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Abstract

Cellular energy metabolism dysregulation is associated with colorectal cancer (CRC) development and progression.
Discoidin domain receptor 1a (DDR1a), one of the five DDR1 isoforms, is closely related to cell proliferation, invasion, and
apoptosis in various tumors. Whether it participates in cellular metabolic reprogramming and regulates CRC initiation
and progression remains unclear. In this study, we compared the expression of DDR1 in CRC tissues and adjacent tissues
from 126 postoperative CRC samples. Moreover, lentivirus-mediated DDR1a overexpression and knockdown were
performed in LoVo cells, and cell viability and proliferation were determined by CCK-8 and BrdU assays, respectively.
Oxygen consumption rate, extracellular acidification rate, and lactate production were used to determine the effect of
DDR1a on metabolic reprogramming. Clinically, CRC patients with high DDR1 expression had poor differentiation and
were at an advanced TNM stage. DDR1a promoted LoVo cell proliferation, mitochondrial function, and extracellular
acidification. Moreover, DDR1a knockdown inhibited intracellular lactic acid production in LoVo cells, while a pyruvate
kinase inhibitor (diamide, 200 uM) significantly reversed this progression. Taken together, our results reveal that DDR1
plays a crucial role in maintaining intracellular environment homeostasis through metabolic reprogramming.

Key words colorectal cancer, DDR1a, proliferation, lactic acid, Warburg effect

Introduction conditions (the Warburg effect). Thus, CRC tumors are found in an

Colorectal cancer (CRC) is the third most common cancer world-
wide, with approximately 1.8 million new cases diagnosed in 2018
[1]. Recent studies have reported that some molecular biomarkers
can be used to diagnose and monitor CRC in its early stages [2,3].
Accordingly, the overall survival of patients with CRC has im-
proved. However, due to chemotherapy resistance, most patients
with advanced CRC do not benefit from an initial fluorouracil-based
regimen and new biotherapy [4]. Furthermore, recurrent che-
motherapy-resistant CRC is incurable; thus, CRC remains a life-
threatening disease. As such, there is an urgent need to develop
novel therapeutic strategies for CRC treatment, and cell biology may
provide new insights into solving this problem [5].

The energy metabolism reprogram, an important hallmark of
cancer, can facilitate cancer progression [6-8]. CRC cells are usually
rewired for glycolysis, producing lactic acid, even under aerobic

acidic microenvironment [9]. Under such conditions, CRC cells ex-
hibit higher invasion and migration capability, resulting in che-
motherapy resistance [10-13]. Some genes and biosynthetic
pathways, such as KRAS [14], TP53 [15], and Wnt signaling [16], are
involved in metabolic reprogramming. However, it is regrettable that
the metabolic pathways that significantly influence CRC initiation and
progression have not yet been confirmed. Therefore, further studies
on energy metabolism remodeling in CRC are urgently required.
Discoidin domain receptors (DDRs) were initially discovered in
1997 via homology cloning based on their catalytic kinase domains
[17,18]. DDR1a is one of five DDRI1 isoforms that are generated by
alternative splicing [19]. Previous studies have shown that DDR1 is
highly expressed in many cancers, including gastric [20], lung [21],
hepatocellular cancers [22], glioma [23], and prostate cancer [24].
These key findings implicate DDR1 as a major contributor to tumor
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initiation, growth, and metastasis [25,26]. Nonetheless, the role of
DDR1 in CRC and the underlying mechanism in the regulation of
cellular metabolism are still unclear.

In this study, we compared the differences in DDR1 expression
between CRC tissues and adjacent tissues, and evaluated the
correlation between DDR1 expression and clinicopathological
characteristics. Furthermore, to study the function of DDR1 and
its effect on glycolysis and oxidative phosphorylation, we ana-
lyzed the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) in LoVo cells after lentivirus-mediated
DDR1a overexpression and knockdown. In summary, this study
aimed to investigate the effect of DDR1 on growth and energy
metabolism in CRC, as well as its underlying mechanism, and to
provide novel insights into its possible use as a therapeutic
target.

Materials and Methods
Patients and tissue specimens
This study followed the national guidelines and protocols of the

National Institutes of Health and was approved by the local Ethics
Committee for the Care and Use of Human Tissue and Pathological
Specimens of the Second Hospital of Lanzhou University (Lanzhou,
China). One hundred and twenty-six patients, who were newly di-
agnosed with CRC and underwent surgical resection without any
preoperative therapy at the Second Hospital of Lanzhou University
from January 2018 to August 2018, were selected as study partici-
pants. Written informed consent was obtained from all patients
before resection. The pathological T/N/M statuses and cancer
stages of the selected patients were defined according to the staging
system of the American Joint Committee on Cancer (AJCC) 8th
edition [27]. All specimens were reviewed by two pathologists to
confirm the diagnosis. The clinical characteristics of the CRC pa-
tients are shown in Table 1.

Immunohistochemistry analysis

Immunohistochemistry analyses were performed using standard
protocols. Briefly, the slides were incubated with anti-DDR1 anti-
body (D1G6 XP® Rabbit mAb 5583; Cell Signaling Technology,

Table 1. Correlation of DDR1 expression with clinicopathological features in CRC

DDRI1 expression (n, %)

Clinicopathological parameter Cases (n) - — — P value
Negative Positive Strong positive
Age (years)
>60 74 16 (21.6) 24 (32.4) 34 (46.0)
P=0.946
<60 52 14 (27.0) 19 (36.5) 19 (36.5)
Gender
Male 72 14 (19.4) 25 (34.7) 33 (45.9)
P=0.381
Female 54 16 (29.7) 18 (33.3) 20 (37.0)
Greatest tumor diameter (cm)
>4 60 7 (11.7 24 (40.0 29 (48.3
(11.7) (40.0) (48.3) P<0.05
<4 66 23 (34.8) 19 (28.8) 24 (36.4)
Differentiation
High 17 12 (70.6) 5(29.4) 0 (0.0)
Moderate 75 18 (24.0) 33 (44.0) 24 (32.0) P<0.001
Poor, other 34 0 (0.0) 5 (14.7) 29 (85.3)
pT
T1 11 11 (100.0) 0 (0.0) 0 (0.0
T2 11 8 (72.7 3 (27.3 0 (0.0
( ) ( ) (0.0) P<0.001
T3 32 8 (25.0) 15 (46.9) 9 (28.1)
T4 72 3(4.2) 26 (36.1) 43 (59.7)
pN
NO 76 28 (36.8) 28 (36.8) 20 (26.4)
P<0.001
N1-2 50 3 (6.0) 14 (28.0) 33 (66.0)
AJCC stage
I 18 17 (94.4) 1 (5.6) 0 (0.0
I 56 11 (19.6) 26 (46.4) 19 (34.0)
P<0.001
I 27 2(7.4) 12 (44.4) 13 (48.2)
v 25 0 (0.0) 4 (16.0) 21 (84.0)
Vascular invasion
Negative 28 24 (85.7 3 (10.7 1 (3.6
g, . (85.2) (10.7) (3.6) P<0.001
Positive 98 6 (6.1) 40 (40.8) 52 (53.1)

AJCC, American Joint Committee on Cancer; CRC, colorectal cancer. The y? test or Fisher's exact test was used to analyze the association between DDR1

expression and clinicopathological features.
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Danvers, USA) overnight at 4°C. The slides were then incubated with
an HRP-conjugated anti-rabbit secondary antibody (Roche, Basel,
Switzerland). Finally, the slides were stained with 3-diaminobenzi-
dine and subsequently observed and photographed under an in-
verted microscope (IX71; Olympus, Tokyo, Japan). DDR1 expression
was evaluated by two pathologists who were blinded to the clin-
icopathological features of the patients. The immunohistochemical
scores of DDR1 expression are shown in Table 2.

Cell culture and treatment

The human colorectal carcinoma cell line LoVo, kindly provided by
Prof. You-Cheng Zhang of the Second Department of General Sur-
gery, the Second Hospital of Lanzhou University, was maintained in
ATCC-formulated Ham’s F12K medium supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific, Waltham, USA), 100
U/mL penicillin, and 100 pg/mL streptomycin in a humidified at-
mosphere containing 5% CO, at 37°C. For diamide (a pyruvate
kinase inhibitor) treatment, LoVo cells were incubated with differ-
ent diamide concentrations (0, 50, 100, 200, and 400 pM) in Ham’s
F12K medium for 15 min.

DDR1a knockdown/overexpression LoVo cells

To verify the effect of DDR1a on cell proliferation and energy me-
tabolism in LoVo cells, shRNA-mediated DDRla knockdown
(shDDR1a) and DDR1a overexpression (DDR1a"#") were performed
using materials from GenePharma (Shanghai, China). Two vectors
were used to target the shDDRla: LV3-DDRla-homo-1733
(shDDR1a-1) and LV3-DDR1la-homo-1043 (shDDR1la-2) with se-
quences 5-GGGACACTATCCTCATCAACA-3’ and 5-GGCTGGAT
GACTTTAGGAAGA-3/, respectively. The sequence of the negative
control LV3-DDRla shRNA (LV3) was 5-TCTCCGAACGTGT
CACGT-3'. The vector was selected to construct shDDR1a based on
gPCR and western blot analysis. Next, LoVo cells were transfected
with lentivirus-mediated DDR1a vectors carrying green fluorescent
protein (GFP) and an anti-puromycin gene. Thereafter, LoVo cells
were infected with recombinant lentiviruses for 72 h using medium
containing 1.2 g/mL puromycin to screen positive transfected cell
lines in each group, with the involvement of their control vectors
(DDR1a"i#"-NC and shDDR1a-NC).

Cell viability and proliferation assay

The cell viability and proliferation of LoVo cells were assessed using
a CCK-8 assay kit (Dojindo Molecular Technologies Inc., Kumamoto,
Japan) and BrdU cell proliferation ELISA kit (ab126556; Abcam,
Cambridge, UK), respectively. Transfected LoVo cells were seeded
into 96-well plates at a density of 5000 cells/well (for the CCK-8
assay) or 1 x 10* cells/well (for the BrdU assay) and incubated for 0,
24, 48, and 72 h. For the CCK-8 assay, 10 pL of CCK-8 solution was
added to each well, and the cells were incubated for 2 h according to
the manufacturer’s instructions. For the BrdU assay, BrdU was ad-

ded to each well and incubated for 24 h. After incubation, the cells
were fixed in fixing solution (200 pL) for 30 min. Subsequently, the
cells were removed from the fixing solution and incubated with
100 pL anti-BrdU antibody for 2 h at room temperature. Next, 100 pL
peroxidase-conjugated goat anti-mouse IgG was added to the cells
and incubated for 30 min at room temperature. The absorbance was
measured at 450 nm with an automatic spectrophotometer (Power-
Wave X; Bio-Tek, Winooski, USA).

Mitochondrial staining

Mitochondrial activity was evaluated using MitoTracker Orange
(CMTMRos, M7510; Invitrogen, Waltham, USA). Briefly, the
transfected cells were incubated with pre-warmed MitoTracker so-
lution (diluted in serum-free Ham’s F12 medium to a final con-
centration of 20 nM) for 20 min at 37°C in the dark. The cells were
then washed thrice with PBS and fixed with 3.7% paraformalde-
hyde for 30 min at room temperature. Finally, the cells were ob-
served under a fluorescence microscope (BXS53F; Olympus).
Fluorescence intensity was determined using ImageJ software. Cells
were counted in five random fields per slide, and at least three slides
were counted.

Extracellular acidification rate and oxygen consumption
rate measurement

Extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) were measured using a Seahorse XF-24 Extracellular
Flux Analyzer (Seahorse Bioscience, North Billerica, USA). Briefly,
8x10* cells/well were seeded in XF24 cell culture microplates
(Seahorse Bioscience) with 250 pL of Ham’s F12K medium and in-
cubated overnight. To determine ECAR, the cells were plated in XF
Seahorse medium with 2 mM glutamine using the following con-
centrations of injected compounds: 1 utM oligomycin, 50 mM 2-DG,
and 10 mM glucose. For OCR determination, the cells were plated in
XF Seahorse medium with 25 mM glucose, 2 mM glutamine, and
1 mM sodium pyruvate in the mitochondrial stress test using the
following concentrations of injected compounds: 1 uM oligomycin,
250 nM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), and 1 mM rotenone + 1 mM antimycin A (Sigma-Aldrich, St
Louis, USA).

Intracellular lactate content assay

The intracellular lactate content of the cells was determined using a
lactic acid test kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The ICs, concentrations of diamide were primarily
determined by CCK8 assay, and 200 ptM was selected to evaluate
the effect of DDR1a-mediated pyruvate kinase (PK) activation on
intracellular lactate content changes. Cells were seeded in 96-well
plates at a density 1 x 10* cells/well, cultured in complete medium
or treated with 200 pM diamide for 15 min (blank control group
and zero adjustment wells were also set), and the OD value was

Table 2. Immunohistochemical scores of DDR1 expression in CRC

DDRI1 positive cells percentage

<5% 5%-30% 30%-60% =60%
Scores 0 1 2 3

The proportion of cells with DDR1 positive staining was found to be between 0 and 100%. The expression of DDR1 was determined as positive when both sites received a
score of 2 or 3. The intensity scores were then added to obtain a total score ranging from 0 to 6. Cases with scores of 0-2 were considered negative, 3-4 positive, and 5-6

strongly positive.
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read at 530 nm using the automatic spectrophotometer (Power-
Wave X; Bio-Tek). Three independent experiments were
conducted.

Colorimetric phosphofructokinase, hexokinase, and
pyruvate kinase activity assay

Phosphofructokinase (PFK), hexokinase (HK), and PK activities
were determined using PFK, HK, and PK activity colorimetric
assay kits (Nanjing Jiancheng Bioengineering Institute). First,
the cells were seeded into 96-well plates at a density of 1 x 10*
cells/well and cultured for 48 h. Thereafter, the supernatant
medium was removed and incubated with cell lysis buffer on ice
for 10 min. Next, the lysates were centrifuged at 10,000 g for
2 min, and a reaction buffer was added to each well and in-
cubated for 10 min at 37°C. Finally, the absorbance was read at
340 nm using the automatic spectrophotometer. Meanwhile, the
protein concentration of the extracts was determined by the
Bradford assay.

gRT-PCR

The transfected LoVo cells were incubated for 48 h, after which they
were seeded into 6-well plates (2 x 10° cells per well). Then RNA
was extracted using the TRIzol reagent (Invitrogen, Carlsbad, USA)
and was detected using a reverse transcription kit and an amplifi-
cation kit (TaKaRa, Dalian, China) following the manufacturer’s
instructions. The sequences of the primers were as follows: DDR1a
forward, 5'-ATGGAGCAACCACAGCTTCTC-3', reverse, 5'-CTCAGC
CGGTCAAACTCAAACT-3'; B-actin forward, 5'-CTCCATCCTGGCC
TCGCTGT-3', reverse, 5-GCTGTCACCTTCACCGTTCC-3'. Data
were normalized to the S-actin expression and calculated by the
27 88Ct method.

Western blot analysis

The transfected LoVo cells, untreated or treated with diamide, were
washed three times with ice-cold PBS, and proteins were extracted
using RIPA lysis buffer containing 1 mM phenylmethylsulfonyl
fluoride. Total protein concentrations were measured using a bi-
cinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology,
Nantong, China). Equal amounts of proteins were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were then transferred onto polyvinylidene

A

DDRI score

Adjacent-tumor Tumor

fluoride (PVDF) membranes, which were then blocked with skim
milk (5%) in Tris-buffered saline containing 0.1% Tween-20
(Sigma-Aldrich) for 1 h at room temperature and incubated at 4°C
overnight with primary antibodies, including anti-DDR1, anti-PI3K
(anti-phosphatidylinositol 3 kinase), anti-p-AKT (anti-phospho-
rylation protein kinase B), anti-AKT (anti-protein kinase B), anti-
MDM?2 (anti-murine double minute 2), anti-P53, anti-PFKFB2 (anti-
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase2), anti-
PDHK1 (anti-pyruvate dehydrogenase kinase-1), anti-PKM2 (anti-
M2 type pyruvate kinase), anti-Bcl2 (anti-B cell lymphoma/leu-
kenfia 2), and anti-B-actin antibodies (1:1,000). Membranes were
washed three times with Tris-buffered saline containing 0.05%
Tween-20 (pH 7.2) and incubated with peroxidase-conjugated
secondary antibodies (1:3,000) for 2 h at room temperature. Finally,
blots were developed using ECL chemiluminescence reagents
(Amersham Pharmacia Biotech, Cambridge, UK ). The protein band
intensities were determined using Quantity One software (Bio-Rad
Laboratories, Hercules, USA).

Statistical analysis

All statistical analyses were performed using SPSS 22.0 (SPSS Inc,
Chicago, USA). The y test or Fisher’s exact test was used to analyze
the association between DDRla expression and the clin-
icopathological parameters of the patients. Statistical comparisons
of the results were evaluated using one-way ANOVA followed by
Bonferroni’s multiple-comparison analysis. All experiments were
independently repeated at least three times. Data are presented as
the mean + standard deviation (SD), and statistical significance was
set at P<0.05.

Results

DDR1 is correlated with the highly pathological T/N
stage in CRC

We evaluated DDR1 expression in CRC tissues using im-
munohistochemical analysis. The specimens were collected from
126 patients (72 males and 54 females) with a median age of
61.33£10.93 years. There was a significant difference in DDR1
expression levels between CRC and adjacent normal tissues
(Figure 1A,B). According to the immunohistochemical scores listed
in Table 2, the DDRI1 positive rate was 100% (34 of 34) in poorly
differentiated carcinoma tissues, 76% (57 of 75) in moderately

Moderately differentiated Highly differentiated

PLEY

A e

3 &
N

Figure 1. The expression of DDR1 in CRC (A) The immunohistochemical score of DDR1 expression in the tumor and tumor-adjacent tissues.
(B) Representative immunohistochemical images of DDR1 expression in tissues from patients with poorly-moderately-highly differentiated

adenocarcinoma at x100 and x400 magnification. ***P<0.001.
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differentiated, and 29.4% (5 of 17) in highly differentiated carci-
noma tissues. The clinical physiological indices shown in Table 1
demonstrated that DDR1 expression was positively correlated with
tumor size, pT/N stage, vascular invasion, and clinical AJCC stage.
Collectively, these data confirmed that DDRI1 is highly involved in
CRC progression.

DDR1a promotes LoVo cell proliferative and affects
mitochondrial function

To determine the role of DDR1a in CRC, cells were transfected with
sh-DDR1a or DDR1a overexpression vectors, and transfection effi-
ciency was assessed via QPCR or western blot analysis (Figure 2A-
D). The observed cell viability indicated that LoVo cell proliferation
was stimulated by DDR1a overexpression and inhibited by DDR1a
knockdown (Figure 3A). The BrdU assay confirmed that over-
expression of DDR1a promoted LoVo cell proliferation significantly,
especially after 48 h compared with DDR1a knockdown (Figure 3B).
MitoTracker Orange fluorescence staining indicated a significant
increase in fluorescence intensity in DDR1a-knockdown cells. The

mean fluorescence intensity of DDR1a-knockdown cells was 3-fold
stronger than that of the control (Figure 3C,D). Therefore, we pre-
liminarily concluded that DDRla directly affects mitochondrial
function.

DDR1a inhibition affects energy supply from aerobic
oxidation for cell proliferation

The Seahorse XF-24 Extracellular Flux Analyzer was applied in the
experiments to further evaluate the effect of DDRla on mi-
tochondrial glycolytic capacity in real-time. To investigate whe-
ther the respiratory chain enzyme complexes in mitochondria are
also affected, OCR was measured after sequentially adding oligo-
mycin (to inhibit ATP synthase), FCCP (to uncouple the mi-
tochondrial inner membrane and allow for maximum electron flux
through the ETC), rotenone (to inhibit complex I), and antimycin
A (to inhibit complex IIT). The differences in basal respiration, ATP
production, H* (proton) leak, maximum respiration, spare re-
spiration capacity, and non-mitochondrial oxygen consumption
confirmed weakened mitochondrial function in shDDR1a-trans-
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Figure 2. The transfection efficiency of lentivirus vector-mediated knockdown and overexpression of DDR1 Two vectors with short hairpin RNAs
targeting DDR1a (LV3-DDR1a-homo-1733 and LV3-DDR1a-homo-1043) and one vector with DDR1a overexpression were constructed and trans-
fected into LoVo cells. The relative expression level of DDR1a was determined by gqRT-PCR (A) and western blot analysis (B-D) 72 h post-
transfection.**P<0.01. shDDR1a-1: LV3-DDR1a-homo-1733, shDDR1a-2: LV3-DDR1a-homo-1043, vec-shDDR1a: vector control, DDR1aM¢": DDR1a

overexpression, vec-DDR1aMd"; vector control.
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fected cells (Figure 4A,C).

DDR1a inhibition upsets acid-base microenvironment
balance

As shown in Figure 4B, the ECAR was elevated in DDR1a-over-
expressing cells compared to the shDDR1a cells. After sequential
addition of saturating concentrations of glucose, oligomycin, and 2-
deoxy-glucose (2-DG), the rate of glycolysis under basal conditions,
glycolytic capacity, and glycolytic reserve were determined. The
glycolytic capacity, glycolytic reserve, and non-glycolytic acid-
ification in shDDR1a cells were reduced (Figure 4D). At the same
time, the intracellular lactate content was examined. Significantly
increased intracellular lactate content in shDDR1a cells (Figure 5D)
implies that the retention of large amounts of lactic acid induces
intra- and extracellular microenvironment disturbances.

DDR1a regulates intra- and extracellular lactic acid
content by activating PK

HK, PFK, and PK are three key kinases involved in aerobic glyco-
lysis. In the present study, only PK activity was found to be ap-
parently upregulated by DDR1a overexpression, whereas HK and
PFK were unaffected (Figure 5A-C). The intracellular lactic acid
content in DDR1la-overexpressing and DDR1la-knockdown cells
were both decreased when cells were cultured in medium con-
taining diamide (200 uM), a pyruvate kinase inhibitor. However,
the lactic acid content in DDR1a-knockdown cells was still higher
than that in the control (Figure 5D), suggesting that DDR1a could
upregulate PK activity, and the PK inhibitor could not reverse in-
tracellular lactic acid retention caused by DDR1a inhibition.

DDR1a regulates pyruvate kinase via PISK/AKT/PKM2
signaling pathway
Previous studies have revealed that the PI3K/AKT/mTOR signaling

Xiong et al. Acta Biochim Biophys Sin 2022

Figure 3. DDR1a promotes the LoVo cell proliferation by regulating mitochondrial activity LoVo cells were transfected with DDR1a short hairpin
RNA lentiviral vector, DDR1a overexpression lentiviral vector (DDR1a"9") or their corresponding negative controls. (A,B) Cell proliferation was
determined by CCK-8 (A) and BrdU assays (B). (C) MitoTracker Orange fluorescence intensity was quantified using ImageJ software. *P<0.05,
**P<0.01. shDDR1a or DDR1a"¢" vs negative control. NS, no significance. (D) Cells were incubated with MitoTracker Orange (20 nM) for 1 h.
Hoechst 33342 (2 ng/mL) was used to stain the nuclei. Fluorescence images were captured at 200x magnification with a fluorescence microscope.
shDDR1a: LV3-DDR1a-homo-1733, vec-shDDR1a: vector control, DDR1aM¢": DDR1a overexpression, vec-DDR1aMe": vector control.

4
Cell Fluorescence

MitoTracker CMTMRos  Hoechst33342

pathway plays a crucial role in regulating cell growth, survival, and
metabolism [28]. In this study, western blot analysis results re-
vealed that DDR1a overexpression promoted the expressions of
PI3K, p-AKT, MDM2, PDHK1, PKM2, and Bcl-2 proteins, whereas
DDR1a knockdown inhibited the expressions of these proteins.
However, there was no statistically significant differential expres-
sion of p53 between the DDR1a-overexpressing cells and the ne-
gative control cells, while DDRla knockdown promoted p53
expression (Figure 6A). In addition, treatment with diamide
(200 pM) for 15 min decreased the p-AKT level, as well as the PI3K,
MDM2, PDHK1, PKM2 and Bcl2 levels in both the DDRI1-over-
expressing cells and DDR1-knockdown cells (Figure 6B). These
findings indicate that the PI3K/AKT/PKM2 signaling pathway
bridges glucose metabolism and cell growth in LoVo cells.

Discussion

DDRI1 is characterized by its collagen-bound external dish protein
homeodomain, which is a central extracellular matrix sensor that
regulates cell adhesion, proliferation, motility, and invasion
[17,26,29]. In the present study, through histopathological analysis,
we demonstrated that DDR1 was highly expressed in CRC tissues.
Moreover, a relatively higher DDR1 expression level in patients
correlated with a highly advanced TNM stage and poor differ-
entiation. In vitro, we found that LoVo cell proliferation was sti-
mulated and depressed by DDR1a overexpression and inhibition,
respectively. These results prompted us to further investigate the
role of DDR1 in tumor initiation and progression.

Rewiring cellular metabolism as an adaptive regulator of the
microenvironment provides cancer cells with energy [30] and bio-
synthetic precursors [31,32]. This mechanism has been reported to
be involved in the pathogenesis of CRC. Different cell viability states
were observed in shDDR1a-transfected and DDR1a-overexpressing
cells, and mitochondrial fluorescence was enhanced in both groups
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Figure 4. DDR1a reprograms the energy metabolism of LoVo cells (A) Oxygen consumption rate (OCR). (B) Extracellular acidification rate (ECAR).
There are no significant differences among the groups (Kruskal-Wallis nonparametric test; n=3-4). (C) Parameters for mitochondrial respiration.
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in vitro. It is not known how DDRI1a influences the mitochondrial
membrane potential by altering the LoVo cell glycolysis, and further
affects tumorigenesis. Our data showed that ECAR in the DDR1a-
overexpressing cells was higher than that in the control cells. Si-
milar to most tumor cells, DDR1a-overexpressing cells rely on the
“Warburg effect” to gain a survival or growth advantage. Although
mitochondrial fluorescence intensity was 3-fold higher in shDDR1a-
transfected cells than in the control cells, the OCR and ECAR values
in shDDR1a-transfected cells were even lower than those in the
control cells with ATP synthase inhibitor or uncoupling agent.
Evidently, once oxidative phosphorylation is impaired, excessive
lactic acid and ATP would lead to mitochondrial membrane po-
tential dysfunction and even cause increased proton leakage. Thus,
we speculate that DDR1a inhibition may curb the aggressive be-
havior of LoVo cells by metabolic reprograming.

It is well known that lactic acid is a metabolic by-product, and the
acid-base imbalance microenvironment directly affects cell mitosis

and proliferation. In shDDR1a-transfected cells, we observed a
downward trend in ECAR value, but surprisingly, we also observed
a higher intracellular lactic acid content in the shDDR1a-transfected
cells than in the control cells. Because of DDR1a inhibition, a large
amount of lactic acid from the fermentation pathway accumulates
within the cell, and rapidly induces the microenvironment changes;
therefore, the Warburg effect, which compensates for energy me-
tabolism, is lost in LoVo cells. Consequently, mitochondrial depo-
larization induced by FCCP and ATP synthase inhibitors provides
intracellular carbon sources, an “invalid loop,” resulting in
shDDR1-transfected cells becoming overwhelmed. Therefore, our
results are consistent with previous studies which reported that the
distinctly different methods by which tumor cells utilize carbon fuel
contribute to their invasive behavior [33-35] and tumor patho-
genesis [36,37].

It is unclear which enzyme is key to glycolysis regulation in LoVo
cells. Therefore, the enzymatic activities of HK, PFK, and PK were
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determined in the present study. Compared with the control, PK
activity was apparently upregulated by DDR1a overexpression,
while HK and PFK were unaffected. Diamide, a small-molecule PK
inhibitor, significantly reduced the lactate content in DDRla-
knockdown cells, exacerbating intracellular acidosis caused by
lactic acid accumulation. This result suggests that PK inhibitors
might be effective synergists if DDR1a could be used as a ther-
apeutic target for CRC.

Many signaling pathways can regulate metabolism and are asso-
ciated with cell metabolism [38,39]. The RTK/PI3K/AKT/mTOR sig-
naling pathway plays a crucial role in regulating cell growth, survival,
and metabolism [40,41]. PKM2 activates PI3K/Akt and then stimu-
lates Wnt/p-catenin signaling to promote cell migration of colon
cancer cells [42]. Western blot analysis showed that DDR1a over-
expression promoted the expression levels of PI3K, p-AKT, MDM2,
PDHK1, and PKM2 proteins, although there was no significant dif-
ference in total AKT and PFKFB2 expression between DDRIa-
knockdown and DDR1a-overexpressing cells and their corresponding
controls. In addition, treatment with 200 uM diamide for 15 min de-
creased the p-AKT level in both DDR1a-overexpressing and DDR1a-
knockdown cells, as well as the PI3K, MDM2, PDHK1, PKM2, and
Bcl2 levels. Our results demonstrate that the PI3K/AKT/PKM2 sig-
naling pathway is associated with glucose metabolism in LoVo cells.

In summary, DDR1 may be a critical factor involved in LoVo cell
proliferation by regulating intracellular and extracellular lactic acid
content. This can be achieved by activating pyruvate kinase and
reprogramming CRC cell metabolism by mediating the PI3K/AKT/
PKM2 signaling pathway. The mechanism is illustrated by a dia-
gram shown in Figure 7. Nevertheless, the present study has some
limitations. We used only one cell line (LoVo cells) and one in-
hibitor (diamide) in our experiments. Further studies are needed in
the future to fully uncover the functions and underlying mechan-
isms of DDRI in cell energy metabolism

Funding

This work was supported by the grants from the Natural Science
Foundation of Gansu Province (No. 18JR3RA321), the Science and
Technology Planning Project Foundation of Lanzhou Chengguan
District (No. 2018SHFZ0043), the CuiYing Science and Technology
Planning Project Foundation of Lanzhou University the Second
Hospital (No. CY2017-QN10), the Science and Technology Plan-
ning Project Foundation of Lanzhou Bureau Innovation and En-
trepreneurship (No. 2018-RC-76), and the CuiYing Medical College
Student Science and Technology Planning Project Foundation of
Lanzhou University the Second Hospital (No. CYXZ2018-38).

Conflict of Interest
The authors declare that they have no conflict of interest.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin 2018, 68:
394-424

2. Yiu AJ, Yiu CY. Biomarkers in colorectal cancer. Anticancer Res 2016, 36:
1093-1102

3. Zamani M, Hosseini SV, Mokarram P. Epigenetic biomarkers in colorectal
cancer: premises and prospects. Biomarkers 2018, 23: 105-114

4. SongLL, Li YM. Current noninvasive tests for colorectal cancer screening:

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

An overview of colorectal cancer screening tests. World J Gastrointest
Oncol 2016, 8: 793-800

Geng F, Wang Z, Yin H, Yu J, Cao B. Molecular targeted drugs and
treatment of colorectal cancer: recent progress and future perspectives.
Cancer Biother Radiopharm 2017, 32: 149-160

Hainaut P, Plymoth A. Targeting the hallmarks of cancer. Curr Opin Oncol
2013, 25: 50-51

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
2011, 144: 646-674

Kareva I. Prisoner’s dilemma in cancer metabolism. PLoS ONE 2011, 6:
€28576

Graziano F, Ruzzo A, Giacomini E, Ricciardi T, Aprile G, Loupakis F,
Lorenzini P, et al. Glycolysis gene expression analysis and selective me-
tabolic advantage in the clinical progression of colorectal cancer. Phar-
macogenomics J 2017, 17: 258-264

Anemone A, Consolino L, Conti L, Reineri F, Cavallo F, Aime S, Longo DL.
In vivo evaluation of tumour acidosis for assessing the early metabolic
response and onset of resistance to dichloroacetate by using magnetic
resonance pH imaging. Int J Oncol 2017, 51: 498-506
Ganapathy-Kanniappan S, Geschwind JFH. Tumor glycolysis as a target
for cancer therapy: progress and prospects. Mol Cancer 2013, 12: 152
Pavlatovské B, Machalkova M, Brisudové P, Prugka A, Stépka K, Michalek
J, Ne¢asova T, et al. Lactic acidosis interferes with toxicity of perifosine to
colorectal cancer spheroids: multimodal imaging analysis. Front Oncol
2020, 10: 581365

Park GB, Kim D. TLR4-mediated galectin-1 production triggers epithelial-
mesenchymal transition in colon cancer cells through ADAM10- and
ADAM17-associated lactate production. Mol Cell Biochem 2017, 425: 191-
202

Kawada K, Toda K, Sakai Y. Targeting metabolic reprogramming in KRAS-
driven cancers. Int J Clin Oncol 2017, 22: 651-659

Labuschagne CF, Zani F, Vousden KH. Control of metabolism by p53—
cancer and beyond. Biochim Biophys Acta (BBA) - Rev Cancer 2018, 1870:
32-42

Thompson CB. Wnt meets Warburg: another piece in the puzzle? EMBO J
2014, 33: 1420-1422

Vogel W, Gish GD, Alves F, Pawson T. The discoidin domain receptor
tyrosine kinases are activated by collagen. Mol Cell 1997, 1: 13-23
Shrivastava A, Radziejewski C, Campbell E, Kovac L, McGlynn M, Ryan
TE, Davis S, et al. An orphan receptor tyrosine kinase family whose
members serve as nonintegrin collagen receptors. Mol Cell 1997, 1: 25-34
Alves F, Saupe S, Ledwon M, Schaub F, Hiddemann W, Vogel WF.
Identification of two novel, kinase-deficient variants of discoidin domain
receptor 1: differential expression in human colon cancer cell lines. FASEB
J 2001, 15: 1321-1323

Xie R, Wang X, Qi G, Wu Z, Wei R, Li P, Zhang D. DDR1 enhances
invasion and metastasis of gastric cancer via epithelial-mesenchymal
transition. Tumor Biol 2016, 37: 12049-12059

Ambrogio C, Gémez-Lopez G, Falcone M, Vidal A, Nadal E, Crosetto N,
Blasco RB, et al. Combined inhibition of DDR1 and Notch signaling is a
therapeutic strategy for KRAS-driven lung adenocarcinoma. Nat Med
2016, 22: 270-277

Lin Y, Jin H, Wu X, Jian Z, Zou X, Huang J, Guan R, et al. The cross-talk
between DDR1 and STAT3 promotes the development of hepatocellular
carcinoma. Aging 2020, 12: 14391-14405

Nakada M, Kita D, Teng L, Pyko IV, Watanabe T, Hayashi Y, Hamada JI.
Receptor tyrosine kinases: principles and functions in glioma invasion.
Adv Exp Med Biol 2020, 1202: 151-178

Bonfil RD, Chen W, Vranic S, Sohail A, Shi D, Jang H, Kim HR, et al.

Xiong et al. Acta Biochim Biophys Sin 2022


https://doi.org/10.3322/caac.21492
https://pubmed.ncbi.nlm.nih.gov/26977004/
https://doi.org/10.1080/1354750X.2016.1252961
https://doi.org/10.4251/wjgo.v8.i11.793
https://doi.org/10.4251/wjgo.v8.i11.793
https://doi.org/10.1089/cbr.2017.2210
https://doi.org/10.1097/CCO.0b013e32835b651e
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1371/journal.pone.0028576
https://doi.org/10.1038/tpj.2016.13
https://doi.org/10.1038/tpj.2016.13
https://doi.org/10.3892/ijo.2017.4029
https://doi.org/10.1186/1476-4598-12-152
https://doi.org/10.3389/fonc.2020.581365
https://doi.org/10.1007/s11010-016-2873-0
https://doi.org/10.1007/s10147-017-1156-4
https://doi.org/10.1016/j.bbcan.2018.06.001
https://doi.org/10.15252/embj.201488785
https://doi.org/10.1016/S1097-2765(00)80003-9
https://doi.org/10.1016/S1097-2765(00)80004-0
https://doi.org/10.1096/fj.00-0626fje
https://doi.org/10.1096/fj.00-0626fje
https://doi.org/10.1007/s13277-016-5070-6
https://doi.org/10.1038/nm.4041
https://doi.org/10.18632/aging.103482
https://doi.org/10.1007/978-3-030-30651-9_8

624

Effect of DDR1 on CRC cell metabolic reprogramming

25.

26.

27.

28.

29.

30.

31.

32.

33.

Expression and subcellular localization of discoidin domain receptor 1
(DDR1) define prostate cancer aggressiveness. Cancer Cell Int 2021, 21:
507

Multhaupt HAB, Leitinger B, Gullberg D, Couchman JR. Extracellular
matrix component signaling in cancer. Adv Drug Deliver Rev 2016, 97: 28—
40

Rammal H, Saby C, Magnien K, Van-Gulick L, Garnotel R, Buache E, El
Btaouri H, et al. Discoidin domain receptors: potential actors and targets
in cancer. Front Pharmacol 2016, 7: 55

Chun YS, Pawlik TM, Vauthey JN. 8th edition of the AJCC cancer staging
manual: pancreas and hepatobiliary cancers. Ann Surg Oncol 2018, 25:
845-847

Yap TA, Garrett MD, Walton MI, Raynaud F, de Bono JS, Workman P.
Targeting the PI3K-AKT-mTOR pathway: progress, pitfalls, and promises.
Curr Opin Pharmacol 2008, 8: 393-412

Leitinger B. Discoidin domain receptor functions in physiological and
pathological conditions. Int Rev Cell Mol Biol 2014, 310: 39-87

Vander Heiden MG, DeBerardinis RJ. Understanding the intersections
between metabolism and cancer biology. Cell 2017, 168: 657-669

Cao Y. Adipocyte and lipid metabolism in cancer drug resistance. J Clin
Invest 2019, 129: 3006-3017

Li Z, Zhang H. Reprogramming of glucose, fatty acid and amino acid
metabolism for cancer progression. Cell Mol Life Sci 2016, 73: 377-392
La Vecchia S, Sebastidn C. Metabolic pathways regulating colorectal

Xiong et al. Acta Biochim Biophys Sin 2022

34.

35.

36.

37.

38.

39.

40.

41.

42.

cancer initiation and progression. Semin Cell Dev Biol 2020, 98: 63-70
Boroughs LK, DeBerardinis RJ. Metabolic pathways promoting cancer cell
survival and growth. Nat Cell Biol 2015, 17: 351-359

Valcarcel-Jimenez L, Gaude E, Torrano V, Frezza C, Carracedo A. Mi-
tochondrial metabolism: Yin and Yang for tumor progression. Trends
Endocrinol Metab 2017, 28: 748-757

Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, Yang C, et
al. Lactate metabolism in human lung tumors. Cell 2017, 171: 358-371.e9
Biswas SK. Metabolic reprogramming of immune cells in cancer pro-
gression. Immunity 2015, 43: 435-449

Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabo-
lism. Cell Metab 2016, 23: 27-47

Courtnay R, Ngo DC, Malik N, Ververis K, Tortorella SM, Karagiannis TC.
Cancer metabolism and the Warburg effect: the role of HIF-1 and PI3K.
Mol Biol Rep 2015, 42: 841-851

Hu X, Xu Q, Wan H, Hu Y, Xing S, Yang H, Gao Y, et al. PI3K-Akt-mTOR/
PFKFB3 pathway mediated lung fibroblast aerobic glycolysis and collagen
synthesis in lipopolysaccharide-induced pulmonary fibrosis. Lab Invest
2020, 100: 801-811

Aoki M, Fujishita T. Oncogenic Roles of the PI3K/AKT/mTOR Axis. Curr
Top Microbiol Immunol 2017, 407: 153-189

Yang P, Li Z, Wang Y, Zhang L, Wu H, Li Z. Secreted pyruvate kinase M2
facilitates cell migration via PI3K/Akt and Wnt/p-catenin pathway in
colon cancer cells. Biochem Biophys Res Commun 2015, 459: 327-332


https://doi.org/10.1186/s12935-021-02206-1
https://doi.org/10.1016/j.addr.2015.10.013
https://doi.org/10.3389/fphar.2016.00055
https://doi.org/10.1245/s10434-017-6025-x
https://doi.org/10.1016/j.coph.2008.08.004
https://doi.org/10.1016/B978-0-12-800180-6.00002-5
https://doi.org/10.1016/j.cell.2016.12.039
https://doi.org/10.1172/JCI127201
https://doi.org/10.1172/JCI127201
https://doi.org/10.1007/s00018-015-2070-4
https://doi.org/10.1016/j.semcdb.2019.05.018
https://doi.org/10.1038/ncb3124
https://doi.org/10.1016/j.tem.2017.06.004
https://doi.org/10.1016/j.tem.2017.06.004
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1016/j.immuni.2015.09.001
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1007/s11033-015-3858-x
https://doi.org/10.1038/s41374-020-0404-9
https://doi.org/10.1007/82_2017_6
https://doi.org/10.1007/82_2017_6
https://doi.org/10.1016/j.bbrc.2015.02.112

	DDR1 promotes LoVo cell proliferation by regulating&#6;energy metabolism 
	Introduction 
	Materials and Methods
	Patients and tissue specimens
	Immunohistochemistry analysis
	Cell culture and treatment
	DDR1a knockdown/overexpression LoVo cells 
	Cell viability and proliferation assay 
	Mitochondrial staining
	Extracellular acidification rate and oxygen consumption rate measurement
	Intracellular lactate content assay
	Colorimetric phosphofructokinase, hexokinase, and pyruvate kinase activity assay
	qRT-PCR
	Western blot analysis
	Statistical analysis

	Results
	DDR1 is correlated with the highly pathological T/N stage in CRC
	DDR1a promotes LoVo cell proliferative and affects mitochondrial function
	DDR1a inhibition affects energy supply from aerobic oxidation for cell proliferation
	DDR1a inhibition upsets acid-base microenvironment balance
	DDR1a regulates intra- and extracellular lactic acid content by activating PK
	DDR1a regulates pyruvate kinase via PI3K/AKT/PKM2 signaling pathway 

	Discussion 


