreas of a wild-type mouse. Trp53-deficient mouse embryonic fibroblasts (MEF) served as
additional control.
(H) PCR assay to validate the loss of exon 2 of Cdkn2a in the DNA of purified pancreatic cancer cells (PC) of a mouse that was genotyped as a heterozygous
Cdkn2a knockout (Cdkn2a+/ ) using DNA from the tail (T). Tail DNA from a homozygous Cdkn2a knockout (Cdkn2a / ) was used as a control.
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programmed cell death (Figure 2C). These cells remained in a
dormant state for a prolonged period, and re-expression of oncogenic KRAS following the withdrawal of Dox led to a swift recurrence of GFP-positive cancers (Figure 2D). This suggested that,
identical to our previous findings in a c-MYC-associated pancreatic cancer model, few KRASG12D-induced cancer cells were
capable of surviving the downregulation of the oncogene and remained dormant. These cells can serve as a reservoir for cancer
recurrence upon reactivation of the transforming oncogene.

Figure 2. Pancreatic Cancer Cell Dormancy following Tumor
Regression in Response to the Ablation of Oncogenic KRAS Is a
Mediator for Disease Recurrence
(A) Schematic outline of the cell-fate-labeling method in combination with
cancer cell transplantation to study tumor regression and cancer cell
dormancy in the absence of mutant KRAS expression.
(B) Stereoscopic bright-field and GFP fluorescent images of pancreatic bulk
tumors and residual cancer tissues before and 4 weeks after doxycycline
(Dox)-mediated downregulation of mutant KRAS. The scale bar represents
1 cm.
(C) Immunofluorescence staining of Ki67 and GFP as well as TUNEL labeling of
GFP-positive pancreatic cancer cells on histological sections of bulk tumors
and residual cancer cells (4 weeks after downregulation of mutant KRAS). The
scale bar represents 50 mm. Diagrams show the relative number of proliferating
and apoptotic cells within both tissue types.
(D) Growth suppression of individual pancreatic tumors in wild-type recipient
mice that lack oncogenic KRAS expression. Re-expression of mutant KRAS
following withdrawal of Dox led to swift disease recurrence.
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Ablation of Oncogenic KRAS Leads to a Compensatory
Increase in IGF-1R Signaling and Activation of AKT in
Dormant Cancer Cells
To gain insight into the underlying mechanism(s) by which residual cancer cells evade cell death in the absence of KRASG12D as
the oncogenic driver, we performed a comprehensive, genomewide RNA-sequencing (RNA-seq) analysis on GFP-expressing
bulk tumor cells and isolated GFP-positive residual cancer cells.
The remarkable fidelity of the RNA-seq method also allowed us
to confirm the sustained downregulation of exogenous KRAS
on the transcriptional level (Figures S3A and S3B). The gene
set enrichment analyses (GSEAs) of the RNA-seq data of three
bulk tumor tissues and three residual cancer samples shown in
Figure S3C exemplifies the deregulated expression of genes
that are associated with MAP kinase signaling and pancreatic
cancer. Residual cancer cells also exhibited the anticipated
switch in the expression of cell cycle regulatory genes including
c-MYC (Figure S3D), and we identified differentially expressed
gene sets related to certain metabolic pathways such as those
that control the biosynthesis of N- and O-glycan (Figure S3C).
We did not observe a significantly upregulated expression of
gene sets associated with the electron transport chain and
peroxisomal b-oxidation that were previously identified in a
gene array-based transcriptome analysis of cultured tumor
spheres that were conditionally deficient in mutant KRAS (Viale
et al., 2014). However, one of the most consistently deregulated
sets of genes in the in vivo-derived residual cancer cells with a p
value of less than 0.001 (false discovery rate [FDR] < 0.001;
normalized enrichment score [NES] = 2.34) were those that cluster with the IGF1 pathway (Figure 3A). Despite a reduced expression of Igf1r transcripts, the significantly elevated mRNA expression of its ligand led to a sustained higher activation of this
signaling pathway. Using immunohistochemistry and immunoblot analysis, we confirmed that, compared to bulk tumor cells,
residual cancer cells showed a significantly elevated phosphorylation of the IGF-1R as well as downstream activation of AKT
(Figures 3B and 3C), which is known to exert its pro-survival
functions at the pre- and post-mitochondrial level. A higher
expression of the pro-apoptotic proteins BIM and BAD in residual cancer cells was compensated by an AKT-mediated increase
in their functionally inactive (i.e., phosphorylated) isoforms.
Moreover, we observed a significantly elevated expression of
the X-linked inhibitor of apoptosis protein (XIAP) and its more
stable phosphorylated form in residual cancer cells in vivo. As
anticipated, residual cancer cells exhibited a lower expression
of cleaved Caspases, which corresponded to the observed
reduction in apoptosis and confirmed their quiescent characteristics (Figure 2C).

apoptosis, which is validated by the lack of expression of
cleaved Caspase 3 and PARP. These cells were quite similar
to residual cancer cells in vivo where the prolonged inhibition
of oncogenic KRAS over a period of 7 days resulted in a compensatory increase in IGF-1R activation as well as a sustained phosphorylation of AKT and its downstream effectors BIM and the
ribosomal protein S6 kinase (Figure S4D). In summary, the collective findings on in vivo-derived bulk and residual tumor cells
as well as cultured pancreatic cancer cells revealed that ablation
of oncogenic KRAS expression resulted in a synchronous increase in the activation of the IGF1/AKT signaling axis.

Figure 3. Dormant Cancer Cells Lacking Oncogenic KRAS Exhibit a
Compensatory Increase in IGF-1R/AKT Signaling
(A) Heatmap of genes that cluster with IGF1 signaling and that exhibit a deregulated expression in residual cancer cells compared to pancreatic bulk
tumors.
(B) Immunohistochemical staining of the activated IGF1 receptor (pIGF-1R) as
well as pAKT in oncogenic KRAS-expressing bulk tumor cells and in residual
cancer cells 2 weeks after the ablation of the oncogene. The scale bar represents 50 mm.
(C) Immunoblot analysis comparing the expression and activation of IGF-1R
and AKT as well as levels of downstream regulators of cell survival and cell
death between bulk tumors and residual cancer tissues; cCASP3, cleaved
Caspase 3. Bar graphs show ImageJ quantification of selected protein bands.
All data are represented as mean ± SEM; the asterisk (*) represents p < 0.05.

Next, we established two GFP-positive cell lines from bulk tumors to assess whether the compensatory increase in
IGF-1R/AKT signaling following the downregulation of mutant
KRAS is a cancer cell-intrinsic phenomenon. Although the total
levels of KRAS were only marginally elevated prior to Dox treatment, the phosphorylation of ERK1/2 was significantly reduced
in response to the specific inhibition of the oncogene (Figures
S4A and S4B). The downregulation of mutant KRAS led to the
anticipated decelerated growth, but more importantly, cells acquired a more differentiated epithelial morphology (Figure S4C).
Unlike bulk tumor cells in vivo, however, the downregulation of
mutant KRAS in 2D cultures did not induce widespread

Inhibition of IGF-1R Signaling Reduces the Survival of
Dormant Cancer Cells and Delays Cancer Recurrence
upon Re-expression of Oncogenic KRAS
To address whether increased signaling through the IGF1 receptor tyrosine kinase and the AKT pathway plays a role in cancer
cell dormancy, we used a pharmacological approach to selectively inhibit IGF-1R activation in residual cancer cells (Figure 4A).
The treatment of diseased animals following the downregulation
of KRAS and tumor remission with linsitinib (OSI-906) for 5 days
effectively blocked IGF-1R and AKT activation in dormant cancer
cells (Figure 4B), and in turn, this resulted in an increase in the
relative number of apoptotic cells within the GFP-positive residual cancer cell population (Figures 4C and S5A). As a biological
readout to assess the effectiveness of the linsitinib-mediated
eradication of dormant cancer cells, we examined the recurrence of tumors for a period of 4 weeks following the withdrawal
of Dox and re-expression of mutant KRAS (Figure 4D). We
observed a significant delay in the reemergence of cancers
within the pancreata of recipient mice, suggesting that the survival of a substantial subset of dormant cancer cells in the
absence of oncogenic KRAS was dependent on IGF-1R
signaling. In a control experiment, we treated bulk tumors that
express oncogenic KRAS (i.e., without Dox administration) with
linsitinib or vehicle control for 5 days, which corresponded to
the same treatment period of animals with residual disease
that received Dox. As anticipated, the growth and survival of
bulk tumor cells that lack a high activation of the IGF-1R were
not affected by the treatment with linsitinib (Figure S5B). The collective results suggest that an inhibition of IGF-1R results in a selective ablation of dormant cancer cells that also lack mutant
KRAS expression.
Elevated Levels of Active IGF-1R and AKT Mediate
Cancer Cell Dormancy in a c-MYC-Induced Reversible
Pancreatic Tumor Model
The vast majority but not all human PDACs carry mutations in
KRAS. We have demonstrated previously that the c-MYC protein
is overexpressed in an array of human pancreatic cancer cell
lines including BXPC-3 and Hs766T cells that are wild-type for
KRAS (Lin et al., 2013). To identify common molecular pathways
that mediate pancreatic cancer cell dormancy following the ablation of oncogenic drivers other than KRAS, we carried out a
genome-wide RNA-seq analysis on pancreatic tumors that originated in response to the overexpression of c-MYC. The comparison of enriched gene sets between c-MYC-overexpressing bulk
tumor cells and their descendant residual cancer cells after the
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Figure 4. Co-inhibition of IGF-1R Signaling
Reduces Minimal Residual Disease following
the Targeted Downregulation of Oncogenic
KRAS
(A) Schematic outline of the experimental design
to study tumor regression in response to mutant
KRAS ablation and the pharmacological inhibition of
IGF-1R with linsitinib to selectively eliminate residual
cancer cells. Tumor recurrence following oncogenic
KRAS re-expression was being used as readout for
the presence of remaining dormant cancer cells.
(B) Immunoblot analysis to validate the pharmacological inhibition of IGF-1R and AKT signaling as well
as activation of cleaved PARP (cPARP) in residual
cancer cells in vivo.
(C) Flow-cytometric analysis of GFP-labeled residual
cancer cells and quantitative assessment of dying
cells in vivo in response to IGF-1R inhibition for 48 hr.
(D) Tumor growth curves comparing cancer recurrence following reactivation of mutant KRAS between controls and animals that were treated with
the IGF1-R inhibitor.

downregulation of c-MYC showed the expected decrease in the
expression of genes associated with basal transcription factors,
DNA replication, and the cell cycle (Figure S6A). A closer examination of individual genes revealed that residual cancer cells
from the c-MYC model show some striking similarities to gene
expression profiles of dormant cancer cells from the KRASinduced tumor model (Figure S6B). Specifically, we observed
identical changes in expression of genes related to IGF-1R
signaling (e.g., Igf1, Jun, Pik3cg, Pik3ca). Ablation of c-MYC
also led to the same compensatory upregulation of IGF-1R phosphorylation and activation of AKT as well as an increase in the
expression of total and phosphorylated XIAP (Figures 5A and
S7A). Although elevated levels in XIAP seemed to be a common
feature of dormant cancer cells in both pancreatic tumor models,
the expression of the pro-apoptotic Bcl2 family protein BAD was
reduced in residual cancer cells that lack exogenous c-MYC.
Similarly, we observed a downregulation of pro-apoptotic gene
Bax on the transcriptional level and an upregulation of the prosurvival genes Bcl2 and Bcl2l1. We reported previously that a
significant subset of c-MYC-induced adenocarcinomas were
poorly differentiated (Lin et al., 2013), but it was interesting to
note that residual cancer cells showed a significantly higher
expression of the ductal marker CK19 (Figure 5A).
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The compensatory upregulation of
IGF-1R/AKT signaling was confirmed in
cultured pancreatic cancer cells from the
c-MYC model (Figure 5B). This suggested
that, identical to the KRAS-associated
cancer model, the activation of IGF-1R
signaling in the absence of c-MYC as the
oncogenic driver is a cell-intrinsic phenomenon. Similarly, the inhibition of IGF-1R
phosphorylation with linsitinib was sufficient to block the activation of AKT (Figure 5C), and residual cancer cells that
were treated with the IGF-1R inhibitor
showed an increased expression of active Caspase 3. Withdrawal of Dox and therefore re-expression of c-MYC resulted
in significantly delayed cancer recurrence and reduced tumor
burden in linsitinib-treated animals compared to vehicle-treated
controls with residual disease (Figure 5D). Collectively, these
findings suggest that, similar to the KRAS-induced PDAC model,
inhibition of IGF-1R/AKT signaling leads to a selective eradication of dormant cancer cells in the pancreatic tumor model that
is driven by c-MYC.
Human Pancreatic Cancer Cells Engage in Higher
IGF-1R/AKT Signaling upon Targeted Downregulation of
KRAS In Vitro and In Vivo
We generated two human pancreatic cancer cell lines (AsPC-1
and MIA PaCa-2) that express a previously validated small
hairpin RNA (shRNA) against KRAS in a Dox-inducible manner
(Tet-ON-shKRAS) (Shao et al., 2014) to address whether
reduced levels of this oncogenic driver led to the same compensatory increase in IGF-1R signaling that was observed in the two
diverse murine cancer models. A main difference of targeting
KRAS at the posttranscriptional state is that the shRNA leads
to a downregulation of the total protein level regardless of the
mutational status of the endogenous alleles. As anticipated,

Figure 5. IGF-1R/AKT Signaling Is Critical for
Cancer Cell Dormancy in a Reversible
Pancreatic Tumor Model that Is Based on
the Conditional Expression of c-MYC as the
Primary Oncogenic Driver
(A) Immunoblot analysis comparing the expression
and activation of IGF-1R, AKT, and the levels of
downstream cell survival/death effectors between
bulk tumors and residual cancer tissues in vivo. Bar
graphs show ImageJ quantification of selected
protein bands. All data are represented as
mean ± SEM; the asterisk (*) represents p < 0.05.
(B) Activation of the IGF-1R/AKT signaling in
cultured pancreatic cancer cells following the
doxycycline (Dox)-mediated downregulation of the
oncogenic driver c-MYC.
(C) Validation of the pharmacological inhibition of
IGF-1R and AKT signaling as well as activation of
cleaved Caspase 3 (cCASP3) in residual cancer cells
in vivo.
(D) Tumor growth curves comparing cancer recurrence following re-expression of exogenous c-MYC
between controls and animals that were treated with
the IGF1-R inhibitor linsitinib.

hibited the most effective downregulation
of KRAS in vitro (data not shown).

reduced expression of total KRAS over a course of 7 days of
treatment with Dox led to a significant increase in cell death
(Figure 6A), and the surviving cells in culture exhibited a high
activation of the IGF-1R (Figure 6B). Similar to the two mouse
cancer models, both human cell lines also showed elevated
expression levels of active AKT as well as total and phosphorylated XIAP. To study the effects of KRAS ablation in vivo,
AsPC-1 cells were transplanted into immunocompromised
recipient mice that were treated with Dox 2 weeks following successful engraftment (Figure 6C). Inhibition of KRAS expression
led to an arrest in cancer cell growth and a slight reduction in
tumor size in the majority of recipients. Compared to tumors
from untreated animals, the suppression of KRAS expression
in tumors from Dox-treated mice expressing shKRAS showed
the expected upregulation in IGF-1R/AKT signaling and
elevated levels of total and phosphorylated XIAP (Figure 6D).
The absence of a more substantial regression of tumors associated with true cancer cell dormancy in the xenograft model
was likely due to selective mechanisms by which cancer cells
were able to bypass the RNA interference to restore expression
of KRAS as shown in Figure 6D. This was also the case following
the xenotransplantation of single cancer cell clones that ex-

Activation of IGF-1R Is a
Consequence of IGF1 Autocrine
Signaling in Both Mouse and Human
Pancreatic Cancer Cells that
Conditionally Lack Oncogenic KRAS
or c-MYC Overexpression
A detailed analysis of RNA-seq datasets of
both the KRAS and c-MYC-induced mouse
models for pancreatic cancer revealed that
Igf1 mRNA transcripts were virtually absent in bulk tumors and
significantly upregulated in dormant cancer cells (Figure S7B).
Using immunohistochemistry, we observed a stronger IGF1
staining specifically in residual cancer cells compared to bulk tumors in both reversible cancer models (Figure 7A). More importantly, we were able to validate by qRT-PCR on cultured pancreatic cancer cells that the significant increase in the transcriptional
activation of Igf1 was a direct consequence of the conditional
downregulation of oncogenic KRAS or exogenous c-MYC (Figure 7B). This observation was also confirmed in the two human
pancreatic cancer cell lines following a ligand-induced knockdown of KRAS (Figure 7C). Interestingly, the more substantial
transcriptional increase in Igf1 expression in AsPC-1 cells
compared to MIA PaCa-2 cells was directly proportional to the
degree in IGF-1R phosphorylation and activation of AKT (Figure 6B). The collective results from the RNA-seq analyses and immunostaining of dormant tumor cells in vivo as well as qRT-PCR
experiments of isolated cancer cells in culture demonstrated very
consistently that the increase in IGF-1R signaling in cells that
conditionally lack the primary oncogenic drivers (i.e., KRASG12D
or c-MYC) is a result of a cell-intrinsic upregulation of its ligand
and the establishment of an autocrine signaling loop.
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Figure 6. Compensatory Increase in IGF1R/AKT Signaling in Human Pancreatic
Cancer Cells in Response to KRAS Downregulation In Vitro and In Vivo
(A) Bright-field images of cultured AsPC-1 and MIA
PaCa-2 cells before ( Dox) and after 7 days of a
doxycycline-induced expression (+Dox) of a KRASspecific shRNA. The graphs illustrate the significant
increase in apoptotic cells in both cell lines following
KRAS downregulation. The data are represented as
mean ± SEM; **p < 0.01.
(B) Immunoblot analysis comparing the activation of
the IGF-1R/AKT signaling axis in both cell lines
before and after 7 days of a Dox-controlled knockdown of KRAS. Bar graphs show ImageJ quantification of selected protein bands. All data are represented as mean ± SEM; *p < 0.05; **p < 0.01.
(C) Partial growth inhibition of tumors with xenografted AsPC-1 cells following a Dox-inducible
knockdown of KRAS.
(D) Comparison of the expression and activation
of the IGF-1R/AKT pathway before ( Dox) and
2 weeks after the Dox-inducible knockdown of
KRAS (+Dox) in xenografted AsPC-1 cells.

Because dormant cancer cells exhibit a compensatory upregulation of the Igf1 gene, elevating the levels of the receiving
unliganded IGF-1R might be sufficient to sustain cancer cell survival and promote dormancy. To experimentally address this
idea, we generated two cell lines from the KRAS-associated
pancreatic cancer model that overexpress the wild-type
IGF-1R (Figure 7D). IGF-1R-expressing and isogenic control
cells were transplanted subcutaneously into wild-type recipients. Following engraftment and establishment of bulk tumors,
these mice were treated with Dox for 3 weeks to assess the presence of residual disease. Because both isogenic cancer cell lines
co-expressed the TetO-driven luciferase reporter, we were able
to monitor the sustained Dox-mediated co-repression of oncogenic KRAS and luciferase in vivo (Figure 7E). As anticipated, upregulation of exogenous IGF-1R was sufficient to partially rescue
the loss of oncogenic KRAS and to significantly increase the
extent of minimal residual disease (Figure 7F). The elevated
levels of total and phosphorylated IGF-1R in residual cancer cells
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that lack expression of mutant KRAS for
3 weeks were confirmed by immunoblot
(Figure 7G). These cells also exhibited
higher levels of active AKT and downstream phosphorylation of XIAP and BIM.
Our collective studies provide evidence
that IGF-1R signaling plays a key role in
pancreatic cancer cell dormancy following
the downregulation of mutant KRAS or
c-MYC as oncogenic drivers. Although a
pharmacological inhibition of IGF-1R led
to a reduced number of dormant cancer
cells, the overexpression the wild-type receptor was sufficient to counteract the
therapeutic effects of the downregulation
of the oncogenic driver and to significantly
increase residual disease burden. Finally, we provided several
lines of evidence that show that the activation of the IGF-1R is
mediated by the increased expression of its ligand in a cancer
cell-intrinsic manner (Figure 7H).
DISCUSSION
The dismal prognosis of pancreatic cancer emphasizes the urgent need for the development of targeted therapies to more
effectively treat this malignancy. Due to the very frequent occurrence of gain-of-function mutations within the KRAS gene in
PDAC, its encoded, constitutively active GTPase is a rational
therapeutic target. Mutant KRAS is not only a key player during
the initiation of PDAC, but as more recent studies (Collins
et al., 2012a, 2012b; Ying et al., 2012) as well as the inaugural
findings of this work show, this oncogene is equally important
for the maintenance of PDAC at primary and metastatic
sites. However, the swift recurrence of the disease following

(legend on next page)
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reactivation of the oncogenic driver might indicate that some
cancer cells or advanced preneoplastic lesions were still present
following the downregulation of mutant KRAS (Collins et al.,
2012b). Using a cell-fate-labeling method in an alternative,
reversible PDAC model that conditionally overexpresses
c-MYC, our team demonstrated previously that a few pancreatic
cancer cells that possess stem cell features were able to survive
in a quiescent state in the absence of the primary oncogenic
driver (Lin et al., 2013, 2014). Similar to our c-MYC-associated
cancer model, we showed here that residual tumor cells that
conditionally lack oncogenic KRAS exhibit the characteristics
of true cancer dormancy. Unlike the phenomenon previously
defined as tumor mass dormancy where cancer cells exist in
an equilibrium of cell division and cell death (Aguirre-Ghiso,
2007), these residual pancreatic cancer cells do not proliferate
and they do not undergo cell death. In line with this notion, Viale
et al. (2014) have shown recently that pancreatic cancer cells
that survive the ablation of mutant KRAS ex vivo are enriched
for cancer-initiating cells. Their observations and our earlier findings on the expression of stem cell markers in residual pancreatic cancer cells of mice that conditionally express c-MYC
collectively support the paradigm that tumor-initiating cells
seem to be the cellular basis for cancer dormancy.
Dormant cancer cells can remain in a quiescent state for an
extended period and serve as the cellular reservoir for a speedy
recurrence of a clinically overt disease upon receiving favorable
cell-intrinsic cues such as the re-expression of the oncogenic
driver. While maintaining diseased mice on Dox for an extended
period, we were unable to detect any large recurring tumors that
re-emerged in the complete absence of the transforming oncogenes (i.e., c-MYC or mutant KRAS). The effectiveness of the
Dox-mediated suppression of the transgenes in these mice
was repeatedly monitored by the activity of a TetO-driven luciferase transgene. Based on these observations, our two PDAC
models did not provide any clear evidence for a compensatory
activation of any alternative molecular pathways that effectively
mediate cancer recurrence in the complete absence of the primary oncogenic drivers such as transcriptional upregulation or
amplification of Yap1 as reported recently (Kapoor et al., 2014;
Shao et al., 2014). Additionally, the analysis of our RNA-seq
data did not reveal any differences in the expression of Yap1
mRNA between bulk tumors and residual cancer cells in both animal models that conditionally express mutant KRAS or c-MYC.
This suggests that this transcription factor does not seem to play

a key role in cancer cell dormancy in our two models in contrast
to its proposed function in disease recurrence. Whether deficiency in wild-type p53 in the KRAS-associated PDAC model
by Kapoor et al. (2014), as opposed to the loss of Cdkn2a in
our models, is a defining factor for the reported gain of function
of YAP1 remains to be investigated.
Regardless of subsequent molecular events that may promote
disease recurrence, it is equally, if not more, important to understand the mechanisms that mediate cancer cell dormancy in an
effort to eliminate residual disease following first-line therapy.
Using genome-wide transcriptome analyses in two genetically
engineered pancreatic cancer models, we have identified the
activation of autocrine IGF1 signaling and the downstream activation of AKT as a common mechanism that promotes cancer
cell survival and dormancy following the specific ablation of
KRASG12D and c-MYC as oncogenic drivers. Moreover, we
have validated that targeting KRAS in human pancreatic cancer
cells leads to a compensatory upregulation of IGF-1R/AKT
signaling. We also demonstrate that co-targeting mutant KRAS
or c-MYC and IGF-1R reduces the number of residual cancer
cells and delays tumor recurrence. Conversely, overexpression
of wild-type IGF-1R was sufficient to counteract the therapeutic
effects of targeting KRAS, leading to more extensive residual
disease. IGF-1R signaling has been previously reported to be
crucial for neoplastic transformation and survival of epithelial
cells in the mammary gland and pancreas in response to the
expression of oncogenic mutants of KRAS and BRAF (Appleman
et al., 2012; Klinakis et al., 2009). Hirakawa et al. (2013) reported
that high levels of IGF-1R expression correlate with aggressiveness and a poorer survival of patients with resectable PDAC,
which is indicative for the presence of residual disease. A more
direct association of enhanced IGF-1R and AKT signaling and
the development of drug resistance following the targeted inhibition of BRAF has been demonstrated recently in human melanoma and a corresponding mutant BRAF-expressing mouse
model (Perna et al., 2015; Villanueva et al., 2010).
Our findings in this work on the MYC-associated PDAC model
suggest that the activation of the IGF-1R/AKT pathway in
dormant pancreatic cancer cells seems not to be restricted to
mutations in the RAS/RAF cascade, and they might not even
be specific for targeted therapies per se. A role for IGF1 autocrine signaling has been recognized earlier as a potential mechanism for prostate cancer cells to evade androgen deprivation
therapy (Nickerson et al., 2001), and a more recent report

Figure 7. Upregulation of IGF1 Is a Cancer Cell-Intrinsic Mechanism that Promotes Minimal Residual Disease in the Absence of Mutant KRAS
or c-MYC as Oncogenic Drivers
(A) Immunohistochemical staining of IGF1 in mutant KRAS or c-MYC-driven bulk tumors as well as the corresponding residual cancer cells after the targeted
downregulation of these oncogenic drivers in both models.
(B) Bar graphs illustrating the results of a quantitative real-time RT-PCR to assess the levels of Igf1 mRNA expression in cultured cancer cells from KRAS and
c-MYC-induced mouse pancreatic tumors prior to ( Dox) or after the Dox-mediated downregulation of mutant KRAS or c-MYC (+Dox).
(C) Quantitative real-time RT-PCR results of IGF1 transcripts in human pancreatic cancer cell lines before and after Dox-mediated knockdown of KRAS.
(D) Immunoblot to validate the elevated levels of exogenous IGF-1R in two mouse pancreatic cancer cell lines that conditionally express mutant KRAS.
(E) Bioluminescence imaging to validate the co-repression of luciferase in mice with minimal residual disease following the Dox-mediated ablation of mutant
KRAS.
(F) Average reduction in tumor sizes comparing cancers with and without expression of exogenous IGF-1R during 3 weeks of mutant KRAS ablation.
(G) Immunoblot to validate the sustained expression and activation of exogenous IGF-1R as well as downstream expression of active AKT and its effectors XIAP
and BIM in dormant cancer cells following downregulation of mutant KRAS.
(H) Schematic outline of the establishment of an IGF1 autocrine loop that promotes cancer cell dormancy in the absence of mutant KRAS expression.
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highlighted the significance of IGF1 in cancer stem cells that are
resistant to radiation (Osuka et al., 2013). The pharmacological
inhibition of IGF-1R signaling was, however, insufficient to eradicate all residual cancer cells in our KRAS and c-MYC-associated, reversible PDAC models. Flow-cytometric results from
our previous studies have shown that dormant pancreatic cancer cell may represent a heterogeneous population based on differences in the expression levels of various stem cell markers
(Lin et al., 2013, 2014). It is likely that a subset of these residual
tumor cells also engages in a compensatory increase in the activation of other receptor tyrosine kinases such as PDGFRB,
which seems to play a role in the recurrence of melanoma
following treatment with vemurafenib (Nazarian et al., 2010).
Because we observed a co-upregulation of PDGFRB on the transcriptional and protein level in dormant cancer cells of both murine tumor models as well as human AsPC-1 cells in response to
the shRNA-mediated downregulation of KRAS, in might be valid
to assess in future studies the combinatorial effects of the inhibition of PDGFRB and IGF-1R for an even more effective eradication of minimal residual disease following the ablation of oncogenic KRAS and c-MYC.
EXPERIMENTAL PROCEDURES
Mouse Models, Orthotopic Transplantation of Pancreatic Tumors,
and In Vivo Bioluminescence Imaging
The generation and genotyping of the TetO-KRASG12D, TetO-MYC strains as
well as the CAG-LSL-tTA and TetO-ccnd1-Luc transgenic lines were
described previously (Felsher and Bishop, 1999; Fisher et al., 2001; Zhang
et al., 2010, 2011). The CAG-LSL-GFP reporter strain was generated by Kawamoto et al. (2000). Pdx1-Cre transgenic mice (Hingorani et al., 2003) and the
Cdkn2a knockout strain (Serrano et al., 1996) were obtained from the National
Cancer Institute (NCI) repository. TetO-H2B/GFP transgenic mice (Tumbar
et al., 2004) were purchased from The Jackson Laboratory. Experimental
mice were maintained in a mixed genetic background composed of the
above-mentioned strains (50% C57/Bl6, 25% 129Sv, and 25% FVB). The orthotopic transplantation of pancreatic cancer tissues from transgenic mice
(i.e., Pdx1-Cre CAG-LSL-tTA CAG-LSL-GFP TetO-KRASG12D Cdkn2a /
and Pdx1-Cre CAG-LSL-tTA CAG-LSL-GFP TetO-MYC Cdkn2a+/ ) into
pancreata of 8- to 12-week-old wild-type recipients (athymic nude mice,
NCr strain) was performed as described previously (Lin et al., 2013). The human PDAC cells were transplanted subcutaneously into wild-type recipients.
All animals used in this study were treated humanely and in accordance with
institutional guidelines and federal regulations.
In Vivo Bioluminescence Imaging and Treatment with Dox and
Linsitinib
The administration of Dox in the drinking water and the use of the IVIS200
(Caliper Life Sciences) for in vivo bioluminescence imaging were described
in our previous publications (Lin et al., 2013; Zhang et al., 2010, 2011). Wildtype recipients with residual pancreatic cancer cells following downregulation
of oncogenic KRAS or c-MYC were treated with the IGF-1R inhibitor linsitinib
(OSI-906; ChemieTek) or vehicle control. The inhibitor was administered by
oral gavage (50 mg/kg) once daily for 5 consecutive days.
Histologic Analysis and Immunostaining
A description of the preparation of histological sections from pancreatic cancer tissues for immunostaining can be found elsewhere (Lin et al., 2013). A list
of commercially available primary and secondary antibodies and staining conditions will be provided upon request. TUNEL staining was carried out using
the in situ cell death detection kit (Roche Applied Sciences). Stained slides
were examined with an Axio Imager microscope (Carl Zeiss) or a LSM5
PASCAL confocal microscope.

Isolation of GFP-Labeled Cancer Cells and Flow-Cytometric Analysis
The isolation of bulk tumor cells as well as residual cancer cells was performed
prior to or 2–4 weeks after treatment with Dox and downregulation of the oncogenic driver. This extended period, which exceeded the time required for a
macroscopic regression of the tumors by more than 7–21 days (Lin et al.,
2013), was chosen to ensure that the cancers had completely regressed and
only dormant cancer cells were analyzed. GFP-positive bulk tumors or areas
with small residual tumor masses that contained GFP-positive cells were isolated from the pancreata under a fluorescent stereoscope. To determine the
number of GFP-positive apoptotic cells using flow cytometry, excised tissues
were processed for enzymatic dissociation and biotinylated anti-CD31 and
anti-CD45 antibodies (BD Pharmingen) were used for elimination of endothelial
and hematopoietic lineages using AutoMACS Pro (Miltenyi Biotec) as
described previously (Lin et al., 2013). A PE-conjugated Annexin V antibody
(BD Pharmingen) was used for staining of apoptotic cells. The flow-cytometric
data were acquired on a BD FACSCalibur at the University of Nebraska Medical Center (UNMC) Cell Analysis Core Facility. Data were analyzed using the
FlowJo, version 9.8 software (Tree Star).
Cell Culture
GFP-positive pancreatic cancer cells were derived from primary tumors of
mice that conditionally overexpress mutant KRAS and c-MYC. Cells were
maintained in DMEM medium supplemented with 10% FBS, L-glutamine,
nonessential amino acids, as well as 10 mg/mL penicillin/streptomycin and
50 mg/mL gentamicin. The human pancreatic cancer cell lines AsPC-1 and
MIA PaCa-2, which carry different KRAS mutations (G12D and G12C),
were maintained in RPMI-1640 medium using the same supplements as
listed above. The inducible lentiviral shRNA vector targeting human KRAS
(PGK-rtTA3/Tet-ON-shKRAS) (Shao et al., 2014) was a generous gift from
Dr. W.C. Hahn (Dana-Farber Cancer Institute). Cells infected with the lentiviral
constructs were selected with 2 mg/mL puromycin. Mouse and human pancreatic cancer cells were treated with 2 mg/mL Dox to repress the tTA-mediated
expression of TetO-driven transgenes (i.e., KRASG12D, c-MYC, and luciferase)
or to upregulate the rtTA-inducible shRNA to downregulate endogenous
KRAS. The retroviral vector to overexpress IGF-1R in mutant KRAS-expressing cells was obtained from Addgene (11212).
Immunoblot Analysis
Detailed experimental procedures for western blot analysis were described
elsewhere (Sakamoto et al., 2007). A list of commercially available primary
and secondary antibodies and experimental conditions will be provided
upon request.
RNA-Seq Analysis and qRT-PCR
Total RNA was extracted from flash-frozen bulk tumor specimen or residual
cancer tissues following the downregulation of oncogenic KRAS or c-MYC using the RNeasy Mini Kit (QIAGEN). The methodologies for the generation of
expression libraries, next-generation sequencing, and bioinformatics analyses
can be found in Supplemental Experimental Procedures. Quantitative detection of IGF1 mRNA transcripts was performed using iQ SYBR green Supermix
(Bio-Rad), and primer sequences are available from the authors upon request.
The qPCRs were carried out in triplicate in a CFX96 real-time PCR detection
system (Bio-Rad). IGF1 gene expression data were normalized against either
Actin (mouse) or GAPDH (human) as internal control using the 2–DDCt method
and expressed as arbitrary units.
Statistical Analysis
All graphic illustrations and statistics were performed with Prism 6 software
(GraphPad Software). Data are expressed as mean ± SEM, unless otherwise
indicated, and were compared using an unpaired Student t test. A p value of
less than 0.05 was considered significant.
ACCESSION NUMBERS
The accession number for the sequencing data reported in this paper is GEO:
GSE93946.
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Supplemental Fig. S1. Survival of pancreatic cancer cells is dependent on the sustained expression of mutant KRAS in the
absence of the tumor suppressive functions of p19Arf and p16Ink4a; related to Figure 1.
A. Immunofluorescent staining of cleaved Caspase 3 (cCASP3) and E-Cadherin (CDH1) on histological sections of primary pancreatic
ductal lesions in Pdx1-Cre, CAG-LSL-tTA, CAG-LSL-GFP, TetO-KRASG12D quadruple transgenic mice in a Cdkn2a homozygous
knockout background (Cdkn2a-/-) prior to (-Dox) and after 2, 3, and 7 days of Dox treatment; bar represents 50 μm. B. H&E-stained
sections of invasive pancreatic ductal adenocarcinomas in these mice following Dox-mediated suppression of mutant KRAS expression
over a time course of 7 days; bars represent 200 μm (upper) and 50 μm (lower panel), respectively.
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Supplemental Fig. S2. Residual cancer cells that lack oncogenic KRAS expression show reduced ERK activation; related
to Figure 2.
A. H&E-stained sections of bulk tumors and residual cancer tissues in wildtype recipient mice that were engrafted with primary
pancreatic cancer tissues from Pdx1-Cre, CAG-LSL-tTA, CAG-LSL-GFP, TetO-KRASG12D quadruple transgenic mice in a
Cdkn2a homozygous knockout background (Cdkn2a-/-) prior to (-Dox) and after 2 weeks of Dox treatment; bars represent 100
μm (upper) and 50 μm (lower panel), respectively. B. Immunofluorescent staining of pERK1/2 and GFP in pancreatic bulk tumor
cells and residual cancer cells; bar represents 50 μm.
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Supplemental Fig. S3. A comparison of the transcriptional profiles between bulk tumors cells and residual cancer cells following the
ablation of oncogenic KRAS; related to Figure 3.
A. Histograms of RNA-Seq data sets of the Kras gene in bulk tumors and residual cancer cells of Pdx1-Cre, CAG-LSL-tTA, CAG-LSL-GFP,
TetO-KRASG12D quadruple transgenic mice in a Cdkn2a homozygous knockout background (Cdkn2a-/-). B. Graphic illustration of normalized
FKPM (Fragments per Kilobase of exon per Million Fragments Mapped) values, the data is represented as mean +/- SEM; * represents P<0.05.
C. Gene set enrichment plots of pathways that are deregulated in residual pancreatic cancer cells lacking mutant KRAS expression in comparison to bulk tumors prior to ablation of the oncogenic driver. D. Heat maps of selected individual genes that are differentially expressed.
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Supplemental Fig. S4. The compensatory increase in IGF-1R/AKT signaling following the downregulation of mutant KRAS is a cancer
cell intrinsic phenomenon; related to Figure 3.
A. Bioluminescence imaging of two cultured pancreatic cancer cells derived from Pdx1-Cre, CAG-LSL-tTA, TetO-KRASG12D, TetO-Luc
transgenic mice in a Cdkn2a homozygous knockout background (Cdkn2a-/-). Cells were treated with doxycycline (+Dox) for 48 hours to
co-suppress the expression of mutant KRAS and the luciferase reporter. B. Immunoblot analysis to assess the expression levels of KRAS and
the phosphorylation of ERK1/2 before as well as at 24 and 48 hours of treatment with Dox. C. Bright-field images of both cell lines before and
after 48 hours of treatment with Dox. D. Immunoblot analysis comparing the expression and activation of IGF-1R and AKT as well as levels of
downstream regulators of cell survival and cell death in both cell lines before and after 2 and 7 days of downregulating mutant KRAS with
Dox; cCASP3, cleaved Caspase 3. In addition to the bioluminescence imaging shown in panel A, lack of ERK1/2 activation served as additional readout for sustained inhibition of oncogenic KRAS expression with Dox. Bar graphs show Image-J quantification of selected protein bands.
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Supplemental Fig. S5. Inhibition of IGF-1R activation with linsitinib induces apoptosis in GFP-labeled residual cancer cells
lacking oncogenic KRAS (A), but linsitinib has no effect on the growth and survival of bulk tumor cells that express mutant
KRAS (B); related to Figure 4.
A. Immunofluorescent staining of cleaved Caspase 3 (cCASP3) and GFP in residual cancer cells of pancreatic tumor bearing mice that
were kept on Dox for 2 weeks and then treated for two days with linsitinib or vehicle control; bar represents 50 μm. B. Tumor growth
curves in wildtype recipient mice that were engrafted with mutant KRAS expressing pancreatic tumor cells and treated for 5 days with
the IGF-1R inhibitor linsitinib or vehicle control.
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Supplemental Fig. S6. Transcriptional profiling between bulk tumors cells and residual cancer cells following the ablation of
c-MYC reveal that dormant cancer cells have a deregulated expression of genes including those associated with DNA Replication and cell cycle control; related to Figure 5.
A. Gene set enrichment plots of selected pathways that are deregulated in residual pancreatic cancer cells lacking c-MYC expression
in comparison to bulk tumors prior to ablation of the oncogenic driver. B. Heat maps of selected individual genes that are differentially expressed.
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Supplemental Fig. S7. Residual cancer cells express higher active IGF-1R and pAKT compared to bulk tumor cells that are driven by
c-MYC overexpression (A). The activation of this signaling pathway in the absence of c-MYC or mutant KRAS as oncogenic drivers is
a result of a cell intrinsic upregulation of the Igf1 gene (B); related to Figure 7.
A. Immunostaining for pIGF-1R and pAKT in bulk tumor cells and residual cancer cells of recipient mice that were orthotopically engrafted
with pancreatic tissues that conditionally express c-MYC. The residual cancer cells were analyzed two weeks following treatment with Dox
and downregulation of c-MYC; bars represent 50 μm. B. Histograms of RNA-Seq data sets of the Igf1 gene in bulk tumors and residual cancer
cells of pancreatic cancer models that conditionally express oncogenic KRAS (A.) or c-MYC (B.). Graphic illustrations show the corresponding normalized FKPM (Fragments per Kilobase of exon per Million Fragments Mapped) values of Igf1, the data is represented as mean
+/-SEM; ** represents P<0.01.

Supplemental Experimental Procedures
RNA-Seq analysis. Total RNA was extracted from flash-frozen bulk tumor specimen or residual
cancer tissues following the downregulation of oncogenic KRAS or c-MYC using the RNeasy
Mini Kit (Qiagen). The Super-Script II kit from Invitrogen with oligo-dT primers was used to
perform the first-strand synthesis according to the manufacture’s protocol. Following quality
control using a BioAnalyzer 2100, RNA samples were processed using the TruSeq RNA Sample
kit and sequenced using a HiSeq2000 sequencer (Illumina). Quality of sequenced reads was
determined using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The
trimmed reads were mapped to the mouse reference genome mm9 using TopHat2 spliced read
mapper. Transcript abundance was estimated using the Tuxedo tools (Cufflinks, Cuffmerge,
Cuffquant, Cuffnorm and Cuffdiff) as described earlier (Yamaji et al., 2013). Differential
transcript expression between bulk tumors and residual cancer tissues in mice conditionally
expressing KRAS and c-MYC was determined by an estimation of FPKM (Fragments Per
Kilobase of transcript per Million mapped reads). A Gene Set Enrichment Analyses (GSEA) was
performed as described by Subramanian et al. (2005) to identify groups of genes that are
deregulated in residual cancer cells according to their cellular functions and pathways, and the
Broad Institute’s Integrative Genomics Viewer (IGV) was used to visualize the expression of
individual genes and their exons. Quantitative detection of IGF1 mRNA transcripts was
performed using iQ SYBR green Supermix (Bio-Rad), and primer sequences are available from
the authors upon request. The quantitative PCRs (qPCRs) were carried out in triplicate in a
CFX96 real-time PCR detection system (Bio-Rad). IGF1 gene expression data were normalized
against either Actin (mouse) or GAPDH (human) as internal control using the 2–ΔΔCt method and
expressed as arbitrary units.
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