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Abstract

Background/Aims: Gap junctions, which are assembled by connexins, can directly connect
the cytoplasm of adjacent cells and enable gap junctional intercellular communication (GJIC)
as well as metabolic coupling between neighboring cells. Here, we investigated the role of
connexin 43 (Cx43) and its derived GJIC in the interplay between non-small cell lung cancer
(NSCLC) cells and cancer-associated fibroblasts (CAFs). Methods: CAFs and NSCLC cells
were co-cultured with direct contact and separated using flow cytometry. Glucose uptake,
lactate production, and the expression and activity of PKM-2 and LDH-A in sorted CAFs were
measured by a colorimetric assay, western blotting, and enzyme-linked immunosorbent assay
(ELISA). Meanwhile, E-cadherin and N-cadherin expression and the migration and invasion
of sorted NSCLC cells were detected by western blotting, wound width, and Transwell assays.
Pyruvate, acetyl-CoA, and citric acid levels, ATP levels, and LDH-B and a-KG activity in sorted
NSCLC cells were determined by a colorimetric or fluorometric assay and ELISA, respectively.
Functional GJIC between cells and the subcellular location of connexins were detected by a
“Parachute” assay and immunofluorescence. Levels of a-SMA, Cx43, and LDH-B in tissue from
patients with NSCLC were determined by immunohistochemistry. Results: Cx43 accumulated
in the plasma membrane, which favored the assembly of asymmetric unidirectional GJIC
from CAFs to NSCLC cells. CAFs underwent increased aerobic glycolysis and promoted
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the epithelial-mesenchymal transition, migration, and invasion of NSCLC cells. In contrast,
NSCLC cells experienced enhanced oxidative phosphorylation upon CAF stimulation, with an
increase in ATP generation and thereby activation of the PI3K/Akt and MAPK/ERK pathways.
Metabolic coupling between CAFs and NSCLC cells was under the strict control of Cx43-
formed unidirectional GJIC. Patients with high tri-expression of a-SMA, Cx43, and LDH-B had
the shortest overall survival and relapse-free survival compared with those with individual
overexpression or high bi-expression. Conclusion: Cx43-formed unidirectional GJIC plays
a critical role in mediating close metabolic cooperation between CAFs and NSCLC cells to
support the malignant progression of NSCLC.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Non-small cell lung cancer (NSCLC) is one of the most prevalent forms of lung cancer
and the leading cause of cancer death [1]. Most patients with NSCLC are initially diagnosed
at an advanced stage and therefore have poor prognosis [2]. Although recent advances
in early detection and targeted therapies have yielded improvements in the outcome of
NSCLC patients, the 5-year survival rate remains less than 15% [3]. Therefore, there is an
urgent need to explore new and more effective targets against the malignant progression of
NSCLC.

Cancer-associated fibroblasts (CAFs), a major cellular component of the tumor
microenvironment in most solid cancers, are key determinants in regulating the malignant
progression of cancer [4]. Indeed, CAFs have already been proven to promote epithelial-
mesenchymal transition (EMT), invasion, and metastases in several cancer models, including
NSCLC[5, 6, 7]. Intriguingly, the “reverse Warburg effect” of CAFs, which is deeply involved in
cancer malignancy, has been increasingly revealed in recent years. In contrast to the classic
“Warburg effect” [8], Pavlides et al. proposed a new model, termed the reverse Warburg
effect, in which epithelial cancer cells induce the Warburg effect (i.e., aerobic glycolysis) in
surrounding CAFs and thereby turn them into factories for the production of energy-rich
metabolites to feed epithelial cancer cells directly in a host-parasite pattern [9]. In direct
support of this notion, CAFs switch their metabolism to aerobic glycolysis, while prostate
cancer cells are reprogrammed toward aerobic metabolism to sustain their energetic
needs and growth [10]. Contradictorily, CAF-derived exosomes could inhibit mitochondrial
oxidative phosphorylation (OXPHOS) in prostate cancer cells, thereby increasing glycolysis
and glutamine-dependent reductive carboxylation and promoting tumor growth [11].
However, the precise functional contribution of CAFs to the metabolic orchestration between
NSCLC and the tumor microenvironment remains poorly understood.

Connexins are a homologous family of more than 20 transmembrane proteins [12]. Six
connexins oligomerize to form a connexon, which can assemble at the plasma membrane
to form either functional hemichannels or gap junctions [13]. Gap junctions can directly
connect the cytoplasm of neighboring cells, thereby allowing the direct exchange of small
substances with a molecular weight of up to 1.5 kDa, such as ions, second messengers,
peptides, nucleotides, and metabolic molecules [14]. This process is termed gap junctional
intercellular communication (GJIC). Although connexins and their derived GJIC have long
been considered tumor suppressors over the past 50 years [15, 16, 17], growing evidence
suggests that they also contribute to malignant progression during the late stages of some
cancer types [13, 15, 18]. In particular, heterocellular GJIC between cancer cells and adjacent
cells, such as endothelial cells, mesothelial cells, osteoblastic cells, and astrocytes, has been
demonstrated to play a crucial role in facilitating cancer invasion and metastasis [19, 20, 21,
22, 23, 24]. Moreover, asymmetric heterologous GJIC has been observed from normal lung
fibroblasts to human lung carcinoma cells [25]. In addition, GJIC has been known to mediate
not only intercellular communication but also metabolic coupling between neighboring cells
[26, 27]. However, it remains unclear whether GJIC exists between CAFs and NSCLC cells and
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whether GJIC is involve in the metabolic cooperation between CAFs and NSCLC cells. The
aim of this study was to investigate the role of connexin 43 (Cx43) and its derived GJIC in the
metabolic coupling between NSCLC cells and CAFs.

Materials and Methods

Reagents and antibodies

The catalog numbers and concentrations of the antibodies used in this study are shown in Table 1.
All-trans-retinoic acid (RA) was purchased from Merck (San Diego, CA, USA). Lactate dehydrogenase
isoform B (LDH-B), LDH-A, pyruvate kinase muscle 2 (PKM-2), and a-ketoglutarate (a-KG) enzyme-linked
immunosorbent assay (ELISA) kits were purchased from CUSABIO Technology (Wuhan, China). A pyruvate,
ATP, acetyl-coenzyme A (acetyl-CoA), and citric acid assay kit was purchased from Solarbio (Beijing, China).
All other reagents were from Sigma (St. Louis, MO, USA) unless stated otherwise.

Cell culture

Human high invasive potential NSCLC cells A549 and H1299 were from the American Type Culture
Collection (Manassas, VA, USA) and cultured in RPMI 1640 (Gibco, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum and antibiotics. By using a study protocol approved by the Guangxi Medical
University Ethics Committee (IRB no. 20140304-003), CAFs and their paired normal fibroblasts (NFs)
were isolated from 7 surgically resected primary NSCLCs and corresponding adjacent normal lung tissues
obtained at least 5 cm from the outer tumor margin, respectively [28]. NFs and CAFs were maintained in
DMEM supplemented with 10% fetal bovine serum (Gibco) and antibiotics (100 U/mL penicillin and 100
pg/mL streptomycin).

Collagen gel contraction assay

The contractility of CAFs was measured according to the method described by Horie et al [29]. and
Navab et al. [30]. Briefly, suspended CAFs or NFs, collagen gel (Sigma), distilled water, and DMEM were
mixed gently. The volumes of the mixtures were adjusted so that cell density was 2.0 x 10° cells/mL and the
collagen concentration was 1 mg/mL. The mixtures (0.5 mL) were subsequently inoculated into each well
of a 24-well plate. Collagen gel contraction occurred in 30 min at 37°C and was initiated by detaching the
edges of the collagen gels from the sides of the wells. The collagen gels were then transferred to another 24-
well plate containing 0.5 mL medium in each well and placed in an incubator. The area of the collagen gels
was determined after 24, 48, and 72 h using an image analysis system (inverted fluorescence microscope,
TS100-F; Nikon, Tokyo, Japan). The diameters of the collagen gels were measured in mm and recorded as
the average values of the major and minor axes.

Table 1. Catalogue numbers and concentrations of the antibodies

Antibody Catalogue number  Concentration Company
Cx43 ab11370 1:1000
Cx26 ab65969 1:1000
Cx31.1 ab200818 1:500
Cx32 ab66613 1:500
o-smooth muscle actin (a-SMA) ab124964 1/10000
fibroblast activation protein-a (FAP-a) ab53066 1/1000 Abcam (Cambridge, London, UK)
lactate dehydrogenase isoform A (LDH-A) ab101562 1:5000
M2-type pyruvate kinase (PKM-2) ab137791 1:2000
E-cadherin #4065 1:1000
N-cadherin #13116 1:1000
p-Akt (Ser473) #4060 1:1000
Akt #4691 1:1000
CST (Danvers, MA, USA)
phosho-p44 /42 MAPK(Erk1/2) (Thr202/Tyr204) #4370 1:2000
p44/42 MAPK(Erk1/2) #4695 1:1000

Human Fibroblast Activation Protein a/FAP APC-conjugated Antibody FAB3/15A 10puL/106cells  R&D Systems, Inc. (Barton Lane, USA)

317


http://dx.doi.org/10.1159%2F000495232

Cellular Physiology Cell Physiol Biochem 2018;51:315-336
DOl

© 2018 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: 17 November 2018 |www.karger.com/cpb

Luo et al.: Cafs Accelerate NSCLC Malignant Progression

Patients

This study was a retrospective analysis involving 82 patients with NSCLC diagnosed at the Affiliated
Cancer Hospital of Guangxi Medical University (Nanning, China) between December 24,2012, and November
14, 2014. The inclusion criteria were patients with primary NSCLC of tumor stages IA to IVA who underwent
surgery as the initial treatment modality and had complete clinicopathological data. Eighty-two patients
were followed up until September 27, 2016. Time to recurrence was the time from the date of surgery to the
date of radiological recurrence. The study design was approved by the Guangxi Medical University Ethics
Committee (IRB no. 20140304-003), and signed informed consent was obtained from all patients.

Co-culture system and cell sorting

For direct contact co-culture, CAFs and NSCLC cells were mixed to a total number of 1.0 x 10° cells at
a 5:1 ratio for 3 days. After the cells were collected, CAFs were labeled with a phycoerythrin-labeled anti-
fibroblast activation protein alpha (FAP-a) antibody for 30 min at 4°C in the dark. Fluorescent cells were
identified as FAP-a-labeled CAFs, and non-fluorescent cells were identified as cancer cells [31], and then
cultured for further expression analysis. For the studies involving inhibition or enhancement of glycolysis,
CAFs were exposed to 2-deoxy-d-glucose (2-DG, 25 mmol/L) or fructose-1, 6-bisphosphate (FBP, 125
mmol/L) for 24 h before co-cultured with NSCLC cells.

RNA interference and Cx43 overexpression

Three RNA  interference  sequences  targeting  Cx43 mRNA (#Cx43-homo-721:
5'-GGTTGCTGCGAACCTACATCA-3'; #Cx43-homo-926: 5'-GGTGTCCCTGGCCTTGAATAT-3’; and
#Cx43-homo-1202: 5'-GGCTAATTACAGTGCAGAACA-3') and a one off-target control sequence (#NC:
5'-TTCTCCGAACGTGTCACGT-3") were cloned separately into the LV10 (U6/RFP&Puro) vector (GenePharma,
Shanghai, China). The LV8 (EF1a-RFP/Puro) vector (GenePharma) containing Cx43 and an empty lentiviral
vector as a negative control were used. The cells were transfected with lentiviral vectors using Lipofectamine
2000 (Invitrogen,Carlsbad, CA, USA) according to the manufacturer’s instructions. The cells were pooled
and analyzed for Cx43 knockdown or overexpression by western blotting.

Quantitative real-time PCR, western blotting, “Parachute” dye-coupling, and immunofluorescence assays
These assays were performed according to our previous report [32].

Cell migration and invasion assay
A cell migration and invasion assay was performed according to our previous study [33].

Cell proliferation and apoptosis assays

Cell proliferation was measured using 3-(4, 5-dimethylthiazol-2yl-2, 5-diphenyl tetrazolium bromide
(MTT) assay, as reported previously [34]. To measure apoptosis, the proportion of apoptotic cells was
determined by manually counting pyknotic nuclei after 4',6-diamidino-2-phenylindole (DAPI; Roche,
Mannheim, Germany) staining [35]. After 24 h incubation, DAPI-stained pyknotic nuclei were counted as
the percentage of 100 cells in each well.

Activity assays

Glucose uptake and lactate, pyruvate, acetyl-CoA, citric acid, and ATP production were measured with
a colorimetric or fluorometric assay kit according to the manufacturer’s instructions. The activity of LDH-A,
LDH-B, PKM-2, and a-KG was measured by ELISA.

Immunohistochemistry

Para-carcinoma tissues were taken at least 2 cm from the cancerous node. Tissue sections were
immunostained with anti-alpha smooth muscle actin (a-SMA), anti-LDH-B, and anti-Cx43 antibodies.
A scoring system was used to describe both the staining intensity (negative, weak, moderate, or strong)
and the proportion of tumor cells (Cx43: 0%, <10%, 10-50%, or >50%; a-SMA: <5%, 5-25%, 26-50%, or
>50%; LDH-B: 0%, <10%, 10-50%, or >50%) stained in each case as described previously [36, 37, 38]. An
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immunohistochemistry score was then assigned to each sample by multiplying the proportion score and
intensity score. An immunohistochemistry score =3 (++, +++) was defined as the overexpression of a-SMA,
LDH-B, and Cx43. The immunohistochemistry slides were reviewed independently by two pathologists.

Statistical analysis

Statistical analyses were performed using SPSS20.0 (SPSS, Inc., Chicago, IL, USA). Values are presented
as the mean # standard deviation (SD). Experimental results were evaluated statistically using Student’s t
test or chi squared test. Survival probabilities were calculated using the Kaplan-Meier method. Independent
prognostic factors were evaluated by univariate and multivariable Cox proportional hazards regression
analysis. Significance was set at P< 0.05.

Results

Cultured CAFs exhibit characteristics of activated fibroblasts (myofibroblasts)

As shown in Fig. 1A and 1B, CAFs displayed spindle-shaped, flattened, and fibroblast-
like morphology similar to NFs. The expression of a-SMA and FAP-a was generally much
stronger in CAFs than in matched NFs. This increased expression of a-SMA and FAP-a was
maintained in the initially characterized CAFs for up to 5 passages in vitro (data not shown).
Moreover, an increased contractile ability was observed in 2 independently isolated CAFs in
passage 1 and passage 5 when compared with their counterpart NFs (Fig. 1C). These results
indicated that cultured CAFs can maintain the phenotypic properties of myofibroblasts even
without continuing interactions with cancer cells.

CAFs undergo aerobic glycolysis and promote the migration and invasion of NSCLC cells

by inducing EMT

CAFs have been reported to undergo aerobic glycolysis (i.e., the reverse Warburg
effect) upon activation in response to their interplay with cancer cells [9, 39]. As shown
in Fig. 2A and 2B, Fig. S1A and S1B (For all supplemental material see www.karger.com/
10.1159/000495232/), glucose uptake, lactate production, and the expression and activity
of PKM-2 and LDH-A (two key enzymes of aerobic glycolysis) were significantly increased
in CAFs co-cultured with A549 or H1299 cells compared with CAFs alone. Pretreatment
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Fig. 1. Characterization of primary CAFs and paired NFs. (A) Morphology of CAFs and NFs (upper). Original
magnification, 100x. The expression of FAP-a and a-SMA in CAFs and NFs was determined by western
blot analysis (bottom). (B) The expression of FAP-a and a-SMA in CAFs and NFs was determined by
immunofluorescence analysis (scale bar: 50 pm). (C) Time-dependent collagen gel contraction induced by
2 different pairs of NFs and CAFs (NO: case number; passage: passage number). Each point represents the
mean * SD of 3 replicate samples, *P<0.05, **P<0.01 compared with paired NFs.

—  — B-actin
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with 125 mmol/L FBP, a potent activator of PKM-2 [40], greatly enhanced glucose uptake,
lactate production, and the expression and activity of PKM-2 and LDH-A in co-cultured CAFs.
In contrast, pretreatment with 25 mmol/L of 2-DG, which is a glycolytic inhibitor, for 24 h
(Fig. 2A and 2B, Fig. S1A and S1B) strongly decreased these glycolytic indexes in co-cultured
CAFs. These data suggest that CAFs experience increased aerobic glycolysis upon NSCLC cell
activation.

Meanwhile, A549 and H1299 cells lost their epithelial cobblestone appearance and
became elongated and dispersed when co-cultured with CAFs (Fig. 2C, Fig. S1C). Consistent
with this, the expression of the epithelial marker E-cadherin was downregulated, whereas the
expression of the mesenchymal marker N-cadherin was upregulated in co-cultured A549 and
H1299 cells (Fig. 3A, Fig. S1D). Mobility and invasive capability were significantly increased in
co-cultured A549 and H1299 cells compared with mono-cultured control cells, respectively
(Fig. 3B and 3C, Fig. S1E and S1F). Furthermore, preincubation with 2-DG impaired the CAF-
facilitated EMT and migration and invasion of co-cultured A549 and H1299 cells, whereas
preincubation with FBP strengthened the CAF-promoted effects in these cells (Fig. 2C, Fig.
3A-3C, Fig. S1C-S1F). However, these effects were not attributable to the proliferation and
apoptosis of tumor cells (Fig. S1G and S1H). Taken together, these results suggest that CAFs
undergo aerobic glycolysis (the reverse Warburg effect) and contribute to the migration and
invasion of NSCLC cells via the induction of EMT.
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To understand the basis of

the asymmetric heterologous GJIC

between CAFs and NSCLC cells, quantitative real-time PCR and western blot analyses were
performed to screen for the expression of Cx26, Cx31.1, Cx32, and Cx43 in these cells, which
have been reported as the major connexins expressed in mammalian lung tissues or cultured
cells [25, 41]. As shown in Fig. 4B and 4C, Cx26, Cx31.1, Cx32, and Cx43 were differentially
expressed in CAFs, A549 cells, and H1299 cells. In particular, Cx26 and Cx43 were the
predominant connexin isoforms expressed in these cell lines. Furthermore, Fig. 4D clearly
shows that Cx43 protein accumulated in the plasma membrane of CAFs and in the plasma
membrane and cytoplasm of A549 and H1299 cells, whereas Cx26, Cx32, and Cx31.1 protein
accumulated in the cytoplasm of CAFs, A549 cells, and H1299 cells. To confirm further the
mediating effect of Cx43 on unidirectional GJIC from CAFs to NSCLC cells, we transduced
lentiviral vectors containing Cx43 short hairpin RNAs (shCx43) or Cx43 into CAFs, A549 cells,
and H1299 cells, respectively (Fig. S2B). Since shCx43-926 was more potent than shCx43-721
and shCx43-1202, we selected the former for the subsequent experiments. A parachute dye-
coupling assay showed that knockdown of Cx43 expression in CAFs and/or NSCLC (A549 or
H1299) cells significantly abolished GJIC from CAFs and NSCLC cells, while overexpression
of Cx43 in CAFs and/or NSCLC cells resulted in a significant increase in unidirectional GJIC
(Fig. 4E, Fig. S2C). Moreover, Cx43 overexpression in both CAFs and NSCLC cells caused a
more significant increase in unidirectional GJIC than only overexpression of Cx43 in CAFs or
in A549 or H1299 cells, respectively (Fig. 4E, Fig. S2C). Thus, these data indicate that Cx43
can form functional GJIC from CAFs to NSCLC cells due to its integration into the plasma
membrane.
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Fig.4.Cx43-established
unidirectional GJIC
from CAFs to A549
cells. (A) Functional
GJIC was detected by a
parachute assay. Top:
fluorescence  images.
Bottom: overlay of

the corresponding
phase-contrast
images. Original

magnification,  200x.
Bars are the mean *
SD from 5 independent
experiments. (B, C)
Differential expression
of Cx26, Cx31.1,
Cx32, and Cx43 in
CAFs  and NSCLC
cells was determined
by quantitative
real-time PCR and
western  blot. (D)
Immunofluorescence
staining of the cellular
localization of Cx26,
Cx31.1, Cx32, and Cx43
in CAFs and NSCLC cells.
All scale bars represent
50 pum. (E) Functional
GJIC between CAFs and
A549 cells transfected
with shCx43, Cx43
vector, or control empty
vectors was detected
by a parachute assay.
Bars are the mean *
SD from 4 independent
experiments. (E G)
Effects of the GJIC
inhibitor 18a-GA or
GJIC enhancer RA on
Cx43 protein level
and unidirectional
GJIC were measured
by western blotting
and parachute assay,
respectively. Bars
are the mean * SD
from 4 independent
experiments. **P<0.01
compared with
untreated cells.
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On the basis of the above results, we were interested in exploring whether aerobic
glycolytic CAFs promote NSCLC progression in a GJIC-dependent manner. As shown in Fig. 4F-
4G and Fig. S2D, the GJIC inhibitor 18a-GA and GJIC enhancer RA (4 and 1 pM, respectively)
strongly diminished or elevated Cx43-formed unidirectional GJIC from CAFs to NSCLC cells,
respectively, but they did not change Cx43 protein levels during persistent treatment for
up to 48 h. However, inhibition of GJIC by 18a-GA (no decrease in Cx43 expression) or
shCx43 (Cx43 knockdown) could apparently abrogate the CAF-facilitated EMT, migration,
and invasion of co-cultured NSCLC cells to a similar extent (Fig. 5A-5B, Fig. S2E-S2G). On
the other hand, enhancement of GJIC in these cells by RA (no increase in Cx43 expression)
or lentiviral Cx43 (Cx43 overexpression) could further strengthen the CAF-induced EMT,
migration, and invasion of co-cultured NSCLC cells to a similar degree (Fig. 5A-5B, Fig. S2E-
S2G). Together, these results indicate that Cx43 is closely implicated in the promoting effects
of CAFs on the aggressiveness of NSCLC in a GJIC-dependent manner.
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Pretreatment of CAFs with the glycolytic activator FBP could not rescue the impaired
EMT phenotype and migratory and invasive potential of GJIC-deficient co-cultured NSCLC
cells, whereas pretreatment of CAFs with the glycolytic inhibitor 2-DG worsened the
impaired EMT phenotype and migratory and invasive potential of these NSCLC cells (Fig. 5C-
5D, Fig. S2H-S2]). On the other hand, pretreatment of CAFs with 2-DG only partially reversed
the increased EMT, migration, and invasion of GJIC-enhanced co-cultured NSCLC cells, while
pretreatment of CAFs with FBP could further reinforce the increased EMT, migration, and
invasion of GJIC-enhanced co-cultured NSCLC cells (Fig. 5C-5D, Fig. S2H-S2J). Collectively,
these results confirm that Cx43-formed unidirectional GJIC is mainly responsible for the pro-
EMT /invasive/migratory effects of aerobic glycolytic CAFs on NSCLC cells.

NSCLC cells shift metabolism to OXPHOS in response to aerobic glycolytic CAFs through

Cx43-formed unidirectional GJIC

Recent studies have shown that stromal-epithelial metabolic coupling occurs between
CAFs and epithelial cancer cells in human breast cancer and prostate cancer [10, 42].
Therefore, we asked whether there exists a metabolism shift in NSCLC cells in response to
CAF induction. First, we found that glucose uptake and lactate production were significantly
decreased in mono-cultured A549 and H1299 cells compared with CAFs (Fig. 6A). Moreover,
glucose uptake and lactate production were further decreased in A549 and H1299 cells
when co-cultured with CAFs (Fig. 6A). Next, we explored whether the reduced lactate level
of NSCLC cells was due to its conversion to pyruvate and then the pyruvate is used to fuel
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the tricarboxylic acid cycle (TCA) as a useful energy substrate. Interestingly, LDH-B activity
and pyruvate and acetyl-CoA levels were markedly increased in A549 and H1299 cells in
the presence of CAFs (Fig. 6B). Consistently, the levels of TCA metabolites (citric acid, a-KG,
and ATP) in A549 and H1299 cells in the presence of CAFs were dramatically higher than in
the absence of CAFs (Fig. 6C). In addition, pretreatment of CAFs with the glycolytic inhibitor
2-DG strongly inhibited the increase in LDH-B activity and pyruvate, acetyl-CoA, and TCA
metabolite levels in co-cultured A549 cells, while pretreatment of CAFs with the glycolytic
activator FBP greatly strengthened the increase in these metabolites in co-cultured A549
cells (Fig. 6B and 6C). The same results were obtained in H1299 cells (data not shown).
Thus, these results indicate that NSCLC cells reduce glycolytic metabolism but also enhance
OXPHOS in response to CAF stimulation.

Notably, GJIC has been reported to participate in the trafficking of metabolites between
astrocytes, which mainly express Cx43 [43]. Thus, we further detected whether Cx43-
formed unidirectional GJIC is involved in the metabolic coupling between CAFs and NSCLC
cells. As seen in Fig. 7, inhibition of GJIC by Cx43 knockdown in both CAFs and A549 cells
enhanced the lactate level and reduced LDH-B activity as well as pyruvate, acetyl-CoA, and
TCA metabolite levels in co-cultured A549 cells, whereas enhancement of GJIC by Cx43
overexpression in both CAFs and A549 cells reduced the lactate level and enhanced LDH-B
activity as well as pyruvate, acetyl-CoA, and TCA metabolite levels in co-cultured A549 cells.
Moreover, pretreatment of CAFs with the glycolytic activator FBP did not affect the enhanced
lactate level and reduced LDH-B activity or pyruvate, acetyl-CoA, and TCA metabolite levels
in GJIC-deficient co-cultured A549 cells, while pretreatment of CAFs with the glycolytic
inhibitor 2-DG further enhanced the lactate level and further reduced LDH-B activity as well
as pyruvate, acetyl-CoA, and TCA metabolite levels in A549 cells (Fig. 7). 2-DG could partially
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antagonize the CAF-induced decrease in the lactate level and increase in LDH-B activity
as well as pyruvate, acetyl-CoA, and TCA metabolite levels in GJIC-enhanced co-cultured
A549 cells, while FBP further strengthened these CAF-induced effects in GJIC-enhanced co-
cultured A549 cells (Fig. 7). Similar effects were observed in H1299 cells (data not shown).
Taken together, NSCLC cells enhance OXPHOS upon stimulation of aerobic glycolytic CAFs in
a Cx43-formed unidirectional GJIC-dependent manner.

ATP is involved in the CAF-promoted activation of the PI3K/Akt and MAPK/ERK pathways

and migration and invasion of NSCLC cells

Since we confirmed above that the level of ATP derived from TCA was substantially
elevated in A549 and H1299 cells upon the induction of aerobic glycolytic CAFs (Fig. 6C),
we aimed to determine whether ATP levels correlated with the CAF-stimulated migration
and invasion of NSCLC cells. As seen in Fig. 8A, phosphorylated Akt and ERK levels were
significantly increased in A549 and H1299 cells in the presence of CAFs compared with the
absence of CAFs. The glycolytic inhibitor 2-DG partially inhibited the CAF-induced increased
of Akt and ERK activity in co-cultured A549 and H1299 cells, while the glycolytic activator
FBP further strengthened these CAF-induced effects. Furthermore, inhibition of GJIC by
Cx43 knockdown remarkably reduced CAF-enhanced Akt and ERK activity in A549 and
H1299 cells, whereas enhancement of GJIC by Cx43 overexpression further increased CAF-
enhanced Akt and ERK activity in these NSCLC cells (Fig. 8B). However, FBP did not elevate
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Akt and ERK activity in GJIC-deficient co-cultured A549 and H1299 cells, but 2-DG further
depressed Akt and ERK activity in these NSCLC cells (Fig. 5B). In addition, 2-DG partially
impaired the CAF-induced increase in Akt and ERK activity in GJIC-enhanced co-cultured
A549 or H1299 cells, while FBP further raised the CAF-induced increase in Akt and ERK
activity in these NSCLC cells (Fig. 8B). Together, these findings reinforce a GJIC-dependent
stimulatory effect of aerobic glycolytic CAFs on the activation of the PI3K/Akt and MAPK/
ERK pathways in NSCLC cells.

Furthermore, additional ATP administration (100 uM, 12 h) greatly activated the PI3K/
Akt and MAPK/ERK pathways and promoted the migration and invasion of A549 and H1299
cells when compared with untreated control cells (Fig. 8C, 9A-9B). Pretreatment with the
PI3K/Akt inhibitor LY294002 (10 uM, 30 min) or MAPK/ERK inhibitor U0126 (10 uM, 30
min) alone led to a similar decrease, and a combination of LY294002 and U0126 caused a
synergetic decrease in PI3K/Akt and MAPK/ERK activity and the migration and invasion of
A549 and H1299 cells (Fig. 8C, 9A-9B). In contrast, the addition of ATP partially restored
the suppressed activity of the PI3K/Akt and MAPK/ERK pathways and the migration and
invasion of A549 and H1299 cells after LY294002 and/or U0126 treatment (Fig. 8C, 9A-9B).
Thus, these results indicate that ATP is involved in the CAF-facilitated activation of the PI3K/
Akt and MAPK/ERK signaling cascades and the migration and invasion of NSCLC cells.
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Fig. 10.Clinical significance of a-SMA, LDH-B, and Cx43 for primary NSCLC patients. (A) Tree diagram showing
the proportions of patients with high and low levels of a-SMA, LDH-B, and Cx43. (B) Immunohistochemical
staining of a-SMA in CAFs, LDH-B in NSCLC cells, and Cx43 in both CAFs and NSCLC cells from serial sections
of tumor specimens obtained from a clinical cohort of 82 patients with primary NSCLC who underwent
surgical resection. The images were obtained from different patients with low (score < median risk score)
and high (score 2 median risk score) expression of a-SMA, LDH-B, and Cx43. Red arrows: protein localization.
Original magnification, 400x. (C) Kaplan-Meier curves of OS and RFS in NSCLC patients with low vs. high
tri-expression of a-SMA, Cx43, and LDH-B (n = 82; P<0.0001, log-rank test).

Co-overexpression of a-SMA, Cx43, and LDH-B predicts poor prognosis in patients with

NSCLC

As shown in Fig. 104, a tree diagram showed that 78.6% of NSCLC patients with
high a-SMA and Cx43 levels also demonstrated a high level of LDH-B expression, whereas
35.7% of patients with low levels of a-SMA and Cx43 demonstrated a lower level of LDH-B
expression. Moreover, the levels of a-SMA, Cx43, and LDH-B were significantly elevated in
NSCLC samples compared with matched adjacent noncancerous tissues (Fig. 10B). As shown
in Fig. 10B, a-SMA was strongly expressed in CAFs but not in cancer cells, whereas LDH-B was
significantly expressed in cancer cells but not in tumor stroma. Moreover, Cx43 was detected
at the intercellular boundaries of cancer cells and tumor stroma, and the accumulation of
a-SMA- and Cx43-positive CAFs was predominantly observed at the invasive front of NSCLC
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lesions, further reinforcing the role of Cx43 in promoting the effects of CAFs on the aggressive
tendencies of NSCLC.

The clinical characteristics of the patients are summarized in Table 2-4. Overall, individual
high expression of a-SMA, Cx43, or LDH-B was correlated with tumor, node, metastasis (TNM)
stage and NSCLC metastasis. No correlation was found between individual high expression
of a-SMA, Cx43, or LDH-B and other clinical features, such as age, gender, cell type, tumor
size, smoking status, or
tumor grade. Furthermore, Table 2. Clinical Characteristics of a-SMA and Cx43 and LDH-B
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Male 21(75.0) 7(50.0) 25(62.5) 24(75.0) 5(50.0) 24(60.0) 16(69.6) 9(57.4) 28(70.0)
Cell type
Adenocarcinoma  24(85.7) 11(78.6) 33(82.5) 0.841% 29(90.6) 9(90.0) 30(75.0) 01774 19(82.6) 14(73.7) 35(87.5) 0.419%
Others 4(14.3) 3(21.4) 7(17.5) 3(9.4) 1(10.0) 10(25.0) 4(17.4) 5(26.3) 5(12.5)
Size
>5cm 7(25.0) 5(35.7) 13(32.5) 0.721% 12(37.5) 2(20.0) 11(27.5) 0.489% 8(34.8) 6(31.6) 11(27.5) 0.827%
<Scm 21(75.0) 9(64.3) 27(67.5) 20(62.5) 8(80.0) 29(72.5) 15(65.2) 13(68.4) 29(72.5)
Smoking status
Yes 13(46.4) 5(35.7) 19(47.5) 0.737% 17(53.1) 5(50.0) 15(37.5) 0.394% 11(47.8) 7(36.8) 19(47.5) 0.710%
No 15(53.6) 9(64.3) 21(52.5) 15(46.9) 5(50.0) 25(62.5) 12(52.2) 12(63.2) 21(52.5)
TNM stage
I-11 11(39.3) 14(100.0)  29(72.5) 0.000% 14(43.75)  7(70.0) 33(82.5) 0.003% 12(52.2) 14(73.7) 28(70.0) 0.254%
-1V 17(60.7) 0(0.0) 11(27.5) 18(56.25)  3(30.0) 7(17.5) 11(47.8) 5(26.3) 12(30.0)
Metastasis
Yes 19(67.9) 6(42.9) 20(50.0) 0.212% 20(62.5) 4(40.0) 21(52.5) 0.420% 17(73.9) 9(57.4) 19(47.5) 0.096%
No 9(32.1) 8(57.1) 20(50.0) 12(37.5) 6(60.0) 19(47.5) 6(26.1) 10(52.6) 21(52.5)
Tumor grade
MD 24(85.7) 11(78.6) 36(90.0) 0.550% 26(8125)  9(90.0) 36(90.0) 05264 19(82.6) 17(89.5) 35(87.5) 0.7874
WD 4(14.3) 3(21.4) 4(10.0) 6(18.75) 1(10.0) 4(10.0) 4(17.4) 2(10.5) 5(12.5)
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significantly decreased overall survival (OS) and relapse-free survival (RFS) in NSCLC patients
(Fig. S3A and S3B). High bi-expression of a-SMA and Cx43, Cx43 and LDH-B, or a-SMA and
LDH-B was also associated with lower OS and RFS (Fig. S3C and S3D). Additionally, patients
with overexpression of all 3 molecules had the lowest OS and RFS (Fig. 10C). Importantly,
univariate and multivariate Cox proportional hazards analysis revealed that only the high

tri-expression of a-SMA,
Cx43, and LDH-B was an
independent prognostic
factor for OS and RFS in
patients with NSCLC (Table
5). Taken together, these
findings demonstrate that
the combination of a-SMA,
Cx43, and LDH-B levels
predicts poor outcome in
NSCLC patients, further
supporting the close
metabolic coupling between
CAFs and NSCLC cells
mediated by Cx43-formed
unidirectional GJIC, which
results in the malignant

© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

progression of NSCLC.

Table 5. Univariate and Multivariate analysis identifies factors influencing overall survival and relapse-free

Luo et al.: Cafs Accelerate NSCLC Malignant Progression

Table 4. Clinical Characteristics of tri-expression of a-SMA and Cx43
and LDH-B in NSCLC Patients. *: Data represent as mean * standard
deviation. # : Fisher’s exact test. # : Analysis of variance (ANOVA).

High: (Expression score

median risk score). Low: (Expression
score < median risk score). MD: moderate differentiation. WD: well

differentiation
Factors a-SMAhiCx43hLDH-Bhi  a-SMAlwCx43bwLDH-Blw Others p-value
a-SMA+Cx43+LI N=22 N=5 N=55
Age 60.7+7.2* 57.8+7.3* 60.0+£9.9% 0.858#
Gender
Female 7(31.8) 4(80.0) 18(32.7) 0.098%
Male 15(68.2) 1(20.0) 37(67.3)
Cell type
Adenocarcinomz 19(86.4) 5(100.0) 44(80.0) 0.462%
Others 3(13.6) 0(0.0) 11(20.0)
Size
>5cm 8(36.4) 1(20.0) 16(29.1) 0.716%
<5cm 14(63.6) 4(80.0) 39(70.9)
Smoking status
Yes 10(45.5) 1(20.0) 26(47.3) 0.502%
No 12(54.5) 4(80.0) 29(52.7)
TNM stage
I-11 9(40.9) 5(100.0) 40(72.7) 0.007%
-1V 13(59.1) 0(0.0) 15(27.3)
Metastasis
Yes 17(77.3) 2(40.0) 26(47.3) 0.045%
No 5(22.7) 3(60.0) 29(52.7)
Tumor grade
MD 17(77.3) 4(80.0) 50(90.9) 0.257%
WD 5(22.7) 1(20.0) 5(9.09)

survival rate of NSCLC patients. HR, Hazard ratio; CI, confidence interval. *P < 0.05

Factors o '
Univariate analysis

overall survival rate

Multivariate analysis

relapse-free survival rate

Univariate analysis

Multivariate analysis

HR (95% CI) p-value
Age 1.051(1.001—1.118) 0.047*
Gender 1.509(0.535—4.255) 0.437
Cell type 0.466(0.106—2.040) 0311
Size 1.361(0.471—3.931) 0.569
Smoking status 1.361(0.524—3.534) 0527
TNM stage 2.715(1.046—7.049) 0.040*
Metastasis 3.858(1.116—13.345) 0.033*
Tumor grade 0.486(0.064—3.666) 0.484
«-SMA expression  7.639(1.744—33.459) 0.007*
Cx43 expression 8.514(1.127—64.347) 0.038*
LDH-B expression  6.954(1.584—30.534) 0.010%
«-SMA+Cx43 0.850(0.461—1.569) 0.604
Cx43+LDH-B 0.659(0.356—1.219) 0.184
«-SMA+LDH-B 0.890(0.502—1.578) 0.690
«-SMA+Cx43+LDH-B  9.484(2.164—41.562) 0.003*

HR (95% CI)
1.123(1.050—1.202)

1.000(0.319—3.131)
1.947(0.513—7.397)

5.974(0.712—50.130)

0.007(0.000—0.714)
11.446(1.400—93.548)

712.482(13.853—36645.246)

p-value
0.001*

0.999
0.328

0.100

0.035*%
0.023*

0.001*

HR (95% CI) p-value  HR (95% CI) p-value

1.027(0.970—1.087)  0.358
1375(0437—4329) 0586
0.765(0215—2.723)  0.679
1.185(0.396—3.543) 0.762
0878(0316—2.441)  0.803
4.744(1.614—13.947)  0.005*
3578(1.112—11.509)  0.032*
3.199(1.014—10.095)  0.047*
7.725(2.255—26.456)  0.001*
12.848(1.668—98.954) 0.014*
4.833(1.088—21.464)  0.038*
1.032(0.609—1.474) 0.908
0.798(0457—1393)  0.426
0.993(0.587—1.678) 0978
13.116(2.913—59.056) 0.001*

1.078(0.333—3.489) 0.900
1.801(0.563—5.762) 0.321
10.661(2.483—45.777) 0.001*
4.019(0.892—18.106)  0.070
1.407(0.261—7.583) 0.691
1.228(0.307—4.907) 0.772

18.291(4.161—80.409) 0.000*
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Discussion

Here, we present evidence that an important role for Cx43-formed unidirectional GJIC
in mediating metabolic cooperation between CAFs and NSCLC cells. NSCLC cells enhance
OXPHOS upon stimulation of aerobic glycolytic CAFs to facilitate malignant progression,
mainly through the ATP-activated PI3K/Akt and MAPK/ERK signaling pathways. These
findings are also supported by a significant correlation between the high tri-expression of
a-SMA, Cx43, and LDH-B and poor prognosis in NSCLC patients.

Although considerable evidence supports a role for connexins as tumor suppressors, an
increasing number of studies have highlighted the facilitating role of connexins in specific
stages of malignant progression in some types of cancer through both GJIC-dependent and
-independent mechanisms [13, 15, 18]. In particular, Cx43-mediated heterocellular GJIC
between cancer cells and their surrounding cells have been reported to promote metastasis
in human gastric cancer [21], prostate cancer [22], and glioma [23]. In the present study,
we demonstrated that GJIC was formed not only among CAFs or NSCLC cells themselves
(homocellular GJIC) but also from CAFs to NSCLC cells (heterocellular GJIC), while the lack
of GJIC from NSCLC cells to CAFs suggests that asymmetric unidirectional GJIC is present
from CAFs to NSCLC cells. According to a previously reported hypothesis [44], the formation
of asymmetric unidirectional GJIC may be due to malignant transformation, which involves
some alterations in cell communication patterns. Importantly, the formation of functional
GJIC is known to require the integration of connexins into the plasma membrane [45]. Indeed,
we found that only Cx43 was successfully integrated into the plasma membrane of both CAFs
and NSCLC cells. Consistent with this, Cx43 was predominantly expressed at the intercellular
boundaries of cancer cells and tumor stroma, especially at the invasive front. Moreover,
blocking CAF-NSCLC unidirectional GJIC by 18a-GA or Cx43 knockdown had the same effect
of inhibiting the aggressive behavior of co-cultured NSCLC cells. In contrast, enhancing GJIC
by RA or Cx43 overexpression had the opposite effect of promoting this aggressive behavior.
In addition, the simultaneous inhibition of unidirectional GJIC and glycolysis in CAFs further
reduced the EMT phenotype and migratory and invasive potential of NSCLC cells, while the
simultaneous enhancement of GJIC and glycolysis further reinforced the aggressiveness
of NSCLC cells. However, enhancement of glycolysis in CAFs failed to restore the impaired
aggressiveness of GJIC-blocked NSCLC cells, while inhibition of glycolysis partially reversed
the increased aggressiveness of GJIC-enhanced NSCLC cells. Therefore, our results indicate
that Cx43 mediates the functional CAF-NSCLC GJIC and is mainly responsible for the
aggressive tendencies of NSCLC.

It is now becoming clear that intricate interactions, including metabolic coupling,
between cancer cells and CAFs are critical for the development and progression of cancer
[10, 46, 47].Indeed, in this study, we found that CAFs enhanced the migratory and invasive
potential of co-cultured A549 and H1299 cells by inducing EMT. Meanwhile, CAFs underwent
aerobic glycolysis upon their interplay with these NSCLC cells. In contrast, A549 and H1299
cells shifted their metabolism to OXPHOS in response to CAF stimulation. Although the
occurrence of the Warburg effect in cancer cells was first proposed by Otto H. Warburg in
the early 1920s [8], in 2008, Vincent et al. demonstrated that skin myofibroblasts experience
aerobic glycolysis exactly like cancer cells [48]. Furthermore, Lisanti et al. revealed that
caveolin-1-deficient CAFs show the upregulation of both myofibroblast markers and
glycolytic enzymes under normoxic conditions and this was associated with the recurrence,
metastasis, and poor outcome of human breast cancer [9]. Recently, Fiaschi et al. found that
CAFs shift their metabolism toward a Warburg phenotype, while prostate cancer cells are
reprogrammed toward aerobic metabolism to sustain their energetic needs and growth
[10]. Our results are consistent with the new hypothesis of the reverse Warburg effect, in
which NSCLC cells induced aerobic glycolysis in neighboring CAFs, in turn, CAFs stimulated
NSCLC cells to enhance OXPHOS, and therefore NSCLC cells obtained higher migratory and
invasive ability. It is known that GJIC mediates not only intercellular communication but also
metabolic coupling between adjacent cells [26, 27]. Interestingly, we herein demonstrated
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that metabolic cooperation between CAFs and NSCLC cells was under strict control of
Cx43-formed unidirectional GJIC, with our data indicating that GJIC inhibition by Cx43
knockdown caused reduced OXPHOS in co-cultured NSCLC cells, while GJIC enhancement
by Cx43 overexpression resulted in enhanced OXPHOS in these NSCLC cells. Moreover, dual
suppression of unidirectional GJIC and glycolysis in CAFs further reduced OXPHOS in NSCLC
cells, while dual enhancement of GJIC and glycolysis in CAFs further enhanced OXPHOS in
NSCLC cells. Therefore, our findings support a key role for Cx43-formed unidirectional GJIC
in mediating intercellular metabolic cooperation between NSCLC cells and CAFs.

Previous studies have demonstrated that several nucleotides (particularly ATP and
ADP) and glucose and its metabolites, including glucose-6-phosphate and lactate, can be
transmitted through Cx43-formed channels [49, 50]. Recently, Chen et al. confirmed that
metastatic brain cancer cells employ Cx43-composed GJIC to transfer cGAMP to astrocytes,
thereby supporting tumor growth and chemoresistance [24]. In the present study, we
observed that blocking GJIC did not fully reverse the CAF-facilitated effects on OXPHOS and
the migration and invasion of NSCLC cells. Suppression of glycolysis still further weakened
OXPHOS and malignant characteristics in GJIC-blockaded NSCLC cells. Therefore, we cannot
fully exclude the possible involvement of other intercellular communication modes (such as
exosomes) in metabolic coupling between CAFs and NSCLC cells.

Considerable evidence has indicated that the PI3K/Akt and MAPK/ERK pathways
contribute significantly to tumor cell EMT and invasion and metastasis [51]. Here, we found
that activation of the PI3K/Akt and MAPK/ERK cascades in NSCLC cells was mainly due to
CAF stimulation by a GJIC-dependent mechanism. The addition of exogenous ATP greatly
activated the PI3K/Akt and MAPK/ERK pathways and promoted the migration and invasion
of these NSCLC cells. In contrast, inhibition of PI3K/Akt or MAPK/ERK activity by LY294002
or U0126 resulted in a similar decrease in the migratory and invasive potential of NSCLC
cells. Combined inhibition of the PI3K/Akt and MAPK/ERK pathways caused a synergetic
reduction in the migration and invasion of NSCLC cells. Furthermore, the inhibitory effects
of LY294002 and/or U0126 on PI3K/Akt and MAPK/ERK activity and the aggressiveness
of NSCLC cells were partially antagonized by the addition of exogenous ATP. ATP has been
shown to activate multiple signal transduction pathways (e.g., PI3K/Akt and ERK1/2) and
is positively associated with cancer migration and invasion [52]. Therefore, our findings
suggest that ATP from increased OXPHOS is deeply involved in the CAF-stimulated activation
of the PI3K/Akt and MAPK/ERK pathways, thus promoting the malignant behavior of NSCLC
cells.

Although most previous studies of prognostic factors focused on cancer cells, some
recent studies highlighted the importance of CAFs in predicting cancer metastasis and
poor clinical outcome. For example, an 11-gene prognostic CAF signature, including ICAM-
1, THBS2, and B3GALTZ2, is associated with the survival of patients with NSCLC [30].
Podoplanin expression [53] or the lack of stromal Cav-1 [9] in CAFs is positively correlated
with poor prognosis of lung adenocarcinoma or breast cancer, respectively. Here, we found
the levels of a-SMA in CAFs, LDH-B in NSCLC cells, and Cx43 in both CAFs and NSCLC cells
as important prognostic markers for primary NSCLC patients. High individual expression or
co-expression of a-SMA, Cx43, and LDH-B was strongly correlated with metastasis, OS, and
RFS in NSCLC patients. More importantly, only the high tri-expression of a-SMA, Cx43, and
LDH-B was an independent prognostic factor for OS and RFS in NSCLC patients. Therefore,
our results indicate that a-SMA, Cx43, and LDH-B can serve as novel prognostic markers for
primary NSCLC patients.
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Conclusion

Our study reveals anovelrole for Cx43-formed unidirectional GJIC in mediating metabolic
coupling between CAFs and NSCLC cells and thereby facilitating malignant progression of
NSCLC. Glycolytic CAFs contribute to the EMT, migration, and invasion of NSCLC cells mainly
by enhancing OXPHOS and increasing ATP-activated PI3K/Akt and MAPK/ERK signaling
in a GJIC-dependent manner. These findings are also supported by a strongly positive
correlation between the high tri-expression of a-SMA, Cx43, and LDH-B and poor prognosis
of NSCLC patients. Despite the need for further studies to explore the complex mechanisms
underlying the role of Cx43-formed unidirectional GJIC in the CAF-facilitated aggressive
biological behavior of NSCLC, our findings provide evidence that unidirectional GJIC and its
constitutive protein Cx43 may be attractive targets for new therapeutic interventions against
the malignant progression of NSCLC.
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