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Upregulation of HMGB1 in tumor-associated <=

macrophages induced by tumor cell-derived
lactate further promotes colorectal cancer
progression
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Abstract

Background Lactate accumulation leads to an acidic tumor microenvironment (TME), in turn promoting colorectal

cancer (CRC) progression. Tumor-associated macrophages (TAMs) are the predominant cells in TME. This study aimed
to reveal the regulation mechanism of CRC cell-derived lactate on TAMs and explore the mechanism underlying lac-

tate accumulation-induced aggravation in CRC.

Methods Cell growth and metastasis were evaluated by colony formation, Transwell, and wound healing assays.
Western blot and RT-gPCR were applied to determine the protein and mRNA expression. Flow cytometry was used

to analyze the polarization state and apoptotic rate of macrophages induced in THP-1 cells. The lactate in the cell
supernatant was quantified using an ELISA kit. Immunofluorescence was performed to visualize the location of High
Mobility Group Box 1 (HMGBT1). H&E and Ki67 staining assays were used to assess tumorigenesis in nude mice bearing
ectopic tumors.

Results Cell growth and metastasis were promoted in the hypoxic CRC cells. The hypoxic cell supernatant stimulated
the M2-type polarization of macrophages. The lactate level increased in hypoxic cancer cells. However, the inhibition
of lactate using 3-hydroxy-butyrate (3-OBA) reversed the effects of hypoxia. Also, macrophages showed no promot-
ing effect on cancer cell growth and migration in the presence of 3-OBA. HMGB1 was secreted into the extracellular
space of lactate-induced macrophages, further enhancing the malignant behaviors of cancer cells. ERK, EMT, and Wnt
signaling pathways were activated in cancer cells due to HMGB1 upregulation.

Conclusions The lactate metabolized by cancer cells stimulated M2 polarization and HMGB1 secretion by mac-
rophages, aggravating the carcinogenic behaviors of cancer cells.
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Background

Colorectal cancer (CRC) is currently one of the most
common malignant tumors in the digestive system, with
its mortality rate ranking fourth in the world [1]. CRC
develops with the transformation of the normal epithe-
lial mucosa into a highly proliferative epithelium. These
highly proliferative intestinal epithelial cells lose their
organization and structure, forming adenomas, which
can grow and invade the submucosa, become cancer-
ous, and thus invade the colon and metastatic organs [2].
Up to 90% of CRCs are sporadic, implying that the inci-
dence of CRC is closely related to poor lifestyle habits [3].
Patients with immune-and metabolic-related diseases,
such as inflammatory bowel disease, obesity, and type 2
diabetes, are also at high risk of CRC [4]. A large body of
research evidence suggests that screening asymptomatic
individuals at average risk reduces mortality by detecting
tumors early and in the curative stage. In addition, certain
screening tests can detect precancerous lesions, allowing
for earlier removal and lower incidence. Although most
patients with early-stage CRC can achieve curative resec-
tion or remission through surgery, many patients are still
diagnosed with CRC in the middle or advanced stage.
The treatment results of CRC are not favorable at present
[5]. The current exploration of emerging approaches tar-
geting the tumor microenvironment and some immuno-
therapies have been shown to be effective in patients with
metastatic or intermediate-advanced CRC, which may
be beneficial to achieve long-lasting remissions in some
patients [6]. Therefore, exploring the potential molecular
markers or targets for treating CRC through the in-depth
exploration of the molecular mechanism of the interac-
tion among various components in the immune microen-
vironment in tumorigenesis and development is of great
significance.

Normal cells mainly metabolize via mitochondrial
oxidative phosphorylation, while most solid tumor
cells rely on aerobic glycolysis, a phenomenon known
as the Warburg effect [7]. This metabolic reorganiza-
tion of tumor cells is regulated by various oncogenic
proteins and tumor suppressors, including hypoxia-
inducible factor (HIF-1a) transcription. It is involved
in tumor growth, angiogenesis, and stress-resistant
metabolism in the malignant tumor microenviron-
ment (TME) [8]. Glycolytic metabolism can lead to the
accumulation of large amounts of lactic acid, which
acidifies the TME [9]. Acidosis is acknowledged as the
key to malignant progression and somatic evolution.
Furthermore, tumor acidosis may be associated with
extracellular lactate accumulation and hypoxia [10],
contributing to tumor invasion and immune escape.
Therefore, lactate has also become one of the hotspots
in the current research on TME metabolism. Studies
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have confirmed [11, 12] that the accumulation of lactic
acid in malignant tumors is an important intermediate
product of glycolysis and is also involved in regulating
cancer development. Tumors with high lactate levels
have a high tumor recurrence rate and a high possibility
of metastasis, which often leads to poor prognosis for
patients [13]. Lactate infiltration in tumors results in
immunosuppression, in turn promoting tumor growth
[14]. A recent study found that cancer cell-derived lac-
tate promoted breast cancer cells to secrete chemokine
C-C Motif Chemokine Ligand 5 (CCL5) through the
Notch signaling pathway, which polarized the M2
phenotype of chemotactic macrophages. CCL5 also
enhanced survival, aerobic glycolysis, and epithelial-
mesenchymal transition (EMT) of breast cancer cells
[15]. Furthermore, high concentrations of lactate found
in cervical cancer, lung cancer, head and neck tumor,
and CRC biopsies were positively associated with the
risk of tumor metastasis and predicted poor prognosis
in patients with cancer [16].

TME is composed of various cellular and acellular
components [17]. Among these, tumor-associated mac-
rophages (TAMs), which account for the largest propor-
tion of cells, can inhibit antitumor immune responses
by secreting various mediators, further stimulate angio-
genesis, and ultimately promote the occurrence and
development of cancer cells [18]. TAMs differentiate
into classically activated macrophages (M1 type) and
alternatively activated macrophages (M2 type) under dif-
ferent signal stimuli. M1 can inhibit the occurrence and
development of tumor cells, while M2 has the opposite
effect [19, 20]. Studies have shown that the infiltration
of M1 and M2 is directly related to prognosis in patients
with CRC [21]. M1 type, represented by markers such as
MHCII, CD86, IL-1p, IL-12, IL-23, and iNOS, can induce
inflammation, activate a tumor-killing immune response,
and ultimately inhibit tumorigenesis. M2 type, repre-
sented by markers such as CD206, CD163, IL-10, TGEF-
B, CCL17, CCL18, CCL22, and Arg-1, mainly inhibits
immune inflammatory responses and promotes tumor
progression [22]. Many studies demonstrated that the
infiltration and distribution of TAMs in cancer tissues
were significantly associated with prognosis in patients
with cancers, including gastric cancer, breast cancer,
bladder cancer, prostate cancer, and kidney cancer [23].
However, the role of TAM in CRC is still controversial.
On the one hand, studies have shown that the infiltra-
tion of TAM in colorectal tumor tissue is beneficial to the
prognosis of patients [24]; on the other hand, TAM pro-
motes proliferation, migration, and invasion of colorectal
tumor cells [25]. Many recent studies demonstrated that
lactic acid led to CRC progression and poor prognosis,
and promoted the M2 polarization of TAM. However,
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the mechanism of lactate in influencing TAM was rarely
explored.

High-mobility group box 1 (HMGB1) is a highly con-
served DNA-binding protein ubiquitous in mammalian
cells, involved in maintaining nucleosome structure and
regulating the transcription of various genes, and has
been found abnormally expressed in many human can-
cers [26]. Intracellularly, HMGBL is a highly conserved
chromosomal protein that can act as a DNA molecular
chaperone [27]. Extracellularly, HMGBI is a typical dam-
age-related molecular pattern, and work together with
cytokines, chemokines and growth factors. According
to existing research results, HMGBI1 regulates various
signaling pathways during colorectal cancer development
[28]. This study aimed to reveal the regulation mecha-
nism of CRC cell-derived lactate on TAMs and further
explore the mechanism underlying lactate accumulation-
induced aggravation in CRC.

Methods

Cell culture and treatment

SW480 (AW-CCH107), HT29 (AW-CCHO054), and
THP-1 (AW-CCHO098) cell lines were purchased from
Abiowell Biotech Co., Ltd. The human CRC cell lines
SW480 and HT29 were cultured in Roswell Park Memo-
rial Institute-1640 (RPMI-1640, Gibco), supplemented
with 10% fetal bovine serum (WS500T; Ausbian) and 1%
penicillin/streptomycin (60162ES; Yeasen Biotech Co.,
Ltd.). The cells in the normoxia group were incubated in
a multi-gas incubator (CHSQ-200-III; Shanghai Chuan-
hong Experimental Instrument Co., Ltd.) with 20% O,,
5% CO,, and 75% N, at 37 °C. For hypoxia induction, the
cells were incubated under 1% O,, 5% CO,, and 94% N,
for 48 h before starting other experiments.

The THP-1 cells were cultured in the RPMI-1640
medium supplemented with 10% fetal bovine serum,
1% sodium pyruvate (11360070; Thermo Fisher), and
1% penicillin/streptomycin. THP-1 cells were treated
with 150 nM phorbol-12-myristate-13-acetate (Sigma—
Aldrich) at 37 °C for 48 h to induce the MO macrophages
(MO).

For direct stimulation of MO cells, the cancer cell
supernatant after normoxia or hypoxia incubation was
collected by centrifugation at 300 g for 10 min, followed
by centrifugation 2000 g for 20 min. The supernatant was
directly added to the MO cells.

The indirect contact co-culture was performed in
24-well plates with 8-pm polyethylene terephthalate
membrane filters (Corning) separating the lower and
upper chambers. THP-1-derived MO cells were seeded in
the upper chamber, and SW480 cells or HT29 cells were
seeded in the lower chamber. SW480 cells and HT29 cells
were subjected to normoxia or hypoxia treatment before
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co-culture. After 48 h of incubation, the cancer cells and
macrophages were collected for analysis and further
experiments.

Further, 3-hydroxy-butyrate acid (3-OBA; Sigma-
Aldrich), the G-Protein Coupled Receptor 81 (GPR81)
antagonist, was used to inhibit the secretion of lactate
in the cancer cells [29]. 3-OBA (3 mM) was added to the
cancer cells and incubated for 48 h under normoxic or
hypoxic conditions.

For lactate stimulation, gradient concentrations of lac-
tate [30] (purchased from Shanghai Fantai Biotech Co.,
Ltd., diluted to 0, 5, 10, 20, and 40 mM) were added to
the MO cells and cultured for 6 h. After the incubation
of lactate, the macrophages were subjected to other
treatments.

Glycyrrhizin (the direct HMGBL1 inhibitor, purchased
from Sigma-Aldrich) was added to the macrophages
at a concentration of 1 nM [31] during incubation with
lactate to inhibit the expression of HMGBI1 in the mac-
rophages. After the pretreatments, the macrophages
were rinsed with phosphate-buffered saline (PBS) and
subjected to the co-culture system.

Western blotting assay

Proteins of xenografts and cells were extracted using
Pierce " IP lysis buffer (87787; Thermal Fisher). 40 pg of
the protein was resolved in each well of 10% SDS-PAGE
and transferred to Polyvinylidene Fluoride (PVDF) mem-
branes. Then, the blots were blocked by 5% fat free milk
and incubated with anti-HIF-1a (1:1000; abl; Abcam),
anti-PGCla (1:1000; ab106814; Abcam), anti-MCT1
(1:3000; ab90582; Abcam), anti-MCT4 (1:1000; ab234728;
Abcam), anti-CD174 (1:2000; ab235831; Abcam), anti-
HMGBI1 (1:1000; ab18256; Abcam), anti-E-cadherin
(1: 20000; ab40772; Abcam), anti-N-cadherin (1:10000;
ab76011; Abcam), anti-Bcl-2 (1:1000; ab32124; Abcam),
anti-p-GSK  (1:10000; ab75814; Abcam), anti-GSK
(1:8000; ab32391; Abcam), anti-ERK (1:10000; ab184699;
Abcam), anti-p-ERK (1:1000; ab201015; Abcam), anti-
JNK (1:1000; ab179461; Abcam), anti-p-JNK (1:5000;
ab124956; Abcam), anti-p38 (1:5000; ab170099; Abcam),
anti-p-p38 (1:1000; ab178867; Abcam) primary antibod-
ies at 4 °C overnight. The day after, rabbit anti mouse IgG
secondary antibody (1:2000; ab6728; Abcam) was incu-
bated with the membranes at room temperature for 2 h.
GAPDH was used as control. Finally, protein bands were
visualized using the Ultra High Sensitivity ECL Substrate
Kit (ab133409; Abcam).

Wound healing assay

SW480 and HT29 cells were inoculated into a six-well
plate and cultured at 37 °C in the presence of 5% CO,
until the cell confluence reached 90%. Then, a line was
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scraped into the monolayer cells using the tip of a micro-
pipette. PBS was used to rinse the plate twice to remove
the nonadherent cells and cultured in a serum-free
RPMI-1640 for 24 h. The images were taken and observed
after 0, 24, and 48 h under a microscope, and the wound
healing rates were analyzed using Image ] software (ver-
sion 1.8.0).

Colony formation assay

100 pl cells suspension (1 x 10* cells/ml) per well was
injected into a 6-well plate, and they were cultured in
dulbecco’s modified eagle medium (DMEM) containing
20% FBS for 10 days. Then, these cells were rinsed twice
with PBS, fixed with 4% paraformaldehyde (Labcoms)
and stained with 0.1% crystal violet. The cell clusters con-
taining > 50 cells were counted.

Enzyme-linked immunosorbent assay (ELISA)

ELISA kit (K607-100, BioVision) was used to measure
the level of lactate in the cell supernatants of SW480 and
HT?29 cells obtained through centrifugation according to
the manufacturer’s protocols.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA of tumor tissues and the cells were extracted
by MolPure® Cell RNA Kit (Yeasen Biotechnology Co.,
Ltd.). Reverse transcription and PCR amplification were
carried out using Quant One Step qRT-PCR Kit (Probe)
(LM-0102; LMai Biotech Co., Ltd.). All primers were syn-
thesized by Tsingke Biotech Ltd.,, GAPDH was used as
internal reference for mRNAs. Fold changes of the RNAs
were assessed using 222t method. The sequences of the
primers used were listed in Table 1.

Flow cytometry assay
Cell apoptosis was examined by Annexin V-FITC/PI
Apoptosis Detection Kit (40302ES20, Yeasen Biotech
Co., Ltd.). Macrophages were trypsinized and rinsed with
pre-chilled PBS twice. Then, 1 x 10° cells were collected
and resuspended in 100 pl binding buffer. 5 pl of Annexin
V-FITC was ulteriorly added into the cells and incubated
for 15 min under room temperature in dark, followed by
5 ul of PI staining solution. The apoptotic cells were ana-
lyzed on FACSCalibur flow cytometer (BD Biosciences).
For assessing the polarization of MO cells, the single
macrophages were incubated with anti- MHCII (1:1000,
ab20181, Abcam), anti-CD86 (1:1000, ab239075, Abcam),
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Table 1 Sequences of the primers used in RT-qgPCR

Gene Sequence (5'->3')
MCT1 Forward AGGTCCAGTTGGATACACCCC
Reverse GCATAAGAGAAGCCGATGGAAAT
MCT4 Forward AGGTATCCTTGAGACGGTCAG
Reverse CAAGCAGGTTAGTGATGCCG
PGCla Forward TCTGAGTCTGTATGGAGTGACAT
Reverse CCAAGTCGTTCACATCTAGTTCA
CD147 Forward GAAGTCGTCAGAACACATCAACG
Reverse TTCCGGCGCTTCTCGTAGA
HMGB1 Forward TATGGCAAAAGCGGACAAGG
Reverse CTTCGCAACATCACCAATGGA
GAPDH Forward CTGGGCTACACTGAGCACC

Reverse AAGTGGTCGTTGAGGGCAATG

anti-CD163 (1:1000, ab182422, Abcam), and anti-CD206
(1:1000, ab270647, Abcam) for 40 min, and then rinsed
with PBS. Next, the cells were stained with PC5.5-conju-
gated 7AAD (Biolegend) for 5 min to remove dead cells.

Transwell migration assay

SW480 and HT29 cells were resuspended at the density
of 2 x 10° cells/MI in serum-free RPMI-1640 medium
and starved for 24 h. Transwell chambers (3422; Corn-
ing) were inserted into a 24-well plate. The cell sus-
pension was added to the upper Transwell chamber,
and 600 uL of RPMI-1640 with 20% FBS was added to
the lower chamber. After incubation for 24 h, the cells
remaining in the upper chamber were gently removed,
and the cells moving to the lower chamber were fixed
with methanol and stained using 0.1% crystal violet.
The stained cells were observed and counted under a
light microscope (XSP-1200A; Shanghai CSOIF Co.,
Ltd.) at the magnification of 200 x. Five visual fields of
each well were randomly chosen.

Tumorigenicity assay

Humanized BALB/c male nude mice (6 weeks old;
weight: 21.24+0.8 g) were purchased from Cyagen Bio-
sciences. The mice were raised under the SPF condition
with a 12 h dark/light cycle. After keeping the mice in
the laboratory for a week, xenografts were induced by
subcutaneous injection of 107 SW480 cells. After inoc-
ulation, 3-OBA (100 uM) was orthotopically injected
into the mice at a dose of 2 pL every 5 days, or HMGB1
inhibitor [RAGE antagonist peptide (RAP, 10 uM/kg)
and ethyl pyruvate (EP, 1 mM/kg), purchased from
Sigma—Aldrich] was injected into the mice at a 3 day
interval. The tumor volumes were measured every
week using the following formula: V=ab?/2, where a
is the long diameter and b is the short diameter. The
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mice were sacrificed using 150 mg/kg pentobarbital i.v.
after 30 days of modeling. The tumors were collected,
weighed, and embedded for further use.

Hematoxylin and eosin (H&E) staining

Paraffin sections of the tumor tissues were adminis-
trated to H&E staining assay to assess tissue damage
degree. The sections were stained with hematoxylin for
5 min and counterstained by eosin for 3 min. Five fields
of the stained slide were randomly captured by an optical
microscope.

Immunofluorescence (IF)

Macrophages were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 for 20 min and
blocked with 3% BSA. Next, the cells were incubated with
the primary anti-HMGB1 (1:1000; 20R-FR012; Fitzger-
ald) antibody at 4 °C overnight. Then, the cells were
incubation with secondary goat anti-rat IgG-iFluor 488
antibodies (CM008-10A2F; Chamot Biotech Co., Ltd.) at
37 °C for 1 h, and counter-stained with DAPI for 15 min.
ZEISS LSM 9 laser confocal microscopy was used to
observe the fluorescently-labeled cells.

Isolation of TAMs

After resection, the xenografts were immersed in RPMI-
1640 and minced into 0.1 mm? cubes. Type II collagenase
(1 mg/mL), hyaluronidase (0.2 mg/mL), and DNAse
I (0.2 mg/mL) were added to the medium to digest the
minced tissues at 37 °C for 1 h. The cell suspension was
filtered through a filter with a pore size of 40 um and cen-
trifuged at 800 g for 5 min. Then, the cell suspension was
centrifuged with Percoll (Amersham). After gradient sep-
aration, the cells in the lower layer were subjected to flow
cytometry for identifying the macrophages.

Ki67 staining

The sections of xenografts were previously dewaxed and
rehydrated. After antigen retrieval, the sections were
blocked with goat serum for 20 min at room tempera-
ture. Anti-Ki67 (1:2000; ab15580) primary antibody was
incubated with the sections at room temperature for 2 h
followed by goat anti-rabbit IgG H&L (HRP) secondary
antibody (1:1000; ab6721). DAB developing kit (ab64238;
all from Abcam) and hematoxylin were used to develop
the sections.

Statistical analysis

Each experiment was performed in triplicate. The data
were analyzed using GraphPad Prism (version 9.1.1.225,
GraphPad Software Inc.). The data were presented as
mean =+ standard deviation. The Student ¢ test was per-
formed for the two-group comparison, and analysis of
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variance was used for comparing multiple groups, fol-
lowed by Duncan’s post hoc test. A P value<0.05 indi-
cated a statistically significant difference.

Results

Hypoxia-treated cancer cells exhibited increased mobility
and M2 polarization of THP-1 cells

First, SW480 and HT29 cell lines were cultured under
hypoxic conditions to mimic the hypoxia TME in vitro.
After a 2 day-culturing under normoxic or hypoxic con-
ditions, the HIF-a level was determined by western blot
assay to assess whether the hypoxia stress was success-
fully induced into the cancer cells. The results showed
that the expression of HIF-1a was significantly promoted
under hypoxic conditions (Fig. 1A), suggesting the suc-
cessful establishment of the hypoxia model. Next, we
evaluated the cell growth and metastasis abilities of the
cancer cells. The colony formation results indicated
that both SW480 and HT29 cell lines showed notably
elevated colony numbers after a 2 day culturing under
hypoxic conditions compared with normoxic conditions
(Fig. 1B). Transwell migration assay was performed, and
the results demonstrated that the hypoxic conditions
prominently enhanced the migration of SW480 and
HT?29 cells (Fig. 1C). Similarly, the wound healing rates of
SW480 and HT29 cell lines were significantly increased
after hypoxic treatment (Fig. 1D). Subsequently, the cell
supernatant was collected from the cancer cells after
modeling to stimulate the THP-1-derived macrophages.
When the macrophages were exposed to the super-
natant from hypoxic groups, no obvious change was
observed in the cell number of M1 macrophages. How-
ever, the cell number of M2 macrophages was observably
enhanced (Fig. 1E). These results consistently indicated
that hypoxic conditions contributed to the malignancy of
CRC cells, and the cell supernatant under hypoxic condi-
tions could promote M2 polarization of macrophages.

Hypoxic conditions induced lactate secretion from cancer

cells, further facilitating M2 polarization of macrophages

Active glycolysis in the cancer cells was widely acknowl-
edged, and lactate, as the main metabolite of glycolysis,
was found to influence the TME, including TAMs. There-
fore, we determined the lactate level in the cell superna-
tant of hypoxic cancer cells. The ELISA results showed
that the lactate levels were dramatically increased in
the supernatant of hypoxic cancer cells (Fig. 2A). Then,
the expression of genes related to lactate transport and
metabolism was analyzed. The mRNA levels of PGCla,
MCT1, MCT4, and CD147 were all significantly pro-
moted in the hypoxic cancer cells (Fig. 2B). Besides, the
protein expression of these lactate-related genes exhib-
ited the same trend as the mRNA levels (Fig. 2C). These
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results showed that lactate was significantly activated
in the cancer cells under hypoxic conditions. To fur-
ther verify this result, 3-OBA was added to inhibit lac-
tate secretion in the cancer cells. In the hypoxia group,
the co-culture with macrophages notably increased the
colony numbers of SW480 and HT29 cells. However,
in the 3-OBA-treated group, the colony formation was
inhibited; even co-culture with macrophages showed no
increase in the colony numbers (Fig. 2D). The results of

(See figure on next page.)

Transwell and wound healing assays showed that 3-OBA
also suppressed the migration capacity of the cancer
cells, and the co-culture with macrophages after 3-OBA
treatment did not cause evidently increased migration
capacity in the cancer cells (Fig. 2E, F). Moreover, 3-OBA
inhibited M2 polarization of the macrophages in the co-
culture system (Fig. 2G). These results elucidated that
lactate secreted by hypoxic cancer cells could accelerate
the M2 polarization of macrophages, and the M2-type

Fig. 2 Hypoxia condition induced lactate secretion of cancer cells, further facilitated M2 polarization of macrophages. A Lactate contents in the
supernatant of SW480 and HT29 cells were measured by ELISA kit. B mRNA levels and C protein levels of lactate-related genes were detected

by RT-gPCR. D Colony formation, E Transwell cell migration and F wound healing assays were performed to assess cell mobility. G M1 and M2
phenotypes of macrophages were examined by flow cytometry assay. CD86 and MHCII were indicators for M1, CD163 and CD206 were indicators

for M2. Data were presented as mean = SD and each assay was performed for three times. "P<0.05;,P<001;

ok

P <0.001
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macrophages in turn contributed to the carcinogenicity
of cancer cells.

Cancer cell-derived lactate upregulated HMGB1

in macrophages, and HMGB1 further promoted
carcinogenic behaviors in cancer cells

Lactate was added to the macrophages to further explore
how macrophages exerted tumor-promoting effects on
cancer cells. Based on previous findings [30], the gradient
concentration of lactate was set as 0, 5, 10, 20, and 40 mM
to determine an optimal concentration of lactate for the
following experiments. After culturing the macrophages
with different levels of lactate for 6 h, the cell death of
macrophages was evaluated. The results indicated that
when the lactate concentration reached 40 mM, the
apoptosis rate of macrophages sharply increased. Hence,
the lactate concentration of 20 mM was selected to con-
duct the following experiments (Fig. 3A). A previous
report revealed the impact of lactate on HMGBI1 in the
macrophages in sepsis [32]. In this study, we intended
to confirm the relationship in CRC. The mRNA and
protein levels of HMGBI1 in the lactate-induced mac-
rophages were prominently elevated (Fig. 3B, C). In
addition, the images of IF assay showed that lactate treat-
ment promoted the extracellular secretion of HMGB1
by macrophages (Fig. 3D). The levels of HMGB1 were
determined in the cancer cells after co-culture with mac-
rophages to further investigate whether the macrophage-
derived HMGBI1 was taken up by cancer cells to promote
cancer progression. Glycyrrhizin (1 nM) was added to
the macrophages to inhibit HMGBI1 expression [31]. The
level of HMGBI in cancer cells was increased by lactate-
treated macrophages, while the increase was inhibited by
glycyrrhizin (Fig. 3E). Lactate-treated macrophages sig-
nificantly enhanced the growth of SW480 and HT29 cell
lines; however, glycyrrhizin reversed the effects of lactate
inducement (Fig. 3F). Additionally, the cell migration of
the two cancer cell lines was accelerated after co-culture
with lactate-induced macrophages, but glycyrrhizin
abrogated the effect of lactate (Fig. 3G, H). These results
indicated that macrophages enhanced cancer cell mobil-
ity through lactate-induced HMGB1 upregulation.

HMGB1 promoted the malignancy of cancer cells

by activating EMT, Wnt, and ERK signaling pathways

The common signaling pathways involved in cancer pro-
gression were examined. Previous studies confirmed that
HMGBI could upregulate the ERK1/2 pathway in CRC,
and Wnt and ERK signaling pathways were activated
by HMGBI1 in pancreatic cancer [27, 33]. We exam-
ined the previous findings in the present study. After
the co-culture with macrophages underwent lactate
treatment, the level of E-cadherin decreased, while the
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levels of N-cadherin and Bcl-2 and the ratio of p-GSK/
total GSK were all enhanced in the cancer cells. Glycyr-
rhizin reversed the progress of EMT (Fig. 4A). Similarly,
the activation rates of ERK, JNK, and p38 significantly
increased, but glycyrrhizin partially restored the acti-
vation of ERK compared with that in the control group
(Fig. 4B). These results further proved the carcinogenic
effects of HMGB1 on the molecular level.

Inhibition of lactate or HMGB1 played a similar anti-tumor
role in the tumor-bearing mice

Based on the aforementioned results, the SW480 cell
line was more sensitive to different treatments. There-
fore, SW480 cells were selected to induce ectopic xeno-
grafts in nude mice. As shown in Fig. 5A, B, the tumor
volume significantly decreased in the mice injected with
3-OBA or HMGBI1 inhibitor (RAP+EP) compared
with the control group. The tumors were resected and
weighed after 30 days of modeling. The tumor weights
in the 3-OBA and HMGBI1 groups were prominently
lower than those in the control group (Fig. 5C). Further,
TAMs were isolated from the tumors, and the polariza-
tion state of TAMs was analyzed. The results indicated
that 3-OBA and HMGBI1 inhibitor both suppressed M2
polarization of the TAMs (Fig. 5F), and the mRNA and
proteins levels of HMGB1 were reduced (Fig. 5D, E).
The H&E staining images showed that the infiltration of
lymphocytes and macrophages was more obvious in the
3-OBA and HMGBI inhibitor groups (Fig. 5G). Also, the
number of Ki67-positive cells were observably reduced in
the 3-OBA and HMGB1 inhibitor groups (Fig. 5H). Fur-
thermore, the activations of EMT process and ERK sign-
aling were suppressed by 3-OBA and HMGBI1 inhibitor
(Fig. 5I).

Discussion

Cancer cell-derived lactate is a common metabolite in
the TME. The acidic TME caused by the accumulation
of lactate further promotes cancer progression. TAM
is a major cellular component in TME, and cancer cells
suppress inflammation and immune cell infiltration by
promoting M2 polarization of macrophages. These fac-
tors greatly hinder the treatment effects and prognosis
of CRC. The present study revealed that lactate produced
by cancer cells enhanced the M2-type ratio of TAMs and
elevated the level of HMGB1 in TAMs. The upregulated
HMGBI was secreted into the extracellular environment,
further increasing the level of HMGBI1 in the cancer
cells. HMGBI1 activated the ERK, Wnt, and EMT sign-
aling pathways to aggravate the malignant behaviors of
CRC cells. Our study preliminarily explored the interac-
tion between TAMs and cancer cells based on HMGB1
in CRC.
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The relationship between macrophages, tumor cells,
and other components of the TME is dynamic and
heterogeneous [34]. Studies found extensive inter-
actions between TAMs and TME. The properties of
TAMs depend on the stimulation of various compo-
nents in TME to a large extent; TAMs can affect TME,
thereby promoting tumor progression [35]. TAMs
originate from mononuclear precursors, and the effect
of chemokines, such as CSF-1, CCL2, VEGF, and TGF-
B, is required for monocytes to reach the tumor site
in the colon [35]. In TME of CRC, the production of
cytokines, growth factors, and metabolites by cancer
and immune cells promotes the pre-tumor polarization
of TAMs. Studies showed that lactic acid produced by
the enhanced glycolytic activity of cancer cells caused
TME acidification. The acidified TME induced regula-
tory macrophages through G protein—coupled recep-
tors and IL-1P-converting enzymes, enabling the
production of VEGF and arginase [36]. The increased
expression by TAMs induced the M2 phenotype of
TAMs [37]. Lian et al. [38] co-cultured colon cancer
cell lines (HCT8 or HCT116) with human myeloid leu-
kemia mononuclear cells (THP-1). They found that the
levels of IL-10 and arginase-1 increased, indicating that
the colon cancer cells were involved in the M2 polari-
zation of THP-1, which was also confirmed by using
the EGFR antibody mAb225 and the PI3K inhibitor
LY294002. In this study, hypoxia-induced cancer cells
were used to simulate the in vivo cancer environment
in in vitro experiments, and the results were the same
as the aforementioned findings; macrophages tended
toward M2 polarization under the induction of CRC
cells.

Studies reported that the activation of ERK/STAT3
was an essential link in the lactate signaling pathway.
Inhibiting the ERK/STAT3 signaling pathway could
inhibit the growth of breast cancer and the formation of
a large number of blood vessels and eliminating the lac-
tate-induced polarization of M2 macrophages [39]. The
study demonstrated that lactic acid could inhibit the
activity of lymphocytes and participate in tumor forma-
tion. In CRC, Wang et al. [40] proved that PTTG3P was
abnormally upregulated in patients with CRC, and the
upregulation of PTTG3P promoted cell growth and lac-
tate accumulation by YAPI, to further polarize TAMs
into M2 type. In addition, Tu et al. [41] showed that the
lactate produced by CRC cells enhanced ROS accumu-
lation in macrophages to activate the NLRP3 inflam-
masome. Lactate could also induce TGF-f in the TME,
in turn inhibiting inflammasome activation induced by
lactate and other canonical ligands in macrophages.
Our study found that the lactate produced by CRC
cells was responsible for the M2 polarization of TAMs,
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which led to an anti-inflammatory TME similar to pre-
vious findings.

As the main components of TME, TAMs play an impor-
tant role in CRC invasion and migration. Lan et al. [25]
showed that M2-type TAM-derived exosomes induced
the migration and invasion of CRC cells and exosomes
highly expressed miR-21-5p and miR-155-5p, which were
transferred to miR-155-5p through exosomes. CRC cells
bind to the BRG1-coding sequence to target and down-
regulate the expression of BRG1, thereby promoting the
migration and invasion of colon cancer cells. In addition,
Lim et al. [42] found that TAMs induced higher calcium-
binding protein S100A8/A9 mRNA expression levels in
colon cancer TME in an ERK-dependent manner than
in normal tissues; also, they could stimulate cancer cell
migration. EMT is frequently activated during tumor
invasion and metastasis, in which TAMs play a key role.
Wei et al. [43] found that TAMs could enhance the inva-
sion and metastasis of colon cancer cells by secreting
IL-6 and regulating the JAK2/STAT3/miR5063P/FXQ1
axis to induce the EMT program. Similarly, we found that
lactate-treated TAMs could significantly enhance the
malignancy of CRC cells.

The expression of HMGB1 in CRC tissue is significantly
increased, and the expression of HMGBI1 is directly
involved in the infiltration and migration of CRC cells;
the higher the expression level of HMGBI, the later stage
of CRC [28]. HMGBI is an essential member of the HMG
family. It is highly conserved in the nucleus, and is mainly
involved in DNA repair, transcription, and genome sta-
bility. Further, it promotes inflammation, immunity,
cell proliferation, autophagy, apoptosis, and metasta-
sis after epigenetic inheritance outside the nucleus [44].
The increase in the extracellular release of HMGBI1 can
inhibit the antitumor effect of radiotherapy [45]. HMGB1
plays an important role in promoting CRC cell prolif-
eration, invasion, and migration. Studies showed that
silencing HMGBL1 expression could significantly inhibit
CRC cells. On the one hand, it might be related to the
activation of the JAK/STAT3 pathway; on the other
hand, it might be associated with the production and
phosphorylation of proteins related to the RAGE signal-
ing pathway. When the expression of cleaved caspase-3
and PCNA increased, the expression of HMGBI also
increased accordingly. Moreover, the antisense oligode-
oxynucleotides synthesized by HMGBI also reduced the
phosphorylation of ERK1/2, Racl, and protein kinase B
and the production of iNOS, NF-«B, and matrix metallo-
proteinase 9 [46]. The researches on HMGB1 have mainly
focused on cancer cells for now. In the present study, we
were inspired by a recent report elucidating that HMGB1
accumulated in macrophages and was secreted into the
extracellular environment in sepsis [32]. We confirmed
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that HMGB1 accumulated under the inducement of CRC
cell-derived lactate and observed that HMGB1 was also
released into the extracellular environment, verifying the
finding in CRC.

Crosstalk frequently occurs between TAMs and can-
cer cells in TME. For example, Zhao et al. [47] eluci-
dated that miR-934 was notably upregulated in CRC, and
exosomes derived from CRC cells could carry miR-934 to
the TAMs to inhibit PTEN expression and activate PI3K/
Akt signaling, resulting in the M2 polarization of TAMs.
Interestingly, the M2 macrophages further secreted
CXCL13 to induce CRC liver metastasis, and CXCL13
acted as a positive regulator of the CXCR5/NF-«kB/p65/
miR-934 loop. Yang et al. demonstrated that [48] CRC
cells underwent EMT, enhancing the level of miR-106b
in TAMs; also, miR-106b inhibited PDCD4 to activate
PI3Ky/Akt/mTOR signaling to accelerate M2 polariza-
tion. In turn, the M2 macrophages promoted EMT pro-
gression in CRC cells. The present study found that the
upregulated HMGBL1 in macrophages in turn increased
the level of HMGBL1 in CRC cells, and ERK1/2, Wnt, and
EMT signaling pathways were activated, further enhanc-
ing the malignancy of CRC cells. This positive feedback
between TAM:s and cancer cells was rarely investigated in
CRC. Our findings laid the foundation for future works
to improve the prognosis of CRC. Despite the current
results, the mechanism of HMGBI interchange between
tumor cells and tumor-associated macrophages is still
unclear. We will further investigate the mechanism in our
future work.

Conclusions

In summary, the present study revealed that lactate
produced by CRC cells could stimulate M2 polariza-
tion and upregulate HMGB1 of TAMs, which in turn
enhanced the level of HMGBLI in CRC cells to aggravate
carcinogenic behaviors. However, the delivery method
of HMGBI1 from TAMs to cancer cells is still unknown,
and the downstream regulatory mechanism needs to be
further explored. In our future studies, we will focus on
these points to more completely comprehend the cross-
talk in CRC.
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