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Abstract
Surgery remains the curative treatment modality for colorectal cancer in all stages, including stage IV with resectable liver 
metastasis. There is emerging evidence that the stress response caused by surgery as well as other perioperative therapies such 
as anesthesia and analgesia may promote growth of pre-existing micro-metastasis or potentially initiate tumor dissemination. 
Therapeutically targeting the perioperative period may therefore reduce the effect that surgical treatments have in promot-
ing metastases, for example by combining β-adrenergic receptor antagonists and cyclooxygenase-2 (COX-2) inhibitors in 
the perioperative setting. In this paper, we highlight some of the mechanisms that may underlie surgery-related metastatic 
development in colorectal cancer. These include direct tumor spillage at the time of surgery, suppression of the anti-tumor 
immune response, direct stimulatory effects on tumor cells, and activation of the coagulation system. We summarize in 
more detail results that support a role for catecholamines as major drivers of the pro-metastatic effect induced by the surgi-
cal stress response, predominantly through activation of β-adrenergic signaling. Additionally, we argue that an improved 
understanding of surgical stress-induced dissemination, and more specifically whether it impacts on the level and nature of 
heterogeneity within residual tumor cells, would contribute to the successful clinical targeting of this process. Finally, we 
provide a proof-of-concept demonstration that ex-vivo analyses of colorectal cancer patient-derived samples using RGB-
labeling technology can provide important insights into the heterogeneous sensitivity of tumor cells to stress signals. This 
suggests that intra-tumor heterogeneity is likely to influence the efficacy of perioperative β-adrenergic receptor and COX-2 
inhibition, and that ex-vivo characterization of heterogeneous stress response in tumor samples can synergize with other 
models to optimize perioperative treatments and further improve outcome in colorectal and other solid cancers.

Keywords  Surgical stress · Metastatic heterogeneity · Lentiviral gene ontology vectors · Adrenergic signaling · RGB 
labeling

Abbreviations
COX-2	� Cyclooxygenase 2
β-AR	� Beta-adrenergic receptor

CRP	� C-reactive protein
Tregs	� Regulatory T-cells
CTCs	� Circulating tumor cells
ctDNA	� Circulating tumor DNA
VEGF	� Vascular endothelial growth factor

Electronic supplementary material  The online version of this 
article (https://doi.org/10.1007/s10585-018-9873-2) contains 
supplementary material, which is available to authorized users.

 *	 Frédéric Hollande 
	 frederic.hollande@unimelb.edu.au

1	 Department of Pathology, University of Melbourne Centre 
for Cancer Research, The University of Melbourne, 
Victorian Comprehensive Cancer Centre, Level 10, 305 
Grattan Street, Melbourne, VIC 3000, Australia

2	 Division of Cancer Surgery, Peter MacCallum Cancer 
Centre, Victorian Comprehensive Cancer Centre, 305 Grattan 
St, Melbourne 3000, Australia

3	 Biological Optical Microscopy Platform, The University 
of Melbourne, Medical Building, Grattan Street, 
Parkville 3010, Australia

4	 Division of Cancer Medicine, Peter MacCallum Cancer 
Centre, Victorian Comprehensive Cancer Centre, 305 Grattan 
St, Melbourne 3000, Australia

5	 Department of Surgery, Royal Melbourne Hospital, The 
University of Melbourne, 300 Grattan St, Parkville 3000, 
Australia

http://orcid.org/0000-0002-7046-8392
http://crossmark.crossref.org/dialog/?doi=10.1007/s10585-018-9873-2&domain=pdf
https://doi.org/10.1007/s10585-018-9873-2


334	 Clinical & Experimental Metastasis (2018) 35:333–345

1 3

MMP	� Matrix metallo-proteinase
DPC	� Digital phase contrast

Introduction

Colorectal cancer (CRC) is the third highest cause of can-
cer-related death in the developed world [1], and surgery 
remains essential for curative treatment in colorectal can-
cer across all stages. Despite oncologically-sound surgical 
techniques and removal of tumor and draining lymph nodes, 
disease progresses in a significant number of patients. Meta-
static disease from colorectal adenocarcinoma most com-
monly develops in the liver, peritoneum, lung and bone via 
either haematogenous, lymphatic or transceloemic spread. 
The series of steps involved in metastatic progression are 
modified both by the intrinsic properties of the tumor cells 
and by the host response [2]. There is emerging evidence 
that surgery itself and associated complications, as well as 
perioperative adjuncts such as anesthesia and analgesia, may 
promote metastatic development either through direct effect 
on tumor cells or by acting on the tumor microenvironment, 
including on the immune system [3]. Multiple steps in the 
metastasis initiation pathway may be influenced by surgery, 
which may play a role in subsequent disease relapse by 
promoting minimal residual disease, either through tumor 
spillage during surgery or by promoting growth of micro-
metastases disseminated prior to surgery that were not 
identified during pre-operative imaging [4]. In particular, 
excessive release of catecholamines is thought to be a major 
driver of the pro-metastatic effect induced by the surgical 
stress response, predominantly through the β2-adrenergic 
receptor [5]. The amplitude and duration of response cor-
relate with the extent of surgical injury and are influenced by 
associated complications (e.g. sepsis). Yet, their correlation 
with clinical outcome is less clear, with some animal studies 
suggesting a correlation between the magnitude of surgical 
stress and the number of metastatic deposits that develop [6, 
7], while other animal studies as well as results in humans 
indicate that this is not always the case [3].

Studying the effect of the operative and post-operative 
period on the promotion of metastasis is challenging due 
to difficulties designing experiments in humans, with much 
of the current data coming from animal models and from 
extrapolation of clinical data in humans. This is in part due 
to the complexity of surgery-induced stress and the diffi-
culty in analyzing its impact in isolation. Indeed, a signifi-
cant number of perioperative procedures may also promote 
metastasis, including administration of anesthetic agents, 
analgesics and blood transfusions. Physiological changes 
due to surgery such as hypothermia, fasting, pain and psy-
chological stress may also contribute to the total surgical 
stress response. Other post-operative complications such as 

infection not only exacerbate the surgical stress response 
but may result in delay of adjuvant chemotherapy, which is 
generally given within 6–8 weeks after surgery in colorec-
tal cancer to gain maximal oncological benefit [8]. Surgical 
stress may also impact on the metabolism of cytotoxic agents 
through its impact on drug metabolism and membrane trans-
port [9, 10], although this is beyond the scope of this review 
[9, 10].

It is therefore surprising that there are no standard periop-
erative anti-cancer therapies given to cancer surgery patients 
to minimize the stress response. There is however increasing 
interest in targeting the unique operative and perioperative 
period to modulate metastasis-promoting effects [3]. This 
includes a recent randomized trial that tested the combi-
nation of a β-adrenergic receptor antagonist and cyclooxy-
genase-2 (COX-2) inhibitor during the perioperative set-
ting in breast cancer patients. Perioperative treatment with 
propranolol and etolodac showed decreased epithelial-to-
mesenchymal transition, reduced activity of pro-metastatic/
pro-inflammatory transcription factors, decreased tumor-
infiltrating monocytes and normalization of pre-surgical ele-
vation in serum interleukin-6 (IL-6) and C-reactive protein 
levels (CRP) [11]. In this manuscript, we will further discuss 
the mechanisms involved in surgery-mediated metastasis, 
outline therapeutic strategies proposed to reduce the pro-
metastatic effect of the surgical stress response, and present 
a novel approach to analyze the heterogeneous response of 
tumor cells to the surgical stress response.

Pro‑metastatic effects of surgery

As summarized in Fig. 1, a number of concomitant mecha-
nisms may account for the demonstrated pro-metastatic 
effect of surgery, including direct spillage of tumor cells 
during the surgical procedure, suppression of the anti-tumor 
immune response or promotion of tumor cell proliferative 
and/or invasive capacities.

Tumor spillage

The most direct mechanism of increased metastatic dis-
semination following surgery is linked to tumor spillage 
and to a resulting increase in circulating tumor cell bur-
den during surgical resection through manipulation of the 
tumor, involvement of margins with R1 or R2 resection 
(where tumor cells remain microscopically or macroscopi-
cally detectable, respectively, at the edge of resected tis-
sues), and rupture or breach of tumor during surgery [12]. 
The result is contamination of the lymphatics and/or veins 
that drain the tumors, as well as spillage of tumor deposits 
within the peritoneal cavity. Current data suggests that 
the presence of circulating tumor cells (CTCs) and circu-
lating tumor DNA (ctDNA) at the time of CRC surgery 
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correlates with poorer patient outcomes, although further 
and more robust studies are required [13]. Additionally the 
genetic makeup of residual tumors has been found to be 
modified following surgery in non-small cell lung cancer, 
with variation of mutation frequency within ctDNA in pre 
vs. post-operative samples [14].

To date, strategies to combat tumor spillage/emboli have 
predominantly focused on the implementation of strict 
oncological surgical techniques including ‘en bloc’ resec-
tion, minimal handling of tumors, usage of wound edge 
protectors, complete mesenteric excision, adequate surgi-
cal margins (proximal and distal) and proximal vascular 
ligation [15]. Additionally, patients may receive adjuvant 
chemotherapy and radiotherapy to prevent disease recur-
rence [16]. There are other more novel techniques not used 
routinely that have shown benefit in reducing metastasis such 
as humidification of carbon dioxide used during laparoscopy 
[17] and instillation of tumoricidal agents at the completion 
of surgery [18, 19]. Additional experimental strategies aim 
to reduce peritoneal tumor adhesion through targeting of 
specific adhesion molecules or extracellular matrix binding 
proteins (e.g. integrins) [12]. For example, the intra-perito-
neal instillation of heparin was shown to reduce ICAM-1 

expression and thereby drastically decrease tumor-mesothe-
lial cell adhesion in rats [20].

Suppression of cell mediated immunity

Surgery for resection of either primary colorectal cancer or 
its metastasis leads to a profound inflammatory response 
as it generally involves extensive dissection, use of energy 
devices and potential spillage of bowel contents that may 
worsen the inflammatory response [21]. Intra-abdominal 
surgery triggers a significant inflammatory response par-
ticularly due to trauma of the peritoneum, which has numer-
ous biological functions in the regulation of inflammation, 
fibrinolysis and angiogenesis [22]. Interestingly, whether 
they are surgery-related or not, inflammatory responses may 
not always promote tumor progression, as acute infection 
and stimulation of immune effectors have been reported to 
sometimes drive ‘spontaneous’ regression of cancer [23]. 
Spontaneous regression can also occur in the setting of phar-
macologically-induced immune-stimulation such as after 
Rose Bengal injection in in-transit melanoma [24]. Although 
the reasons that determine whether inflammation induces 
tumor regression or drives progression remain poorly 

Fig. 1   Pro-metastatic effects of surgery—summary of potential mechanisms
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understood, it is probable that the nature of the inflamma-
tory triggers and the subsets of immune cells involved play 
a major role in this process.

The extent of post-surgical inflammation and the down-
stream modulation of the cell-mediated immune response 
appear to vary depending on whether the surgical approach 
chosen to resect colorectal tumors is ‘minimally invasive’ 
(laparoscopic, robotic) or based on traditional open tech-
niques. Yet, although several human studies have shown 
reduction in stress response [25–27], better preservation 
of cell-mediated immune response [28] and faster post-
operative immunological recovery [29] in laparoscopic and 
robotic surgery compared to the traditional open technique 
[25–27], the resulting consequences on patient survival 
remain a matter of debate. Several clinical trials have sought 
to compare the oncological outcomes between laparoscopic 
and open surgery. The only available long-term outcome data 
comes from the CLASSIC trial, with 10 year results showing 
equivalent disease-free and overall survivals between laparo-
scopic and open surgery groups [30]. Other trials have so far 
shown equivalent 3 year survival (COLOUR II, COREAN) 
or equivalent resection quality (ALaCaRT) between laparo-
scopic and open surgery, but their long-term survival out-
come data is not yet available. Interestingly, analysis of the 
systemic and peritoneal cytokines levels following surgery 
suggest it is the peritoneal wound or intraperiteonal dissec-
tion that is more predictive of the stress response than the 
skin incision, which suggests that the use of a laparoscopic 
technique does not necessarily mean that it will be mini-
mally invasive [31, 32].

If the surgical trauma is significant and locally-produced 
inflammatory mediators spill into the systemic circulation, 
a significant stress response occurs. The key components of 
this response include activation of the sympathetic nervous 
system, an increase in secretion of pituitary hormones and 
hematological changes including cytokine production and 
the acute phase reaction [6]. The excessive release of cat-
echolamines and prostaglandins has been shown to strongly 
affect the cell-mediated immune response, acting via the 
modulation of several immune cell subtypes. Thus, follow-
ing colorectal cancer surgery, the number of circulating 
CD4 + and CD8 + T lymphocytes has been reported to sig-
nificantly decrease [33]. While the amount and activation of 
circulating T lymphocytes do not always reflect those found 
within tumors, this result is nevertheless in agreement with 
the instrumental role of infiltrating tumor lymphocytes in 
the control of tumor progression [34]. In addition, cytokine 
production has been reported to increase after colorectal 
cancer surgery [35] and to shift the Th1/Th2 lymphocyte 
balance in favor of Th2 cells [7, 36, 37]. The innate immune 
response is also altered, as shown by the suppression of natu-
ral killer (NK) cell counts in CRC patients following surgi-
cal resection of liver metastases or other types of cancer 

surgery procedures [38]. The association with NK cells and 
improved survival in patients with colorectal liver metastasis 
is still controversial as some studies of resected specimens 
have shown NK cell infiltration is associated with improved 
survival while others were unable to demonstrate this asso-
ciation [39, 40]. Nevertheless, promoting NK cell mediated 
immune responses in the peri-operative period may also 
have beneficial effects for CRC patient survival, as shown 
in animal models of liver metastasis [41–43].

The emergence of immune-therapy as a highly exciting 
advance in cancer therapy suggests that promoting an anti-
tumor immune response in the peri-operative period may 
inhibit tumor progression and thereby yield very positive 
survival outcomes. Although no peri-operative immuno-
genic treatments are currently used clinically, several animal 
and human studies have investigated their potential role in 
the control of minimal residual disease. Promoting NK cell 
mediated immune responses has been shown to suppress 
liver metastasis in animal models [41–43]. Two reports in 
the 1980s showed reduction of colorectal liver metastasis 
development in rats after portal venous injection of tumor 
cells with subsequent administration of immunogenic com-
pounds levamisole and human recombinant interleukin-2 
(IL-2), an immune-stimulant of NK cells [44, 45]. A later 
trial in the 1990s Administration of low dose recombinant 
IL-2 to 12 patients undergoing colorectal cancer resections 
was reported to prevent the post-operative fall in NK cells 
and to induce in vivo T-cell activation, as shown by up-
regulation of the subset marker CD25 (IL-2 receptor) and 
CD45RO cells (T-memory cells) [46]. In 2007 a case control 
study compared 67 patients treated with 6 doses of IL-2 
4 days prior to colorectal cancer surgery. After a median 
follow-up of 69 months (range 12–169) the progression rate 
was lower in treated patients than in controls (15/67, 22% 
vs. 68/173, 39%; p = 0.02) [47]. Alternatively some studies 
succeeded in inhibiting surgically-induced NK dysfunction 
using vaccines such as influenza and oncolytic vaccinia virus 
(mice and humans), albeit on small numbers of patients or 
animals [7, 48]. It will be interesting to see if future research 
will include use of newer immunotherapy agents such as 
CTLA-4 and PD-1 inhibitors.

Direct stimulation of tumor cells

Peri-operative release of catecholamines and prostaglandins 
is thought to be a major contributor to the surgical stress 
response [3]. Interestingly, COX-2 expression is upregu-
lated in many human malignant and pre-malignant tumors, 
especially colorectal and mammary carcinomas [49]. While 
stress-induced effects clearly involve a modulation of the 
anti-tumor immune response [50], they are also due at least 
in part to the direct stimulation of tumor cell proliferation 
or invasion, for example through β-adrenoreceptor (β-AR) 
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activation [51]. Additionally, adrenaline and noradrenaline 
have been shown to enhance migration and invasion, to 
reduce anoikis and apoptosis, and to increase the secretion 
of VEGF, MMP2/9 and IL6 and 8 in vitro in a number of cell 
lines [3, 49, 52]. In a recent review expression of both β1- 
and β2-AR (mRNA and protein levels) has been repeatedly 
detected across several cancer types. In particular, colorectal 
cancer cell lines such as HT-29, SW116, SW480 and LS174 
were all shown to primarily express β2-AR mRNA. β1- and 
β2-AR appear to mediate the proliferative effects of adrener-
gic agonists, and signaling pathway activated in response to 
stimulation of β-ARs mostly involved ERK1/2 in colorectal 
cancer cells [51]. Additionally, β2-ARs were shown to regu-
late growth in colorectal xenograft models, by controlling 
an EGFR-Akt/ERK1/2 signaling axis and thereby altering 
the balance between tumor cell proliferation and apopto-
sis [53]. In other tumor types, such as breast cancer, β-AR 
stimulation has been shown to both stimulate and inhibit 
growth, with no clear reason for this discrepancy nor clear 
correlation with the level of β2-AR expression [54]. These 
findings suggest that, while this may not be as clear in other 
cancers, β2-adrenergic stimulation clearly promotes tumor 
progression in colorectal cancer.

This has implications when assessing the potential of 
β-AR antagonists to be used during the perioperative period 
to reduce the pro-metastatic effect of surgery. A recent study 
by Sorski et al. showed that blocking excess prostaglandin 
and catecholamines during surgery in mice with the COX-2 
inhibitor etolodac and β-AR antagonist propranolol reduced 
experimental liver metastasis in the syngeneic CT26 colon 
cancer model [50]. Other studies have shown synergism 
between COX-2 inhibitors and β-AR antagonists, both acting 
via modulation of cAMP production [36, 49, 55]. Promising 
results have emerged from a phase II randomized clinical 
trial in breast cancer patients, suggesting that perioperative 
inhibition of β-AR and COX-2 signaling (using proprano-
lol and etodolac, respectively) had beneficial effects on the 
expression of clinically-relevant metastatic biomarkers [11]. 
In addition, a current multicenter- randomized clinical trial 
is in progress (NCT00888797) to assess the effect of tumor 
recurrence and post-operative immune perturbations follow-
ing the perioperative administration of a β-AR antagonist 
and a COX2 inhibitor in patients undergoing resection for 
primary colon and rectal cancer [3].

Activation of the coagulation system

Malignancy itself is well known to promote a hyperco-
agulable state, both due to the production and release of 
pro-coagulant compounds by tumor cells as well as to their 
interaction with other blood cells such as platelets which 
may result in enhanced activation of platelets or thrombo-
cytosis [56]. In fact, pre-operative thrombocytosis in stage II 

colorectal cancer is an indicator of poor cancer-specific and 
disease-free survival. Surgery itself can lead to activation 
of the coagulation pathway, both directly due to endothelial 
and peritoneal damage and indirectly via the acute phase 
or inflammatory response, which includes release of pro-
inflammatory cytokines such as IL-1 and IL-6 and tumor 
necrosis factor (TNF) [57]. This results in tissue factor-
mediated thrombin generation, downregulation of physi-
ological anticoagulant mechanisms such as those involving 
Protein C and S, inhibition of fibrinolysis due to elevated 
levels of PAI-1 and thrombocytosis [58, 59]. The resulting 
hypercoagulable state promotes metastasis via a number 
of mechanisms. The formation of microthrombi (contain-
ing platelets and fibrin) around tumor cell emboli has been 
shown to promote tumor adherence as well as to shield 
tumor cells from clearance by natural killer cell-mediated 
destruction, particularly once tumor cells have entered the 
blood stream [60, 61].

Since aspirin inhibits platelet function and increases 
fibrinolysis, a number of trials are investigating the role 
of aspirin in the post-operative setting in preventing future 
metastasis. This includes a Phase-3 Chinese study APRE-
MEC, specifically for colorectal cancer, as well as ADD-
ASPIRIN, a multicenter trial in the UK assessing the effect 
of aspirin in a several solid tumors [62]. Currently, follow-
ing major intra-abdominal surgery a standard treatment is 
to receive prophylactic heparin (low molecular weight or 
unfractionated) to prevent post-operative thrombosis. In spe-
cific scenarios such as deep pelvic surgery (e.g. for rectal 
cancer), some medical centers recommend extended venous 
thromboembolus prophylaxis for up to 6 weeks due to the 
prolonged risk of thrombosis, reflecting the fact that activa-
tion of the coagulation system can be prolonged following 
such surgery. Finally, a Canadian trial (PERIOP-01) is inves-
tigating the role of extended peri-operative treatment with 
tinzaparin, a heparin-related antithrombotic drug, to improve 
disease-free survival in patients with resectable colorectal 
cancer.

Pro‑metastatic effects of adjunct peri‑operative 
treatments and complications

Additional perioperative therapies and surgical complica-
tions that contribute to and increase the complexity of the 
surgical stress response include anesthetic agents, analge-
sics, blood transfusions, hypothermia and prolonged fast-
ing. With respect to anesthesia, pre-clinical data suggest that 
beneficial approaches might include selection of induction 
drugs such as propofol, minimizing the use of volatile anes-
thetics, and co-administration of cyclooxygenase antagonists 
with systemic opioids [63, 64]. The use of thoracic epidural 
anesthetic results in significantly lower noradrenaline and 
cortisol concentration [65]. In addition epidural anesthesia 
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reduces the need for post-operative opioids, which have 
been found to inhibit cell-mediated and humoral immu-
nity, to promote tumor cell migration and proliferation, and 
to facilitate angiogenesis [66, 67]. Blood transfusion has 
been shown to reduce the function of T helper and NK cells 
and to thus impair cell–mediated immune responses [68]. 
Additionally, stored blood with aged erythrocytes has been 
found in animal studies to be more harmful in the context 
of promoting metastasis [69]. Hypothermia, in addition to 
increasing blood loss through coagulopathy may also sup-
press NK cells. Strategies to combat hypothermia and to 
reduce the need for blood transfusion include pre-operative 
iron transfusions, warming patients prior to surgery and the 
use of humidified warmed CO2 during laparoscopy [70]. 
Prolonged fasting prior to surgery exacerbates the catabolic 
stress response, and enhanced recovery programs with 
reduced fasting, carbohydrate supplement drinks and glyce-
mic control have shown a positive effect on stress response, 
including decreased IL6 and C-reactive protein (CRP) levels 
[71, 72]. Such findings strongly support a tumor-promoting 
role for adjunct peri-operative treatments.

Activation of pro‑metastatic pathways 
by adrenergic signaling: a heterogeneous process

Multiple murine models have been used to study the impact 
of surgical stress on tumor progression and metastasis 
development in colorectal and other cancers [60, 73, 74]. 
However, these models do not establish whether all tumor 
cells are evenly sensitive to this type of stress stimulus, or 
if tumor cell subpopulations with vastly different sensitiv-
ity to stress signals co-exist within individual tumors. In the 
case of surgery-induced stress, while the characterization 
of β-adrenergic and prostaglandin-driven pro-metastatic 
effects has led to the emerging use of β-AR antagonists and/
or COX-2 inhibitors in patients undergoing surgery [75], 
whether these compounds evenly target all tumor cells 
remains unknown. Considering the important levels of non-
genetic cellular heterogeneity reported in multiple solid 
tumors and the profound impact this can have on therapy 
outcomes [76], developing models that allow access to this 
type of information is essential to fully understand the com-
plexity and clinical impact of tumor stress responses. Indeed, 
higher levels of cellular heterogeneity within individual 
tumors correlate with higher post-treatment recurrence 
[77, 78] and poorer prognosis [79, 80] in several cancers 
including CRC. Therefore, understanding to which degree 
pro-metastatic surgical stress responses are heterogeneous 
would undoubtedly contribute to improve the efficacy of 
peri-operative medical treatment.

To determine whether catecholamines homogeneously 
affect all cells within individual patient tumors, we elected to 
use an ex-vivo approach on patient-derived colorectal cancer 

cells. We transduced these cells with Lentiviral Gene Ontol-
ogy (LeGO) vectors (Fig. 2a). This approach involves the 
labeling of individual tumor cells with cell populations with 
submaximal levels of three LeGO vectors encoding Red, 
Green and Blue (RGB) fluorescent proteins, respectively, 
resulting in subpopulations with stable and distinguishable 
color signatures [81]. Importantly the resulting fluorescent 
signature of each cell is carried through to its progeny, ena-
bling the longitudinal monitoring of cell lineages over time 
under multiple conditions. We took advantage of this sys-
tem to determine whether the response to pharmacological 
β-AR antagonists and COX-2 inhibitors was homogeneous 
or heterogeneous across individual tumor cell subpopula-
tions from a patient-derived tumor sample.

We used RGB-tagged cells to quantify cell growth over a 
period of 48 h during in vitro treatment with the β-AR antag-
onist Propranol (10 µM), the β-AR agonist Isoproterenol 
(1 µM), and/or the COX-2 inhibitor celecoxib (1 µM). The 
β-AR and COX-2 inhibitors were first tested in the absence 
of exogenous agonist. Concerning the β-AR pathway, this 
allowed us to account for potential off target effects of Pro-
pranolol, such as those reported for beta-blockers through 
the modulation of Pg-P expression [83, 84]. In respect to 
COX-2 inhibition, celecoxib was used to inhibit the endog-
enous prostaglandin production by CRC cells. Indeed, 
confirming multiple prior studies by others in CRC cells 
[85–87], the patient-derived cells used in our experiments 
express significant levels of PTGS2 (COX-2), prostaglan-
din E2 synthase (PTGES2) and prostaglandin E2 receptor 
(PGTER2) mRNA (not shown), indicating that the PGE2 
pathway is functional in these cells.

We first observed that that β-AR and COX-2 blockade, 
respectively using a combination of Propranolol (10 µM) 
and Celecoxib (1  µM), induced a significant reduction 
(p < 0.05, two-way ANOVA with Tukey multiple compari-
son, n = 3) of overall tumor cell growth from 24 h onwards, 
while treatment of these cells with the β-AR agonist Iso-
proterenol (1 µM) only had a non-significant stimulatory 
effect on tumor cell growth during the 48  h treatment 
(Fig. 2b). Taking advantage of the fluorescent signature of 
RGB-tagged cells to monitor the growth behavior of multi-
ple individual subpopulations, we found that the growth of 
vehicle-treated controls and Isoproterenol-stimulated cells 
was driven by a small number of predominant cell subpopu-
lations (Fig. 2c, d) (e.g. subpopulations ‘111’, ‘222’, ‘444’, 
cf supplemental Methods for details about subpopulation 
clustering and nomenclature). In addition, while the over-
all growth was strongly reduced in samples treated with 
Propranolol + Celecoxib (with or without Isoproterenol), 
several cell subpopulations (in particular ‘212’) appeared 
unaffected by this treatment and demonstrated increased 
growth under these conditions (Fig. 2e, f). Importantly, this 
subpopulation alone only represented 2.5% of the total cell 
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sample, explaining why its growth behavior is largely unde-
tectable when performing a sample-wide analysis. These 
results suggest that individual tumor cell subpopulations 
do show differential sensitivity toβ-AR and COX-2 signal-
ing, and indicate that RGB labeling offers a sensitive model 
to detect differential behaviors exhibited by minority cell 
subpopulations within complex tumor samples, that would 

otherwise remain undetected. Performing similar experi-
ments on a large number of tumor samples and characteriz-
ing the molecular features of tumor cell subpopulations that 
may escape treatment with β-AR antagonists and COX-2 
inhibitors will unravel the full complexity of this process 
and bolster the development of new combination regimens 
to ensure that all tumor cell subsets are efficiently targeted.

Fig. 2   Heterogeneous growth response to pharmacological β-AR 
and/or COX-2 modulators in RGB-tagged cells. CPP35 cells were 
derived from the primary colon adenocarcinoma (T4aN0M0) of an 
81  year-old male patient using previously described protocols [82]. 
They were transduced with Lentiviral Gene Ontology (LeGO) vec-
tors respectively encoding mCherry (Red), GFP (Green) and Ceru-
lean (Blue) fluorescent proteins, under conditions described by oth-
ers [81]. a Representative microphotograph of RGB CPP35 cells 
(Scale bar: 100 µm); b Growth curves of RGB-tagged parental CPP35 
cells treated for 48 h with vehicle, Isoproterenol (1 µM), Propranolol 
(10 µM) + Celecoxib (1 µM), or a mix of all three compounds at the 

above concentrations. Results are expressed as mean ± SD of num-
ber of cells per field of view (FOV). (*, #, p < 0.05 vs. vehicle and 
Isoproterenol conditions, respectively; two-way ANOVA with Tuk-
ey’s multiple comparisons, n = 6 fields of view from 3 experimental 
repeats); c–f Growth curves of a representative selection of 9 indi-
vidual subpopulations detected within RGB-tagged parental CPP35 
cells, during a 48 h treatment with vehicle (c), Isoproterenol (d), Pro-
pranolol + Celecoxib (e) or a mix of all three compounds (f), at con-
centrations shown under (b). Symbols representing each individual 
subpopulation are conserved in all graphs
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We also used RGB-tagged cells to examine the motil-
ity of colorectal tumor cells for up to 48 h after mechani-
cally disrupting a cell monolayer and treating these cells 
with β-adrenergic and COX-2 pharmacological modula-
tors (Fig. 3a). Under control (vehicle-treated) conditions 
we found that the average speed of individual subpopula-
tions varied significantly, with the speed of highly motile 
subpopulations exceeding that of less motile ones by up to 
3.5-fold at the beginning of treatment, 2.3-fold after 24 h, 
and 1.8-fold after 48 h (by which time cells were > 80% 
confluent) (Fig. 3b–d, top graphs). Following treatment 
with β-adrenergic and COX-2 pharmacological effectors, 
population-wide motility was not significantly different 
from controls, but significant differences were detected 
when individual subpopulations were compared. Thus, 
rapid and transient stimulation of motility by Isoproterenol 
was observed in the case of subpopulations ‘312’, ‘213’ and 
‘311’. The average speed of cells from these subpopulations 
was strongly increased in the first 30 min after treatment, 
but minimal to no stimulation of these subpopulations was 
detected thereafter (Fig. 3b–d). Importantly, we found that 
treatment with Propranolol + Celecoxib was not sufficient to 
block the Isoproterenol-induced motility activation for some 
of these subpopulations (e.g. ‘312’, red bar in Fig. 3b), and 
actually induced a paradoxical activation of motility for oth-
ers (‘112’, ‘122’, ‘412’, ‘313’, ‘413’ 30 min after stimulation, 
or ‘212’ after 48 h, cf blue bars in Fig. 3b, d, respectively), 
which altogether represented less than 3% of the total cell 
numbers (Fig. 3b–d). Interestingly, some of these subpopula-
tions, such as ‘212’, also displayed enhanced proliferation 
upon treatment with Propranolol and Celecoxib (Fig. 2e, f), 
suggesting that they gained a significant competitive advan-
tage under such conditions.

Taken together our findings revealed that different types 
of subpopulation-specific responses to stress induction are 
detectable within individual tumor samples using RGB-
labeling technology. When using a clinically-relevant com-
bination of β-AR antagonist and COX-2 inhibitor, we found 
that subpopulations with enhanced proliferation and/or 
motility emerged due to their apparent resistance to inhibi-
tion with these compounds. While the present experiments 
provide a clear proof-of-concept supporting the intra-tumor 
heterogeneity of pro-metastatic stress responses, specific 
identification of candidate sub-populations that may main-
tain or enhance their dissemination ability under β-AR and 
COX-2 blockade cannot be derived from our current results. 
Indeed, due to the complexity of simultaneously quantify-
ing the motile behavior of more than sixty cells sub-popu-
lations under treatment, we cannot completely rule out the 
stochastic emergence and/or non-specific detection of some 
individual subpopulations that display differential behaviors. 

The purification and molecular characterization of identified 
subpopulations from multiple patient samples will determine 
which of these subpopulations represent genuine candidates 
and whether common molecular features can be detected that 
may underlie their differential sensitivity to stress-related 
signals. Nevertheless, comparison of sensitivities to β-AR 
agonist and inhibitor combination between individual cell 
subpopulations suggest that sensitivity to these compounds 
may be significantly heterogeneous in colorectal tumor sam-
ples, and our data suggests that RGB-labeling of tumor cell 
samples with LeGO vectors is a promising approach to refine 
our understanding of such heterogeneous behaviors.

Conclusion

The observation that surgery may promote the progression 
of metastatic disease in cancer following removal of the pri-
mary tumor has been documented since the early 1900s [88]. 
Surgery for resection of either primary colorectal cancer or 
its metastasis leads to a profound inflammatory response 
as it generally involves extensive dissection, use of energy 
devices and potentially spillage of bowel contents that may 
worsen the inflammatory response [21]. A number of in vitro 
studies, conducted primarily on CRC cell lines, have identi-
fied and characterized the effect of stress hormones released 
during the systemic surgical stress response on colorectal 
tumor biology, with results demonstrating enhanced tumor 
cell proliferation and migration through β-AR activation due 
to excessive release of catecholamines [51, 52, 89–91]. The 
insight from in vivo mouse models of surgical stress, primar-
ily obtained through studies in other cancer type has also 
contributed strongly to the field and enhanced our under-
standing of immune suppression mechanisms that enable 
stress-induced dissemination in CRC [73, 74]. Advances 
in the field have highlighted the perioperative period as a 
unique window of opportunity to target multiple residual 
disease. This is firstly due to a disproportionately increased 
stress-induced metastasis risk but also due to the fact that 
adjuvant treatments such as chemotherapy and radiother-
apy are generally not given during the perioperative period 
due to need for surgical recovery, implying that there is a 
period of time when minimal residual disease may be able 
to progress. Results presented here suggest that the role of 
intra-tumor heterogeneity on the tumor cell response to sur-
gical stress should be further examined to help tailor these 
perioperative therapies, pre-empt dissemination by tumor 
cell subgroups with lesser sensitivity to β-AR and COX-2 
inhibitors, and inform the design of additional compounds to 
further minimize the risk of metastatic dissemination.
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