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Abstract

Epidemiological and laboratory studies raise the possibility of a link between clinically prescribed insulin analogues and 
increased cancer risk. Accordingly, there is a regulatory mandate for cancer-related pre-clinical safety evaluation during 
insulin analogue development, but currently, there is no standardized framework for such in vitro evaluation. We tested 
human insulin; the super-mitogenic insulin, X10 and insulin-like growth factor I, in four cancer cell lines with a range of 
insulin-like growth factor-I receptor (IGF-IR)/IR (insulin receptor) ratios (HCT 116, HT-29, COLO 205 and MCF7) and related 
these to IGF-IR and IR expression in 17 human adenocarcinomas. All cell types were IR-A isoform dominant. We determined 
IGF-IR/IR signalling pathway endpoints in dose- and time-varying experiments, and performed mitogenic dose–response 
equivalent assays to derive EC50 values, and correlated these with IGF-IR/IR ratios. We superimposed relative EC50 values 
onto data from the literature in a meta-analysis. The IGF-IR/IR ratios varied from <1 to 12 in the selected cell lines; similar 
pattern ranges were observed in human adenocarcinomas. The three ligands demonstrated differential IR/IGF-IR and Akt 
phosphorylation, which correlated with cell-specific IGF-IR/IR ratios. Mitogenic profiles of X10 mimicked those for insulin-
like growth factor I (IGF-I) and correlated with IGF-IR/IR ratios. The meta-analysis, adding data from five additional studies, 
supported the hypothesis that ligand mitogenic potency, relative to human insulin, increases with increasing cell-specific 
IGF-IR/IR ratio. This study established a framework for the in vitro evaluation of cancer-relevant bioassays for comparisons 
of insulin analogues, and specifically consolidated earlier studies that determination of the cell-specific IGF-IR/IR ratio is 
crucial for the interpretation of ranking relative biological activities.

Introduction
Approximately 15–20% of patients with type 2 diabetes are pre-
scribed some form of long-term insulin therapy (1). Interest in 
molecular safety of insulin analogues was stimulated by four epi-
demiological studies, published simultaneously in Diabetologia 
in June 2009 (2–5), three of which speculated a link between the 
use of insulin analogue, glargine (Lantus®, Sanofi, France) and 
increased incident cancer risk (2,4,5). These studies had several 
methodological limitations, such that definitive interpretation 
was not possible (6). Several additional analyses of observational 

data followed, but with inconsistent results (7). In 2012, the 
ORIGIN trial—a randomized trial of insulin glargine versus stand-
ard care, in 12 537 patients with impaired glucose tolerance 
or type 2 diabetes, reported no differences between treatment 
arms for all cancer incidence or deaths (8). However, here too, 
and in the extended ORIGIN analysis (9), there were limitations 
for definitive interpretation as: (i) there is a rapid drop-off after 
the median 6.2 year follow-up (arguably too short to evaluate the 
full effect of exposure on cancer risk); (ii) there was interrupted 
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glargine exposure in the intervention arm and (iii) there was con-
siderable contamination across the arms (10,11). Thus, there is a 
continued need for cancer risk assessment in insulin analogues 
and this includes pre-clinical safety evaluation.

In the laboratory, the potential for increased mitogenic 
potential among modified insulin molecules (relative to human 
insulin) has been recognized since a prototype rapid-acting ana-
logue, insulin X10 (B10Asp), was found to increase the incidence 
of mammary tumours in female Sprague–Dawley rats (12,13). 
Subsequent investigations showed that X10 and other ana-
logues have increased affinity for the insulin-like growth factor-I 
receptor (IGF-IR) relative to the insulin receptor (IR), in contrast 
with human insulin (14–17); and increased residence time at the 
IR, eliciting prolonged IR activation (15,18). Additionally, it is sug-
gested that X10’s mitogenic potency is stronger in cells charac-
terized by a high IGF-IR/IR ratio (19), though this is not seen in all 
studies (20). These properties represent plausible mechanisms 
by which X10 and other analogues could evoke an increased 
mitogenic response compared with human insulin (13,21). For 
safety evaluation, traditional animal toxicological studies with 
long-acting insulin analogues are hampered by limited dose 
ranges due to premature animal death from hypoglycaemia at 
higher doses, such that the emphasis has shifted to molecu-
lar characterization of insulin analogues in pre-clinical stud-
ies (19,22,23). This is borne out in regulatory guidance—e.g. the 
European Medicine Agency state that ’before initiating clinical 
development, non-clinical studies should be performed. These 
studies should be comparative in nature …………….. and should 
not just assess the response per se’ (24). 

Although there have been several in vitro laboratory stud-
ies evaluating the mitogenic properties (directly or indirectly) 
of insulin analogues, there have been three broad categories of 
limitations in these bioassays relevant to comparative assess-
ment of cancer risk: (i) cell lines have been either in a non-neo-
plastic state, frequently engineered to an extreme molecular 
phenotype (16,17,25,26) or limited to one neoplastic cell system 
only (15,17,19); (ii) cancer-relevant endpoints have mainly been 
limited to mitogenic properties determined indirectly using 
markers of DNA synthesis (17,19,25–28), rather than directly 
quantifying cell growth or (iii) comparisons of cellular activity 
have been suboptimally performed based on equimolar doses 
of different insulins (20,29,30), rather than using dose–response 
equivalent doses, as advocated by the EMA [‘It is important that 
assays are …………. based on a sufficient number of dilutions 
per curve to characterize the whole concentration–response 
relationship’] and explained elsewhere (21).

We recently reported detailed in vitro comparative assess-
ments of the binding affinity of insulin, X10 and IGF-I for IR 
isoforms and IR/IGF-IR hybrids, while simultaneously perform-
ing cancer-relevant signalling pathway analyses (e.g. pAkt) 
and direct mitogenic assays in a mammary epithelial cell line 
(19). We additionally showed general correlations between 
ligand activation of key signalling pathways and IGF-IR/IR 
ratio in a murine colon cancer line (22). Here, we extend these 
works reporting a series of in vitro experiments to establish a 

pre-clinical framework for evaluating cancer-relevant bioassays 
comparing insulin, IGF-I and X10 in three colon and one breast 
cancer cell line. Our previous work showed that these cells have 
a stepwise range from low to high IGF-IR/IR ratios (31).

Methods

Cell lines and ligands
Three colon cancer cell lines—HCT 116, HT-29 and COLO 205 were selected 
as representatives of different mutations in KRAS, BRAF, PI3KCA and TP53 
(Supplemenatry Table S1, available at Carcinogenesis Online) (31). The breast 
cancer cell line, MCF7, was used as a positive control, as it is known to be 
responsive to insulin and IGF-I (32). All cell lines were from the American 
Type Culture Collection and were grown in RPMI-1640 medium supple-
mented with 10% fetal calf serum (FCS) in a humidified atmosphere at 
37°C and 5% CO2. The cell lines were validated by DNA sequencing using 
the Applied Biosystems AmpF/STR Identifier kit.

Cells were treated with the following ligands: human insulin (here-
after referred to as insulin), insulin X10 (X10) and IGF-I. All the agents 
were provided by NovoNordisk. The stock concentrations were: insulin 
(593.9 μM), X10 (606 μM) and IGF-I (116 μM).

Chemicals and antibodies
All chemicals were of the highest laboratory quality available: sources are 
detailed in the Supplementary Material

Determination of IR and IGF-IR expression
The relative expressions of IR and IGF-IR in all cell lines were determined 
using two methods: (i) western blotting and densitometry and (ii) a flu-
orescence-activated cell sorting -based receptor quantification system 
using QIFIKIT (indirect immunofluorescence staining in flow cytometry) 
(Dako, Denmark) according to manufacturer’s protocols using either the 
murine monoclonal antibody 83–7 against the human IR (10 ug/ml), 24–31 
against the human IGF-IR (10 ug/ml), or an isotype control antibody (Dako, 
X0931, 10 ug/ml). Cells were then analysed using an LSRFortessa (BD 
Biosciences, Franklin Lakes, NJ).

Determination of IR isoform expression in cell lines
To address the potential differential effects of insulin and IGF-I in cells with 
different proportions of IR isoforms (IGF-I has higher affinity for IR-A com-
pared with affinity for IR-B), we quantified hIR-A/B levels in our cells using 
the primers and probes described by Huang et al. (33) Briefly, RNA was puri-
fied using the Qiagen RNeasy mini Kit according to manufacturers’ proto-
col. The reverse transcription reaction was carried out with 0.6 μg total RNA 
using the iScript syntheses kit from Bio-Rad according to manufacturers’ 
protocol. A 2-fold total RNA dilution series from hIR-A or hIR-B overexpress-
ing Baby hamster kidney cells served as standard to ensure a linear range 
(Ct versus relative copy number) of the amplification. The reverse transcrip-
tion reaction was diluted 10 times in water and 10 µl aliquots were subse-
quently used for Real-Time PCR amplification using the Applied Biosystems 
7900 Real-Time PCR instrument, as described elsewhere (33). 

Western blotting and immunoprecipitation
Cells were seeded in six-well plates in complete medium and starved in 
serum-free medium for 24 h and treated with insulin, X10 and IGF-I at 
the indicated concentrations and times, using standard western blotting 
and immunoprecipitation methods (detailed in Supplementary material, 
available at Carcinogenesis Online). Phosphorylation levels of downstream 
pathway activation were compared within each cell line following den-
sitometric analysis. To compare time point and time course-dependent 
phosphorylations between cell lines, the potency of target phosphoryla-
tion by X10 and IGF-I was derived as the fold increase in phosphorylation 
compared with that for insulin as referent.

Immunohistochemical quantification
The relationship between IR and IGF-IR expression was determined in 
serial tumour sections from 17 patients with colonic adenocarcinomas 
immune-stained as described previously in our laboratory (34). Stained 

Abbreviations  

FCS fetal calf serum
IGF-I insulin-like growth factor I 
IGF-IR insulin-like growth factor-I receptor 
IR insulin receptor
IRS insulin receptor substrate
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-   
 diphenyltetrazolium bromide 
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slides were scanned using a Mirax SCAN automated slide scanning sys-
tem (Zeiss). Analysis was performed on whole slides using Tissue Studio 
2 software (Definiens) trained to identify epithelial tumour material and 
then scored based on the total cellular Diaminobenzidene intensity.

Proliferation assays
We assessed cell growth using two assays: (i) cell counting (shown as main 
results) and (ii) MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide]. For cell counting, cells were seeded in 24-well plates in com-
plete medium and allowed to grow for 24 h, followed by two washes with 
phosphate-buffered saline and starvation in serum-reduced medium con-
taining 0.1% FCS for 24 h. Stimulation with the ligands (concentrations: 
0, 0.001, 0.01, 0.1, 1, 10 and 100 nM) was in media containing 0.1% FCS 
for 5 days. At the end of the experiment, the cells were trypsinized and 
counted using a CASY counter (Roche Applied Science, UK).

For the MTT assay, cells were seeded in 96-well plates in medium con-
taining 0.1% FCS and 0.5% premium grade bovine serum albumin (free 
of insulin-like growth factor contaminants (35)), and ligands added after 
24 h (concentrations: 0, 0.002, 0.01, 0.1, 0.2, 0.625, 1.5, 2.5, 5, 10, 20, 50 and 
200 nM). The experiment lasted for 5 days and ligands replaced every 48 h. 
After 96 h of incubation, MTT reagent (10µl) was added to each well and 
incubated for a further 24 h. Insoluble formazan that was formed at the 
bottom of the wells was solubilized and absorbance was read at 560 nm.

Apoptosis assay
To quantify apoptosis, we used the Caspase Glo 3/7 assay purchased from 
Promega Corporation (Madison) and performed according to the manu-
facturer’s instructions. Briefly, the cells were plated in 96-well plates in 
complete medium; then, after 24 h, the plates were washed twice with 
phosphate-buffered saline, and the medium changed to starvation 
medium containing 0.1% FCS (for 24 h). All the cells were control treated 
or treated with three concentrations (1, 10 and 100 nM) of the ligands for 
either 24 or 48 h. Caspase Glo 3/7 agent was added at the end of the each 
incubation time for 1 h and luminescence was measured.

Data and statistical analysis
In accordance with the European Pharmacopoeia (36), IR and IGF-1R 
receptor ligand activation data were fitted using a four parameter sig-
moidal algorithm developed for bioassays (37). Curves were fitted using 
GraphPad Prism 5 (GraphPad Software) and potencies were calculated (if 
appropriate) relative to that of the human insulin standard [EC50 (insu-
lin)/EC50 (analogue) × 100%]. Comparisons of continuous variables were 
performed using Student’s t-test. All computations were performed using 
Stata™ 11.1 (College Station, TX).

Meta-analysis
We performed a systematic search using the MeSH (Medical Subject 
Heading) terms ‘insulin’, ‘in vitro’; ‘mitogenic assay’ to add to a previous 
review from one of the authors (38). Inclusion criteria were studies reporting: 
(i) mitogenic potency (or EC50 values), (ii) IGF-IR/IR ratio (or data from which 
to estimate this) and (iii) limited to neoplastic human cell lines (to be clini-
cally relevant). All three criteria had to be met. Unweighed regressions were 
performed to generate ‘fit’ lines stratified for IGF-I, X10 and glargine and 
mitogenic potencies plotted relative to human insulin at 100% (log scale).

Results

Ratios of IR to IGF-IR vary considerably from cell line 
to cell line

The relative expressions of IR and IGF-IR, and IGF-IR/IR ratios, in 
the four cell lines are shown in Figure 1. The results from both 
techniques—western blotting and QIFIKIT–despite the differ-
ence in their specificity and sensitivity, showed the same pat-
terns. IR expression was greater than IGF-IR expression in HCT 
116 cells; for the remainder, IGF-IR was the dominant receptor 
expression with ratios increasing in a stepwise manner from 
HCT 116, HT-29, COLO 205 through to MCF7 cells. For the four 

cell lines, the changes in the IR/IGF-IR ratio mainly reflected 
increasing expression of IGF-IR, which contrasted with the pat-
tern observed in human colonic adenocarcinoma (see below). 
Nonetheless, the range and magnitude of the IR/IGF-IR ratios in 
the selected cell lines mirrored those seen in the human tissue.

We determined the relative expression of the IR isoforms, 
IR-A and IR-B in all four cell lines and found that IR-A was 
by far the predominant isoform accounting for 86, 91, 95 and 
95%, respectively, for MCF7, HCT 116, HT-29, COLO 205 cell lines 
(Supplementary Table 2, available at Carcinogenesis Online).

IGF-IR/IR ratio varies in human adenocarcinoma

The immunohistochemical expressions of IR and IGF-IR in 17 
colonic adenocarcinomas are shown in Figure 2. Three patterns 
emerged—low IR: high IGF-IR, medium IR: high IGF-IR and high 
IR: high IGF-IR. Quantification of the immune-expressions, using 
Definiens software, showed that the expression of IGF-IR is rela-
tively constant across colonic adeocarcinomas, but the variation 
in the IGF-IR/IR ratio is attributed to varying expressions of IR.

The three ligands differentially phosphorylate IR, 
IGF-IR and IRS-1

To better understand activation of downstream signalling path-
ways by insulin, X10 and IGF-I, we determined whether the 
ligands phosphorylate IR and/or IGF-IR, and/or activate insulin 
receptor substrate (IRS)-1. Following 15-min ligand stimulation, 
direct western blotting (using antibody PY99) showed phos-
photyrosine rich residues at ~100 and 180 kD in all cell lines 
(Figure 3).

Next, proteins were immunoprecipitated using antibody PY99 
and western blotting was performed using anti-IR, anti-IGF-IR 
and anti-IRS-1 antibodies (the latter only in the case of MCF7). 
X10 and IGF-I phosphorylated, in a dose–response manner, both 
the IR and the IGF-IR in HT-29, COLO 205 and MCF7 (IGF-IR dom-
inant cell lines), whereas in the IR-rich HCT 116 cell line, only 
IGF-IR phosphorylation was seen after IGF-I stimulation. In addi-
tion, in MCF7 cells phosphorylated IRS-1 was present when the 
cells were stimulated with all the ligands and the strongest band 
was obtained when the cells were stimulated with IGF-I (all con-
centrations) and with the highest concentration of X10.

IGF-IR/IR and Akt phosphorylation correlates with 
cell-specific IGF-IR/IR ratios

We further explored downstream signalling pathways, for 
dose- and time-dependent patterns, using direct western 
blotting (Figure  4 and Supplementary Figures 1–4 is avail-
able at Carcinogenesis Online). After 15 min stimulation with 
insulin, X10 and IGF-I, in broad terms, dose-dependent phos-
phorylations of IGF-IR/IR, IRS-1 and Akt were obtained. The 
densitometric analyses demonstrated patterns of activation 
determined by the IGF-IR/IR ratios. For example, after 15 min 
IGF-I stimulation, weakest phosphorylation of IGF-IR/IR and 
Akt (Ser 473)  was observed in IR-rich HCT 116 cells (note the 
y-axis scale on graphs indicating densitometric analysis of the 
bands in western blots); strongest phosphorylations of IGF-IR/
IR and Akt were seen in the IGF-IR dominant cell lines. In the 
IR-dominant cell line (HCT 116), X10 induced greater receptor 
phosphorylation than that for insulin and IGF-I after 15 min; 
by contrast, in IGF-IR dominant cells, the extent of receptor 
and Akt phosphorylation increased in a stepwise manner for 
insulin, X10 and IGF-I dose-equivalent stimulations. Low levels 
of extracellular signal-regulated kinase phosphorylation were 
detected in all cell lines, except COLO 205.
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We tested the effects of time (15 min, 6 and 18 h) on IGF-IR/IR 
and Akt (Ser 473) phosphorylation after stimulation with 10 nM 
of each ligand (21), and compared by deriving phosphorylation 
ratios with insulin as referent (details in Methods) (Figure 4 and 
Supplementary Figure 1, available at Carcinogenesis Online). The 
three ligands demonstrated time-dependent IGF-IR/IR and Akt 
phosphorylation, which correlated with cell-specific IGF-IR/IR 
ratios. For example, IGF-IR/IR phosphorylation is an early event 
for all ligands in all cell lines (except HCT 116 after IGF-I stimula-
tion). Furthermore, in HCT 116 cells, X10 induced the strongest 

phosphorylation of IGF-IR/IR after 15 min stimulation suggest-
ing that signalling might be through both receptors, whereas 
in other cell lines IGF-I was the strongest stimulus for receptor 
phosphorylation. In general, Akt (Ser 473) activation is later and 
a weaker event compared with IGF-IR/IR phosphorylation (in 
most cases it reaches maximum after 6 or 18 h of stimulation). 
IGF-I is the ligand that induces the strongest phosphorylation 
of Akt in all cell lines. Across ligands, phosphorylation levels of 
both IGF-IR/IR and Akt were generally greatest for IGF-I and least 
for human insulin.

SABC

Cell line IR IGF-IR
IGF-IR/IR 

ratio

HCT 116 8200 4200 0.51

HT-29 3800 11500 3.03

COLO 205 2100 13900 6.62

MCF7 4100 37200 9.07

IR 

IGF-IR 

tubulin
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Figure 1. Western blots (a) and densitometry (b) for expression of IR and IGF-IR in four cell lines: HCT 116, HT-29, COLO 205 and MCF7. IR and IGF-IR expression deter-

mined using the QIFIKIT method (c). The values for IGF-IR/IR ratio in (c) were used subsequently in Figures 5 and 6. SABC, specific antigen binding capacity. 
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Mitogenic profiles correlate with cell-specific IGF-IR/
IR ratios

In cell-counting experiments, insulin, X10 and IGF-I showed 
different proliferative profiles in each cell line, except HT-29 
(Figure  5). In the HCT 116 cells (low IGF-IR/IR ratio), there are 
little differences between X10 and IGF-I, versus insulin (as refer-
ent). By contrast, in the COLO 205 and MCF7 cells (high IGF-IR/IR 
ratio), the dose–response curves demonstrated left-shifts for X10 
and IGF-I, compared with human insulin, indicating increased 
mitogenic potencies. To summarize these relationships, we plot-
ted the relative mitogenic potencies versus the IGF-IR/IR ratios, 
for X10 and IGF-I, with insulin as referent. Figure  5 demon-
strates that mitogenic profiles correlate with cell-specific IGF-IR/
IR ratios. We obtained near identical patterns for the growth 
curves with the MTT assays (Supplementary Figure 5, available 
at Carcinogenesis Online).

In both proliferation assays, the three ligands failed to 
increase cell growth in HT-29 cells—indeed, the number of cells 
decreased with increasing ligand concentrations. We explored 
this further quantifying caspase 3/7 activity, as an indicator 
of apoptosis. A  moderate increase in caspase 3/7 activity was 
observed following insulin, whereas IGF-I and the highest con-
centration of X10 (100 nM) caused significant increases in cas-
pase 3/7 activity after 24 h (Supplementary Figure  6, available 
at Carcinogenesis Online). At longer incubation (48 h), all three 
ligands induced 2- to 5-fold increases in caspase 3/7 activity. 
These changes were not observed in HCT 116 cells.

Meta-analysis

We identified five eligible studies (16,17,26–28), in addition to 
our data. Onto our model, we superimposed relative mito-
genic potencies versus IGF-IR/IR ratios for cell types from these 

Figure 2. Patterns of IR and IGF-IR expression in 17 human colonic adenocarcinomas (serial sections) (a). Quantification of immune expression of IR and IGF-IR using 

Definiens software (b). The expression of IGF-IR is relatively constant in the tumours, but the variation in the IGF-IR/IR ratio is mainly attributed to the variation in IR 

expression.
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studies. We then derived regression lines (without intercept 
restrictions) across the studies were each ligand, IGF-I, X10 and 
glargine, and insulin as the referent. The plot in Figure 6 shows 
that with increasing IGF-IR/IR ratios, the mitogenic potency of 
each ligand increases (on a log scale). The descending effect 
order is IGF-I, X10 and glargine. In this model, in cells with a high 
IGF-IR/IR ratios, the mitogenic potencies for glargine are greater 
than insulin. In contrast, at low IGF-IR/IR ratios (<1), there are no 
material differences between the ligands and insulin. This model 
shows that cell-type IGF-IR/IR ratio explains inconsistent relative 
mitogenic potencies between insulin-related ligands reported in 
the literature.

Discussion

Main findings

There is already a literature on the in vitro evaluation of 
cancer-relevant molecular characterizations and mitogenic 

potencies of insulin analogues, but within this, there are many 
inconsistencies. This study has built on that literature and 
established a cancer-relevant, dose–response equivalent and 
time-dependent framework for evaluating the effect of insulin 
analogues in vitro and identified the importance of determin-
ing the cell-specific IGF-IR/IR ratio for the interpretation of 
ranking relative biological activities. Specifically, we showed 
that: (i) the IGF-IR/IR ratio varies considerably between cell 
lines; (ii) similar ranges of IGF-IR/IR ratios occur in human 
adenocarcinomas; (iii) insulin, IGF-I and X10 differentially 
phosphorylate IR and IGF-IR, which in turn, correlate with 
the IGF-IR/IR ratio; (iv) activation of the Akt pathway varies 
by cell type, and is dose- and time-dependent, and thus, not 
a consistent ‘bioassay’ for ranking biological activities; but (v) 
that mitogenic potencies (relative to human insulin) derived 
from dose-equivalent assays correlate strongly with IGF-IR/IR 
ratios, and thus, is the preferred ‘bioassay’. This was substan-
tiated in our meta-analysis.
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Context with rest of literature

The study sets in place a framework to explain apparent incon-
sistencies amongst other reports. Thus, e.g. Sciacca et  al. (39) 
studied insulin analogues in three engineered cell models (R−, 
IGF-IR-deprived mouse fibroblasts transfected with either only 
human IR-A or IR-B or IGF-IR) and concluded that these ‘cell 
models permit comparisons of the activity of insulin to that of 
insulin analogues …. and indicate that only minor differences 
exist.’ Our findings in human cancer lines and human adeno-
carcinoma show that such a model is too simplistic and that 
consideration of the relative expressions of IGF-IR and IR are 
clinically relevant.

Weinstein et al. (29) examined a number of cancer cells and 
concluded that detemir (Levemir®, Novo Nordisk, Denmark), 
along with several other insulin analogues, exhibited in vitro pro-
liferative and anti-apoptotic activities comparable with human 
insulin. However, that study failed to show any significant 
effects of insulin and IGF-I in its dose–response assays, and was 
criticized by others for inconsistency in its experimental meth-
odology (40). Sciacca et  al. (39) additionally reported that the 
mitogenic potency of detemir was equivalent to that of glargine 
in their study, but the authors did not perform dose–response 
experiments for the measurement of mitogenic potencies and 

the observed responses were only very modest, even for X10, 
as a positive control. Similarly, Mayer et al. (20) determined cell 
proliferation rates in nine benign or malignant human mam-
mary epithelial cell lines, with varying IGF-IR and IR expression 
patterns, and broadly found findings similar to our study, but 
ranking of the relative biological activities was not possible as 
dose-equivalent assays were reported. When comparing insu-
lin analogues in cellular systems, it is necessary to perform full 
dose–response curves and to optimize the assay system to give 
an appropriate response (at least a 2-fold difference in maximal 
response) (21).

Relative to insulin, Sciacca et  al. (39). also reported long-
acting analogues more strongly activated signalling pathways, 
especially the extracellular signal-regulated kinase pathway, 
but this was not tested at different doses or times. Our findings 
show that signalling pathway activation is cell-specific with 
dose- and time-dependent profiles making it near impossible to 
rank biological activities based on such assays.

Strengths and limitations

Our study has several strengths. First, we undertook exten-
sive series of dose–response and time-dependent experiments 
to demonstrate the limitations of using signalling pathway 
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activation as surrogates of mitogenic effect. Second, we used 
several cell types with varying IGF-IR/IR ratios reflective of the 
clinical setting. Within this range, we showed that not all cells 
serve as suitable assays—e.g. we failed to elicit growth curves in 
HT-29 cells by either cell proliferation assay (a possible expla-
nation to this is detailed in Supplementary material, available 
at Carcinogenesis Online). Third, we recognized that the expres-
sion of different IR (IR-A and IR-B) isoforms may be important as 
isoform IR-A is over-expressed in some cancers and associated 
with tumour progression (41). Additionally, as insulin analogues 
may have differential binding characteristics for IR-A versus 
IR-B, this raises the possibility that determination of the relative 

expressions of these isoforms may be relevant. However, despite 
this sound theoretical basis, we previously found balanced IR 
isoform binding, as well as IR isoform activation, among detemir, 
glargine and X10 (19), and in this study, we identified that our 
cell lines were almost exclusively IR-A expressors, suggesting 
that a differential effect through the IR isoforms is unlikely. 
Fourth, most previous reports determined cell proliferation indi-
rectly using markers of DNA synthesis (17,19,25–28)—here, we 
determined cell growth using two assays (cell counts and MTT) 
and found similar results.

Potential limitations are as follows: First, we did not test 
glargine or detemir, as our primary motivation was to establish 
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X10 as a positive control in growth assays, as stipulated by the 
European agency for the evaluation of medicinal products (42). 
However, we were able to evaluate the effects of glargine in the 
context of X10, and IGF-I through our meta-analysis. There are 
currently too few studies with combined mitogenic potency data 
and IGF-IR/IR to include other insulin analogues, such as detemir. 
It is important to note that the clinical interpretation of in vitro 
assays for glargine and detemir need to take account that glar-
gine is rapidly metabolized to at least two low mitogenic potency 
metabolites (32), and that the pharmacokinetics of detemir is 
heavily influenced by binding with albumin and its dihexamer-
ized state in blood (43). Second, we recognize that receptor expres-
sion may be a poor indicator of receptor saturation—as receptors 
are seldom fully saturated. The motivation of our study manu-
script was to demonstrate a principle in vitro that can be taken 
to clinical tissues specimens ex vivo (where receptor saturation 
cannot be determined). We draw analogy with the established 

clinical importance of the relative expression of tumour recep-
tors in breast cancer (oestrogen and progesterone receptors) and 
drug effect (for example, tamoxifen). Third, we did not determine 
insulin/IGF-I hybrid receptor expression. At least one study has 
suggested a differential effect of insulin glargine (increased acti-
vation) on insulin/IGF-IR hybrids (32). However, in the IGF-IR rich 
cancer cell lines, the effects (for example, receptor phosphoryla-
tion) of IGF-I versus insulin activation are of many magnitude 
differences. Thus, any influences through IR/IGF-IR hybrid recep-
tors in these cells are likely to have minimal functional impact. 
Fourth, one cannot currently extrapolate the relative mitogenic 
potencies (i.e. the slopes in Figure 6) to clinical effect (44).

Future research

Given the findings from this study, there is now a need to re-
visit epidemiological cohorts and re-characterize IGF-IR and IR 
expression in tumours arising in these cohorts where human 
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insulin and insulin analogues have been implicated. For exam-
ple, a future nested case–control study within a cohort of 
patients with diabetes, with follow-up to incident cancer, might 
explore the relative tumour expressions of IGF-IR and IR ratio, 
and relate these back to cumulative exposure of insulin ana-
logues. This will allow the research community get directly to 
the biological question and minimize the need for animal exper-
imentation. Such models will allow a more detailed correlation 
between in vitro molecular characteristics and in vivo tumour-
promoting effects of insulin and insulin analogues, and an 
enhanced understanding of the clinical epidemiology of insulin 
use and cancer risk (7,10)—ultimately better informing patient 
decisions.

Supplementary material
Supplementary Tables 1 and 2 and Supplementary Figures 

1–6 can be found at http://carcin.oxfordjournals.org/
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