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Abstract

Background

Retrospective analyses suggest anaesthetic-analgesics technique during cancer surgery
may affect recurrence/metastasis. This could involve direct effects of anaesthetic-analgesic
drugs on cancer cells. While p-opioid receptor over-expression in lung tumours is associ-
ated with greater metastasis, other anaesthetic-analgesic receptor targets in cancer recur-
rence/metastasis remain unexplored. Therefore, we evaluated the association between
genetic expression of anaesthetic-analgesic receptor targets and recurrence/metastasis,
using a repository of breast cancer gene expression and matching clinical data.

Methods

A list of 23 genes encoding for the most prominent anaesthetic-analgesic receptor targets
was compiled. This was processed through BreastMark- an algorithm integrating gene
expression data from ~17,000 samples and clinical data from >4,500 breast cancer sam-
ples. Gene expression data was dichotomized using disease-free survival (survival without
recurrence) and distant disease-free survival (survival without metastasis) as end points.
Hazard ratios were calculated by Cox-regression analysis. Enrichment for prognostic mark-
ers was determined by randomly choosing 23-member gene lists from all available genes,
calculating how often >5 significant markers were observed and adjusting p-values for multi-
ple testing. This was repeated 10,000 times and an empirical p-value calculated.

Results

Of 23 selected genes, 9 were significantly associated with altered rates of metastasis and 4
with recurrence on univariate analysis. Adjusting for multiple testing, 5 of these 9 genes
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remained significantly associated with metastasis, non with recurrence. This ratio of genes
(5/23) was not significantly enriched for markers of metastasis (p = 0.07).

Conclusion

Several anaesthetic-analgesic receptor genes were associated with metastatic spread in
breast cancer. Overall there was no significant enrichment in prognostic markers of metas-
tasis, although a trend was observed.

Introduction

Despite the continuing introduction of novel treatment strategies, breast cancer remains a
leading cause of death in women. It is not usually the primary breast tumour, but rather metas-
tasis at distant sites that cause mortality [1]. Therefore, any potential strategy to decrease the
progression of primary breast cancer to metastatic disease warrants investigation.

A number of perioperative factors have been hypothesized to affect metastasis after cancer
surgery including anaesthetic-analgesic technique [2, 3]. Some retrospective clinical analyses
have found an association between perioperative use of volatile anaesthetics and opiate analge-
sics and increased risk of subsequent metastases. This may reflect transitory host immune sup-
pression, but recent experimental studies also indicate that anaesthetics and analgesic drugs
themselves directly influence cancer cell biology, in ways which can promote or resist metasta-
sis 3, 4].

Therefore, it is plausible that perioperative drugs, given during cancer surgery, modulate
cancer cell biology by directly binding to receptors in tumours. A corollary to this hypothesis
is that the level of receptor expression in a given tumour may influence how responsive those
tumour cells are to individual drugs acing on receptors. Available experimental evidence sug-
gests that use of some anaesthetic-analgesic agents is associated with reduced cancer metastasis
(e.g. local anaesthetics, propofol) [5, 6], while others may be associated with increased risk of
metastasis (e.g. volatile agents, opioids) [7, 8]. Indeed, an association between over-expression
of the p opioid receptor (MOR) protein and increased incidence of lung cancer metastasis has
been identified [9]. However, there is much conflicting evidence and genetic expression of
anaesthetic and analgesic target genes within tumour tissue has never been investigated with
respect to longitudinal clinical outcomes.

This retrospective analysis tests the hypothesis that gene expression levels of certain anaes-
thetic and analgesic receptor targets in breast cancer tissue are associated with either increased
or decreased incidence of metastasis and local recurrence. It employs an online, publically
accessible database of gene expression data from breast cancer patients (BreastMark) [10].

Methods

We interrogated BreastMark—an algorithm that is freely available online that integrates pub-
lished gene expression data (corresponding to ~17,000 genes and 341 miRNAs) and detailed
clinical data relating to outcome in breast cancer. It contains transcriptomic and clinical infor-
mation derived from 26 microarray datasets, across 12 different array platforms, incorporating
4,738 patient samples. This database has been extensively validated by reference to the Mam-
maPrint [11] and oncotype Dx [12] gene signatures and only includes high quality microarray
studies. It employs an algorithm that combines gene expression data from multiple microarray
experiments and detailed clinical data to correlate outcome with gene expression levels. As
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multiple platforms are combined by BreastMark, and not all platforms contain probes for all
genes, the number of samples in a comparison will vary depending on how many platforms
have probes for the gene of interest. For more details on this algorithm visit http://glados.ucd.
ie/BreastMark/index.html [10].

Selection of target genes

We compiled a list of anaesthetic and anaesthetic target genes, which was used to interrogate
the BreastMark database. These receptors comprised the main targets for anaesthetic and opi-
oid analgesic drugs that are commonly used in the peri-operative period. While opioids bind
to single polypeptide G-protein-coupled receptors, most anaesthetic receptors are ion channels
and they therefore comprise multiple peptide subunits and are coded for by more than one
gene. Therefore, we concentrated on those genes that encode receptor peptide subunits for
which confirmed anaesthetic binding sites have been identified. This was based on literature
searching of X-ray crystallography, mutagenesis and receptor binding affinity studies. A list of
23 genes was created, reflecting the verified major anaesthetic and opioid analgesic receptor
protein binding sites (Table 1).

Table 1. List of 23 genes that encode for the receptor proteins that interact with the major anaesthetic and opioid analgesic receptors for which
gene expression data was determined in the BreastMark database.

Anaesthetic/Analgesic Receptor- | Official HGNC Entrez Gene | Site and mode of Anaesthetic/AnalgesicAction
Protein Target Symbol ID

Delta Opioid receptor (DOR) OPRD1 4985 Positively modulated by opioids.

Mu Opioid receptor (MOR) OPRM1 4988 Positively modulated by opioids.

Kappa Opioid receptor OPRK1 4986 Positively modulated by opioids.

NMDA receptor subunit ‘GRIN1’ GRINT1 2902 Inotropic glutamate receptor activated by glycine.

NMDA receptor subunit ‘GRIN2A’ GRIN2A 2903 Inhibited by volatile anaesthetics & xenon.

NMDA receptor subunit ‘GRIN2B’ GRIN2B 2904 Inhibited by volatile anaesthetics & xenon.

NMDA receptor subunit ‘GRIN2C’ GRIN2C 2905 Inhibited by volatile anaesthetics & xenon.

NMDA receptor subunit ‘GRIN3A’ GRIN3A 116443 Inhibited by volatile anaesthetics.

NMDA receptor subunit ‘GRINA’ GRINA 2907 Modulates function via glycine, rather than NMDA compound. Therefore more
affected by propofol and IV anaesthesia.

Noradrenaline channel transporter SLC6A2 6530 Sodium-dependent noradrenaline reuptake, inhibited by propofol.

5HT channel transporter SLC6A4 6532 Sodium-dependent serotonin reuptake, inhibited by volatile anaesthetics.

Glycine receptor a1subunit GLRA1 2741 Positively modulated by propofol and volatile anaesthetics.

Glycine receptor 8 subunit GLRB 2743 Positively modulated by propofol.

GABA, receptor subunit a1 GABRAT1 2554 Positively modulated by volatile anaesthetics.

GABA, receptor subunit a2 GABRA2 2555 Positively modulated by volatile anaesthetics.

GABA, receptor subunit a3 GABRA3 2556 Positively modulated by volatile anaesthetics.

GABA, receptor subunit a5 GABRA5 2558 Positively modulated by volatile anaesthetics.

GABAA, receptor subunit 31 GABRB1 2560 Positively modulated by propofol and volatile anaesthetics.

GABA, receptor subunit 32 GABRB2 2561 Positively modulated by propofol and volatile anaesthetics.

GABAA receptor subunit 33 GABRB3 2562 Positively modulated by propofol and volatile anaesthetics.

GABA, receptor subunit y1 GABRGH1 2565 Positively modulated by propofol & barbiturates.

GABA, receptor subunit y2 GABRG2 2566 Positively modulated by propofol & barbiturates.

GABA, receptor subunit y3 GABRG3 2567 Positively modulated by volatile anaesthetics.

List of 23 genes that encode for the receptor proteins that interact with the major anaesthetic and opioid analgesic receptors for which gene expression data
was determined in the BreastMark database.

https://doi.org/10.1371/journal.pone.0177105.t001
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Analysis of target genes in BreastMark

The 23 anaesthetic and analgesic target genes were analysed with BreastMark by dichotomiz-
ing gene expression data around a median into ‘high’ and ‘low’ expression, with 50% of patient
samples in each group. Kaplan Meier survival curves were generated comparing these two
populations (high and low expressers) for each gene for both disease-free survival (DFS; i.e.
local recurrence) and distant disease-free survival (DDFS; i.e. metastasis). Cox regression anal-
ysis was used to generate the associated hazard ratios (HR) and confidence intervals (CI). This
approach has previously been employed to validate the BreastMark database in confirming
prognostic signatures associated with the commercially available Mammaprint and Oncotype
Dx diagnostic tests for breast cancer [10].

Screening of gene list for the prognostic potential in breast cancer using
BreastMark

Using BreastMark we performed a screen of the prognostic potential of all available genes to
determine if our selected group of 23 genes was enriched for prognostic markers. Gene expres-
sion data was dichotomized around median expression, dividing our population into ‘high’
and ‘low’ expressers of target genes. DDFS (reflecting survival without metastasis) was used as
the primary survival end-point. DFS (reflecting local recurrence) was also determined for
those genes whose expression showed an association with metastasis. Kaplan-Meier estimates
and the log-rank p-value indicated differences in survival. P-values were adjusted for multiple
testing using the Benjamini-Hochberg method [13] with p-values less than 0.05 considered sig-
nificant. Cox regression analysis was used to calculate HRs and CIs. Enrichment for prognostic
markers was determined by randomly choosing gene lists of identical size to our own list (23)
and calculating how often the same number or more significant prognostic markers were
observed and at each stage adjusting the p-values using the same method as mentioned above
(5 of our 23 genes were significant after adjusting for multiple testing). This was repeated
10,000 times and an empirical p-value was calculated.

Results

Association between target gene expression and DDFS (metastasis) or
DFS (local recurrence)

Of the chosen list of 23 genes, nine were associated with metastasis (p<0.05; Table 2; Figs 1
and 2) and four were associated with local recurrence (data not shown) when analysis of the
Breastmark database was conducted. However, when we adjusted for multiple testing, only 5
genes remained statistically associated with metastasis on the basis of corrected p-values of
<0.05 (Figs 1 and 2; Table 2) and none were associated with local recurrence (Table 3).

High gene expression and risk of DDFS (metastasis)

Risk of metastasis was linked with a high expression of some target genes and a low expression
of other target genes. These links plausibly reflect the mechanism of action of anaesthetic/anal-
gesic drugs at those receptors. Specifically, high expression of genes encoding for NMDA
receptor GRINA and the Noradrenaline Transporter protein (SLC6A2) were most strongly
associated with a shorter time to metastasis (Fig 1, Table 2). The NMDA receptor subunit,
GRINA, contains the glutamate binding site, and has been shown to be inhibited by ketamine,
nitrous oxide and xenon [14, 15]. In vitro studies have also suggested that the NMDA receptor
is inhibited by intravenous local anaesthetics [16]. The Noradrenaline Transporter protein
(SLC6A2) is inhibited by propofol [17]. High expression of three other genes was less strongly
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Table 2. Hazard ratios for anaesthetic and analgesic target genes based on the BreastMark database.

Anaesthetic/Analgesic Receptor Gene

Target

Delta Opioid receptor (DOR)

Mu Opioid receptor (MOR)
Kappa Opioid receptor

NMDA receptor subunit ‘GRIN1’
NMDA receptor subunit ‘GRIN2A’
NMDA receptor subunit ‘GRIN2B’
NMDA receptor subunit ‘GRIN2C’
NMDA receptor subunit ‘GRIN3A’

NMDA receptor subunit ‘GRINA’

Noradrenaline channel transporter
5HT channel transporter

Glycine receptor a1 subunit
Glycine receptor 8 subunit

GABA, receptor subunit at
GABA, receptor subunit o2
GABA, receptor subunit a3
GABA, receptor subunit a5
GABA, receptor subunit 31
GABA, receptor subunit 32
GABA, receptor subunit 33
GABA, receptor subunit y1
GABA, receptor subunit y2
GABA, receptor subunit y3

Samples were dichotomized for gene expression around a 50% median value and differences between these two populations are indicated by hazard

Distant disease-free survival (metastasis)

Hazard Ratio (95% Confidence
Intervals)

1.21(1.01-1.45)
1.20 (1.02-1.42)
1.16 (0.96-1.39)
1.13 (0.96-1.33)
1.05 (0.84-1.27)
0.95 (0.79-1.15)
1.05 (0.89-1.25)
0.59 (0.44-0.79)

1.35 (1.12-1.64)

1.25 (1.07-1.47)
0.83 (0.70-0.98)
1.09 (0.90—1.33)
0.69 (0.59-0.81)

1.10 (0.84-1.23
1.06 (0.89-1.28
1.01 (0.83-1.24
1.14 (0.96-1.36
0.92 (0.76-1.13
0.86 (0.72-1.03
1.04 (0.86-1.24
0.64 (0.46-0.90
0.96 (0.79-1.16
(

)
)
)
)
)
)
)
)
)
1.20 (1.00-1.44)

P-value

0.04*
0.03*
0.12
0.14
0.54
0.62
0.53

4.0x
1074

1.8x
1073

6x1073*
0.03*
0.37

8.4 x
1076

0.89
0.50
0.91
0.13
0.43
0.10
0.71
0.01*
0.66
0.05*

Adjusted
P-Value

0.12
0.10
0.25
0.25
0.69
0.75
0.69
4.6x1073

0.01*

0.05*
0.10
0.61
1.9x1074*

0.92
0.69
0.92
0.25
0.66
0.23
0.78
0.05*
0.76
0.13

Sample
Number

2223
2223
2223
2223
2223
2223
2223
577

1736

2223
2223
2223
2223

2223
2223
2069
2223
2223
2223
2223
423

2223
2223

Events
Number

593
593
593
593
593
593
593
187

428

593
593
593
593

593
593
546
593
593
593
593
140
593
593

ratios. P-values shown are those obtained by univariate analysis of the Breastmark database. Adjusted p-values were calculated as described in Methods.
HRs that differed significantly between the high and low expressing populations are indicated by an asterisk (P< 0.05). ‘Events’ refers to number of patients
in the sample population for whom distant metastasis occurred.

https://doi.org/10.1371/journal.pone.0177105.t002

associated with metastasis, when we performed analysis of the Breastmark database, without

correcting for multiple testing. These encoded the delta opioid receptor, the mu opioid recep-
tor and the GABA 4 receptor subunit y3 (Fig 1, Table 2).

Low gene expression and risk of DDFS (metastasis)

Low expression of genes encoding the NMDA receptor subunit GRIN3A, glycine receptor
beta subunit and GABA , subunit y1 was strongly associated with shorter disease-free survival

time or metastasis (Fig 2, Table 2). These genes encode for receptor proteins that are inhibited

by clinical doses of volatile anaesthetics and activated by intravenous anaesthetics such as pro-

pofol [18]. Low expression of a gene encoding the 5HT channel transporter was also associated

with metastasis when we performed univariate analysis of Breastmark, without correcting for

multiple testing (Fig 2, Table 2).
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Fig 1. Kaplan-Meier plots for anaesthetic and analgesic targets where high gene expression is associated with reduced time to metastasis,
presented in order of significance. Samples in the Breastmark database were dichotomized for gene expression around a 50% median value and
differences between these two populations are indicated by hazard ratios. P-values shown are those obtained by univariate analysis of the Breastmark
database for the indicated gene. Adjusted p-values were calculated on the basis of adjusting for multiple testing as described in Methods. A: GRINA; B:
Noradrenaline transporter; C: Mu opioid receptor; D: Delta opioid receptor; E: GABA receptor y3.

https://doi.org/10.1371/journal.pone.0177105.9001

Analysis of prognostic marker enrichment among anaesthetic-analgesic
target genes

From 10,000 randomly selected gene lists of 23 genes from the Breastmark database, only 700
lists contained 5 or more significant prognostic markers, equaling or exceeding the ratio we
observed after correcting for multiple testing. While not reaching conventional statistical sig-
nificance (p = 0.07), this suggests a trend towards anaesthetic-analgesic receptor genes being
enriched for prognostic markers of metastasis. Moreover, only 494 of the 10,000 randomly
selected gene lists contained 9 or more significant prognostic markers, equaling or exceeding
the ratio we observed on univariate analysis of the Breastmark database (p = 0.049).

Discussion

In breast cancer, metastatic disease ultimately accounts for mortality and occurs in up to 25%
of patients. Here, we investigated whether genes that encode anaesthetic and analgesic target
proteins are significantly associated with breast cancer metastasis. This was achieved by repur-
posing a vast amount of gene microarray data from published studies on breast cancer. We
used the added value gene expression database BreastMark for this purpose, which currently
combines data from 26 high-quality, published, microarray studies. BreastMark has been
robustly validated [10] and has previously been used independently to link over-expression of
the WDR5 gene to poor clinical outcome in breast cancer [19]. Importantly, it is designed for
use by non-bioinformaticians and therefore makes mining of gene expression data by other
scientists accessible.

Our specific interest was in the anaesthetic and analgesic drug targets because of emerging
evidence that choice of anaesthetic/analgesic and anaesthetic regime during tumour resection
surgery may influence the likelihood of subsequent metastasis [2-4]. Some 2,200 samples in
the BreastMark database contain relevant data on gene expression of anaesthetic/analgesic
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Fig 2. Kaplan-Meier plots for anesthetic and analgesic targets where low expression is associated with reduced time to metastasis, presented
in order of significance. Samples in the Breastmark database were dichotomized for gene expression around a 50% median value and differences
between these two populations are indicated by hazard ratios. P-values shown are those obtained by univariate analysis of the Breastmark database for
the indicated gene. Adjusted p-values were calculated on the basis of adjusting for multiple testing, as described in Methods. A: Glycine beta receptor; B:
GRIN3A; C: GABAA receptor y1; D: 5HT Transporter.

https://doi.org/10.1371/journal.pone.0177105.g002

targets in breast cancer tissue and infers protein expression levels from the associated gene
expression data. It is plausible that the targets of these proteins in breast cancer tissue would be
comparable to that of normal tissue although this is not confirmed. Importantly, BreastMark

Table 3. Comparison of hazard ratios of the 5 genes that were most significantly associated with metastasis based on the BreastMark database.

Anaesthetic/Analgesic Receptor Targets Gene Distant Metastasis Local recurrence
Hazard Ratio Adjusted P-value Hazard Ratio Adjusted P-value

NMDA Receptors GRIN3a 0.59 4.6x1072 0.89 0.44
(0.44-0.79) (0.76—1.06)

Grina 1.353 0.01 1.12 0.22
(1.12-1.64) (0.99-1.28)

NA Channel Transporter SLC6A2 1.25 0.01 1.04 0.78
(1.07-1.47) (0.93-1.17)

Glycine Receptor GLRAB 0.69 1.9x10™ 0.87 0.23
(0.59-0.81) (0.77-0.99)

GABA, Receptor GABAA Y 1 0.64 0.05 0.98 0.81
(0.46-0.90) (0.82-1.16)

Notably, when adjustment for multiple testing was performed none of the 5 were significantly associated with local recurrence.

https://doi.org/10.1371/journal.pone.0177105.t003
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also supplies data on relevant clinical outcomes—namely time to metastasis and time to local
recurrence. This allowed us to retrospectively determine whether the gene expression status of
these drug targets in breast tumours may predict disease outcome.

Unusually for a drug class, anaesthetic drugs share only broad physiochemical characteris-
tics, while causing similar desired therapeutic effects, such as hypnosis and amnesia, and unde-
sirable side-effects, such as cardiovascular and respiratory depression [20]. The molecular
basis of anesthetic action involves membrane proteins or ion channels [20, 21]. The resultant
effect of anaesthesia is produced by either increasing the inhibition of postsynaptic excitability
or by decreasing presynaptic (excitatory) neurotransmitter release. While key molecular tar-
gets involved in the mechanism of anaesthetic action have been identified, the disparity of
receptor types, binding sites and low-affinity anaesthetic interactions are indicators that, the
exact mechanism of action of general anaesthetics remain unclear. Furthermore, possible gene
expression effects have not yet been investigated.

The primary inhibitory channels that are likely affected by anesthetics include the chloride
channels relevant to the gamma-aminobutyric acid (GABA) 4, glycine receptors and two-pore
potassium (K2P) channels, including voltage-gated and adenosine triphosphate (ATP) potas-
sium channels [20, 22, 23]. Excitatory inhibition targets N-methyl-d-aspartate (NMDA), and
serotonin (5-HT3) receptors [20, 22, 23]. These target sites usually regulate the excitability of
neuronal cells and can be positively or negatively modulated by anaesthetic drugs. At clinical
concentrations, general anaesthetics usually inhibit excitatory receptors and enhance inhibi-
tory receptors.

A reasonable extrapolation of prior evidence for targeted anesthetic sites involves non-spe-
cific pathways and processes downstream of cell surface receptors and ion channels, including
the alteration of the chlorine’s channel conductance as well as the conductance of other chan-
nels (Ca**, K*) through spatially dependent action in the brain, heart and the periphery. In
addition, there are documented receptor-mediated channel (via cAMP) and G-protein medi-
ated signaling cascade effects. Thus the protein-mediated effects of anaesthesia are not isolated
events, but rather a concert of effects produced via alterations in ion conductance and signal-
ing cascade effects.

The signaling pathways mediated by anaesthetic targeted receptor proteins have not been
investigated as potential ‘switches’ to enhance or inhibit cancer metastasis. Given the interplay
of these complex pathways, their non-specific nature, and their widespread effects on multi-
organ systems, the hypothesis that these signaling pathways may influence cancer inhibition/
progression would be challenging to investigate. Our current study examines a database pro-
viding gene expression information on individual genes and thus cannot infer how complexes
or cascades of proteins may work. Instead this study focusses on genes encoding for specific
receptor proteins that bind to anaesthetics/analgesics, occurring upstream of these signaling
pathways.

To select receptor proteins for this analysis, we included those where there is evidence that
either opioid analgesics, volatile or intravenous anaesthetics bind to them. Of the list of 23
genes that were compiled, 9 genes were associated with metastasis on univariate analysis and 5
remained significant upon correction for multiple testing. Within this group of five genes with
strongest associations, two showed significantly reduced time to metastasis when highly
expressed and 3 showed significantly reduced time to metastasis when their expression was
reduced.

The noradrenaline channel transporter SLC6A2 is inhibited by propofol at clinically rele-
vant concentrations [17]. High genetic expression of a receptor protein usually inhibited by
anaesthetic propofol appears to support the previously much published and investigated
hypothesis: that intravenous anaesthesia and regional analgesia may offer protective benefits
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compared to inhalational anaesthesia and opioid analgesia against metastasis after cancer
resection surgery [2, 24].

High expression of the NMDA receptor subunit encoded by GRINA was also associated
with metastasis. GRINA encodes the glutamate binding site, which has been shown to be
inhibited by ketamine, nitrous oxide and xenon [14, 15]. Ketamine, is a clinically used, intrave-
nous NMDA antagonist, which, in keeping with the hypothesis, might be expected to be asso-
ciated with reduced metastasis. But existing evidence from experimental work is conflicting.
Some data suggests ketamine indeed might reduce metastasis [25] others suggest it might be
associated with increased metastasis [26]. Nitrous oxide (N,O) is also thought to act, in part, as
an NMDA antagonist. While there is little experimental data on N,O in cancer models, a fol-
low-up analysis of a previous randomized controlled trial showed no association between N,O
use and cancer metastasis [27]. In vitro studies have also demonstrated that the NMDA recep-
tor subunit GRINA is inhibited by intravenous local anaesthetics [16]. This is particularly of
interest, given that strong in vitro data has already demonstrated that amide local anaesthetics
can inhibit cancer cell migration [28]. Separately, amide local anaesthetics were shown to
inhibit cancer cell proliferation [29].

In contrast, low expression of the NMDA receptor subunit GRIN3A was associated with
metastasis. This may be attributable to the different functions of these NMDA receptor sub-
units. In vitro studies have shown GRIN3A to encode a cation channel with unique properties
that include activation by glycine (but not NMDA), lack of permeation by Ca** and resistance
to blockade by NMDA receptor antagonists [30]. The co-expression of GRIN3A appears to be
required to form glycine-activated receptors in mammalian cell hosts [30, 31].

Low expression of the glycine beta receptor subunit showed the strongest association with
metastasis of any of the drug targets we screened. Glycine receptors are modulated by both
propofol and volatile anaesthesia [32, 33], with both types of anaesthetic exerting an effect on
the alpha receptor subunits. However, the beta subunit is positively modulated by propofol
[34]. This observation suggests that tumours with lower expression of this receptor may be less
responsive to propofol.

GABA 4 receptors are pentameric membrane proteins that operate GABA-gated chloride
channels containing alpha, beta and gamma subunits, usually in a ratio of 2:2:1 [35]. Both the
propofol and volatile anaesthetics act as positive allosteric modulators of the GABA , receptor
at clinically relevant concentrations, however distinct subunit binding specificities have been
identified [36]. While most research has focused on the effect of different anaesthetics on the
alpha and beta subunits, studies have previously demonstrated that the gamma subunits of
GABA, can impact and alter propofol binding [37].

Among the genes that we studied, there is most compelling evidence from previous studies
to link p opioid receptor (MOR) status to cancer outcome. However, some conflicting and
inconclusive data has arisen. In non-small cell lung cancer MOR is over-expressed [38] and
this is linked to tumour growth, metastasis and epithelial-mesenchymal transition [39]. In
breast cancer, both growth promoting and inhibitory effects of morphine on tumour cells have
been reported [40, 41] and the common A118G genetic polymorphism in the MOR that is
linked to reduced analgesic response has, contradictorily, been correlated with both decreased
breast cancer-specific mortality [42] and increased breast cancer incidence [43]. However,
to date no clinical studies have linked metastasis in breast cancer to opioid gene expression lev-
els. Also, to our knowledge there is no evidence that expression of other opioid receptors (eg:
delta and kappa) are linked to cancer metatastasis. Analysis of Breastmark indicated that high
of expression of both the MOR and delta opioid receptors was associated with metastasis,
whereas no such association was observed for the kappa opioid receptor.
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When considered as a group of genes, our analysis identified a trend (p = 0.07) that suggests
that the proteins encoded by anaesthetic-analgesic target genes might be enriched for prognos-
tic indicators of metastasis. While 9 of 23 genes were significantly associated with metastasis
on analysis of BreastMark and 5 remained associated with metastasis when a stringent correc-
tion for multiple testing was applied.

By using a meta-analysis approach, the Breastmark database is large and well-validated.
However, there are limitations to this study. It is based on meta-analysis of retrospective data
from surgically excised breast cancer tissue, and we cannot account for potential clinical con-
founding factors that may be present. While it is intuitive to suggest that tumours may respond
differently to anaesthetic or analgesic agents given during surgery depending on their pharma-
cogenetic expression profiles, there is no information on the anaesthetic or analgesic technique
used during surgical excision of the breast cancer tissue analysed within the Breastmark
database.

It would be beneficial to compare the ratio of these genes expressed in breast cancer tissue
versus matched normal breast tissue, however the datasets incorporated in BreastMark (26 in
total), do not contain matched normal breast tissue as it was not common practice to collect
and microarray normal adjacent tissue when these datasets were collated.

It is plausible that any potential effect of anaesthetic drugs on cancer recurrence may be
mediated by receptors other than those which mediate the hypnotic, amnesic and analgesic
effect of these drugs, yet the association between MOR and greater metastatic recurrence in
some tumours (notably lung) suggests that the action of anaesthetic-analgesic drugs through
their predicted target receptors might be influential in cancer recurrence [9]. MOR expression
occurs in breast tumours and preliminary data suggests it may be mediated by anaesthetic
technique (Levins K et al, manuscript in peer review).

Conclusions

In summary, in this analysis of the expression of anaesthetic-analgesic targets in excised breast
cancer tissue, several anaesthetic-analgesic receptor genes were associated with metastatic
spread in breast cancer. Overall there was no significant enrichment in prognostic markers of
metastasis, although a trend was observed.

Acknowledgments

CC performed the database screening, devised the receptor list and prepared the figures/tables.
SM designed and maintains the Breastmark database and performed statistical analysis. DB
outlined the overall hypothesis, funded the study and performed data analysis and interpreta-
tion. HG designed the study, made original observations, devised the receptor list and had
overall responsibility for the study. CC, SM, DB and HG all drafted, edited and approved the
manuscript.

Author Contributions
Conceptualization: HG DB SM CC.
Data curation: HG CC SM.

Formal analysis: SM DB.
Investigation: CC.

Methodology: HG DB CC SM.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177105 May 30,2017 10/13


https://doi.org/10.1371/journal.pone.0177105

@° PLOS | ONE

Anaesthetic target gene expression in breast tumours

Project administration: HG DB.

Resources: SM.

Software: SM.

Supervision: DB HG.

Validation: CC SM HG DB.

Visualization: CC HG DB SM.

Writing - original draft: CC.

Writing - review & editing: CC SM HG DB.

References

1.

10.

11.

12.

13.

14.

15.

Lu J, Steeg PS, Price JE, Krishnamurthy S, Mani SA, Reuben J, et al. Meeting Report: Breast cancer
metastasis: challenges and opportunities. Cancer Res 2009; 69: 4951-4953. https://doi.org/10.1158/
0008-5472.CAN-09-0099 PMID: 19470768

Heaney A, Buggy DJ. Can anaesthetic and analgesic techniques affect cancer recurrence or metasta-
sis? BrJ Anaesth 2012; 109(Suppl. 1):i17-28.

Ash SA, Buggy DJ. Does regional anaesthesia and analgesia or opioid analgesia influence recurrence
after primary cancer surgery? An update of available evidence. Best Pract Res Clin Anaesthesiol 2013;
27:441-456. https://doi.org/10.1016/j.bpa.2013.10.005 PMID: 24267550

Exadaktylos AK, Buggy DJ, Moriarty DC, Mascha E, Sessler DI. Can anaesthetic technique for primary
breast cancer surgery affect recurrence or metastasis? Anaesthesiol 2006; 105:660-664. PMID: 17006061

Luchinetti E, Awad AE, Rahman M, Feng J, Lou PH, Zhang L et al. Antiproliferative effects of local
anaesthetics on mesenchymal stem cells: potential implications for tumour spreading and wound heal-
ing. Anesthesiology 2012; 116:841-846. https://doi.org/10.1097/ALN.0b013e31824babfe PMID:
22343474

Miao Y Zhang Y, Wan H, Chen L, Wang F. GABA-receptor agonist propofol inhibits invasion of colon
carcinoma cells. Biomed Pharmacother 2010; 64: 583-588. https://doi.org/10.1016/.biopha.2010.083.
006 PMID: 20888181

Kawaraguchi Y, Horikawa YT, Murphy AN, Murray F, Miyanohara A, Ali SS, et al. Volatile anaesthetics
protect cancer cells against tumour necrosis factor related apoptosis-inducing ligand-induced apoptosis
via caveolins. Anesthesiology 2011; 115:499-508. https://doi.org/10.1097/ALN.0b013e3182276d42
PMID: 21862885

Ecimovic P, Murray D, Doran P, McDonald J, Lambert DG, Buggy DJ et al. Direct effect of morphine on
breast cancer cell function in vitro: the role of the NET1 gene. Br J Anaesth 2011; 107:916-923. https:/
doi.org/10.1093/bja/aer259 PMID: 21857017

Singleton PA, Mirzapoiazova T, Hasina R, Salgia R, Moss J. Increased p opioid receptor expression in
metastatic lung cancer. Br J Anaesth 2014; 113 Suppl 1:i1103—108.

Madden SF, Clarke C, Gaule P, Aherne ST, O’Donovan N, Clynes M, et al. BreastMark: An Integrated
Approach to Mining Publicly Available Transcriptomic Datasets Relating to Breast Cancer Outcome.
Breast Cancer Research 2013; 15(4):R52. https://doi.org/10.1186/bcr3444 PMID: 23820017

Van't Veer LJ, Dai H, Van de Vijver MJ, He YD, Hart AAM, Mao M, et al. Gene expression profiling pre-
dicts clinical outcome of breast cancer. Nature 2002; 415(6871):530-536. https://doi.org/10.1038/
415530a PMID: 11823860

Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, et al. A Multigene Assay to predict recurrence of
Tamoxifen-treated, node negative Breast Cancer. N Engl J Med 2004; 351:2817-2826. https://doi.org/
10.1056/NEJMoa041588 PMID: 15591335

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach to mul-
tiple testing. J R Stat Soc Series B Stat Methodol 1995; 57(1):289-300.

Jevtovic-Todorovic V, Todorovic SM, Mennerick S, Powell S, Dikranian K, Benshoff N, et al. Nitrous
oxide (laughing gas) is an NMDA antagonist, neuroprotectant and neurotoxin. Nature Med 1998;
4:460-463. PMID: 9546794

Franks NP, Dickinson R, de Sousa SLM, Hall AC, Lieb WR. How does xenon produce anaesthesia?
Nature 1998; 396:324. https://doi.org/10.1038/24525 PMID: 9845069

PLOS ONE | https://doi.org/10.1371/journal.pone.0177105 May 30,2017 11/13


https://doi.org/10.1158/0008-5472.CAN-09-0099
https://doi.org/10.1158/0008-5472.CAN-09-0099
http://www.ncbi.nlm.nih.gov/pubmed/19470768
https://doi.org/10.1016/j.bpa.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24267550
http://www.ncbi.nlm.nih.gov/pubmed/17006061
https://doi.org/10.1097/ALN.0b013e31824babfe
http://www.ncbi.nlm.nih.gov/pubmed/22343474
https://doi.org/10.1016/j.biopha.2010.03.006
https://doi.org/10.1016/j.biopha.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20888181
https://doi.org/10.1097/ALN.0b013e3182276d42
http://www.ncbi.nlm.nih.gov/pubmed/21862885
https://doi.org/10.1093/bja/aer259
https://doi.org/10.1093/bja/aer259
http://www.ncbi.nlm.nih.gov/pubmed/21857017
https://doi.org/10.1186/bcr3444
http://www.ncbi.nlm.nih.gov/pubmed/23820017
https://doi.org/10.1038/415530a
https://doi.org/10.1038/415530a
http://www.ncbi.nlm.nih.gov/pubmed/11823860
https://doi.org/10.1056/NEJMoa041588
https://doi.org/10.1056/NEJMoa041588
http://www.ncbi.nlm.nih.gov/pubmed/15591335
http://www.ncbi.nlm.nih.gov/pubmed/9546794
https://doi.org/10.1038/24525
http://www.ncbi.nlm.nih.gov/pubmed/9845069
https://doi.org/10.1371/journal.pone.0177105

@° PLOS | ONE

Anaesthetic target gene expression in breast tumours

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hahnenkamp K, Durieux ME, Hahnenkamp A, Schauerte SK, Hoenemann CW, Vegh V, et al. Local
anaesthetics inhibit signaling of human NMDA receptors recombinantly expressed in xenopus laevis
oocytes: role of protein kinase C. Br J Anaesth 2006; 96:77-87.22. https://doi.org/10.1093/bja/aei271
PMID: 16299047

Hara K, Yanagihara N, Minami K, Hirano H, Sata T, Shigematsu A, et al. Dual effects of intravenous
anesthetics on the function of norepinephrine transporters. Anesthesiology 2000; 93:1329-1335.
PMID: 11046223

Yevenes GE, Zeilhofer HU. Allosteric modulation of glycine receptors. British Journal of Pharmacology.
2011; 164:224-236. https://doi.org/10.1111/j.1476-5381.2011.01471.x PMID: 21557733

Dai X, Guo W, Zhan C, Liu X, Bai Z, Yang Y. WDR5 Expression Is Prognostic of Breast Cancer Out-
come. PLoS ONE 2005; 10:e0124964.

Lugli AK, Yost CS, Kindler CH. Anaesthetic mechanisms: update on the challenge of unravelling the
mystery of anaesthesia. Eur J Anaesthesiol 2009; 26(10):807—820. https://doi.org/10.1097/EJA.
0b013e32832d6b0f PMID: 19494779

Franks NP, Lieb WR. Do general anaesthetics act by competitive binding to specific receptors? Nature
1984; 310:599-601. PMID: 6462249

Campagna JA, Miler KW, Forman SA. Mechanisms of actions of inhaled anesthetics. N Engl J Med
2003; 348:2110-24. https://doi.org/10.1056/NEJMra021261 PMID: 12761368

Weir CJ. The molecular mechanisms of general anaesthesia: dissecting the GABAA receptor. Continu-
ing education in anesthesia. Crit Care Pain 2006; 6(2):49-53.

Sessler DI, Ben-Eliyahu S, Mascha EJ, Parat MO, Buggy DJ. Can regional analgesia reduce the risk of
recurrence after breast cancer? Methodology of a multicenter randomized trial. Contemp Clin Trial
2008; 29:517-526.

Forget P, Collet V, Lavand’homme P, De Kock M. Does analgesia and condition influence immunity
after surgery? Effects of fentanyl, ketamine and clonidine on natural killer activity at different ages. Eur J
Anaesthesiol 2010; 27:233—40. https://doi.org/10.1097/EJA.0b013e32832d540e PMID: 19487949

Melamed R, Bar-Yosef S, Shakhar G, Shakhar K, Ben-Eliyahu S. Suppression of natural killer cell activ-
ity and promotion of tumor metastasis by ketamine, thiopental, and halothane, but not by propofol: medi-
ating mechanisms and prophylactic measures. Anesth Analg 2003; 97:1331-1339. PMID: 14570648

Fleischmann E, Marschalek C, Schlemitz K, Dalton JE, Gruenberger T, Herbst F, et al. Nitrous oxide
may not increase the risk of cancer recurrence after colorectal surgery: a follow-up of a randomized con-
trolled trial. BMC Anaesthesiol. 2009; 9:1.

Baptista-Hon DT, Robertson FM, Robertson GM, Owen SJ, Rogers GW, Lydon EL, et al. Potent inhibi-
tion by ropivacaine of metastatic colon cancer SW620 cell invasion and Nay1.5 channel function. Br. J.
Anaesth 2014; 113(suppl 1):i39-i48.

Piegeler T, Votta-Velis EG, Liu G, Place AT, Schwartz DE, Beck-Schimmer B, et al. Antimetastatic
potential of amide-linked local anesthetics: inhibition of lung adenocarcinoma cell migration and inflam-
matory Src signaling independent of sodium channel blockade. Anesthesiology 2012; 117:548-59.
https://doi.org/10.1097/ALN.0b013e3182661977 PMID: 22846676

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL, Spedding M, et al. The Concise
Guide to Pharmacology 2013/14: Ligand-Gated lon Channels. Br J Pharmacol 2013; 70: 1449-1558.

Smothers CT, Woodward JJ. Pharmacological characterization of glycine-activated currents in HEK
293 cells expressing N-methyl-d-aspartate NR1 and NR3 subunits. J Pharmacol Exp Ther 2007;
322:739-748. https://doi.org/10.1124/jpet.107.123836 PMID: 17502428

Downie DL, Hall AC, Lieb WR, Franks NP. Effects of inhalational general anaesthetics on native glycine
receptors in rat medullary neurones and recombinant glycine receptors in Xenopus oocytes. Br J Phar-
macol 1996; 118:493-502. PMID: 8762070

Mascia MP, Machu TK, Harris RA. Enhancement of homomeric glycine receptor function by long-chain
alcohols and anaesthetics. Br J Pharmacol 1996; 119:1331—1336. PMID: 8968539

Grudzinska J, Schemm R, Haeger S, Nicke A, Schmalzing G, Betz H, et al. The 8 subunit determines
the ligand binding properties of synaptic glycine receptors. Neuron. 2005; 45:727-739. https://doi.org/
10.1016/j.neuron.2005.01.028 PMID: 15748848

Rudolph U, Crestani F, Méhler H. GABAA receptor subtypes: dissecting their pharmacological func-
tions. Trends Pharmacol Sci 2001; 22:188—194. PMID: 11282419

Olsen RW, Sieghart W. International Union of Pharmacology. LXX. Subtypes of gamma-aminobutyric
acid(A) receptors: classification on the basis of subunit composition, pharmacology, and function.
Update. Pharmacol Rev 2008; 60:243—-260. https://doi.org/10.1124/pr.108.00505 PMID: 18790874

PLOS ONE | https://doi.org/10.1371/journal.pone.0177105 May 30,2017 12/13


https://doi.org/10.1093/bja/aei271
http://www.ncbi.nlm.nih.gov/pubmed/16299047
http://www.ncbi.nlm.nih.gov/pubmed/11046223
https://doi.org/10.1111/j.1476-5381.2011.01471.x
http://www.ncbi.nlm.nih.gov/pubmed/21557733
https://doi.org/10.1097/EJA.0b013e32832d6b0f
https://doi.org/10.1097/EJA.0b013e32832d6b0f
http://www.ncbi.nlm.nih.gov/pubmed/19494779
http://www.ncbi.nlm.nih.gov/pubmed/6462249
https://doi.org/10.1056/NEJMra021261
http://www.ncbi.nlm.nih.gov/pubmed/12761368
https://doi.org/10.1097/EJA.0b013e32832d540e
http://www.ncbi.nlm.nih.gov/pubmed/19487949
http://www.ncbi.nlm.nih.gov/pubmed/14570648
https://doi.org/10.1097/ALN.0b013e3182661977
http://www.ncbi.nlm.nih.gov/pubmed/22846676
https://doi.org/10.1124/jpet.107.123836
http://www.ncbi.nlm.nih.gov/pubmed/17502428
http://www.ncbi.nlm.nih.gov/pubmed/8762070
http://www.ncbi.nlm.nih.gov/pubmed/8968539
https://doi.org/10.1016/j.neuron.2005.01.028
https://doi.org/10.1016/j.neuron.2005.01.028
http://www.ncbi.nlm.nih.gov/pubmed/15748848
http://www.ncbi.nlm.nih.gov/pubmed/11282419
https://doi.org/10.1124/pr.108.00505
http://www.ncbi.nlm.nih.gov/pubmed/18790874
https://doi.org/10.1371/journal.pone.0177105

@° PLOS | ONE

Anaesthetic target gene expression in breast tumours

37.

38.

39.

40.

M,

42,

43.

O’Shea SM, Williams CA, Jenkins A. Inverse Effects on Gating and Modulation Caused by a Mutation in
the M2-M3 Linker of the GABAA Receptor y Subunit. Mol Pharmacol 2009; 76:641-651. https://doi.org/
10.1124/mol.109.055111 PMID: 19553237

Mathew B, Lennon FE, Siegler J, Mirzapoiazova T, Mambetsariev N, Sammani S, et al. The novel role
of the mu opioid receptor in lung cancer progression: a laboratory investigation. Anesth Analg. 2011
Mar; 112:558-67. https://doi.org/10.1213/ANE.Ob013e31820568af PMID: 21156980

Lennon FE, Mirzapoiazova T, Mambetsariev B, Salgia R, Moss J, Singleton PA. Overexpression of
the p opioid receptor in human non-small cell lung cancer promotes Akt and mTOR activation, tumour
growth and metastasis. Anaesthesiol 2012; 116:857-867.

Gupta K, Kshirsagar S, Chang L, Schwartz R, Law PY, Yee D, et al. Morphine stimulates angiogenesis
by activating proangiogenic and survival-promoting signaling and promotes breast tumor growth. Can-
cer Res 2002; 62:4491-4498. PMID: 12154060

Kharmate G, Rajput PS, Lin Y-C, Kumar U. Inhibition of tumor promoting signals by activation of SSTR2
and opioid receptors in human breast cancer cells. Cancer Cell Int 2013; 13:93. https://doi.org/10.1186/
1475-2867-13-93 PMID: 24059654

Bortsov AV, Millikan RC, Belfer |, Boortz-Marx RL, Arora H, McLean SA. y-Opioid Receptor Gene
A118G Polymorphism Predicts Survival in Patients with Breast Cancer. Anesthesiology. 2012;
116:896—902. https://doi.org/10.1097/ALN.0b013e31824b96a1 PMID: 22433205

Cieslinska A, Sienkiewicz-Sztapka E, Kostyra E, Fiedorowicz E, Snarska J, Wronski K, et al. y-Opioid
receptor gene (OPRM1) polymorphism in patients with breast cancer. Tumour Biol 2015; 36:4655—
4660. https://doi.org/10.1007/s13277-015-3113-z PMID: 25618602

PLOS ONE | https://doi.org/10.1371/journal.pone.0177105 May 30,2017 13/13


https://doi.org/10.1124/mol.109.055111
https://doi.org/10.1124/mol.109.055111
http://www.ncbi.nlm.nih.gov/pubmed/19553237
https://doi.org/10.1213/ANE.0b013e31820568af
http://www.ncbi.nlm.nih.gov/pubmed/21156980
http://www.ncbi.nlm.nih.gov/pubmed/12154060
https://doi.org/10.1186/1475-2867-13-93
https://doi.org/10.1186/1475-2867-13-93
http://www.ncbi.nlm.nih.gov/pubmed/24059654
https://doi.org/10.1097/ALN.0b013e31824b96a1
http://www.ncbi.nlm.nih.gov/pubmed/22433205
https://doi.org/10.1007/s13277-015-3113-z
http://www.ncbi.nlm.nih.gov/pubmed/25618602
https://doi.org/10.1371/journal.pone.0177105

