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lying mechanism of CSC development remains controversial. Our study provided

CSC-like phenotypes if cultured in the presence of extracellular matrix reagents, such
as Matrigel and fibrin gels. In these 3D gels, CD133" colorectal cancer cells can regain
tumorigenic potential and stem-like phenotypes. Mechanistically, the 3D extracellular
matrix could mediate cytoskeletal F-actin bundling through biomechanical force asso-
ciated receptors integrin p1 (ITGB1), contributing to the release of E3 ligase tripartite
motif protein 11 (TRIM11) from cytoskeleton and degradation of the glycolytic rate-
limiting enzyme phosphofructokinase (PFK). Consequently, PFK inhibition resulted in
enhanced glycolysis and upregulation of hypoxia-inducible factor 1 (HIFla), thereby
promoting the reprogramming of stem cell transcription factors and facilitating tumor
progression in patients. This study provided novel insights into the role of the extra-
cellular matrix in the regulation of CSC dedifferentiation in a cytoskeleton/glycolysis-

dependent manner.
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1 | INTRODUCTION Around 70% of all colorectal cancer-associated deaths is caused by

metastasis in the liver.* Some studies have linked cancer stem cells
Colorectal cancer is one of the most common archenteric malignant (CSCs) to a higher potential of metastasis or tumor recurrence in col-
diseases and the fourth most deadly cancer worldwide. Currently, orectal cancer.”® In fact, CSCs are believed to have the ability to
many patients with colorectal cancer suffer recurrence after the self-renew and differentiate and to be responsible for tumorigenic-
initial surgery or chemotherapy treatment, and in many of these ity and distant metastasis.” However, the concept of CSCs remains
patients, the disease progresses to metastatic colorectal cancer.>? controversial.

Abbreviations: CSCs, cancer stem cells; ITGB1, integrin 1; TRIM11, tripartite motif protein 11; PFK, phosphofructokinase; HIF1a, hypoxia-inducible factor 1; NAs, neutralizing
antibodies; LatA, latrunculin A.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

3826 wileyonlinelibrary.com/journal/cas Cancer Science. 2022;113:3826-3837.


www.wileyonlinelibrary.com/journal/cas
mailto:﻿￼
https://orcid.org/0000-0002-9628-6116
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:liukuijie@csu.edu.cn

HAN ET AL.

Cancer stem cells, also called tumor-initiating cells, are cells
within tumor tissues that have self-renewal capacity and contribute
to tumorigenicity and heterogeneity.8 Unlike differentiated cancer
cells, CSCs persist indefinitely, and they frequently are insensitive
to chemotherapy.” The concept of CSCs supports the idea that a
unique subpopulation of CSCs could sustain tumor growth, due to
their capability of self-renewal, and differentiate to the bulk of tumor
cells. Hence, CSCs could contribute to the generation of palingenetic
CSCs or differentiated cancer cells and cause tumor heterogeneity
in vivo. Though CSCs have self-renewal potential, palingenetic CSCs
do not necessarily come from primary CSCs. A series of cancers
disobey the unidirectional hierarchical CSCs concept, which elicits
the possibility of “plasticity of cancer cells,” in which dedifferenti-
ated tumor cells could reacquire the potential of renewal and exhibit

stem-like phenotypesm’11

in a process named “dedifferentiation.”
Recently, specific findings have supported this “dedifferentiation”
hypothesis. Over 25% of the patients presented CD133" or differen-
tiated melanoma cells. These cells have shown self-renewal and tu-
morigenicity in immunodeficient mice.'2*® Bidirectional conversion
between differentiated tumor cells and CSCs has also been observed
in intestinal tumors, in which surrounding inflammation signals could
promote Wnt signaling activation and result in the reprogramming
of tumor cells.** Additionally, it is poorly understood whether extrin-
sic factors in the tumor microenvironment, such as the extracellular
matrix, could play a role in tumor remodeling. Overall, there is still a
lack of direct evidence to support the concept of CSCs or tumor cell
differentiation and explain how differentiated cells are converted to
CSCs to affect tumor progression.

Inthisstudy, we showed thattumor cells are plastic. Differentiated
CD133" colorectal cancer cells can dedifferentiate and reacquire
CSC phenotypes in 3D Matrigel and fibrin gels. Simultaneously,
2D culture using flasks eliminated the tumorigenic potential of col-
orectal CSCs, demonstrating the bidirectional conversion between
CSCs and differentiated cells. Mechanistically, we proved that the
3D matrix could mediate F-actin bundling and release TRIM11 to
degrade PFK, resulting in enhanced glycolysis and reprogramming
of HIFla-induced stem cell transcription factors. Meanwhile, ab-
errant expression of ITGB1/TRIM11/HIF1a tightly correlated with
tumor recurrence and cancer progression in the clinic. Our study
demonstrated the dedifferentiation process and explored the role
of cytoskeleton/glycometabolism in regulating the dedifferentiation
process in colorectal cancer.

2 | MATERIALS AND METHODS

2.1 | 3D cell culture

HCT116 and SW480 were cultured on a flask (rigid dish) or 3D fi-
brin gels. For conventional flask cell culture, HCT116 and SW480
cells were cultured in a rigid dish with RPIM 1640 medium with 10%
FBS (AusGene X, FBS500-S) at 37°C with 5% CO,. 3D fibrin gels
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culture was formed according to the previous method: 1:1 fibrin and
tumor cell solution were conducted, resulting in 1 mg/ml fibrin and
10,000 cells/ml in the mixture. A total of 250ul cell/fibrin mixture
was seeded in each well of a precooled 24-well plate and mixed well
with pre-added 5 pl thrombin (0.1 U/ul, Searun Holdings Company).
After 2 hours of incubation at 37 °C, 1 ml of RPMI1640 medium con-
taining 10% FBS was added.

To form 3D matrix gels, 20 ul of Matrigel (CORNING, 356234)
was diluted with 20pul of RPMI 1640 medium containing 1000
HCT116 or SW480 cells and seeded in a 24-well plate. The gels were
placed in a CO, incubator at 37°C for 1hour for solidification and
then overlaid with 1 ml of RPMI 1640 complete medium.

2.2 | Glucose consumption and lactic acid
measurement

The flask- or 3D-cultured cells were seeded in six-well plates for
24 hours. Then the RPMI 1640 medium was replaced with 2ml of
fresh medium. After 24 hours, the supernatant was collected, and
glucose consumption was measured using a glucose and sucrose
assay kit (Sigma-Aldrich, MAKO13).

For lactic acid measurement, the flask- or 3D-cultured cells were
collected after culturing for the same length of the indicated time,
and then lactic acid production of cells was measured by colorimetry
according to the instructions of a Lactate Colorimetric Assay Kit I
(Biovision, K627-100). The glucose and glucose consumption were
normalized to pmol/10° cells.

2.3 | Animal experiment

Six-week-old NSG mice were obtained from HFK Bio. All animal ex-
periments were conducted per standard procedures and approved
by the Animal Ethics Committee of the Second Xiangya Hospital of
Central South University. To establish a tumorigenicity assay mouse
model, 1x10* HCT116 and SW480 cells were subcutaneously in-
jected into the mice. The sample size was n = 20. The tumor number

was calculated per group.

2.4 | Statistical analyses

All statistical analyses were performed using GraphPad Prism 6 or
SPSS version 20. Experimental data are presented as mean+SEM.
Student's t test was performed when only two groups were com-
pared. For the correlation analysis, Pearson's correlation analysis
was used. Survival analysis was performed using the Kaplan-Meier
method. The TCGA data sets were used to evaluate the expression
of ITGB1, HIF1la, and TRIM11 transcripts in patients with low ex-
pression and high expression. Differences between groups were de-
noted as ns (not significant), *p <0.05, and **p <0.01.
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3 | RESULTS

3.1 | 3D gelsinduced dedifferentiation of
colorectal cancer cells

Cancer stem cells can self-renew and differentiate into non-CSCs,
which are responsible for tumor initiation and sustained growth.
However, studies in various organ systems implicated that differ-
entiated cancer cells can dedifferentiate into stem-like cancer cells,
eventually resulting in tumor occurrence.'® To investigate the transi-
tion between CSCs and differentiated tumor cells, CD133 was used
as a stem marker to sort colorectal CSCs from HCT116 and SW480
cells (Figure 1A). Consistent with previous studies, our colony for-
mation and in vivo tumorigenic analysis revealed that CD133"
HCT116/SW480 cells exhibited a stronger ability to form colonies
(Figure S1A) and higher tumorigenesis (Figure S1B) compared with
CD133" cells. This result was consistent with the traditional hypoth-
esis of CSCs. However, a series of studies indicated that CD133"
cancer cells, also defined as differentiated tumor cells, could also
initiate tumors and dedifferentiate into stem-like status.'® In fact,
spheroid colonies formed by CD133™ HCT116/SW480 cells were
observed (Figure S1A). Therefore, we supported the hypothesis that
cancer cells are plastic, harboring the potential of transition between
CSCs/differentiated cancer cells and that extracellular cues might
influence the stem-like phenotypes of cancer cells.

When cultured on 3D substrates, including matrix or fibrin gels,
tumor cells usually formed spheroid colonies and acquired stem-
like characteristics.!” To elucidate the dedifferentiation potential
of differentiated tumor cells, we purified CD133™ and CD133"
HCT116/SW480 cells and seeded 1000 cells on 3D fibrin gels for
5days. Although a more substantial colony formation capacity was
observed on 3D gels in CD133" HCT116/SW480 cells, the vast
majority of CD133*" tumor cells (CD133" cells, ~60% and CD133*
cells, ~90%) succeeded in forming spheroid colonies (Figure 1B).
Intriguingly, 3D-cultured CD133™ and CD133% HCT116/SW480
cells displayed similar colony growth curves (Figure 1C), prompting
us to speculate that those CD133" cells might dedifferentiate into
the stem-like status and possessed similar characteristics to those of
CD133" cells. To further confirm our hypothesis, we collected these
3D-cultured CD133*/™ cells and assessed their spheroid formation
and tumorigenic capability. As shown in Figure 1D,E, CD133™ and
CD133* HCT116/SW480 cells exhibited a similar ability to form col-
onies in 2D (flask) (Figure 1D) and neoplasm (Figure 1E), suggesting
that CD133" differentiated cancer cells reacquired stem-like char-
acteristics after 3D culture. Consistently, enhanced colony forma-
tion potential and dedifferentiation of CD133" HCT116/SW480
cells were found in the 3D Matrigel culture system (Figure S1C). We
then seeded those dedifferentiated cells in a flask. After 5days, cells
were collected and the spheroid colony formation capability was ex-
amined again. As expected, the flask culture weakened the colony
formation capacity of dedifferentiated HCT116/SW480 cells, when
compared with permanent 3D-cultured cells (Figure 1F), suggesting
that tumor cells were plastic and could transition between CSCs and

differentiated tumor cells. Subsequently, we sought to elucidate
the biological difference between CD133" sorted or dedifferen-
tiated tumor cells at the genetic levels. As previously reported by
Miranda et al., a stemness score based on the stem cell transcrip-
tome presented a higher correlation with CSCs in solid cancers.®®
Consistently, survival analysis based on the TCGA database impli-
cated that colorectal cancer patients with high stem scores exhibited
poor prognosis (Figure 1G). Thus, we next examined the stem cell
transcriptome by real-time PCR in HCT116/SW480 cells cultured in
flask/3D or CD133 sorted cells. We found a moderate difference be-
tween the CD133™ and CD133" groups. However, a smaller internal
similarity was found between flask- and 3D fibrin-cultured dedif-
ferentiated cancer cells (Figure 1H), indicating that tumor cells are
plastic and those dedifferentiated 3D cells represented more inher-
ent features of CSCs. These results suggested that the extracellular
matrix is capable of reverting CSCs and differentiated cells into each
other in a dynamic status.

3.2 | The activation of ITGB1 signaling contributed
to the dedifferentiation of tumor cells

Integrin-mediated cell adhesions have been widely demonstrated to
mediate ECM signals transduction to cancer cells.? This prompted
us to explore the roles of integrins in the dedifferentiation pro-
cess of cancer cells. Hence, we examined the expression of inte-
grin f1~8 in HCT116/SW480 cells cultured in flask or 3D fibrin
gels. It is noteworthy that 3D-cultured cells showed an increased
expression of ITGB1 as determined by real-time PCR (Figure 2A).
Elevated expression of ITGB1 was also found in 3D fibrin gels-
and Matrigel-cultured HCT116/SW480 cells at the protein level
(Figures 2B and S2A). This observation suggested that ITGB1 might
play a central role in the dedifferentiation process of colorectal can-
cer cells. Subsequently, to confirm the role of ITGB1 in cell dedif-
ferentiation, ITGB1-neutralizing antibodies (NAs) were used to treat
HCT116/SW480 cells cultured in 3D gels. As expected, ITGB1 NAs
remarkably suppressed colony formation (Figure 2C) and growth
(Figure 2D) of HCT116/SW480 cells in 3D fibrin gels. In addition,
HCT116/SW480 cells treated with ITGBs NAs revealed a weakened
colony formation in flask (Figure 2E) and in vivo tumorigenic poten-
tial (Figure 2F). Similar suppressive effects were observed in a 3D
Matrigel (Figure S2B,C). Intriguingly, ITGB1 NAs did not affect the
colony formation rates of HCT116/SW480 cells cultured in flasks
(Figure S2D). These results suggested that cancer cells in 3D gels
reacquired CSC phenotypes in an ITGB1-dependent manner.

3.3 | 3D gels culture promoted glycolysis to
mediate dedifferentiation of cancer cells

Next, we sought to understand the mechanism of the ITGB1-
associated dedifferentiation process in cancer cells. As previously
reported, tumor cells with elevated integrin expression displayed
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FIGURE 1 3D gels induced dedifferentiation of colorectal cancer cells. A, CD133™ and CD133" cells were sorted by flow cytometry, and
tumorigenic potential was determined by colony formation and tumor bearing mice assay. B, Colony formation rates of CD133™ and CD133*
HCT116/SW480 cells in 3D fibrin gel at 5days. HCT116, p = 0.49; S4480, p = 0.29. C, Colony sizes of CD133™ and CD133* HCT116/SW480
cells in 3D fibrin gel. The scale bar is 25um. D, Colony formation of 3D fibrin-cultured CD133™ and CD133* HCT116/SW480 cells was
examined in flask. E, The tumorigenic rates of mice subcutaneously injected with 10* 3D fibrin-cultured CD133*~ HCT116/SW480 cells.

F, 3D fibrin gels-cultured HCT116/SW480 cells were collected and cultured in flask or 3D fibrin gels for 5d again. After that, the colony

formation capability of tumor cells was examined in flask. HCT116, p =

0.001; SW480, p = 0.004. G, The survival analysis of colorectal

patients with high/low stem-associated gene signature in TCGA database (n = 455). H, The heatmap of the stem-associated genes in

CD133*~ HCT116 and flask/3D fibrin-cultured HCT116 cells is shown. ACT = CT (target gene) -

means + SEM of three independent experiments

stem-like phenotypes and invasive properties, accompanied by
changes in metabolic signatures.?°22 Importantly, CSCs could shift
from mitochondrial aerobic glucose metabolism to temporary glyco-
lysis, contributing to the activation of HIF-associated pro-stem sign-
aling pathways.23 Hence, we decided to elucidate the role of glucose
metabolism in the dedifferentiation of cancer cells. To do this, we

used cancer cells cultured in flask or 3D fibrin gels and examined

CT (GADPH). The data are presented as

the glucose metabolism and lactate production in these cells. ELISA
analysis revealed a systemic glycolysis upregulation in HCT116 cells
cultured in 3D fibrin gels, as shown by the increased glucose up-
take (Figure 3A) and lactate production (Figure 3B). The glycolysis
rate is regulated by the expression of glycolytic enzymes, such as
HK1, HK2, PFK, ALDA, LDHA, and PDH. Here, we found significant
PFK downregulation in the dedifferentiated HCT116 cells cultured
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FIGURE 2 The activation of ITGB1 signaling contributed to dedifferentiation of tumor cells. A, The relative expression of ITGB1~8 at
mRNA level in HCT116/SW480 cells cultured in flask or 3D fibrin gel (HCT116: ITGB1, p = 0.001; ITGB3, p = 0.018; ITGB8, p = 0.042;
SW480. ITGB1: p = 0.01; ITGB3, p = 0.012). B, Western blotting assay of ITGB1 in HCT116 or SW480 cells in flask or 3D fibrin gel. C,
Colony formation of HCT116/SW480 cells treated with NC (negative control) or ITGB1 neutralizing antibodies (NAs) (10 pg/ml) was
calculated in 3D fibrin gels (HCT116, p = 0.02; SW480, p = 0.03). D, Colony sizes of HCT116/SW480 cells treated with NC or ITGB1 NAs
(10 pg/ml) in 3D fibrin gel at different times (HCT116, p = 0.003; SW480, p = 0.004). The scale bar is 25um. E, Colony formation analysis
of 3D fibrin-cultured HCT116/SW480 cells treated with NC or ITGB1 NAs (10 pg/ml) in flask (HCT116, p = 0.005; SW480, p = 0.004). The
scale bar is 2mm. F, Tumorigenic rates of mice subcutaneously injected with 10* HCT116/SW480 cells cultured in 3D fibrin gels (treated
with NC or 10ug/ml ITGB1 NAs). The data are presented as means + SEM of three independent experiments

in 3D fibrin gels, as determined by real-time PCR (Figure 3C). assess the influence of PFK in this context, PFK was overexpressed
Consistently, PFK downregulation was also found in differentiated in HCT116/SW480 cells seeded in 3D fibrin gels (Figure S3A,B). In
HCT116/SW480 cells at the protein level (Figure 3D). As previously addition, ITGB1 NAs were added to the HCT116/SW480 cells cul-

reported, PFK catalyzed a rate-limiting step glycolysis via phospho- tured in 3D gels. Both PFK overexpression and ITGB1 NA treatment
rylating fructose 6-phosphate, thereby suppressing the glycolysis resulted in reduced glucose utilization and lactate production in 3D
process.?*?> Hence, we presented the hypothesis that 3D culture cultured cancer cells (Figure 3H,l), suggesting suppression of gly-
could promote cancer dedifferentiation by remodeling glucose me- colysis. These findings showed that 3D culture could promote the
tabolism in an ITGB1/PFK-dependent manner. dedifferentiation process via regulating glycolysis in cancer cells.
To corroborate this hypothesis, we treated 3D fibrin gels- Moreover, the results suggested that the alteration of glucose me-
cultured cells with 2-deoxyglucose, a well-known glycolysis inhibi- tabolism was mediated by the expression of ITGB1 and PFK.

tor,2% and assessed the spheroid formation and tumorigenic capacity

of cancer cells. In fact, 2-deoxyglucose treatment significantly sup-

pressed colony growth in 3D fibrin gels (Figure 3E). However, the 3.4 | F-actin bundling released TRIM11 to

cells cultured in 3D gels showed a weak colony formation (Figure 3F) degrade PFK

and in vivo tumorigenic potential (Figure 3G) after 2-deoxyglucose

treatment, suggesting that 3D gels promoted the dedifferentiation As our previous results have described the roles of ITGB1 and
process by regulating glycolysis of cancer cells. Subsequently, we PFK in glycolysis, we next aimed to understand how ITGB1 acted
sought to determine the roles of ITGB1 and PFK in glycolysis. To downstream of PFK in colorectal cancer cells. Compelling studies
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FIGURE 3 3D gels culture promoted glycolysis to mediate dedifferentiation of cancer cells. A, Glycolytic rates of HCT116 cells in flask or
3D gels (HCT116, p = 0.003; SW480, p = 0.006). B, A total of 1.5 x 10* of flask- or 3D fibrin gels-cultured HCT116 cells were seeded in a 96-
well plate in 100 pl medium. Twenty-four hours later, the culture medium was collected and the level of lactate was detected (p = 0.005). C,
The heatmap of HK1, HK2, PFK, ALDA, LDHA, and PDH expression at mRNA level was detected by gPCR in HCT116 cells cultured in flask
or 3D fibrin gels. ACT = CT (target gene) - CT (GADPH). D, Western blotting assay of PFK in HCT116 or SW480 cells cultured in flask or 3D
fibrin gels. E, Colony sizes of HCT116/SW480 cells in 3D fibrin gels treated with NC or 2-DG (2 M) at different times (HCT116, p = 0.03;
SW480, p = 0.03). The scale bar is 25um. F, HCT116 or SW480 cells were seeded in 3D fibrin gels and treated with NC or 2-DG (2 uM) for
5days. Then, the colony formation capability was examined in flask (HCT116, p = 0.002; SW480, p = 0.003). G, The tumorigenic rates of
mice subcutaneously injected with 10* HCT116 or SW480 cells in (E). H, Glycolytic rates of 3D fibrin-cultured HCT116/SW480 cells treated
with NC or ITGB1 neutralizing antibodies (NAs) (10 ug/ml), or 3D-cultured vector/PFK overexpression HCT116/SW480 cells (p = 0.002,
0.003, 0.003, 0.002). I, The level of lactate secretion was determined in 3D fibrin-cultured HCT116/SW480 cells treated with NC or ITGB1

NAs (10 pg/ml), or 3D-cultured vector/PFK overexpression HCT116/SW480 cells (p = 0.001, 0.002, 0.002, 0.003). The data are presented as
means + SEM of three independent experiments

have shown that cells could sense extracellular biomechanical force flask-cultured HCT116/SW480 cells. LatA treatment decreased F-

through actomyosin and cytoskeleton contraction.?”?® Intriguingly,
cytoskeletal F-actin bundling has been previously reported to reg-
ulate glycolysis through E3 ligase TRIM proteins, which targeted
PFKP for proteasomal degradation.” Importantly, reduced expres-
sion and distribution of F-actin were observed in HCT116/SW480
cells cultured with 3D fibrin gels compared with the flask culture
group. In addition, treatment with ITGB1 NA disrupted F-actin bind-
ing (Figure 4A), indicating a potential role for F-actin in the regulation
of cell dedifferentiation. Subsequently, we targeted F-actin using the
actin-monomer-sequestering compound latrunculin A (LatA) to treat

actin lengthening and distribution (Figure 4B) and downstream PFK
expression in cancer cells (Figure 4C). Those findings suggested that
ITGB1 might interact with F-actin and transduce extracellular bio-
mechanical signals to regulate PFK expression. Increasing evidence
suggests that PFK degradation is mediated by the disassembly of
stress sensing cytoskeleton (F-actin), which colocalized with TRIM
proteins to suppress the PFK ubiquitination process induced by
TRIM.?? Using anti-F-actin to pull down F-actin binding proteins in
flask-cultured HCT116 cells, three candidates, TRIM22, TRIM11,
and TRIM58, were identified by mass spectrometry (Figure 4D).
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listed. E, Kaplan-Meier analysis of TRIM11 mRNA expression in patients from TCGA database (N = 455). F, Kaplan-Meier analysis of TRIM22
mRNA expression in patients from TCGA database (N = 455). G, Kaplan-Meier analysis of TRIM58 mRNA expression in patients from TCGA
(N =455). H, Immunofluorescence staining of F-actin and TRIM11 in HCT116 cells (up) or SW480 cells (down) cultured in flask or 3D fibrin
environment. The scale bar is 20 um. I, The Western blotting analysis of PFKP and TRIM11from total HCT116/SW480 cell lysates (input) and
proteins immunoprecipitated (IP) with anti-FLAG or control immunoglobulin G (IgG) cells. J, Expression of PFKP in HCT116 or SW480 cells
transfected with NC plasmid or pCMV-TRIM11 in flask or 3D fibrin environment

Next, we analyzed the correlation between TRIM proteins and over-
all survival of colorectal cancer patients. Poor overall survival was
observed in patients with high TRIM11 expression (Figure 4E-G),
suggesting that TRIM11 might participate in the development of
colorectal cancer. Intriguingly, we also found a strong colocalization
of F-actin and TIRM11 in HCT116/SW480 cells cultured in a flask,
while cells cultured in 3D gels showed TIRM11 in the cytoplasm

instead (Figure 4H), indicating the potential role of TRIM11 involved
in ITGB1/F-actin-associated cell behavior. To confirm our hypothe-
sis that F-actin bundles sequestered TRIM11, which degraded PFKP
to reduce PFK expression in cancer cells, we overexpressed TRIM11
in HCT116/5SW480 cells (Figure S4A,B) and seeded them in 3D fi-
brin gels. In these cells, TRIM11 was widely distributed in the cyto-
plasm (Figure S4C,D). Notably, we found that PFKP was efficiently
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precipitated by a Flag-antibody against TRIM11 (Figure 4l), and
reduced expression of PFKP was found in TRIM11-overexpressing
HCT116/SW480 cells cultured in 3D gels (Figure 4J), indicating
that TRIM11 interacted with PFKP mediating its downregulation.
Next, we further confirmed the TRIM11-mediated PFKP ubiquit-
ination process. The proteasome inhibitor MG132-treated 3D cells
displayed PFKP upregulation compared with PBS-treated 3D cells
(Figure S4E). Treatment with MG132 stabilized the PFKP proteins
suggesting degradation by the proteasome. Indeed, we also found
that 3D culture increased PFKP ubiquitination, while flask culture
decreased ubiquitination (Figure S4F). Those results suggested that
3D gels culture and ITGB1 mediated F-actin bundling to release
TRIM11 to degrade PFKP, resulting in PFK downregulation.

3.5 | Upregulation of HIF1la by glycolysis
promoted stem-like phenotypes in colorectal
cancer cells

As previously reported, the lactate produced by tumor cells dur-
ing the glycolysis process could enhance CSCs properties via HIF1a
signaling.%° Therefore, we determined whether 3D culture could
upregulate HIF1a expression and promote glycolysis. As expected,
3D fibrin culture or lactate treatment significantly increased HIF1a
levels in both HCT116 and SW480 cells. Moreover, suppression of
HIF1a expression occurred in the PFK overexpression group, despite
3D gel culture (Figure 5A,B), suggesting that elevated glycolysis re-
sulted in HIF1a activation and dedifferentiation of colorectal cancer
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cells. To further assess the role of HIFla in the dedifferentiation
process, HCT116/SW480 cells were cultured in 3D fibrin gels and
treated with the HIF1la inhibitor GN44028, and colony formation
capability of tumor cells was examined. HIF1a inhibition contributed
to the reduction of spheroid colony formation (Figure 5C) and tumo-
rigenicity (Figure 5D) compared with the dedifferentiated cells in 3D
gels. Overexpression of HIF1la (Figure S5A,B) remarkably upregu-
lated the stem-associated signaling molecules (Figure 5E), as shown
in Figure 1E, indicating that 3D gels promoted dedifferentiation
and CSCs properties through HIF1la signals. As HIF1a upregulated
the stem-associated signaling molecules that highly correlated with
the overall survival in patients, we further evaluated the influence
of HIF1la on colorectal cancer patients using the TCGA database.
Indeed, patients with high HIF1a expression exhibited a poor over-
all survival (Figure 5F), suggesting a correlation between HIF1a and
colorectal cancer prognosis. Together, these findings suggested that
HIF1la upregulation induced by glycolysis promoted stem-like phe-
notypes in colorectal cancer cells.

3.6 | Aberrant expression of ITGB1/TRIM11/HIFlax
correlated with tumor recurrence and development
in the clinic

Our previous results confirmed the effects of the ITGB1/TRIM11/
HIF1a axis on regulating cell dedifferentiation and stemness. We
thus considered whether these experimental findings could be clini-

cally relevant for the prognosis of colorectal cancer patients in the

5

(E)
POUSF1
SOX2
MYC
KLF4
NANOG
ZFP42
PROM1
CTNNB1
ABCG2
CD34
CD44
ZSCAN4

ENC 0OGN44028

HCT116 SW480

0 20 40 60 80 100
Tumorigenicty (%)

N
o
o

=y
o

“High
+ Low

LGR5
BMI1
EPAS1
EZH2
NES
TWIST1
HIF1A

Colony numbers
w

0

50
Time (month)

100 150 NOTCH1 6

CTNNB1 4
KDM5B

VEC OE

FIGURE 5 Upregulation of HIF1a by glycolysis promoted stem-like phenotypes in colorectal cancer cells. A, Western blotting assay of
HIF1la in flask or 3D fibrin gel-cultured HCT116/SWA480 cells. B, Western blotting assay of HIF1a in 3D gels-cultured PFK overexpression
(or not) HCT116/5W480 cells. C, Colony formation of 3D fibrin-cultured HCT116/SW480 cells treated with NC or GN44028 (5puM).
HCT116, p = 0.0032; SW480, p = 0.002; D, Tumorigenic rates of mice subcutaneously injected with 10* 3D fibrin gels-cultured HCT116/
SW480 treated with NC or GN44028 (5 uM). E, The heatmap of the stem-associated signaling molecules in HIF1a overexpression (or not)
HCT116/SW480 cells. F, Kaplan-Meier cumulative survival analysis of colorectal cancer patients from TCGA database; patients were divided
into a high HIF1a expression group (n = 169) and a low HIF1a expression group (n = 166). The data are presented as means+SEM of three

independent experiments
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clinic. Hence, we retrieved information and tumor specimens from 24
colorectal cancer patients (Figure 6A), which were divided into non-
recurrent tumor (Non-R) and recurrent tumor groups (Rec) accord-
ing to the follow-up visit. Due to the crucial role of the extracellular
matrix in regulating cell dedifferentiation, immunohistochemistry
was performed to assess major extracellular matrix-associated pro-
teins (collagen I, fibronectin, fibrinogen, and laminin) expression in
these tumor tissues. Intriguingly, increased collagen | and fibrinogen
were observed in Rec tumor tissues compared with the Non-R group
(Figure 6B). Our previous results have suggested that the extracel-
lular matrix could mediate biomechanical signaling receptor ITGB1
activation and cytoskeleton bundling to promote cell dedifferentia-
tion and stemness. Furthermore, collagen | and fibrinogen served as
significant solid elements in the extracellular matrix, as they can pro-
duce biomechanical signals and mediate cell dedifferentiation.3'~3°
In addition, we performed immunofluorescence and confocal
analysis to estimate ITGB1/TRIM11/HIFla protein level in those
colorectal tumor samples in order to assess the relevance of our
research data in clinical tumor recurrence. Remarkably, we found
high ITGB1/TRIM11/HIFla protein expression in recurrent tumor

tissues compared with the nonrecurrent tumor group (Figure 6C,D).

More importantly, we detected a significant positive correlation be-
tween progression-free survival time and ITGB1/HIFla expression
(Figure 6E,F). However, no significant differences were observed in
the progression-free survival analysis in TRIM11"&" or TRIM11'°" pa-
tients (Figure 6G). This suggested that activation of ITGB1/TRIM11/
HIF1la signaling might tightly correlate with tumor recurrence and
influence colorectal cancer development in patients. These findings
generally agreed with our experimental data and strengthened the
concept that extracellular matrix/ITGB1/TRIM11/HIFla/dediffer-
entiation signaling pathways could be significant mechanisms for

promoting cell stemness and tumor progression in colorectal cancer.

4 | DISCUSSION

Increasing evidence exists that CSCs within tumors may cause
chemoresistance and tumor recurrence in patients after interven-
tions. This has attracted increasing attention to improving clinic out-
comes by eliminating CSCs.3*3> However, few signaling pathways
have been reported to be involved in controlling CSCs generation/

development. Our study clarified the novel concept that the bulk of
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FIGURE 6 Aberrant expression of ITGB1/TRIM11/HIF1a correlated with tumor recurrence and development in clinic. A, Information
of 24 colorectal cancer patients, divided into Non-R (nonrecurrent) and R (recurrent) groups. B, Immunohistochemistry of collagen,
fibrinogen, fibronectin, and laminin in tumor tissues from Non-R and R patients. Protein expression was quantified in 24 patients. C,
Immunofluorescence of HIF1la and ITGB1 in tumor tissues from Non-R and R patients. Protein expression was quantified in 24 patients.
D, Immunofluorescence of TRIM11 in tumor tissues from Non-R and R patients. Protein expression was quantified in 24 patients. E-G,
Progression-free survival analysis in 549 colorectal cancer patients, divided into high/low ITGB1, HIF1«, and TRIM11 groups. The data are

presented as means+ SEM of three independent experiments
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tumor cells could switch to CSCs status through a matrix-dependent
dedifferentiation process and explored the underlying mechanism of
dedifferentiation in colorectal cancer cells.

It has been documented that the lower stage of tumor differen-
tiation confers to poor prognosis in the clinic.2**” Dedifferentiated
tumor cells usually exhibit a strong tumorigenic potential and express
increased stem-associated genes, such as SOX2 and CD133.38%7
However, little is known about the dedifferentiation process in
non-CSCs. Furthermore, the mechanism of microenvironment-
induced tumor heterogeneity remains elusive. Intriguingly, recent
studies stated that extracellular matrix-based 3D gels could pro-
mote the tumorigenic potential and mediate the CSCs selection
in the bulk of tumor cells.*>*! In line with those observations, we
found that colorectal cancer cells seeded in 3D Matrigel/fibrin gels
reacquired stem-like characteristics when compared with flask
culture. Notably, a similar CSCs status transition was observed in
differentiated colorectal cancer cells (CD133"). This indicates the
presence of a dedifferentiation process in tumor cells rather than
CSCs selection induced by 3D gels. Accordingly, dedifferentiated
cells could revert to differentiated status in the flask culture, sup-
porting our concept of bidirectional conversion between differen-
tiated cells and CSCs.

Various 3D gels culture systems, including collagen, Matrigel,
and hydrogel, have been applied to tumor cell culture and CSC
research.*? Using 3D Matrigel and fibrin gels, we further demon-
strated the process of dedifferentiation in colorectal cancer cells.
Notably, both 3D fibrin and Matrigel succeeded in inducing the gen-
eration of stem-like phenotypes in cancer cells. This allowed us to
elucidate the mechanism of the dedifferentiation process in 3D gels
through biomechanical signaling pathways instead of chemical sig-
nals induced by compounds. In line with our hypothesis, immuno-
histochemical analysis of clinical tumor tissues revealed a potential
correlation between tumor recurrence and solid extracellular matrix
components (collagen | and fibrinogen) but not soluble components
such as laminin or fibronectin. Compelling studies have suggested
that the transduction of extracellular signals is mainly mediated by
integrin receptors on the cell membrane.?° Furthermore, integrin
expression is closely associated with the activation of pro-survival
signaling pathways in tumor cells.*® For instance, Grzesiak and his
colleagues demonstrated that extracellular collagen could mediate
the malignant phenotype of pancreatic cancer through integrin [31.44
Ritzenthaler reported that the fibronectin-integrin axis promotes
the growth of lung cancer cells in a PISK/AKT-dependent man-
ner.*> Consistently, 3D Matrigel- or fibrin gel-cultured colorectal
CSCs, which exhibited stronger stem-like characteristics, revealed
significant upregulation of ITGB1 compared with the cells in flask
culture. More importantly, our study also observed an alteration
of the cytoskeleton, as dedifferentiated colorectal cells revealed
enhanced binding of F-actin. This finding further confirmed our
hypothesis that extracellular matrix could transduce biomechani-
cal signals to mediate the dedifferentiation process of cancer cells,
which was dependent on the biomechanical receptor integrins and
deformation of the cytoskeleton induced by biomechanical force.
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Our study demonstrated the role of the cytoskeleton in regulating
cell stemness.

Aberrant metabolic characteristics of CSCs have been widely
documented. CSCs are preferentially transformed from aerobic glu-
cose metabolism to glycolysis or primarily glycolytic.46 For instance,
radiotherapy-resistant clone spherical nasopharyngeal cancer cells
displayed a clear glycolytic metabolism.*” In liver cancer, glycolysis
was also preferred in CD133*/CD49f" C5Cs.*® In line with those ob-
servations, our study demonstrated increased glycolysis induced by
3D Matrigel/fibrin gels culture to promote the differentiation and
facilitate the stem-like phenotypes of colorectal cells. We confirmed
that PFK, a rate-limiting enzyme related to the glycolytic pathway,
was significantly downregulated in 3D Matrigel/fibrin-cultured can-
cer cells, resulting in stemness upregulation and the process of dedif-
ferentiation. Mechanistically, we found that F-actin bundling could
regulate glycolysis through E3 ligase TRIM proteins, which targeted
PFKP for proteasomal degradation causing PFK downregulation.
This finding was consistent with a previous report by Jin Suk Park
showing mechanical regulation of glycolysis induced by cytoskele-
ton and TRIM21.%8 Our study also determined the role of TRIM11 in
PFK degradation and highlighted the correlation between ITGB1 and
glucose metabolism. Collectively, these findings indicated that the
dedifferentiation process is regulated by ITGB1 and cytoskeleton
and is tightly related to glycolysis. We provided the first evidence to
disclose the correlation between extracellular matrix, cytoskeleton,
glucose metabolism, and tumor stemness.

In conclusion, our study provided evidence that tumor cells
are plastic, and dedifferentiated tumor cells could reacquire CSC
phenotypes in the presence of extracellular cues. Blockade of the
ITGB1/F-actin/TRIM11/PFK/HIFla axis efficiently suppressed the
process of dedifferentiation, providing a potential therapeutic tool

for colorectal cancer.
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