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Abstract
Background: Prostate cancer is the most frequently diagnosed cancer type and the second major cause
of cancer deaths amongst men. A link exists between obesity, type 2 diabetes, and cancer risk. Insulin-like
growth factor II (IGF-II) plays a role in numerous cellular events, including proliferation and survival. The
IGF-II gene shares its locus with the lncRNA, H19. IGF-II/H19 was also the �rst gene to be identi�ed as
being ‘imprinted’ – where the paternal copy is not transcribed. This silencing phenomenon is lost in many
cancer types.

Methods: We disrupted imprinting behaviour in vitro through the alteration of metabolic conditions and
quanti�ed it using RFLP, qPCR and pyrosequencing; changes to peptide were measured using RIA.
Prostate tissue samples were analysed using ddPCR, pyrosequencing and IHC. We then compared with in
silico data, provided by TGCA on the cBIO Portal.

Results: Disruption of imprinting behaviour, in vitro, occurs at the molecular level with no changes to
peptide. In vivo, most specimens primarily retained imprinting status, apart from a small subset which
showed reduced imprinting. A positive correlation was seen between IGF-II and H19 mRNA expression,
which concurred with �ndings of larger Cancer Genome Atlas (TGCA) cohorts. This positive correlation
did not affect IGF-II peptide.

Conclusions: Type 2 diabetes and / or obesity directly affect regulation growth factors involved in
carcinogenesis.

Trial registration: Prostate Cancer Evidence of Exercise and Nutrition Trial: nutritional and physical
activity interventions for men with localised prostate cancer – feasibility study (ISRCTN99048944).
Registered on 17 November 2014

Background
Prostate cancer (PCa) is the most frequently diagnosed cancer type and the second major cause of
cancer deaths amongst men [1]. Several factors have been found to contribute to disease susceptibility,
progression, and prognosis including familial history and genetics [2], obesity [3], aging [4] and ethnicity
[5].

It is clear that a link exists between obesity and cancer risk [6]. The increased adipose tissue, associated
with obesity, produces over 20 hormones and cytokines that can disturb the delicate balance of the
cellular environment [7].

Obesity also increases susceptibility to type 2 diabetes (T2D) [8]. One key characteristic associated with
T2D is hyperglycaemia. As glucose is the main energy source for cells, an increase in its supply can
cause increased proliferative potential [9].
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Insulin-like growth factor II (IGF-II) is a growth factor expressed in high quantities during early embryonic
development [10]. Expression continues throughout adulthood, with the liver being the primary site of
synthesis [11]. IGF-II plays a critical role in a number of cellular events, including proliferation and survival
[12].

In obese subjects, circulating serum levels of IGF-II are elevated and show a positive correlation with
increased body mass index (BMI) [13]. Conversely, after weight loss, circulating levels of IGF-II have been
shown to drop [14].

The IGF-II/H19 gene is located on the short arm of chromosome 11p. 15.5 [15]. It is composed of 10
exons and contains 5 promoters. Exons 1–4 and 6 are non-coding. Control of expression takes place
from promoters 0 to 4 and is strictly regulated. 128 kb downstream from IGF-II is a long non-coding RNA,
H19, which is linked to IGF-II by an imprinting control region (ICR) [16],

IGF-II was the �rst gene identi�ed to be ‘imprinted’ [17]. This is a heritable epigenetic event whereby,
through changes to the DNA structure (such as methylation or histone modi�cation) one parental copy
will be silenced or imprinted [18]. The loss of this natural silencing phenomenon (loss of imprinting – LOI)
has been identi�ed across a number of cancers, including prostate [19], breast [20], colorectal [21] and
lung [22].

Models for the imprinting mechanism have been proposed, with the most widely accepted being the
‘enhancer competition model’ [23], in which the presence of a CCCTC-binding factor (CTCF) – a multi-zinc
�nger protein (and a transcriptional repressor) - is able to bind to the unmethylated imprint control region
(ICR) embedded within the maternal IGF-II / H19 allele. This impedes IGF-II transcription. Conversely, on
the paternal allele, the ICR is hypermethylated. This blocks CTCF from binding, which permits IGF-II to be
transcribed. LOI occurs when both parental copies of IGF-II / H19 are hypermethylated at the ICR, resulting
in the bi-allelic expression of IGF-II [24].

The function of H19 is unclear. In some cancers it is oncogenic: in gastric cancer, H19 and an embedded
micro-RNA (miRNA-675) within its �rst exon, were found to be increased in tissue and cell lines. This over-
expression led to increased cell proliferation and the inhibition of apoptosis [25]. In non-small-cell lung
cancer, H19 expression was signi�cantly higher in malignant lung tissue compared with normal, being at
its highest in those from stage III and IV tumours [26]. In contrast, H19 behaves as a tumour suppressor in
some cancer types, such as colorectal [27] and prostate [28]. The mechanism that dictates H19 behaviour
differs between cancer types.

One study, published in 2012, analysed circulating IGF-II protein levels [29] in patients with a history of
PCa. Of 106 (41 patients - radical prostatectomised (RPE) - and 65 controls) IGF-II levels were
signi�cantly elevated in the RPE cohort. LOI was also signi�cantly higher in the RPE group (39%)
compared to the control (20%). Despite the link between LOI and elevated serum IGF-II in the RPE group,
the two were found to be uncoupled. Of the control cohort with LOI (20%), circulating IGF-II levels were
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found to be very similar to those of the RPE cohort with LOI (39%). The authors suggested that, under
normal conditions, only approximately 35% of the total serum IGF-II is regulated by imprinting [29].

A previous report focused on promoter methylation as a factor contributing to IGF-II transcription [30].
IGF-II mRNA and peptide levels were decreased in 80% of PCa, compared to non-neoplastic adjacent
prostate and were independent of LOI status. IGF-II expression in both tumour and adjacent tissue
depended on usage of the IGF-II promoters P3 and P4; decreased IGF-II expression in tumour tissue was
strongly related to hypermethylation of these two promoters. The cause of hyper-methylation in this
cohort was attributed to cumulative DNA damage, due to aging.

In this study we examined, in vitro, the effects of altering metabolic conditions on IGF-II imprinting status
(IS), IGF-II / H19 mRNA, and IGF-II peptide levels in the PC3 PCa cell line. In addition, a clinical cohort of
PCa tissue was analysed for expression of IGF-II and H19 mRNA using digital droplet polymerase chain
reaction (ddPCR) and compared with two larger publicly available patient cohorts from the Cancer
Genome Atlas (TGCA). IGF-II IS status was also analysed, using pyrosequencing, along with IGF-II
localisation and abundance using immunohistochemistry (IHC).

Methods

Prostate cell lines
PCa cell lines PC3, LNCaP, DU145 and VCaP, and a normal prostate epithelial cell line – PNT2, were
purchased from the American Type Culture Collection (ATCC, Manassas, Virginia, USA). PC3, VCaP and
DU145 were cultured in Dulbecco’s modi�ed Eagles Medium (DMEM, BioWittaker, Verviers, Belgium)
supplemented with 10% foetal bovine serum (FBS, Gibco, Paisley, UK) and 1% L-glutamine solution
(2 mM; Sigma, Dorset, UK). LNCaP and PNT2 cell lines were cultured in Roswell Park Memorial Institute
(RPMI-1640, BioWittaker, Verviers, Belgium) growth medium supplemented with 10% FBS and 1% L-
glutamine solution, as before. Cells were incubated at 37 °C, in a humidi�ed 5% carbon dioxide
environment.

Prostate Tissue
Formalin �xed para�n-embedded (FFPE) prostate tissue from a large clinical cohort, previously collected
for the UK-based PrEvENT study (ISRCTN reference number ISRCTN99048944) [31] was used. 84 patients
from the PrEvENT cohort had representative paired samples of benign and malignant tissue.

Isolation of nucleic acids
For cultured cell lines DNA and total RNA were isolated using DNAzol® and RNAzol® (Invitrogen, Thermo
Fisher Scienti�c, Paisley, UK) reagents respectively, according to the manufacturer’s instructions. DNA
was resuspended in 40 mM NaOH (Merck Life Science, Dorset, UK) and RNA was resuspended in RNase-
free water; both were quanti�ed using a NanoPhotometer™ (Implen, München, Germany). For clinical
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specimens, total RNA was extracted from formalin-�xed para�n-embedded (FFPE) using the RecoverAll™
Total Nucleic Acid Isolation Kit for FFPE (Invitrogen). Extracts were stored at -80 °C.

Preparation of cDNA.

RNA was treated with DNase I (Sigma-Aldrich, Gillingham, UK) prior to cDNA conversion, using the High
Capacity RNA-to-cDNA Kit® (Applied Biosystems, Foster City, California, USA).

Genotyping of cell lines, using restriction fragment length
polymorphism (RFLP) analysis
Cell DNA and RNA (cDNA) was genotyped using the single nucleotide polymorphism (SNP) in exon 7 of
IGF-II, at restriction site 680 (APA1). The RFLP process was conducted in two stages: The �rst ampli�ed
IGF-II product via PCR, using the following primer sequences: F cttggactttgagtcaaattgg and R
ggtcgtgccaattacatttca (Sigma-Aldrich). The second stage used an APA1 digestion enzyme (catalogue no.
FD1414, Thermo Fisher Scienti�c), as per kit protocol, to digest product from stage 1 and “cut” at rs680.
The resulting products were run on a 2% agarose (Bio-Rad, Hercules, California, USA) gel and visualised
using a trans-illuminator (Bio-Rad).

Dosing experiments
For all experiments, cells were seeded at a density of 1 × 106 million cells per T25 �ask (Greiner Bio-one,
Gloucestershire, UK) in normal glucose-containing medium (1 000 mg/L − 5 mM). After 24 hours, media
was exchanged for serum-free media (SFM) supplemented with sodium bicarbonate (1 mg/ml) (Sigma-
Aldrich), bovine serum albumin (0.2 mg/ml – Sigma-Aldrich) and apo-transferrin (0.01 mg/ml) (Sigma-
Aldrich), with normal glucose (5 mM), moderate glucose (9 mM) and high glucose SFM (25 mM).

At 6 -, 24 - and 48 - hour intervals, a �ask from each different glucose concentration was removed and
processed for RNA extraction. At the end of each time point, there were 3 �asks containing 5 mM, 9 mM
and 25 mM SFM.

For TNFα dosing, cells were seeded in 5 mM glucose containing DMEM. After 24 hours, media was
replaced with 5 mM and 25 mM glucose SFM. 24 hours later, cells were dosed with or without TNFα at 1-,
5- and 10 ng/ml, respectively. Cells were processed for RNA and DNA extraction.

Quantitative PCR (qPCR)
qPCR was performed using SYBR Green (Applied Biosystems) on a StepOne Real-Time PCR machine
(Thermo Fisher Scienti�c). GAPDH was used as an internal control. Primer sequences were as follows:
GAPDH F-CATCTTCTTTTGCGTCGCCA and R-TTAAAAGCAGCCCTGGTGACC, IGF-II F-
GAGCTCGAGGCGTTCAGG and R-GTCTTGGGTGGGTAGAGCAATC and H19 F-CGGAACATTGGACAGAAG
and R-GGCGAGGCAGAATATAAC (Sigma-Aldrich). Quantitation of product was conducted using the
Quantitation Comparative CT function within StepOne software (ThermoFisher Scienti�c). Relative
expression was calculated using the Pfa� method [32].
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Pyrosequencing
Pyrosequencing for imprinted allele expression (PIE) was conducted as previously described [33], with the
nested PCR step scaled up four-fold to yield 40 µl product – as per assay requirements de�ned by the
Qiagen Pyromark Q96 protocol. Primers were purchased from Euro�ns (Euro�ns Genomics, Ebersberg,
Germany). PCR product was prepared for pyrosequencing using Qiagen PyroMark Gold Q96 reagents and
buffers (Qiagen, Manchester, UK) and sequenced on a PyroMark Q96 machine (Qiagen) by kind
permission of Cardiff University Hospital, Cardiff, Wales – UK and North Bristol NHS Trust, Department of
Pathology, Southmead Hospital, Bristol - UK. Peak heights and genotypes were quanti�ed by the Qiagen
Pyromark software SNP application; peak heights at the rs680 A/G SNP were converted to imprinting
percentages using the following formulae: Where A > 50%: 2 (A-50). Where A < 50%: 2 (50-A). Tissue was
typed as either ‘MOI’ or ‘LOI’

Radioimmunoassay (RIA)
Concentration of IGF-II peptide in cell supernatants was quanti�ed in-house, using radioimmunoassay
(RIA) as previously described [34]. This method quanti�es all forms of IGF-II peptide, including those that
have undergone fragmentation.

Immunohistochemistry (IHC)
Using a microtome (Leica Biosystems, Nussloch, Germany), 8 µm thick slices were taken from formalin
�xed para�n embedded (FFPE) prostate tissue blocks and mounted on Tomo microscope slides
(Matsunami, Bellingham, Washington, USA). Slides were stained for IGF-II peptide using an IGF-II
antibody (AbCam, Cambridge, UK) at a dilution of 1:600, on a Ventana BenchMark ULTRA™ machine
(Roche, Oro Valley, Arizona, USA). Slides were scored �rst by a pathologist and second, in-house, using a
modi�ed version of the Allred system, combining the proportion of tissue stained (a scale of 1–5) with
the stain intensity (a scale of 1–3) to give a score out of 8 [35]. Currently, there is no standardised method
of scoring prostate tissue.

Digital droplet PCR (ddPCR)
Primers and Taqman probes were purchased from Bio-Rad and Thermo Fisher Scienti�c; to optimize the
detection of total IGF-II and H19 transcript expression with ddPCR, we initially performed an annealing
temperature gradient test for our assay using the PCa cell line PNT2 total RNA. At 55 °C, annealing
temperature for ddPCR reactions total IGF-II and H19 amplicon-containing droplets showed the best
separation between positive and negative clusters. DDPCR samples for total IGF-II and H19 were set up
with 16 ng cDNA samples from individual patients; a stock mix was prepared which contained 10 µL
ddPCR Supermix for Probes, no dUTP (Bio-Rad), 500 nM of each forward and reverse primer (FP and RP)
and 250 nM probe (FAM and HEX). Each reaction volume totaled 20 µL. Droplets were generated with
70 µL oil using a QX200 droplet generator (Bio-Rad). Ampli�cation was performed at 95 °C, 10 min;
followed by 40 cycles of 94 °C, 30 s and 55 °C, 1 min using a C1000 Touch thermocycler (Bio-Rad). After
ampli�cation, the droplets were read on a QX200 droplet reader (Bio-Rad) and analyzed with QuantaSoft
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software V1.7.4 (Bio-Rad), which converted droplets to copies/ng RNA based on the RNA concentration
and the total volume added to the reaction dependent on Poisson distribution. For normalized expression,
we used the ratio of IGF-II/H19 concentration to an internal / housekeeping control G2E3 concentration.
Raw �uorescence amplitude data was extracted from the droplet reader. We excluded/repeat samples
which had too many positive or negative droplets or less than 10,000 droplets.

Use of cBioPortal for Cancer Genomics to examine co-
expression of IHG-II & H19 mRNA
The cBio Cancer Genomics Portal [36] and [37] was used to explore co-expression of IGF-II and H19
mRNA; one representative Cancer Genome Atlas cohort was selected from the list of breast and PCa
studies. Each cohort was assessed for availability of IGF-II and H19 mRNA co-expression data, which had
been gathered using the Illumina HiSeq sequencing system.

Statistical Analysis
Analysis of variance (ANOVA) was used for in vitro data, where comparative control experiments were
conducted; error bars show the standard error of the mean. A two-tailed t test was used for in vivo data, to
compare the differences between two groups. For correlation analyses, the Pearson correlation co-
e�cient was calculated, with results being expressed as an R value.

Results
Identi�cation of prostate cell line suitability.

DNA was extracted from 4 immortalised PCa cell lines: PC3, LNCaP, DU145, VCaP, and 1 normal prostate
cell line: PNT2. These were genotyped using restriction fragment length polymorphism (RFLP) digestion
at the APA1 restriction site (rs680); VCaP and PC3 cells were found to be heterozygous, presenting with 2
bands of sizes 292 bp and 229 bp, respectively (Fig. 1.A). These cell lines were classi�ed as informative
and would be suitable for further assessment of IS. Cell lines DU145, PNT2 and LNCaP were found to be
homozygous for the SNP at rs680 (i.e. the same snp base at the same location, on both copies of the
gene), resulting in a single band pattern and, as such, were deemed non-informative.

Con�rmation of IGF-II IS in the PC3 and VCaP cell lines
The VCaP cell line produced two bands of sizes 292- and 229 bp, con�rming bi-allelic expression of IGF-II
(IGF-II mRNA transcribed from 2 alleles: maternal and paternal) and, therefore, loss of imprinting (LOI)
(Fig. 1.B). The PC3 cell line, produced a single band of size 292 bp, indicating mono-allelic expression of
IGF-II (IGF-II mRNA transcribed from a single allele) and hence maintenance of imprinting (MOI) status
and, therefore, was considered to be the most suitable cell line for experiments examining induced LOI.

The impact of altered levels of glucose on IGF-II IS
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PC3 cells were cultured in 5-, 9- and 25 mM glucose media for 6-, 24- and 48 hours. After 48-hours, cells
exposed to 9- and 25 mM glucose-containing media, showed two bands of 229 and 292 bp. This
indicated a change from mono- to biallelic IGF-II expression and, therefore, (LOI) (Fig. 1.C).

The impact of altered levels of glucose on IGF-II imprinting
percentage
Using the SNP assay facility, within the Qiagen Pyromark Q96 software, it was possible to genotype and
calculate imprinting loss using the A/G SNP at rs680. We applied the formula: 2 (A-50), where A > 50, or 2
(50 – A), where A < 50. After 6 hours, cells cultured in 25 mM glucose showed a signi�cant (P < .001)
decrease in imprinting percentage, compared to those cultured in 5 mM glucose. After 24 hours, cells
cultured in both 9- and 25 mM glucose showed signi�cant decreases in imprinting percentage (P < .01
and .001 respectively), compared to those cultured in 5 mM glucose; the effects of 9- and 25 mM glucose
were enhanced further after 48 hours (P < .001 and .001 respectively), when compared to those cultured in
5 mM glucose (Fig. 1.D).

The impact of altered levels of glucose on IGF-II mRNA
expression
After 6 hours, there was a signi�cant decrease in IGF-II mRNA (Fig. 1.Ei) in cells cultured in 9 mM - and
25 mM glucose media (P < .01 and .001 respectively), when compared with the control (5 mM glucose).
There were no signi�cant changes to H19 mRNA (Fig. 1.Eii) expression. The same pattern of IGF-II
expression was observed after 24 hours (P < .001 and .001 respectively), when compared with the control
and similarly there were no signi�cant changes in H19 mRNA expression. After 48 hours, however, there
was a signi�cant increase in IGF-II mRNA in cells cultured 25 mM glucose media (P < .01), when
compared with the control. Conversely, a signi�cant decrease in H19 mRNA expression was observed, in
cells cultured in 9 mM –and 25 mM glucose media (P < .001 and .001 respectively).

Effects of tumour necrosis factor (TNFα) on IGF-II IS
PC3 cells were cultured in 5- and 25 mM glucose media and exposed to increasing doses (0- to 10 ng/ml)
of TNFα for 24 hours. Cells cultured in 5 mM glucose and dosed with 10 ng TNFα showed two bands
sized 229- and 292 bp – which indicated a change from mono- to biallelic IGF-II expression - suggesting
LOI (Fig. 2.Ai). Cells cultured in 25 mM glucose-containing media and dosed with 1-, 5- and 10 ng/ml ng
TNFα showed two bands sized 229- and 292 bp. This indicated a change from mono- to biallelic IGF-II
expression, suggesting LOI. Untreated cells, cultured in 25 mM glucose, also showed two bands of 229
and 292 bp, con�rming LOI with raised glucose (Fig. 2.Aii).

Effects of high dose TNFα on the degree of IGF-II imprinting in cells cultured in normal (5 mM) glucose
media

Cells cultured in 5 mM glucose (2.Bi) and dosed with 1-, 5- and 10 ng/ml all showed signi�cant (P < .001)
decreases in imprinting percentage, compared to controls. Cells cultured in 25 mM glucose (Fig. 2.Bii)
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and dosed with 5- and 10 ng/ml TNFα both showed highly signi�cant decreases in imprinting percentage
(P < .001 respectively), when compared to controls.

Effects of TNFα on IGF-II mRNA expression in cells cultured in normal (5 mM) glucose media.

Cells cultured in 5 mM glucose media showed a signi�cant decrease in IGF-II mRNA expression when
dosed with 1- and 5 ng/ml TNFα (P < .01 and .05 respectively), compared with the untreated control. In
contrast, cells treated with 10 ng/ml TNFα showed a signi�cant (P < .01) increase in IGF-II mRNA
expression, when compared with the control. No signi�cant fold changes in H19 mRNA expression were
recorded (Fig. 2.Ci).

Cells cultured in 25 mM glucose showed no signi�cant changes in IGF-II mRNA when compared to the
untreated control. Conversely, a signi�cant decrease (P < .01) in H19 mRNA was observed in cells treated
with 1 ng/ml TNFα, compared to the un-dosed control. A signi�cant increase (P < .001) in H19 mRNA was
observed in cells treated with 10 ng/ml of TNFα, when compared with the un-dosed control (2.Cii).

Effects of TNFα on levels of secreted IGF-II peptide
Cells cultured in 5 mM glucose and exposed to increasing doses of TNFα (0-, 1-, 5- and 10 ng/ml) for 24-
and 48 hours, showed no signi�cant changes to secreted IGF-II peptide (Fig. 2.Di). This was also true of
cells cultured in 25 mM glucose, exposed to identical doses of TNFα after identical time points
(Fig. 2.Dii).

IGF-II IS does not signi�cantly vary between benign and
malignant paired prostate tissue samples
Figure 3.A depicts the total cohort with proportional representation of each tissue pairing; out of 84
patients 64 presented with no change of MOI status (in the benign sample compared to its cancer
counterpart), 6 presented with a change in status from MOI to LOI, 7 presented with a change in status
from LOI to MOI and 7 presented with no change of LOI status. Figure 3.B shows the percentage
imprinting within each genotype grouping. The group containing the 6 paired samples, with LOI in the
cancer compared with MOI in the benign tissue, showed a signi�cant decrease (P < .001) in imprinting
percentage. The group containing the 7 paired samples, with MOI in the cancer compared with LOI in the
benign tissue showed a signi�cant increase (P < .001) in imprinting percentage.

There is a positive correlation between IGF-II and H19 mRNA expression in benign and malignant prostate
tissue.

There was no difference in absolute expression of IGF-II or H19 between benign and malignant tissue.
However, we did observe a positive correlation between IGF-II and H19 expression; with a signi�cant weak
positive correlation (Pearson: R = 0.28, P < 0.01) in the benign tissue (Fig. 4.Ai) and a stronger positive
correlation in malignant prostate tissue (R = 0.67, P < 0.001) (Fig. 4. Aii).
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After quantifying IGF-II and H19 mRNA expression in the ‘Prostate Cancer - Evidence of Exercise and
Nutrition Trial’ (PrEvENT) cohort, we utilised the cBioPortal for Cancer Genomics website to assess
whether co-expression of IGF-II and H19 mRNA existed, in a larger PCa cohort, as well as another
hormone-responsive cancer type: breast.

In the prostate cohort - provided by the Cancer Genome Atlas (TGCA) - a strong positive correlation
(Pearson: 0.6) was seen in the co-expression of H19 and IGF-II (p = 1.37e – 49) with 489 patients
(Fig. 4.Bi). Similarly, in the TGCA breast cancer cohort (Fig. 4.Bii), a strong positive correlation (Pearson:
0.64) was also seen in the co-expression of H19 and IGF-II (p = 1.11e -115) with 994 patients.

There is a positive correlation between IGF-II mRNA and the degree of imprinting in benign and malignant
prostate tissue.

A signi�cant (P < .05) positive correlation (R = 0.328) was found between IGF-II mRNA and the degree of
imprinting in benign prostate tissue (Fig. 4.Ci), which was marginally weaker in malignant tissue (P < .05
and R = 0.224) (Fig. 4.Cii).

Levels of IGF-II peptide do not differ between benign and malignant prostate tissue.

The modi�ed Allred scores of IGF-II peptide abundance in benign and cancerous prostate tissue (n = 94)
showed no signi�cant differences in stain intensity and proportion (Fig. 5.A). Micrograph images
(Fig. 5.B) illustrate strong IGF-II peptide staining in cancer (image A) and benign (image D) tissues, and
weak staining in cancer (C) and benign (B) tissues.

Discussion
LOI in IGF-II is a phenomenon common to many different cancer types [38]. The causes and
consequences remain unclear. If modi�able behaviours can be shown to in�uence its occurrence, this
could have important implications for understanding the development and progression of cancers.

In this study we have demonstrated that under either hyperglycaemic or in�ammatory metabolic
conditions, loss of IGF-II imprinting can be induced in vitro. In high glucose (i.e. above the healthy range
of 4- to 5.9 mM/L for an adult – according to NICE guidelines, (The National Institute for Health and Care
Excellence, 2012) or increased in�ammatory (TNFα 10 ng/ml>) conditions, IGF-II loses imprinting with the
introduction of gradual expression of the silenced copy. However, the marked increase in mRNA did not
translate into increased expression of IGF-II peptide.

Whilst the exact mechanism of imprinting loss is unclear it may be hypothesised that exposure to
elevated glucose conditions and / or in�ammatory cytokines may cause disruption to the methylation
patterns in and around the IGF-II / H19 locus. Our in vitro data indicated that LOI was accompanied by an
increase in expression of IGF-II and a reciprocal reduction in expression of H19 consistent with the
‘enhancer competition model’, �rst posited in 1993 [23]. Further pyrosequencing to analyse methylation
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patterns may provide further clari�cation. Oxidative stress can also induce LOI, in both benign and
malignant prostate tissue, by disrupting the expression of CTCF and its binding to H19 and the ICR [39].

In the PrEvENT cohort, most matched benign and malignant specimens showed no change in imprinting
status, with MOI being most prevalent in both tissue types. This disagrees with �ndings that have shown
LOI to be more common in prostates associated with cancer [40], however our results were limited by the
relatively small cohort size.

Contrary to our in vitro �ndings, we demonstrated a positive correlation between IGF-II and H19 mRNA
expression in the prostate tissue; whilst this was weaker in benign tissue, the stronger positive correlation
- seen in malignant tissue - concurred with that of the larger TGCA cancer cohorts.

Our in vitro �ndings may be explained by the use of the PC3 cell line – a cultured monolayer of cells, of a
single cell type – compared to the use of clinical tissue specimens -which conversely, are greatly
heterogeneic in nature – as shown by Küffer et al. [30].

Interestingly, IGF-II / H19 LOI is also found in normal tissue and not just cancer, where frequently it is also
not related to expression levels. For example, 22% of normal infants have IGF-II LOI with no changes in
expression levels in the majority [41]. We suggest that imprinting is only one factor involved in regulating
expression and may not be essential in human tissues; IGF-II and H19 share a common enhancer 3’-
downstream from H19 [42] that could be a more important determinant of expression of both, rather than
imprinting controls.

The key �nding that bridges our in vitro with in vivo �ndings is that there was no measurable change in
IGF-II peptide. The lack of correlative �ndings may be explained by a de�ciency of RNA binding proteins
such as the insulin-like growth factor 2 messenger-RNA binding proteins (IMPs). These affect the
processing of IGF-II mRNA at multiple levels - including translation. Of the three IMPs (IMP1, IMP2 and
IMP3) identi�ed [43], IMP3 has been shown to activate translation of mRNA by binding to the coding
regions of IGF-II [44]. Under our simulated in vitro conditions, inhibition or insu�cient synthesis of IMP3
may have occurred and further quanti�cation of IMP3 would address this issue.

In vivo, a de�ciency of RNA binding proteins may be also contributory, but an additional factor may be
that circulating IGF-II peptide is unstable and may be susceptible to degradation [45]. To combat this, it
binds with speci�c binding proteins – insulin-like growth factor binding proteins (IGFBPs). There are six
IGFBPs: IGFBP1-6 and they bind to IGF-I and -II with high a�nity [46]. More speci�cally, IGFBP2 binds to
IGF-II with very high a�nity [47]. Therefore, the inconsistency of IGF-II staining is likely due to the
presence of peptide bound to IGFBP-2.

Conclusion
To summarise, our study illustrated that an arti�cially simulated in�ammatory environment does induce
LOI in IGF-II, causing upregulation of IGF-II and downregulation of H19 mRNA. The potential cause may
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be due to disruption of methylation patterns throughout both copies of the gene, inducing partial
expression of the usually silenced paternal copy. The increase in IGF-II mRNA did not equate to elevated
protein expression – which may be due to impaired RNA-binding protein synthesis. Matched benign and
malignant specimens from the PrEvENT cohort primarily retained IS, although a small subset with LOI did
exhibit reduced imprinting. A positive correlation was seen between IGF-II and H19 mRNA expression,
which concurred with �ndings of larger TGCA cohorts and other hormone-responsive cancer types
(breast). This positive correlation did not affect IGF-II peptide. Our in vitro �ndings are of utmost
relevance to indicate that type 2 diabetes and / or obesity directly affect the regulation of growth factors
involved in carcinogenesis. Furthermore, our data suggest that LOI does not necessarily coincide with the
development of cancer or translate into more IGF-II peptide, but its actual consequences may only be fully
understood when the complex interactions between all the products of the gene locus, including long non-
coding RNA, microRNA and antisense transcripts, are fully characterised.

Abbreviations
ANOVA
Analysis of variance
B
Benign
BMI
Body mass index
C
Cancer
cDNA
Complementary DNA
CTCF
CCCTC-binding factor
ddPCR
Digital droplet PCR
DMEM
Dulbecco’s modi�ed Eagles Medium
FBS
Foetal bovine serum
FFPE
Formalin �xed para�n embedded
FP
Forward primer
ICR
Imprinting control region
IGF-II



Page 14/28

Insulin-like growth factor 2
IGFBPs
Insulin-like growth factor binding proteins
IHC
Immunohistochemistry
IMPs
insulin-like growth factor 2 messenger-RNA binding proteins
IS
Imprinting status
lncRNA
Long non-coding RNA
LOI
Loss of imprinting
miRNA
Micro-RNA
MOI
Maintenance of imprinting
NICE
The National Institute for Health and Care Excellence
PCa
Prostate cancer
PIE
Pyrosequencing for imprinted allele expression
PrEvENT
Prostate cancer - evidence of exercise and nutrition trial
qPCR
Quantitative PCR
RFLP
Restriction fragragment length polymorphism
RIA
Radioimmuunoassay
RP
Reverse primer
RPE
Radical prostatectomised
RPMI-1640
Roswell Park Memorial Institute 1640
Rs680
Restriction site 680
SFM



Page 15/28

Serum free media
SNP
Single nucleotide polymophism
T2D
Type 2 diabetes
TGCA
The Cancer Genome Atlas
TNFα
Tumour necrosis factor alpha

Declarations
Acknowledgements

We would like to thank the NIHR Bristol Nutrition Biomedical Research Unit based at University Hospitals
Bristol and Weston NHS Foundation Trust and the University of Bristol. The views expressed are those of
the authors and not necessarily those of the NHS, the University of Bristol, the NIHR or the Department of
Health and Social Care.

Author’s contributions

GK and KB conducted the majority of experiments and analysed data; AS, PG, RB and HZ assisted with
IHC; AG assisted with pyrosequencing and KM, RMM, JAL, LM, AK, ER and JO participated in the PrEvENT
study. GK wrote the paper. JH and CP revised and edited the paper and acquired funding. All authors read
and approved the �nal manuscript.

Funding

The work was supported by Cancer Research UK: The Integrative Cancer Epidemiology Programme:
Towards improved causal evidence and enhanced predication of cancer risk and survival: C18281 /
A29019

Availability of data and materials

The data used throughout the study are available on request from the corresponding author.

Ethics approval and consent to participate

The PrEvENT study was approved by the NRES Committee South West – Cornwall & Plymouth, on 9th

September 2014 (reference number: 14/SW/0056) and was registered with the ISRCTN registry on 17th

November 2014 (ISRCTN99048944)

Consent for publication



Page 16/28

N.A

Competing interests

The authors declare no competing interests in relation to the work described.

Author details

11. IGF & Metabolic Endocrinology Group, Translational Health Sciences, Bristol Medical School,
Learning & Research Building, Southmead Hospital, Bristol, BS10 5NB, UK

12. Department of Cellular Pathology, North Bristol NHS Trust, Southmead Hospital, Bristol BS10 5NB.

13. Division of Cancer & Genetics, Room 167, 7th Floor, A-B Link, School of Medicine, Cardiff University,
Heath Park, Cardiff, CF14 4XN, UK

14. Department of Surgery, Department of Medicine, Southmead Hospital, Bristol, BS10 5NB, UK

15. Population Health Sciences, Bristol Medical School, University of Bristol, Canynge Hall, 39 Whatley
Road, Bristol, BS8 2PS, UK

1�. NIHR Biomedical Research Centre at University Hospitals Bristol and Weston NHS Foundation Trust
and the University of Bristol. Biomedical Research Unit O�ces, University Hospitals Bristol Education
Centre, Dental Hospital, Lower Maudlin Street, Bristol, BS1 2LY

17. Bristol Randomised Trials Collaboration, Population Health Sciences, Bristol Medical School,
University of Bristol, Canynge Hall, 39 Whatley Road, Bristol, BS8 2PS

1�. Supportive Cancer Care Research Group, Faculty of Health and Life Sciences, Oxford Institute of
Nursing, Midwifery and Allied Health Research, Oxford Brookes University, Jack Straws
Lane, Marston, Oxford, OX3 0FL

19. Department of Urology, Bristol Urological Institute, Southmead Hospital, Bristol, BS10 5NB

20. Department of Pathology, North West Anglia NHS Foundation Trust, PE3 9GZ

References
1. Siegel RL, Miller KD, Jemal A, Cancer statistics, 2016. CA Cancer J Clin, 2016. 66(1): p. 7–30.

2. Giri VN, Beebe-Dimmer JL. Familial prostate cancer. Semin Oncol. 2016;43(5):560–5.

3. Lauby-Secretan B, et al. Body Fatness and Cancer–Viewpoint of the IARC Working Group. N Engl J
Med. 2016;375(8):794–8.

4. Bell KJ, et al. Prevalence of incidental prostate cancer: A systematic review of autopsy studies. Int J
Cancer. 2015;137(7):1749–57.

5. Jones AL, Chinegwundoh F. Update on prostate cancer in black men within the UK
Ecancermedicalscience. 2014;8:455.

�. Allott EH, Hursting SD. Obesity and cancer: mechanistic insights from transdisciplinary studies.
Endocr Relat Cancer. 2015;22(6):R365-86.



Page 17/28

7. Booth A, et al. Adipose tissue, obesity and adipokines: role in cancer promotion. Horm Mol Biol Clin
Investig. 2015;21(1):57–74.

�. Garg SK, et al. Diabetes and cancer: two diseases with obesity as a common risk factor. Diabetes
Obes Metab. 2014;16(2):97–110.

9. Chang SC, Yang WV. Hyperglycemia, tumorigenesis, and chronic in�ammation. Crit Rev Oncol
Hematol. 2016;108:146–53.

10. Liu L, et al. Effects of insulin-like growth factors I and II on growth and differentiation of transplanted
rat embryos and fetal tissues. Endocrinology. 1989;124(6):3077–82.

11. Baxter RC, et al. Regulation of the insulin-like growth factors and their binding proteins by
glucocorticoid and growth hormone in nonislet cell tumor hypoglycemia. J Clin Endocrinol Metab.
1995;80(9):2700–8.

12. Resnicoff M, et al. The insulin-like growth factor I receptor protects tumor cells from apoptosis in
vivo. Cancer Res. 1995;55(11):2463–9.

13. Buchanan CM, Phillips AR, Cooper GJ. Preptin derived from proinsulin-like growth factor II (proIGF-II)
is secreted from pancreatic islet beta-cells and enhances insulin secretion. Biochem J. 2001;360(Pt
2):431–9.

14. Belobrajdic DP, et al. Moderate energy restriction-induced weight loss affects circulating IGF levels
independent of dietary composition. Eur J Endocrinol. 2010;162(6):1075–82.

15. Brissenden JE, Ullrich A, Francke U. Human chromosomal mapping of genes for insulin-like growth
factors I and II and epidermal growth factor. Nature. 1984;310(5980):781–4.

1�. Rotwein P. The insulin-like growth factor 2 gene and locus in nonmammalian vertebrates:
Organizational simplicity with duplication but limited divergence in �sh. J Biol Chem.
2018;293(41):15912–32.

17. Ogawa O, et al. Relaxation of insulin-like growth factor II gene imprinting implicated in Wilms'
tumour. Nature. 1993;362(6422):749–51.

1�. Park KS, et al. Loss of imprinting mutations de�ne both distinct and overlapping roles for
misexpression of IGF2 and of H19 lncRNA. Nucleic Acids Res. 2017;45(22):12766–79.

19. Damaschke NA, et al. Loss of Igf2 Gene Imprinting in Murine Prostate Promotes Widespread
Neoplastic Growth. Cancer Res. 2017;77(19):5236–47.

20. Mishima C, et al. Loss of imprinting of IGF2 in �broadenomas and phyllodes tumors of the breast.
Oncol Rep. 2016;35(3):1511–8.

21. Belharazem D, et al. Carcinoma of the colon and rectum with deregulation of insulin-like growth
factor 2 signaling: clinical and molecular implications. J Gastroenterol. 2016;51(10):971–84.

22. Zhang M, et al. Loss of imprinting of insulin-like growth factor 2 is associated with increased risk of
primary lung cancer in the central China region. Asian Pac J Cancer Prev. 2014;15(18):7799–803.

23. Bartolomei MS, et al. Epigenetic mechanisms underlying the imprinting of the mouse H19 gene.
Genes Dev. 1993;7(9):1663–73.



Page 18/28

24. Reik W, Murrell A. Genomic imprinting. Silence across the border. Nature. 2000;405(6785):408–9.

25. Yan J, et al. Long Noncoding RNA H19/miR-675 Axis Promotes Gastric Cancer via FADD/Caspase
8/Caspase 3 Signaling Pathway. Cell Physiol Biochem. 2017;42(6):2364–76.

2�. Zhou Y, et al. Association of long non-coding RNA H19 and microRNA-21 expression with the
biological features and prognosis of non-small cell lung cancer. Cancer Gene Ther. 2017;24(8):317–
24.

27. Yoshimizu T, et al. The H19 locus acts in vivo as a tumor suppressor. Proc Natl Acad Sci U S A.
2008;105(34):12417–22.

2�. Zhu M, et al. lncRNA H19/miR-675 axis represses prostate cancer metastasis by targeting TGFBI.
FEBS J. 2014;281(16):3766–75.

29. Belharazem D, et al. Relaxed imprinting of IGF2 in peripheral blood cells of patients with a history of
prostate cancer. Endocr Connect. 2012;1(2):87–94.

30. Kuffer S, et al. Insulin-like growth factor 2 expression in prostate cancer is regulated by promoter-
speci�c methylation. Mol Oncol. 2018;12(2):256–66.

31. Hackshaw-McGeagh L, et al. Prostate cancer - evidence of exercise and nutrition trial (PrEvENT):
study protocol for a randomised controlled feasibility trial. Trials. 2016;17(1):123.

32. Pfa� MW. A new mathematical model for relative quanti�cation in real-time RT-PCR. Nucleic Acids
Res. 2001;29(9):e45.

33. Yang B, et al. Pyrosequencing for accurate imprinted allele expression analysis. J Cell Biochem.
2015;116(7):1165–70.

34. Davies SC, et al. The induction of a speci�c protease for insulin-like growth factor binding protein-3
in the circulation during severe illness. J Endocrinol. 1991;130(3):469–73.

35. Dean SJ, et al. Loss of PTEN expression is associated with IGFBP2 expression, younger age, and late
stage in triple-negative breast cancer. Am J Clin Pathol. 2014;141(3):323–33.

3�. Cerami E, et al. The cBio cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012;2(5):401–4.

37. Gao J, et al. Integrative analysis of complex cancer genomics and clinical pro�les using the
cBioPortal. Sci Signal. 2013;6(269):pl1.

3�. Bowers LW, et al. The Role of the Insulin/IGF System in Cancer: Lessons Learned from Clinical Trials
and the Energy Balance-Cancer Link. Front Endocrinol (Lausanne). 2015;6:77.

39. Yang B, et al. A novel pathway links oxidative stress to loss of insulin growth factor-2 (IGF2)
imprinting through NF-kappaB activation. PLoS One. 2014;9(2):e88052.

40. Fu VX, et al. Aging and cancer-related loss of insulin-like growth factor 2 imprinting in the mouse and
human prostate. Cancer Res. 2008;68(16):6797–802.

41. Rancourt RC, et al. The prevalence of loss of imprinting of H19 and IGF2 at birth. FASEB J.
2013;27(8):3335–43.



Page 19/28

42. Verona RI, Bartolomei MS. Role of H19 3' sequences in controlling H19 and Igf2 imprinting and
expression. Genomics. 2004;84(1):59–68.

43. Nielsen J, et al. A family of insulin-like growth factor II mRNA-binding proteins represses translation
in late development. Mol Cell Biol. 1999;19(2):1262–70.

44. Liao B, et al. The RNA-binding protein IMP-3 is a translational activator of insulin-like growth factor II
leader-3 mRNA during proliferation of human K562 leukemia cells. J Biol Chem.
2005;280(18):18517–24.

45. Bergman D, et al. Insulin-like growth factor 2 in development and disease: a mini-review. Gerontology.
2013;59(3):240–9.

4�. Yu H, Rohan T. Role of the insulin-like growth factor family in cancer development and progression. J
Natl Cancer Inst. 2000;92(18):1472–89.

47. Yamanaka Y, et al. Inhibition of insulin receptor activation by insulin-like growth factor binding
proteins. J Biol Chem. 1997;272(49):30729–34.

Web. Resources.

NICE. (2012). “Type 2 diabetes: prevention in people at high risk”. NICE Public Health Guideline 38.
Accessed 21st September 2020. https://www.nice.org.uk/guidance/ph38/resources/type-2-diabetes-
prevention-in-people-at-high-risk-pdf-1996304192197.

Figures



Page 20/28

Figure 1

Genotyping, IGF-II allelic expression and imprinting behaviour after treatment with glucose, in prostate
cancer cell lines using APA1 RFLP, PIE and qPCR analyses. A) Gel image depicting genotype results of cell
lines VCaP, DU145, PNT2, LNCaP and PC3. VCaP and PC3 showed two bands, sized 292- and 229bp. This
meant that these cells were heterozygous for the SNP at rs680 and, therefore, informative. (n=3) B) Gel
image depicting IGF-II allelic expression. The VCaP cell line showed two bands, sized 292 and 229 bp,
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signifying bi-allelic expression and, therefore, loss of imprinting of IGF-II. The PC3 cell line showed a
single band sized 292 bp, indicating mono-allelic expression of IGF-II and, therefore, a retention of
imprinting status. (n=3) C) Gel image depicting the effects of varied glucose concentration on IGF-II allelic
expression in the PC3 cell line after 48 hours. Cells cultured in 9- and 25 mM glucose showed two bands
sized 229- and 292 bp, indicating a change from mono- to biallelic IGF-II expression and, therefore, loss of
imprinting. (n=3) D) Imprinting percentage change of PC3 cells after exposure to glucose for 6-, 24- and
48 hours. After 6 hours, cells cultured in 25mM glucose showed a highly signi�cant (P < .001) decrease in
imprinting percentage compared to those cultured in 5mM glucose. After 24 hours, cells cultured in 9- and
25mM glucose showed signi�cant decreases in imprinting percentage (P <.01 and .001 respectively),
when compared to those cultured in 5mM glucose. After 48 hours, cells cultured in 9- and 25mM glucose
showed highly signi�cant decreases in imprinting percentage (P <.001 and .001 respectively), when
compared to those cultured in 5mM glucose. (n=3) E) IGF-II and H19 mRNA relative expression in the PC3
cell line, after exposure to increased glucose levels; a signi�cant increase in IGF-II mRNA expression (i)
was observed after 6-, 24- and 48-hours in 9- and 25mM glucose media. A signi�cant decrease in H19
mRNA expression (ii) was observed after 48-hours in 9- and 25mM glucose media. (n=3)
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Figure 2

IGF-II allelic expression, imprinting behaviour and peptide expression after treatment with TNFα, in
prostate cancer cell lines using APA1 RFLP, PIE, qPCR and RIA analyses. A) Gel image depicting the
effects of TNFα upon IGF-II allelic expression in the PC3 cell line, after 24 hours exposure. Cells cultured
in 5mM (i) glucose and dosed with 10ng/ml TNFα showed two bands, sized 229 and 292 bp, indicating a
change from mono- to biallelic IGF-II expression and, therefore, loss of imprinting. Cells cultured in 25mM
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(ii) glucose and dosed with 0-, 1-, 5- and 10ng/ml TNFα showed two bands sized 229 and 292 bp,
indicating a change from mono- to biallelic IGF-II expression and, therefore, loss of imprinting. (n=3) B)
Imprinting percentage change of PC3 cells after exposure to TNFα for 24 hours in 5mM (i) and 25mM (ii)
glucose. Cells cultured in 5mM glucose media (i)and dosed with 1-, 5- and 10ng/ml TNFα all showed
highly signi�cant (P<.001) decreases in imprinting percentage; those cultured in 25mM glucose media (ii)
and dosed with 5- and 10ng/ml TNFα, also showed highly signi�cant (P<.001) decreases in imprinting
percentage when compared with the control. (n=3). C) IGF-II and H19 mRNA relative expression in the PC3
cell line, after treatment with TNFα in 5mM (i) and 25mM (ii) glucose for 24-hours, using qPCR; i) a
signi�cant increase in IGF-II was observed in cells dosed with 1, - 5- and 10ng/ml TNFα. No signi�cant
fold changes in H19 mRNA were observed (n=3). ii) No signi�cant fold changes in IGF-II mRNA were
observed. A signi�cant decrease in H19 was observed in cells dosed with 1ng/ml TNFα, whilst a
signi�cant increase was observed in those dosed with 10ng/ml TNFα. D) After 24- and 48 hours exposure
to 5- (i) and 25mM (ii) glucose, combined with increasing doses of TNFα, there were no signi�cant
changes in the quantities of IGF-II peptide. (n=3)
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Figure 3

Imprinting status of paired benign and malignant prostate tissue samples from the PrEvENT cohort. A)
Cohort divided by imprinting status change, moving from benign to corresponding malignant counterpart.
Of the total cohort (84 tissue pairs), 64 showed no change of maintenance of imprinting (MOI) from
benign to malignant; 7 showed no change of loss of imprinting (LOI), from benign to malignant; 6 showed
a change from LOI to MOI and 7 showed a change from MOI to LOI. B) Imprinting status sub-divisions of
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PrEvENT cohort, with changes in imprinting percentage. A signi�cant decrease (P <.000) in imprinting
percentage was seen in samples where imprinting status changed from MOI to LOI (n=7); conversely,
signi�cant increase (P <.000) in imprinting percentage was seen in samples where imprinting status
changed from LOI to MOI (n=6).

Figure 4
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Co-expression of IGF-II & H19 mRNA and IGF-II & imprinting percentage in benign and prostate cancer
tissue sections. A) Co-expression of H19 & IGF-II mRNA in benign (i) and cancer (ii) derived from FFPE
prostate tissue from the PrEvENT cohort. Pearson’s correlation coe�cient analysis found a signi�cant (P
< .01) weak positive (R=0.28) correlation between H19 and IGF-II mRNA expression in benign prostate
tissue; a signi�cant (P < .001) stronger (R=0.67) positive correlation was found in cancer tissue (N=95) B)
Metabric data from The Cancer Genome Atlas (TGCA) showed strong positive correlations between co-
expression of H19 & IGF-II mRNA in (i) prostate (R = 0.6, p= 1.37e – 49) (i) and (ii) breast (R = 0.64, p =
1.11e -115) cancer. C) Imprinting percentage of IGF-II gene plotted against IGF-II mRNA in i) benign and ii)
cancer prostate tissue. A signi�cant negative correlation was seen between IGF-II imprinting percentage
and mRNA expression in both tissue types. (n=84)
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Figure 5

IHC staining of IGF-II peptide in benign and malignant prostate tumour tissue. A) IHC staining of IGF-II
peptide in FFPE prostate tumour tissue using the Ventana Benchmark Ultra machine. There were no was
no signi�cant differences in staining scores between malignant and benign prostate tissue. B) Patterns
of IGF-II cytoplasmic IHC staining in paired tissue samples from 2 patients. Strong IGF-II peptide staining
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was observed in both cancer (A) and benign (D) tissue, as was weak staining (B / benign & C / cancer).
Scale is 1x1 mm, at 20x magni�cation.


