Insulin-like growth factor receptor (IGF-1R) in breast cancer

subtypes

Rinat Yerushalmi - Karen A. Gelmon - Samuel Leung -
Dongxia Gao - Maggie Cheang - Michael Pollak -
Gulisa Turashvili - Blakes C. Gilks - Hagen Kennecke

Abstract Insulin-like growth factor-1 receptor (IGF-1R)
is expressed in normal and malignant breast tissue and has
been implicated in cell survival and resistance to cytotoxic
therapies. We sought to assess the prognostic impact of
IGF-1R expression among patients with early breast cancer
and among breast cancer subtypes. Patients with stages
I-IIT breast cancer with archival tumor tissue were inclu-
ded. Paraffin tissue blocks were used to construct a tissue
microarray that was stained for ER, PR, Ki-67, HER2,
EGFR, and cytokeratins 5/6 to classify the breast sub-
groups and for expression of IGF-1R, p27, and Bcl2 by
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immunohistochemistry. Kaplan—Meier plots were created
by subtypes. Associations between IGF-1R and prognostic
variables were examined in multivariate analysis. Among
2,871 eligible women the prognostic cut point for IGF-1R
expression for breast-cancer-specific survival (BCSS) was
Allred score <7 versus >7. IGF-1R was >7 in 52%
(LuminalA), 57.5% (LuminalB), 44.8% (LuminalHER?2),
9.7% HER2-enriched, and 22.5% (Basal-like), P = 1.3 x
1072, IGF-1R+ was associated with age >50, lower his-
topathology grade, ER+, HER2 negativity (—), high p27
and high Bcl2 score. IGF-1R >7 was associated with better
BCSS among LuminalB patients, hazard ratio = 0.64
(0.49-0.84); P = 1.2 x 10> and worse outcome in the
HER2-enriched subtype, hazard ratio = 2.37 (1.21-4.64);
P = 0.012. IGF-1R correlates with good prognostic
markers among patients with early breast cancer and is
differentially expressed with variable prognostic impact
among breast cancer subtypes. Results may have relevance
to the development of therapeutics targeting IGF-1R.

Keywords Insulin-like growth factor receptor -
IGF-1R, breast cancer - Subtypes - Basal-like, HER2

Introduction

Insulin-like growth factor-1 receptor (IGF-1R) is a
homodimeric receptor tyrosine kinase activated by IGF I/I
ligand binding which results in tumor growth and apoptosis
blockade [1-6]. This receptor is present in breast cancer as
well as other malignancies [7]. Recently, Law et al. [8]
have shown that activated IGF-1R may be expressed in all
breast cancer subtypes, regardless of estrogen receptor
(ER) or HER?2 status.
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The prognostic and predictive role of IGF-1R is not
clearly defined in the literature. Although some investigators
have found no correlation with IGF-1R and outcome [9], a
recent study of 438 patients with early breast carcinoma
reported inferior breast-cancer-specific survival (BCSS) for
cases with high levels of phosphorylated IGF-1R [§8]. In
another study with 126 breast cancer patients, patients with
ER negative (—), IGF-1R positive (4) tumors had a worse
prognosis [10]. This is in contrast to other reports of IGF-1R
as a favorable prognostic factor [11-13]. Differing tech-
niques for assessing the marker and defining its expression
may have contributed to the prognostic difference.

Targeting the IGF-1R pathway is an active area of
research and a number of agents are in various stages of
development. These include antibodies directed at IGF-1R,
antisense agents, and small molecules [14-25]. Further
understanding of the pattern of IGF-1R expression in breast
cancer subtypes and its impact on prognosis may be useful
as these agents are being developed.

To define IGF-1R expression and its prognostic rele-
vance in early breast cancer we set out to:

(1) Determine an optimal prognostic cut-point for IGF-
IR expression by immunohistochemistry.

(2) Compare IGF-1R expression in benign versus malig-
nant breast tissues.

(3) Describe IGF-1R expression and determine its prog-
nostic impact in breast cancer subtypes in multivar-
iable analysis using conventional prognostic markers.

(4) Examine associations between IGF-1R and p27, a cell
cycle inhibitor [26, 27], and Bcl2, an anti-apoptotic
marker [28, 29].

Patients and methods

Patients with AJCC stage I-III breast cancer [30, 31]
referred to the BC Cancer Agency between 1986 and 1992
with archival tissue were included (n = 4,046). Benign
breast tissue from 120 patients without a breast cancer
diagnosis was obtained from the Vancouver Coastal Health
Pathology Department. Benign histological diagnosis
included sclerosing adenosis, radiation scar, and papillo-
mas. The full list is in Table 1.

Among patients with invasive breast cancer, tissue cores
were extracted from archival blocks of the primary breast
tumor and used to construct tissue microarrays as previ-
ously described [32, 33]. Patient and tumor characteristics
were reported and included age, tumor size (T), nodal
status (N), estrogen receptor (ER), progesterone receptor
(PR), and grade. IGF-1R staining was performed using
Santa Cruz rabbit polyclonal antibody Cat# sc-713, lot
C3005.

Table 1 Diagnoses of epithelial tissue used in the benign tissue
microarray

Diagnosis Cases (%)
Sclerosing adenosis 29 (24.2)
Radial scar 28 (23.3)
Papilloma 27 (22.5)
Nipple duct adenoma 15 (12.5)
Duct adenosis 11 (9.2)
Tubular adenoma 2 (1.6)
Others 8 (6.6)
Total 120 (100)

Staining of all cases was done as a single run on the
automated Ventana immunostainer. Positive controls were
applied and the marker was scored according to Allred
scoring system from O to 8 [7, 34-37]. IGF-1R stained
tissue microarrays were digitally scanned. Stains can be
seen on the web site: http://www.gpecimage.ubc.ca user-
name: igflr password: abc123.

Immunohistochemical staining for the biomarkers ER,
PR, HER2, Ki-67, EGFR, and CK 5/6 on each of the tissue
microarray slides used the standard streptavidin—biotin
complex method with DAB chromogen. Staining and
interpretation of ER, PR, HER2, Ki-67, EGFR, and CK 5/6
have been previously described [38, 39]. ER and PR pos-
itivity were defined as any positive nuclear staining (i.e.,
>1%) and HER?2 positive cases were defined as IHC 3+ or
if IHC 24, FISH with amplification ratio >2.0. Samples
with fewer than 50 tumor cells in the TMA cores were
considered uninterpretable and were excluded from anal-
ysis. Pathologists scoring the tissue microarrays were
blinded to the clinico-pathological characteristics and
outcome of each case.

For Bcl2 staining the Dako, mouse clone 124, cat#
MO0887, 1:200 was used and the staining was performed on
an automated Bond-MAX platform (Leica Microsystems),
with Tris—=EDTA pH 9.0 for 20 min using Bond polymer
Refine (F protocol) detection kit. The p27 staining was
done with mouse monoclonal antibody (1:100 dilution,
clone 57, cat#610241, BD Transduction), and the staining
was performed on a semi-automated Ventana Discovery
XT System using pre-diluted Ventana Universal Secondary
Antibody and DAB MAP detection system. Antigen
retrieval included a mild Cell Conditioner 1. For the
analysis a binarized score was used. Cases with more than
50% of the tumor nuclei staining for p27 were considered
positive for p27. Bcl2 was scored by staining intensity (0
no staining, 1 weak staining, 2 moderate staining, 3 strong
staining) and the percentage of positive cells (1-100).
Positive cases were defined as those with 1 or higher
staining intensity in more than 10% of the cells.
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Fig. 1 Patient selection

British Columbia breast cancer cases submitted for central ER testing (1986-1992).
Cases with complete outcome and FFPE block containing histologically representative
invasive breast cancer .

n=4046

— O\

Cases with assignable breast cancer subtypes
n=3194

Cases with interpretable IGF-1R scores
n=3329

l

l

Cases with assignable breast cancer subtypes and interpretable IGF-1R scores

n=2871

Breast cancer molecular subtypes were classified
according to a gene expression profile-validated immuno-
histochemical surrogate panel [38—40]. LuminalA (ER+
and/or PR+, and Her2— and Ki-67 < 14%), LuminalB
(ER+ and/or PR+ and Her2— and Ki-67 > 14%), Lumi-
nal/HER2 (ER+ and/or PR+ and Her2+, regardless of
Ki67 status), HER2-enriched (ER— and PR— and Her2+),
and Basal-like (ER— and PR— and Her2— and (EGFR+
and/or CK 5/6+)).

Cases were excluded due to uninterpretable IGF-1R
staining (n = 717 in breast cancer cases and 10 among
benign breast cases) or undetermined subtype (n = 548).
Tumors staining negative for ER, PR, HER2, and negative
for either CK5/6 or EGFR (non-Basal triple negative) were
excluded as well (n = 304). Three cases were excluded
due to unknown cause of death (Fig. 1).

Statistical analysis

The malignant breast cancer study cohort was divided into
a training (n = 1,433) and validation (n = 1,438) set for
the purpose of a split-sample validation analysis approach.
Exploratory analyses were performed on the training set
and repeated on the validation cohort. The details and
rationale behind this approach are described in a previous
publication [41]. Statistical analyses were performed using
SPSS 17.0 (SPSS, Inc.) and R 2.9.1 (http://www.r-project.
org/). A two-sided alpha level of 0.05 was used for all
statistical tests. Survival analyses were performed using
Kaplan-Meier plots and Cox proportional hazards
regression models. Generalized Wilcoxon test using the
Breslow method was used to compare survival curves on
the Kaplan—Meier plots. Survival end points includes
breast-cancer-specific (BCSS), overall (OS), and relapse-
free (RFS) survival. Local, regional, distant relapse, and
breast cancer death events were included in the RFS
endpoint. Proportional hazard assumption of the Cox
regression models were tested by examining scaled

Schoenfeld residual plots. Kendall’s tau-b and Mann—
Whitney U tests were used to measure the correlation of
IGF-1R expression to clinical parameters and other bio-
markers. To assess the prognostic effect of IGF-1R Allred
score as a dichotomized variable, the X-tile version 3.6.1
was used. The X-tile program split the cohort randomly
into matched training and validation set as a method for
selecting optimal cut-points. It is a graphical method that
shows the robustness of the relationship between a bio-
marker and outcome [42]. The optimal cut-off point for
IGF-1R was determined by applying this program on the
training set (n = 1,432 with 1 case with unknown cause of
death excluded) using BCSS as the end point. In X-tile
analysis the Allred score which maximized differences in
BCSS (based on Log-rank statistics) was chosen. The cut-
off point analysis was performed on the training set only
to avoid biased results due to “over-fitting.” Further
analyses were done using IGF-1R Allred score as a con-
tinuous variable on breast-cancer-specific survival using
various smoothing methods [43].

Results of the exploratory analyses of IGF-1R continu-
ous Allred score using smoothing methods, Schoenfeld
residual plots on selected Cox regression models, and
cohort characteristics as well as IGF-1R correlation with
selected clinicopathological variables on the training/vali-
dation set are presented as Supplemental material.

The study was approved by the University of British
Columbia Research FEthics Board and methodology is
consistent with REMARK criteria [44, 45].

Results

A total of 2,871 eligible patients with early breast cancer
and complete scoring data for IGF-1R and an intrinsic
subtype assignment based on immunohistochemistry were
included. Median follow-up was 10 years. Twenty-six
percent of the patients had received adjuvant chemotherapy,
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Fig. 2 IGF-1R breast-cancer-specific survival Kaplan—-Meier plots. a Training and validation set (n = 2,871). b Training set (n = 1,433).

¢ Validation set (n = 1,438)

41% received adjuvant hormonal treatment, and 7.1% had
received both modalities.

In X-tile analysis on the training set with BCSS as the
end point, the prognostic value of IGF-1R was maximized
when IGF-1R Allred score was dichotomized as <7 versus
>7 defined (Fig. 2a—). Log-rank test on the training set
with Miller—Siegmund correction for multiple comparisons
indicates that IGF-1R is significantly associated with BCSS
(P = 0.0059). When X-tile analysis was repeated on the
validation and the entire cohort the optimal cut-point
remained <7 versus >7. Using this cut-off point, a total of
1,335 patients, 46% of the entire cohort, were scored as
IGF-1R positive (+).

The prognostic value of IGF-1R was further assessed
using continuous Allred score. Four smoothing methods
were applied to explore any non-linear relationship
between IGF-1R Allred score and outcome. Three of the
four models showed that the hazard changes are minimal

for Allred score between 0 and 6, and Allred score greater
or equal to 7 corresponds to lower hazard (superior sur-
vival), agreeing with the single-cut point approach (data is
shown in Supplemental material).

IGF-1R expression was compared between the 2,871
malignant and 110 benign cases. Mean and the median scores
were 5.5 and 6.0 in benign tissue and 6.25 and 6 in malignant
tissue. Malignant cases were more frequently IGF-1R+
(46%) compared to the benign cohort (15%). Kendall’s rank
correlation tau = —0.118, P = 1.4 x 107'°. Detailed
scoring for all the study cohort is presented in Table 2.

IGF-1R stratified by prognostic variables

Table 3 provides a correlative analysis between IGF-1R
expression and select clinical and pathologic variables.
IGF-1R+ status was associated with ER positivity, HER2
negative status, and high Bcl2 score. IGF-1R positivity was
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Table 2 Allred score in the benign and malignant study breast cases

Allred score Malignant (whole) % Benign %
(n = 2871) (n = 110)

0 3.0 6.4

1 0 0

2 0 0

3 0.2 0.9

4 2.6 3.6

5 10.2 16.4

6 374 57.3

7 34.2 155

8 12.3 0

Table 3 Univariate analysis of
IGF-1R expression and select
clinical, pathologic, and
molecular variables among
2,871 women with stage I-III
breast cancer

Detail distribution of
clinicopathological variables
among training/validation set
shown in Supplemental material
(Table Sla, b)

2 A correlation coefficient of
“—1” and “+1” indicate a
“complete” negative and
positive association,
respectively. A correlation
coefficient of “0” indicates no
correlation

® Kendall’s tau values shown

weakly correlated with age >50, lower histopathology
grade and high p27 score. No significant correlation
between p27 and IGF-1R was observed on the validation set
(P = 0.3). No correlation was found with tumor size and
LVI. A low Ki-67 score was correlated with IGF-1R on the
validation set but not in the training set. Pertained Kendall’s
rank correlation tau and P values are presented in Table 3.

IGF-1R and breast cancer subtypes

The study cohort was subsequently divided into five breast
cancer subtypes (Table 4) as defined by immunohisto-
chemical markers and described above: LuminalA (1,356),

Variable Whole cohort

IGF-1R— (Allred < 7)

No. cases (%)

Correlation
coefficient™®

IGF-1R+ (Allred > 7)
No. cases (%)

Chi-square
test P value

Age (n = 2871)

<50 488 (60%)

>50 1048 (50.9%)
Grade (n = 2753)

1 62 (47.3%)

2 557 (48.7%)

3 864 (58.4%)

Tumor size (n = 2849)

<2 cm 788 (52.6%)

>2-5 cm 663 (54%)

>5cm 72 (59%)
Positive nodes (n = 2733)

0 776 (52.2%)

>0 685 (54.9%)
LVI (n = 2754)

Negative 771 (52.6%)

Positive 709 (55%)
ER (n = 2869)

Negative 492 (80.7%)

Positive 1044 (46.2%)

HER2 (n = 2871)

Negative 1220 (50%)

Positive 316 (73.7%)
Ki-67 (n = 2832)

Negative 792 (51.4%)

Positive 718 (55.6%)
P27 (n = 2752)

Negative 1469 (54.2%)

Positive 13 (30.2%)
Bcl2 (n = 2829)

Negative 479 (78.7%)

Positive 1031 (46.4%)

326 (40.0%) 0.081 13 x 1073
1009 (49.1%)
69 (52.7%) —0.096 1.6 x 107°
586 (51.3%)
615 (41.6%)
710 (47.4%) —0.021 0.35
566 (46.1%)
50 (41%)
710 (47.8%) —0.027 0.16
562 (45.1%)
695 (47.4%) —0.025 0.2
579 (45.0%)
118 (19.3%) 0.283 9.7 x 10732
1215 (53.8%)
1222 (50%) —0.169 1.1 x 107"
113 (26.3%)
749 (48.6%) —0.042 0.025
573 (44.4%)
1240 (45.8%) 0.06 1.7 x 1073
30 (69.8%)
130 (21.3%) 0.265 3x107%

1189 (53.6%)
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Table 4 Known clinical, pathologic, and treatment characteristics among 2,871 patients with early breast cancer with known IGF-1R status
according to breast cancer subtype

Variable

LuminalA
No. cases (%)

LuminalB
No. cases (%)

Luminal/HER2
No. cases (%)

HER2-enriched
No. cases (%)

Basal-like

No. cases (%)

P value Chi-square
(unless stated otherwise)

Sample size
N

Age (in years)
Median

Pre-menopause
Yes

1356

62

319 (23.5%)

779

60

260 (33.4%)

203

58

61 (30.0%)

No 1011 (74.6%) 505 (64.8%) 133 (65.5%)
Path T stage

T1, T2 1186 (87.5%) 648 (83.2%) 163 (80.3%)

T3, T4 54 (3.98%) 38 (4.88%) 18 (8.87%)
Positive nodes

0 734 (54.1%) 389 (49.9%) 79 (38.9%)

1-3 397 (29.3%) 225 (28.9%) 59 (29.1%)

4+ 158 (11.7%) 126 (16.2%) 51 (25.1%)
Grade

Gl 106 (7.82%) 20 (2.57%) 2 (0.985%)

G2 709 (52.3%) 304 (39%) 51 (25.1%)

G3 467 (34.4%) 431 (55.3%) 143 (70.4%)
Lympho-vascular invasion

Neg 768 (56.6%) 353 (45.3%) 76 (37.4%)

Pos 532 (39.2%) 390 (50.1%) 123 (60.6%)
Surgery

Mast. 676 (49.9%) 427 (54.8%) 125 (61.6%)

Partial mast. 656 (48.4%) 341 (43.8%) 77 (37.9%)
Initial systemic therapy

None 590 (43.5%) 263 (33.8%) 56 (27.6%)

Tamox. 521 (38.4%) 281 (36.1%) 84 (41.4%)

Chemo 165 (12.2%) 155 (19.9%) 39 (19.2%)

Tamox. Chemo 78 (5.75%) 74 (9.5%) 24 (11.8%)
Radiation therapy

No 560 (41.3%) 350 (44.9%) 85 (41.9%)

Yes 796 (58.7%) 429 (55.1%) 118 (58.1%)
IGF-1R

Allred < 7 651 (48%) 331 (42.5%) 112 (55.2%)

Allred > 7 705 (52%) 448 (57.5%) 91 (44.8%)

226 307
58 52 2.3 x 1072' (ANOVA test)
79 (35.0%) 132 (43%) 1.1 x 10712
145 (64.2%) 163 (53.1%)

185 (81.9%) 253 (82.4%) 1.1 x 10712
19 (8.4%) 19 (6.19%)

97 (42.9%) 187 (60.9%) 9.3 x 10710
67 (29.6%) 79 (25.7%)

53 (23.5%) 32 (10.4%)

2 (0.885%) 1 (0.326%) 3.1 x 107%
45 (19.9%) 34 (11.1%)

173 (76.5%) 265 (86.3%)

99 (43.8%) 170 (55.4%) 5.1 x 107!
120 (53.1%) 123 (40.1%)

135 (59.7%) 151 (49.2%) 1.9 x 1073
88 (38.9%) 151 (49.2%)

99 (43.8%) 163 (53.1%) 22 x 107%
40 (17.7%) 30 (9.77%)

78 (34.5%) 99 (32.2%)

9 (3.98%) 15 (4.89%)

81 (35.8%) 116 (37.8%) 0.074

145 (64.2%) 191 (62.2%)

204 (90.3%) 238 (77.5%) 13 x 1072

22 (9.73%) 69 (22.5%)

Mast mastectomy, Surg surgery, Tamox tamoxifen, Chemo chemotherapy

LuminalB (779), Luminal/HER2 (203), HER2-enriched
(226), and Basal-like (307). Median age was generally
similar with exception of the Basal-like subtype with a
median of 10 years younger. LuminalA cases were more
likely to present with T1 stage disease (P < 2x107'°).
Negative axillary nodal status was found in more than half
of the LuminalA and core Basal-type cases. IGF-1R high
expression (Allred score > 7) was seen in a significant
proportion of LuminalA (52%), LuminalB (57.5%) and

Luminal/HER2+ (44.8%) patients, whereas 90.3% with
HER2-enriched and 77.5% with Basal-like were IGF-1R
negative (Allred score < 7).

Survival estimates according to IGF-1R positivity were
generated for the whole cohort and among breast cancer
subtypes. IGF-1R positivity was associated with superior
relapse-free survival, breast-cancer-specific survival, and
overall survival (OS). Ten-year BCSS was 77.5% for
IGF-1R positive versus 69.6% for IGF-1R negative,
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Table 5 Univariate analyses for breast-cancer-specific survival according to IGF-IR expression among 2,871 patients

Cohort Follow-up IGF-1R+ (Allred < 7) IGF-1R+ (Allred>7) Log-rank P value Breslow P value Univariate Cox model
(years) survival % [95% CI] survival % [95% CI] P value using continuous
IGF-1R Allred score
Whole 5 80.0 [78.0-82.1] 89.3 [87.6-91.0] 1.1 x 107° 2.89E—08 1.0 x 1072
10 69.6 [67.2-72.0] 77.5 [75.2-79.9]
Training 5 78.8 [75.9-81.8] 88.6 [86.2-91.1] 7.2 x 1073 4.03E—06 0.027
10 67.7 [64.4-71.3] 77.7 [74.5-81.1]
Validation 5 81.3 [78.6-84.1] 90.0 [87.7-92.3] 34 x 1073 1.27E—03 0.014
10 71.4 [68.2-74.8] 77.2 [74.0-80.7]

P =29 x 107% (Table 5). IGF-1R had variable effects on
survival among individual breast cancer subtypes (Fig. 3a—e,
Table 6). Among LuminalB patients IGF-1R+4 conferred
an improved BCSS (P = 1.9 x 10™%). A trend for superior
outcomes was also observed among Luminal/HER2
tumors, P = 0.076. The opposite effect was seen in
patients with HER2-enriched subtype where IGF-1R pos-
itivity conferred a trend of inferior outcomes (P = 0.069),
Fig. 3d.

The prognostic effect of IGFR-1R expression was fur-
ther evaluated in multivariate models among patients with
LuminalB and in HER2-enriched tumors. IGF-1R positiv-
ity was associated with improved BCSS among patients
with LuminalB, HR =0.64 (95% CI 0.49, 0.84),
P =12 x 107>, In multivariate analysis of HER2-enri-
ched tumors, IGF-1R was associated with an inferior
prognosis, HR = 2.37 (95% CI 1.21. 4.64), P = 0.012.
Multivariate analyses included age, grade, LVI, number of
positive nodes, tumor size, chemotherapy, hormonal
treatment, and IGF-1R expression (Tables 7, 8). Analyses
were repeated according to adjuvant systemic treatment as
was delivered during the study era. The women were
divided into one of the three groups: no adjuvant systemic
therapy, tamoxifen only, chemotherapy + tamoxifen. Cox
model was adjusted to age (<50 vs. >50 years), T size (<2
vs. >2 cm), number of positive lymph nodes (0 vs. >0),
grade, LVI and IGF-1R (0-6 vs. 7, 8). These additional
analyses supported our results: IGF-1R was a good prog-
nostic marker for LuminaB subtype and a bad prognostic
marker for HER2-enriched patients (though for HER2
enrich subtype P value was not statistically significant)
(Table 9).

Discussion

In this large study, we set out to define a prognostic cut-off
point for IGF-1R expression and define its prognostic
impact in uni- and multi-variate analysis among breast
cancer subtypes. IGF-1R was highly expressed in half of

the cohort and was associated with improved outcomes. To
our knowledge this is the largest report to study the asso-
ciation and the prognostic value of IGF-IR among the
different breast subtypes. The observation that IGF-1R
expression has a differential prognostic impact in Lumi-
nalB and HER2-enriched tumors is novel.

An accepted cut-point for IGF-1R positivity has not
been described in the literature. Various cut-points such as
an Allred score 0-2 versus 3-8 [7, 36] or score 0 versus
2-4 versus 5-6 versus 7-8 [34] have been reported. Others
investigators avoided any dichotomy and only reported the
0-8 Allred score values [35]. There is no consensus on the
cut-off points or mode of reporting IGF-1R which pre-
cludes comparisons between studies. A standard method-
ology and scoring system as well as accepted cut-off points
may facilitate assessment of this marker and comparison of
results from different laboratories. In this study we have
defined a prognostic cut-point for IGF-1R in a training and
validation large cohort of patients and optimized this cut-
off by X-tile analysis.

Previous studies have shown that IGF-1R overexpres-
sion or constitutive activation is sufficient to induce
mammary tumor development in vivo [46]. Our analysis of
IGF-1R expression in benign versus malignant breast tissue
indicates a significantly higher level of IGF-1R positivity
as defined by an Allred score of >7. Benign tissue included
in this study included a number of different entities with
different proliferative rates which may affect IGF-1R
expression.

The observation that IGF-1R has a varied prognostic
role in the different subtypes might be related to cross-talk
between signaling pathways. The favorable outcome for
the LuminalB in correlation with high expression of the
receptor is in contrast to a previous study suggesting that
LuminalB tumors have hyperactive GFR/PI3K signaling
and are associated with poor prognosis [47]. An earlier
study by the same group showed that tumors that mani-
fested IGF-I signature had a poor outcome event, however,
it should be noted that this group examined the expression
patterns of the genes which are induced or repressed by
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a Luminal A, n=1,356 b Luminal B, n=779
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Table 6 Univariate analyses for breast-cancer-specific survival according to IGF-IR expression among 2,871 patients stratified by breast cancer

subtypes

Cohort LuminalA LuminalB Luminal/HER2 HER2-enriched Basal-like
HR (95% CI); HR (95% CI); HR (95% CI); HR (95% CI); HR (95% CI);
P value P value P value P value P value

Whole cohort

Dichotomized
Continuous

Training set
Dichotomized

Continuous

0.92 (0.71-1.18);
P =050

1.01 (0.91-1.12);
P =083

0.86 (0.59-1.25);
P =043

1.02 (0.88-1.18);
P =038

0.66 (0.51-0.84);

P=82x10"*
0.90 (0.83-0.98);
P = 0.021

0.64 (0.46-0.89);

P=175x 1073
0.86 (0.77-0.96);
P=61x 10"

0.64 (0.41-1.00);
P =0.048

1.61 (0.90-2.88);
P =0.11

0.90 (0.77-1.05); P = 0.19 0.99 (0.89-1.10);

0.44 (0.22-0.88);

P=20x 1072

P =0.83

1.42 (0.64-3.14);
P =039

0.90 (0.75-1.10); P = 0.32 1.01 (0.85-1.21);

P =0.90

1.00 (0.64-1.54);

P =097
1.03 (0.94-1.14);
P =051

1.02 (0.58-1.81);

P =0.94
1.06 (0.92-1.22);
P =0.39

Validation set

Dichotomized 0.96 (0.68-1.37); 0.66 (0.46-0.96); 0.89 (0.48-1.65); P = 0.70 1.84 (0.78-4.32); 0.94 (0.47-1.88);

P =0.84 P =0.029 P =0.16 P =0.87
Continuous 1.00 (0.87-1.16); 0.95 (0.83-1.09); P = 0.50 0.86 (0.61-1.20); P = 0.36 0.96 (0.84—1.11); 1.00 (0.87-1.15);
P =0.96 P =0.60 P=10

HR hazard ratio, CI confidence interval

Table 7 Multivariable analysis among LuminalB and HER2-enriched patients for breast-cancer-specific survival

Cohort LuminalB (n = 687) HER2-enriched (n = 204)
Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Whole cohort
Age (=50 vs. <50) 1.26 (0.82-1.94) 0.29 1.00 (0.56-1.77) 0.98
Tumor size (>2 vs. <2 cm) 1.55 (1.16-2.08) 33 x 1073 2.20 (1.37-3.55) 12 x 1073
Nodes (>0 vs. 0) 2.11 (1.46-3.04) 6.4 x 107° 2.86 (1.64-4.97) 2 x 107
Grade (3 vs. 1,2) 1.21 (0.92-1.61) 0.18 2.45 (1.32-4.55) 46 x 1073
LVI (positive vs. negative) 1.47 (1.05-2.05) 0.023 1.23 (0.74-2.07) 0.42
Non-anthracycline vs. no chemo 0.87 (0.53-1.45) 0.6 0.52 (0.26-1.04) 0.064
Anthracycline vs. no chemo 0.73 (0.44-1.21) 0.22 0.62 (0.32-1.21) 0.16
Hormonal vs. no hormonal 0.76 (0.51-1.11) 0.16 0.53 (0.29-0.98) 0.042
IGF-1R (0-6 vs. 7, 8) 0.64 (0.49-0.84) 12 x 1073 2.37 (1.21-4.64) 0.012

Anthracycline anthracycline-containing regimen, Chemo chemotherapy, Hormonal hormonal treatment, HR hazard ratio, LVI lymph vascular
invasion, vs. versus

Table 8 Multivariable analysis among LuminalB and HER2-enriched patients for overall/relapse-free survival with IGF-1R fitted as a
dichotomized and continuous variable

IGF-1R functional form
in multivariable Cox model

Cohort Outcome LuminalB (n = 687) HER2-enriched (n = 204)

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Whole cohort BCSS Continuous 0.90 (0.81-0.99) 3x 1072 1.04 (0.92-1.18) 0.54
(0N Dichotomized 0.82 (0.66-1.03) 0.085 1.82 (0.95-3.50) 0.073
Continuous 0.96 (0.88-1.05) 0.41 1.01 (0.90-1.13) 0.87
RFS Dichotomized 0.70 (0.55-0.88) 26 x 1073 2.12 (1.18-3.83) 0.012
Continuous 0.92 (0.84-1.00) 0.063 1.08 (0.96-1.23) 0.19

Details of Cox models shown in Supplemental material (Table S3a—e)
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Table 9 Multivariate analysis® of IGF-1R expression among LuminalB and HER2-enriched patients according to systemic treatment

Cohort Breast cancer subtype

BCSS

IGF-1R dichotomized

IGF-1R continuous

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Whole cohort  No initial adjuvant systemic therapy (n = 291)  0.47 (0.29-0.76) 1.7 x 107> 0.87 (0.74-1.04) 0.12
Tamoxifen only (n = 315) 0.55 (0.37-0.8) 2 x 1073 0.90 (0.8-1.04) 0.15
Chemotherapy + tamoxifen (n = 257) 0.95 (0.65-1.40) 0.81 0.90 (0.77-1.05) 0.16
No initial adjuvant systemic therapy (n = 90) 1.89 (0.51-6.96) 0.34 0.92 (0.78-1.09) 0.34
Tamoxifen only® (n = 32) 2.39 (0.5-11.30) 0.27 1.47 (0.74-2.90) 0.27
Chemotherapy + tamoxifen (n = 82) 1.64 (0.63-4.25) 0.31 1.09 (0.91-1.32) 0.34

# Cox model was adjusted to age (<50 vs. >50 years), T size (<2 vs. >2 cm)
Number of positive lymph nodes (0 vs. >0), grade, LVI and IGF-1R (0-6 vs. 7, 8)

IGF-I, whereas this study measured the IGF-1R expression
[48].

Univariate analysis revealed that high IGF-1R expression
was associated with other good prognostic factors such as
older age, ER positivity, lower grade, HER2 negativity, and
higher p27 levels. p27 is known to be a tumor suppressor
gene and protein levels are reduced in most human cancers
[49]. Esparis-Ogando et al. have recently reported that breast
cancer cells treated with an IGF-1R antagonist show
decreased pAkt and increased levels of p27 [50] which may
further point to a connection between these pathways.

We also looked at the correlation of Bcl2 and IGF-1R.
Bcl2 has been shown to be a good prognostic factor in early
breast cancer and associated with hormone receptor posi-
tive tumors [51-53]. This is consistent with our results that
overexpression of Bcl2 is correlated with high level of
IGF-IR breast cancers.

IGF-1R antagonists have been shown to interact with
both ER and HER?2 pathways. Recent data indicate that the
signaling cross-talk between IGF-1R and the HER2 family
is bidirectional and can occur through the various members
of the HER receptor family [24, 54]. This cross talk
between ER and HER2 suggests that IGF-1R may be an
attractive treatment target especially for the “Luminals”
and HER2 positive breast cancers. This is supported by in
vitro experiments showing a synergistic effect when co-
targeting the IGF-1R receptor along with antiestrogen
agent [55]. Moreover, growth of tamoxifen resistant
MCEF-7 cells declines when anti-IGF-1R antibody is added
to the cells [56].

With respect to HER2 positive breast cancers there is
preclinical evidence that IGF-IR signaling may provide a
mechanism of resistance against therapies that target
members of the EGF receptor family, including HER2/neu
[57-61].

In a randomized phase II study, no benefit was seen
among patients with ER positive metastatic breast cancer

treated with AMG 479, a fully humanized monoclonal
antibody targeting IGF-1R, in combination with endocrine
therapy [62]. Our results indicate that the IGF-1R pathway
may have particular relevance in the LuminalB and HER2
breast tumors. A recent study on colorectal cell lines
demonstrated that IGF-1 is only one part in the endocrine
signaling system and that IGF-1R alone is most probably
not sufficient to predict drug sensitivity [63, 64]. However,
it may be relevant to evaluate benefit among the individual
subtypes in the early stages of clinical development. An
understanding of the expression levels and their predictive
value in the different breast subtypes may provide a
rational approach to the development of new agents
directed to IGF-1R including stratification or enrollment
criteria based on its expression.
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