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Abstract

Clinical studies of pharmacologic agents targeting the insu-
lin-like growth factor (IGF) pathway in unselected cancer
patients have so far demonstrated modest efficacy outcomes,
with objective responses being rare. As such, the identification
of selection biomarkers for enrichment of potential responders
represents a high priority for future trials of these agents.
Several reports have described high IGF2 expression in a subset
of colorectal cancers, with focal IGF2 amplification being
responsible for some of these cases. We defined a novel cut-
off value for IGF2 overexpression based on differential expres-
sion between colorectal tumors and normal tissue samples.
Analysis of two independent colorectal cancer datasets revealed
IGF2 to be overexpressed at a frequency of 13% to 22%. An
in vitro screen of 34 colorectal cancer cell lines revealed IGF2
expression to significantly correlate with sensitivity to the

IGF1R/INSR inhibitor BI 885578. Furthermore, autocrine IGF2
constitutively activated IGF1R and Akt phosphorylation, which
was inhibited by BI 885578 treatment. BI 885578 significantly
delayed the growth of IGF2-high colorectal cancer xenograft
tumors in mice, while combination with a VEGF-A antibody
increased efficacy and induced tumor regression. Besides colo-
rectal cancer, IGF2 overexpression was detected in more than
10% of bladder carcinoma, hepatocellular carcinoma and non-
small cell lung cancer patient samples. Meanwhile, IGF2-high
non-colorectal cancer cells lines displayed constitutive IGF1R
phosphorylation and were sensitive to BI 885578. Our findings
suggest that IGF2 may represent an attractive patient selection
biomarker for IGF pathway inhibitors and that combination
with VEGF-targeting agents may further improve clinical out-
comes. Mol Cancer Ther; 16(10); 2223–33. �2017 AACR.

Introduction
The ability of insulin-like growth factor-1 (IGF1) and IGF2 to

potently promote proliferation and survival of diverse human
cancer cell lines via activation of the IGF1R and insulin receptor-A
(INSRA) suggests that agents inhibiting these factors may have
therapeutic application in cancer patients (1). However, clinical
trials of IGF1R/INSR tyrosine kinase inhibitors (TKI) and IGF1R
antibodies (herein jointly referred to as "IGFpathway inhibitors")
in diverse cancer types have unanimously failed to achieve their
efficacy endpoints (2). Nevertheless, the existence of "exceptional
responders" in these trials poses the question as towhether shared
sensitivity determinants could be identified and exploited for
patient selection in future clinical studies (3).

Oncogenic alterations such as EGFR-activating mutations
(4), HER2 amplification (5), and ALK rearrangements (6) have
been clinically validated to predict for response to inhibitors of
these targets. However, in the case of IGF pathway inhibitors,
clinical validation of patient selection biomarkers has yet to be
realized (3). Several alterations in IGF pathway components
have been identified in patient tumors or cancer models, which
may represent candidate selection biomarkers. Gene amplifi-
cation and overexpression of the IGF1R has been described in a
subset of estrogen receptor–positive breast cancers (7), non–
small cell lung cancers (NSCLC; ref. 8), small-cell lung cancers
(SCLC; ref. 9), and gastrointestinal stromal tumors (GIST;
ref. 10). Meanwhile, IGF1R mutations recently identified in a
subset of breast cancer patients could potentially represent
candidate oncogenic drivers (11). Down-modulation of nega-
tive regulators such as IGF binding protein-3 (IGFBP3; ref. 12)
and IGF2R (13) has been postulated to hyperactivate the IGF
pathway. In addition, several studies have identified molecular
signatures that predict in vitro sensitivity of cancer cell lines to
IGF pathway inhibitors (14–16).

Focal amplification of IGF2 was described by The Cancer
Genome Atlas (TCGA) in 7% of colorectal cancers, which was
accompanied with IGF2 mRNA overexpression (17). A further
15% of colorectal cancer samples were described to overexpress
IGF2 in the absence of alterations in IGF2 copy number or
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promoter methylation. IGF2 overexpression was mutually exclu-
sive from genetic alterations in PIK3CA, PIK3R1, and PTEN, but
not from KRAS or BRAF mutations, suggesting that IGF2 pre-
dominantly signals via the phosphoinositide 3-kinasea (PI3Ka)/
Akt pathway in these tumors. Amore recent publication described
overexpression of IGF2 in colorectal cancer to be dominantly
mediated by enhancer hijacking, rather than IGF2 amplification
(18). Meanwhile, another report proposed miR-483 as the dom-
inant oncogenic driver at the IGF2 11p15.5 amplicon (19).

Several lines of evidence have suggested that IGF2 overexpres-
sion in colorectal cancer is a codriver of tumorigenesis. Over-
expression of IGF2 in ApcMin/þ mice increased the incidence of
intestinal tumor development, which was reduced by intestinal
transgenic expression of a soluble form of the IGF2R (20, 21).
Furthermore, clinical studies have demonstrated that circulating
IGF2 is elevated in patients with colon adenomas (22) and
colorectal cancer (23) and correlates with colorectal cancer risk,
proliferative index, and progression (24, 25). Meanwhile, recent
reports have demonstrated that IGF2 overexpression by patient-
derived colorectal cancer xenografts mediates resistance to EGFR
inhibition (26, 27). Finally, IGF2 overexpression may be also
important for tumorigenesis and chemoresistance of other can-
cers (28–32).

In this report, we examined IGF2 overexpression in colorectal
cancer andother tumor types and used preclinicalmodels of these
cancers to investigate whether IGF2 expression predicts for sen-
sitivity to the IGF1R/INSR TKI BI 885578.

Materials and Methods
Compounds

BI 885578, xentuzumab (BI 836845), BMS-754807, ninteda-
nib, and the VEGF-A antibody B20-4.1 were synthesized at Boeh-
ringer Ingelheim. Docetaxel was purchased from Sigma-Aldrich.
5-fluorouracil (5-FU; Sandoz GmbH), folinic acid (Medac
GmbH), oxaliplatin, and irinotecan (both from Sanofi-Aventis
GmbH) solutions were purchased from pharmacies in Vienna,
Austria.

In vitro cellular assays
The following cell lines were generously provided by the

indicated collaborators and were cultivated at 37�C in a humid-
ified atmosphere with 5%CO2 in the culture medium described
below. GEO (from S. Pepe, University of Naples, Italy) was
cultivated as described previously (33). HCC-461 (from H.
Greulich, Dana-Farber Cancer Institute, MA; currently at Broad
Institute, MA) was cultivated in RPMI-1640/GlutaMAX, 10%
FCS. NCI-H2887 and NCI-H3255 (from H. Beug, Institute
of Molecular Pathology, Vienna, Austria) were cultivated in
ACL-4, 10% FCS, 1% nonessential amino acids, 1% sodium
pyruvate. The dates at which each cell line was obtained and
authenticated by STR analysis are shown in Supplementary
Table S1. All purchased cell lines were cultivated according to
the manufacturer's instructions. All cell lines were confirmed as
free of Mycoplasma infection using the MycoSEQ Mycoplasma
Detection Kit (Applied Biosystems). After thawing, cell lines
were passaged at least once before use in experiments. Cell lines
were used for a maximum of 10 passages.

The protocols for cell proliferation assays and Western blot
analysis of phosphorylated and total IGF1R/INSR, Akt and b-actin
have been described previously (33). Bio-Plex kits (Bio-Rad) were

used to quantitate phosphorylated IGF1R (Tyrosine 1131) and
Akt (Serine 473) and ELISA kits from R&D Systems were used to
measure IGF1R, Akt, VEGF-A and hypoxia-inducible factor a
(HIF1a). All kits were used according to the manufacturer's
instructions. The statistical comparison of data groups was per-
formed using unpaired parametric tests.

In vivo tumor models
All tumor xenografts were established by injection of cells into

the right-flanks of female BomTac:NMRI-Foxn1nu mice with 7
mice per treatment group. The methods for establishment and
randomization of GEO and CL-14 tumors and assessment of
compound efficacy have been described previously (33). For
other xenograft models, the number of cells injected, time of
randomization after injection and tumor volume range at the
beginning of treatment were as follows; C2BBe1 (5 million cells
in Matrigel, day 32, 80–105 mm3), HCT-15 (2.5 million cells in
PBS/5% FCS, day 12, 75–110 mm3), LoVo (100,000 cells in PBS/
5% FCS, day 8, 86–115 mm3), LS1034 (10 million cells in
Matrigel, day 5, 88–102 mm3) and SW48 (2 million cells in
Matrigel, day 9, 70-103 mm3).

The protocols for formulation and application of BI 885578
and the corresponding vehicle control were described previously
(33). BI 885578 was applied orally every day at doses of 40 or 20
mg/kg. Nintedanib was dissolved in 0.5% Natrosol/0.006%
Tween 80 and adjusted to pH 3.1 with 1 mol/L citric acid.
Nintedanib was applied orally every day at a dose of 50 mg/kg.
5-FU and folinic acid solutions were mixed and applied by
intravenous injection once every 2 weeks, corresponding to doses
of 100 and 20 mg/kg, respectively. Oxaliplatin was diluted 1:5 in
5% glucose (pH 6.3) and applied intravenously every two weeks
at 15 mg/kg. Irinotecan was diluted 1:5 in 0.9% NaCl and
administered intravenously once weekly at 40 mg/kg. B20-4.1
was formulated in PBS and applied by intraperitoneal injection
twice weekly at 15 mg/kg. For each compound, the selection of
dose, application route and schedule was guided by previous
reports using colorectal cancer xenografts in mice (33–36). The
tolerability of each treatment was assessed by daily measurement
of mouse body weight.

The protocols for tumor excision and lysis have been described
previously (33). Phosphorylated and total IGF1R and Akt were
measured in tumor lysates using Bio-Plex and ELISA kits as
described above.

Mice were housed under pathogen-free conditions in an AAA-
LAC-accredited facility and treated according to the institutional,
governmental and European Union guidelines (GV-SOLAS,
Felasa, Austrian Animal Protection Laws). Mouse studies were
reviewed and approved by the internal ethics committee and local
governmental committee (Amt der Wiener Landesregierung)
before initiation.

Analysis of gene mutations and expression
For gene mutation analyses from cell lines, genomic DNA

was isolated using the QIAamp DNA Mini Kit (Qiagen). One
microgram of DNA was subjected to library preparation using
the TruSeq DNA PCR-Free Library Preparation Kit (Illumina).
Libraries were subsequently sequenced using a HiSeq X device
(Illumina) with �30 coverage using the paired-end protocol
with 150 cycles.

For gene expression analyses from cell lines, RNA was isolated
using the TRI Reagent (Sigma) and RNeasy Mini Kit (Qiagen).
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Five-hundred nanograms RNA was subjected to library prepara-
tion using the TruSeq RNA Library Prep Kit v2 with poly-A
selection (Illumina). The Library was then multiplexed and
sequenced using a HiSeq 1500 device (Illumina) using paired-
end sequencing with 100 cycles.

For gene expression analyses from 43 matching patient colon
adenocarcinoma and normal colon samples obtained from Indi-
vumed GmbH, library preparation was performed as above for
cell lines. The libraries were then multiplexed and sequenced
using a HiSeq 2000 device (Illumina) using paired-end sequenc-
ingwith 100 cycles. Informed consentwas provided by patients to
Indivumed GmbH.

Results
IGF2 overexpression in colon and rectal adenocarcinoma

A recent TCGA study used log2 transformed and then
z-transformed IGF2 gene expression RPKM values from 244
colorectal cancer samples to define an IGF2 "overexpression"
cut-off value at z > 2 (17). To refine the definition of IGF2
overexpression, we used the most recently deposited TCGA
gene expression data (http://cancergenome.nih.gov/) from
623 malignant tumor samples and 91 normal colon and
normal rectum samples from TCGA and the GTeX database
(http://www.gtexportal.org/; Fig. 1A). Using the four normal
sample sets, the 97.5% cut-off value (1.96 SDs) for defining
IGF2 overexpression (herein referred to as "IGF2high") was set at

72 transcripts per million (TPM). Applying this cut-off value,
6.6% of normal colon samples overexpressed IGF2. The mech-
anism underlying IGF2 upregulation in the normal colon
samples is not understood, but could potentially involve loss
of imprinting (37). Among primary tumor samples, 15.3% of
457 colon adenocarcinomas and 21.7% of 166 rectum adeno-
carcinomas overexpressed IGF2. Using the most recent sample
sets, IGF2 amplification was detected in 3% of colorectal cancer
patients, a lower frequency compared to the 7% originally
reported by TCGA (17). A comparable frequency (13.5%) of
IGF2 overexpression was also detected in a separate set of 43
primary colon adenocarcinomas (Supplementary Fig. S1).

TCGA originally described IGF2 overexpression (z > 2) to be
mutually exclusive from alterations in the PI3Ka/Akt pathway
genes PIK3CA, PIK3R1 and PTEN, but not other commonly
described alterations in colorectal cancer such as BRAF or KRAS
mutations (17). We used the CoMEt algorithm (38) to examine
mutual exclusivity and cooccurrence of IGF2overexpression (�72
TPM) with common molecular alterations found in colorectal
cancer from the most recent TCGA data set. IGF2high status was
mutually exclusive frommutations in TP53, BRAF and PTEN (Fig.
1B; Supplementary Table S2). PIK3CA mutation was predomi-
nantly exclusive from IGF2high status; however, the difference was
not statistically significant (P ¼ 0.065) due to the relatively low
frequency of each alteration in the dataset. IGF2high status only
significantly cooccurredwithCTNNB1mutation (P¼ 0.0038; Fig.
1B; Supplementary Table S3).
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Figure 1.

IGF2 expression in colorectal cancer and normal colon. A, IGF2 expression was examined from the colon and rectal adenocarcinoma (COAD, READ) data generated
by TCGA Research Network (http://cancergenome.nih.gov/). Colon sigmoid normal and colon transverse normal expression data were derived from GTeX
database (http://www.gtexportal.org/). The IGF2high status cut-off value (TPM � 72) is indicated by the blue vertical line. Sample numbers are indicated in
brackets. B, Landscape ofmolecular alterations in combined colon and rectal carcinoma data from TCGA. Only themost commonmissensemutationswere analyzed
for PIK3CA (exons 9 and 20), BRAF (codon 600), KRAS (codons 12, 13, 61, and 146) and NRAS (codons 12, 13, and 61).
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In vitro sensitivity of colorectal cancer cell lines to BI 885578
A panel of 34 human colorectal cancer cell lines was screened

for sensitivity to BI 885578, a potent and selective IGF1R/INSR
tyrosine kinase inhibitor (33). Cell lines displaying BI 885578
GI50 values < 500 nmol/L were defined as sensitive, while GI50
values > 500 nmol/L defined resistance. IGF2 expression was the
feature most significantly associated with BI 885578 sensitivity
(adjusted P value 4.51 � 10�9; Fig. 2). The cell lines SK-CO-1,
SW948 and LS513 were sensitive to BI 885578 despite displaying
low IGF2 expression (herein referred to as "IGF2low"). BI 885578
sensitivity did not significantly correlate with the expression of
other IGF pathway genes, including IGF1R, INSR, IGF2R, IGF1,
IRS1/2 or IGFBP1-6 or common genetic alterations found in
colorectal cancer. IGF2 relative copy number gain was detected
inDLD-1 (3.08),NCI-H684 (3.01), CL-14 (2.83), and T84 (2.71),
yet only NCI-H685 and CL-14 demonstrated IGF2high status and
BI 885578 sensitivity.

To confirm that BI 885578 sensitivity of the cell lines
reflected dependence on the IGF1R/INSR and not potential
off-targets of the compound, a subset of the cell lines was tested
for sensitivity to a structurally divergent IGF1R/INSR TKI, BMS-
754807 (39). In keeping with the similar IGF1R kinase potency

of BMS-754807 and BI 885578 (33, 39), these compounds
displayed comparable GI50 values (<7.5-fold difference) on the
cell lines (Supplementary Table S4). In contrast, all cell lines
were sensitive to the antimitotic compound docetaxel with GI50
values < 10 nmol/L.

IGF pathway signaling in colorectal cancer cell lines
We next examined whether IGF2 overexpression by colorec-

tal cancer cell lines activated IGF pathway signaling. Cell lines
exhibiting IGF2 expression >250 TPM displayed robust basal
phospho-IGF1R signals, which were reduced >90% by BI
885578 treatment (Fig. 3A). The BI 885578-sensitive cell line
SK-CO-1 also displayed robust phospho-IGF1R levels, despite
low gene expression for IGF1, IGF2, and IGF1R (Figs. 2
and 3A). This could potentially be explained by the finding
that SK-CO-1 expressed the highest level of IGF1R protein
amongst all the colorectal cancer cell lines analyzed (Supple-
mentary Fig. S2A). All other cell lines with IGF2 expression
<250 TPM displayed phospho-IGF1R levels at the lower assay
detection limit, despite expressing IGF1R protein. In these cell
lines, the effect of BI 885578 on IGF1R phosphorylation could
not be accurately determined.

Figure 2.

In vitro sensitivity of colorectal cancer cell lines to BI 885578. Colorectal cancer cell lines were tested in proliferation assays with BI 885578. The cell lines are sorted
according to BI 885578 GI50 values. The expression of IGF pathway genes and the zygosity of selected gene alterations are indicated. White boxes indicate
that the depth of sequencing was not sufficient to call the status of the indicated gene. Only the most common missense mutations were analyzed for
PIK3CA (exons 9 and 20), BRAF (codon 600), KRAS (codons 12, 13, 61, and 146) and NRAS (codons 12, 13, and 61). BI 885578-sensitive ¼ GI50 < 500 nmol/L.
BI 885578-resistant ¼ GI50 > 500 nmol/L.
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The effect of BI 885578 on downstream Akt serine 473 phos-
phorylation was examined on a subset of the cell lines. In all BI
885578-sensitive cell lines, regardless of IGF2 expression status,
Akt phosphorylation was reduced >85% by BI 885578 treatment
(Fig. 3B). In BI 885578-resistant cell lines, phospho-Akt levels
were either unaffected or only partially reduced (10%–55%).
SW1417 and GP5d displayed phospho-Akt signals at the lower
assay detection limit, despite expressing Akt protein (Supplemen-
tary Fig. S2B).

Western blotting was used to examine whether autocrine IGF2
overexpression mediated constitutive IGF1R phosphorylation.
The IGF2high cell line GEO and IGF2low cell line SW48 were
treated with recombinant IGF1 at 100 ng/mL, >15-fold above
the reported IC50 for IGF1R binding (40). IGF1 moderately
increased the robust basal phospho-IGF1R/INSR signal in GEO
cells, while phospho-Akt levels were unchanged (Fig. 3C), sug-
gesting that autocrine IGF2 overexpression was saturating
IGF1R/Akt signaling. In contrast, IGF1 strongly induced IGF1R/
INSR and Akt phosphorylation in SW48 cells. In support of
the role of IGF2 secretion in pathway activation in GEO cells,

treatment with the IGF1/2 neutralizing antibody xentuzumab
(BI 836845; ref. 41) reduced IGF1R/INSR and Akt phosphoryla-
tion to a comparable extent to BI 885578 (Fig. 3D).

In vivo efficacy of BI 885578 in colorectal cancer
xenograft models

The in vivo efficacy of BI 885578 was examined in IGF2high and
IGF2low colorectal cancer cell lines xenografted to mice. At a daily
oral dose of 40 mg/kg, BI 885578 significantly inhibited tumor
growth in the IGF2high models GEO, LS1034, CL-14, and C2BBe1
with tumor growth inhibition (TGI) values between 54% and
92% (Table 1). In contrast, BI 885578 did not significantly inhibit
tumor growth in the IGF2low models SW48, LoVo and HCT-15.

In vivomodulation of IGF pathway signaling by BI 885578 was
investigated in the IGF2high model C2BBe1 and the IGF2low

model SW48. Consistent with in vitro data above, C2BBe1 tumors
displayed robust basal IGF1R phosphorylation, which was
reduced 88% following BI 885578 treatment (Supplementary
Fig. S3). SW48 tumors displayed basal phospho-IGF1R signals
at the lower assay detection limit, despite expressing IGF1R
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Figure 3.

IGF pathway signal transduction in colorectal cancer cell lines. Colorectal cancer cell lines were treated in vitro for 24 hours with BI 885578 (500 nmol/L) or an
equivalent volume of DMSO (control) in fully supplemented culture medium. Phospho-IGF1R (A) and phospho-Akt (B) levels were measured in cell lysates using
Bio-Plex assays. For each assay, mean values � SDs are presented, which were determined from three or more replicates. Mean baseline phospho-IGF1R and
phospho-Akt levels <50 U were considered below the detection limit for the assays and for these cell lines, the effects of BI 885578 treatment on those
markerswere not statistically evaluated. The cell lines are sorted according to IGF2 expression levels. IGF2high¼ TPM� 72. IGF2low¼ TPM < 72; � , P <0.05 for treated
versus control group. C, GEO and SW48 cells were treated for 10 minutes with or without IGF1 (100 ng/mL) in fully supplemented culture medium. Levels of
the indicated proteins in cell lysates were analyzed by Western blotting. D, GEO cells were treated for 24 hours with or without BI 885578 (500 nmol/L) or the
IGF1/2 antibody xentuzumab (BI 836845, 500 nmol/L) in fully supplemented culture medium before Western blotting analysis of lysates.
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protein. BI 885578 reduced Akt phosphorylation by 77% in
C2BBe1, but was without effect in SW48 tumors. IGF1R and Akt
protein levels in C2BBe1 and SW48 tumors were not significantly
altered by BI 885578 treatment.

Combination of BI 885578 with a VEGF-A antibody and other
agents in colorectal cancer models

Previous studies have demonstrated cross-talk between the IGF
and VEGF pathways in diverse tumor types (42–46). We exam-
ined the sensitivity of colorectal cancer xenograftswithdifferential
IGF2 expression to the combination of BI 885578 with the
mouse/human VEGF-A–neutralizing antibody B20-4.1, a com-
pound mimicking the therapeutic effect of bevacizumab, an
antibody selective for human VEGF-A approved for therapy of
colorectal cancer and other cancers (34). Anti–VEGF-A mono-
therapy inhibited tumor growth in all models irrespective of IGF2
expression levels with TGI values between 50% and 93% (Fig. 4;
Supplementary Fig. S4). The combinationof BI 885578with anti–
VEGF-A significantly increased TGI compared with the highest
single agent (HSA) in the IGF2high models GEO, CL-14 and
C2BBe1, but not in the IGF2lowmodels SW48 and LoVo. Notably,
this combination induced regression in the IGF2high but not
IGF2low tumors. Mice treated with BI 885578, anti–VEGF-A or
the combination of these agents did not demonstrate sustained
body weight loss >20% of baseline, indicative of acceptable
tolerability (Supplementary Fig. S5).

The IGF2high model GEO was used to investigate the com-
bination of BI 885578 with other standard or experimental
therapeutics used in colorectal cancer patients. Significant
increases in TGI compared with the HSA and tumor regressions
were observed with the combinations of BI 885578 with
irinotecan, 5-FU/folinic acid or the VEGFR/PDGFR/FGFR fam-
ily TKI nintedanib (ref. 35; Supplementary Fig. S6A and S6B).
The combination of BI 885578 with oxaliplatin likewise
improved treatment outcome but the difference to single-agent
therapy was not significant (Supplementary Fig. S6B; P ¼
0.0641). Each monotherapy and combination was tolerated
in mice, as indicated by a lack of sustained body weight loss >
20% of baseline (Supplementary Fig. S7A and S7B).

Given the efficacy of the combinations of BI 885578 with anti–
VEGF-A and nintedanib in IGF2high colorectal cancer models, we
investigated whether IGF2 influenced expression of the proangio-
genic factors HIF1a and VEGF-A. Under basal conditions in vitro,
the IGF2high cell lines GEO and C2BBe1 expressed higher levels of
HIF1a compared with the IGF2low cell lines SW48 and LoVo
(Supplementary Fig. S8). BI 885578 dose-dependently reduced

HIF1a expression. VEGF-A expression was higher in GEO cells
compared to SW48, and was suppressed >65% by BI 885578
treatment (Supplementary Fig. S9A). Recombinant IGF2 (100
ng/mL) stimulated a 3.2-fold increase in VEGF-A expression by
SW48cells,while inGEOcells, the highbasal expressionofVEGF-A
was not potentiated by exogenous IGF2 (Supplementary Fig. S9B).

IGF2 expression beyond colorectal cancer
We next examined IGF2 expression across diverse tumor types

using data from TCGA. IGF2 overexpression was defined indi-
vidually for each tumor type based on the comparison between
tumor and normal tissue samples. Tumor types for which less
than 10 normal tissue samples were available were not included.
IGF2 overexpression at a frequency comparable with that in colon
and rectal adenocarcinomas was detected in bladder urothelial
carcinoma (29%), hepatocellular carcinoma (HCC; 20%), lung
adenocarcinoma (13%), and lung squamous cell carcinoma
(11%; Fig. 5A). Additional tumor types also exhibited IGF2
overexpression in smaller patient subsets. IGF2 amplification was
detected at low frequency (1%–3%) in several tumor types (Fig.
5B).However, amongst these, uterine endometrial carcinomawas
the only tumor type, other than colorectal cancer, to exhibit IGF2
overexpression in a subset of patients (Fig. 5A).

In vitro effects of BI 885578 in non-colorectal cancer cell lines
BI 885578 sensitivity of a panel of 64 non-colorectal cancer cell

lines displaying differential IGF2 expression levels was investi-
gated using proliferation assays. IGF2high status was defined as
above at �72 TPM. IGF2 expression levels on this cell line panel
correlated significantly (P ¼ 0.003) with BI 885578 sensitivity
(Fig. 6A; Supplementary Table S5). Nevertheless, 8/43 IGF2low

cell lines were also sensitive to BI 885578, indicating other
mechanisms of IGF pathway dependence.

The levels of phospho-IGF1R were next quantitated on a subset
of NSCLC, ovarian carcinoma (OC), HCC and rhabdomyosarco-
ma (RMS) cell lines with differential IGF2 expression. Similar to
our findings in colorectal cancer cell lines shown above, cell lines
with IGF2 expression >350 TPM typically displayed robust basal
phospho-IGF1R signals, which were reduced by BI 885578 treat-
ment (Fig. 6B). These cell lines were also sensitive to BI 885578 in
proliferation assays (Fig. 6A; Supplementary Table S5). The only
exception was NCI-H2085 that displayed low phospho-IGF1R
levels and BI 885578 resistance despite high IGF2 expression. Cell
lines with lower IGF2 expression typically displayed phospho-
IGF1R levels at the lower assay detection limit, despite expressing
IGF1R protein (Supplementary Fig. S10).

Table 1. Efficacy of BI 885578 in colorectal cancer xenograft models

Model IGF2 (TPM)
IGF2
Classification KRAS PI3K p110a

BI 885578
TGI (%)

P
(vs. control)

Treatment
duration (days)

CL-14 3,223 High ND WT 92 0.0009 26
LS1043 1,649 High WT ND 54 0.0041 22
GEO 683 High G12A WT 69–75 0.0003–0.0012 17–22
C2BBe1 410 High WT WT 72 0.0009 22
LoVo 5 Low G13D WT 10 0.31 21
SW48 1 Low WT G914R 4 0.4024 18
HCT-15 1 Low G13D E545K/D549N 32 0.0641 17

NOTE: Tumor-bearingmice (7/group)were treatedwith BI 885578 (40mg/kg) or vehicle control. IGF2 gene expression andmutation status of KRAS and PI3K p110a
for the corresponding cell line grown in vitro are indicated for each xenograft model. The TGI and corresponding P values (BI 885578 vs. control group) were
calculated on the last day of treatment. The GEOmodel was tested in five independent experiments and the range of TGI values, P values and treatment durations is
indicated. Tumor models are sorted according to IGF2 expression. IGF2high ¼ TPM � 72. IGF2low ¼ TPM < 72.
Abbreviations: ND, not determined; WT, wild-type.
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Discussion
Despite a large preclinical database on the role of the IGF

pathway in cancer and considerable clinical efforts to develop
inhibitors of this pathway for cancer therapy, including IGF1R/
INSR TKIs and IGF1R blocking antibodies, none of these drug
candidates has so far demonstrated convincing efficacy, wheth-
er as a single agent or in combination with established treat-
ment modalities. In contrast with other oncogenic drivers such
as EGFR or ALK, genetic alterations of the IGF1R that confer a
selective growth advantage to cancer cells as well as sensitivity
to IGF pathway inhibitors have not been identified. A few
molecular determinants of sensitivity to IGF pathway inhibi-
tors have been described in the past but have not been
clinically validated. In particular, expression of IGF2 in colo-
rectal cancer has been analyzed previously by several groups
(17, 18, 47).

Our study has first attempted to reassess the role of IGF2 in
cancer based on large gene expression datasets from colorectal
cancer (>600 patients) and other cancer types that have recently
become available as well as a new, stringent definition of "IGF2
overexpression" based on differential expression between nor-

mal and cancerous samples. Using this approach, we detected
IGF2 overexpression in about 15% of colorectal cancers, in
substantial subsets of bladder carcinomas (about 30%), hepa-
tocellular carcinomas (20%), and NSCLC (around 10%), as
well as smaller fractions of patients with other malignancies.
Interestingly, IGF2 gene amplification was detected in only a
small subset of IGF2-overexpressing colorectal cancer samples,
indicating that other mechanisms (e.g., epigenetic alterations)
must be responsible for upregulation of IGF2 in the majority of
patients.

In anext step,we showed that IGF2 expression correlateswith in
vitro sensitivity to the potent and selective IGF1R/INSR TKI BI
885578 in a large panel of colorectal cancer cell lines. Further-
more, IGF2-overexpressing cell lines from other tumor types were
also sensitive to BI 885578. Autocrine IGF2 overexpression drove
constitutive activation of the IGF1R and downstream Akt signal-
ing, which could be inhibited by BI 885578. Constitutive basal
IGF1R phosphorylation coupled with BI 885578 sensitivity,
indicative of IGF2-driven pathway hyperactivation, was only
observed in cell lines with IGF2 expression above 250 TPM;
whether this cutoff value is of relevance in the in vivo situation
requires further investigation. Interestingly, several cell lines
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Figure 4.

Efficacy of the combination of BI 885578 with anti–VEGF-A in colorectal cancer xenograft models. For each xenograft model, tumor-bearing mice (7/group) were
treated with vehicle control, BI 885578 (40 mg/kg), anti-VEGF-A (15 mg/kg) or the combination of these agents. Relative tumor volume to baseline for
each mouse and TGI data for each group are indicated for the last day of treatment. Data for only 6 CL-14 tumor-bearingmice are indicated in the BI 885578-treated
group due to the unexplained mortality of one mouse on day 19. The indicated P values refer to the comparison of TGI data from the combination versus
the highest single agent (HSA). IGF2high ¼ TPM � 72. IGF2low ¼ TPM < 72.
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displaying low IGF2 expression and low basal phospho-IGF1R
levels were also sensitive to BI 885578. The identification of
common sensitivity determinants in these cell lines would be of
high interest as this may broaden the utility of IGF pathway
inhibitors.

We next attempted to translate our in vitro results to the in vivo
setting using immunodeficient mice bearing subcutaneous
human tumor transplants. Although BI 885578 monotherapy
significantly inhibited the growth of IGF2-overexpressing colo-
rectal cancer xenografts, tumor shrinkage was not typically
observed. This "suboptimal" efficacy associated with selectively
targeting the IGF2 axis could potentially be explained by the
activity of parallel oncogenic driver pathways (e.g., EGFR, RAF,
RAS,Wnt; ref. 48). In support of this, dual inhibition of the IGF1R
and EGFR was previously demonstrated to be necessary to induce
regression of IGF2-overexpressing colorectal cancer patient-
derived xenograft tumors (27). Meanwhile, combination of the
IGF1/2 antibody MEDI-573 with diverse targeted agents (EGFR,
HER2, mTORC1/2, MEK1/2, and Akt inhibitors) was recently
shown to significantly increase efficacy compared with mono-
therapy in IGF2-overexpressing colorectal cancer models (49).

In the framework of our drug combination studies, we found
the combination of BI 885578 with a VEGF-A antibody to be
particularly efficacious and able to induce regression of IGF2-
overexpressing colorectal cancer xenograft tumors. The high effi-

cacy of this combination could potentially be explained by cross-
talk between the IGF- and VEGF-pathways. Recombinant and
autocrine IGF ligands induce VEGF expression in cancer cell lines
(42, 43). Meanwhile, a correlation between IGF2 and VEGF
expression has been established in selected tumor types
(45, 46). A recent report indicated that paracrine IGF2 from
esophageal cancer cells induces adjacent tumor stromal fibro-
blasts to express VEGF, which in turn facilitates the formation of
distant premetastatic niches by VEGFR1-expressing bone marrow
cells (46). Intriguingly, the VEGF-A antibody bevacizumab was
described to induce IGF1 in ovarian cancer xenografts and syn-
ergistically reduce tumor growth in combination with the IGF1R
antibody cixutumumab (44). In line with these findings, we
detected high HIF1a and VEGF-A levels in IGF2-overexpressing
colorectal cancer cell lines, which were reduced by BI 885578. The
combination of IGF pathway inhibitors with antiangiogenic
agents has not been extensively examined in clinical trials. On
the basis of our data, it would be of high interest to explore this
combination strategy in colorectal cancer patients exhibiting IGF2
overexpression.

In addition to the now well-documented need to restrict
treatment with IGF pathway inhibitors to patients with IGF2
overexpression, the selection of the best possible type of inhibitor
deserves further consideration.Monoclonal antibodies binding to
the IGF1R may not be able to efficiently block signaling of IGF2
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IGF2 overexpression across tumor types. A, IGF2 expression was examined from the indicated tumor types based on data generated by TCGA Research
Network (http://cancergenome.nih.gov/). The percentage of patients displaying IGF2 overexpression is indicated for each cancer type. The number of tumor (t)
and normal (n) samples is indicated in brackets. B, Frequency of IGF2 amplification across tumor types using data generated by TCGA. Only tumor types with
an IGF2 amplification frequency >1% and sample number �10 were included. Sample numbers are indicated in brackets.
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(as opposed to IGF1) through IGF1R and are unable to inhibit
signaling through the INSRA (41, 50). Low-molecular weight
inhibitors of the IGF1R tyrosine kinase function invariably also
inhibit the closely related INSRB kinase and thus severely disturb
glucose homeostasis; this dose-limiting liabilitymay beovercome
by second-generation compounds such as BI 885578 character-
ized by a novel pharmacokinetic profile. Monoclonal antibodies
to the IGF ligands, such as xentuzumab or MEDI-573, block IGF2
signaling through all relevant homo- andheterodimeric receptors,
but do not affect insulin signaling (41, 49). Such antibodies are
therefore well tolerated as single agents and may be perfectly
suitable for use in combinations.

In summary, our study indicates that IGF2 is overexpressed in a
subset of colorectal cancer and other cancer types and constitu-
tively activates the IGF pathway to confer sensitivity to the IGF1R/
INSR TKI BI 885578. It will be of high interest for future clinical
trials of IGF1R/INSR TKIs and IGF1/2 antibodies to explore the
potential of IGF2 as a patient selection biomarker. In the subset of
patients with high IGF2 expression, combination of well-tolerat-

ed IGF pathway inhibitors with antiangiogenic agents will be
particularly attractive.
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