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Abstract

Background The enrichment of peri-cancerous adipose tissue is a distinctive feature of colorectal cancer (CRQ),
accelerating disease progression and worsening prognosis. The communication between tumor cells and adja-

cent adipocytes plays a crucial role in CRC advancement. However, the precise regulatory mechanisms are largely
unknown. This study aims to explore the mechanism of migration and invasion inhibitory protein (MIIP) downregula-
tion in the remodeling of tumor cell-adipocyte communication and its role in promoting CRC.

Results MIIP expression was found to be decreased in CRC tissues and closely associated with adjacent adipocyte
browning. In an in vitro co-culture model, adipocytes treated with MIIP-downregulated tumor supernatant exhibited
aggravated browning and lipolysis. This finding was further confirmed in subcutaneously allografted mice co-injected
with adipocytes and MIIP-downregulated murine CRC cells. Mechanistically, MIIP interacted with the critical lipid
mobilization factor AZGP1 and regulated AZGP1's glycosylation status by interfering with its association with STT3A.
MIIP downregulation promoted N-glycosylation and over-secretion of AZGP1 in tumor cells. Subsequently, AZGP1
induced adipocyte browning and lipolysis through the cCAMP-PKA pathway, releasing free fatty acids (FFAs)

into the microenvironment. These FFAs served as the primary energy source, promoting CRC cell proliferation, inva-
sion, and apoptosis resistance, accompanied by metabolic reprogramming. In a tumor-bearing mouse model, inhibi-
tion of B-adrenergic receptor or FFA uptake, combined with oxaliplatin, significantly improved therapeutic efficacy
in CRC with abnormal MIIP expression.

Conclusions Our data demonstrate that MIIP plays a regulatory role in the communication between CRC and neigh-
boring adipose tissue by regulating AZGP1 N-glycosylation and secretion. MIIP reduction leads to AZGP1 oversecre-
tion, resulting in adipose browning-induced CRC rapid progression and poor prognosis. Inhibition of 3-adrenergic
receptor or FFA uptake, combined with oxaliplatin, may represent a promising therapeutic strategy for CRC with aber-
rant MIIP expression.
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Background

Colorectal cancer (CRC) ranks as the third most preva-
lent cancer globally. Despite some advancements in
screening and therapy, CRC still poses high incidence
and mortality rates [1]. Notably, abundant peri-cancer-
ous adipose tissue is a distinct feature of CRC, escalating
disease risk and worsening outcomes [2]. During tumor
progression, CRC cells infiltrate surrounding adipose
tissues and engage in vital communication with adipo-
cytes, which significantly affects prognosis [3]. Cancers
can induce metabolic reprogramming in neighboring
noncancerous cells, providing the necessary energetic
substrates and metabolites for rapid tumor growth [4].
Adipose tissue is a key component of the colorectal
tumor microenvironment (TME), and growing evidence
suggests that peri-cancerous adipose tissue profoundly
influences CRC behavior. Adipocytes have been reported
to facilitate colorectal cancer cell proliferation [5], metas-
tasis [6], chemoresistance [7], and stemness [8] through
the secretion of cytokines [6] or exosomes [7] and upreg-
ulation of metabolic enzymes [8]. However, the intricate
and reciprocal interplay between CRC and adipose tissue
still requires further elucidation.

Numerous studies indicate that several cancers induce
metabolic reprogramming of white adipose tissue (WAT)
via browning [9]. The B-adrenergic receptor (B-AR) and
AMP kinase (AMPK) signaling pathway are crucial for
WAT browning [10, 11] and promote the expression of
uncoupling protein 1 (UCP1), which shifts mitochondrial
electron transport from ATP synthesis to thermogen-
esis, leading to increased lipid mobilization and energy
expenditure [12]. Consequently, brown adipocytes pos-
sess numerous mitochondria and numerous small cyto-
plasmic droplets compared to white adipocytes [9].
Lipolysis, closely linked to WAT browning, is regulated
by three essential lipases, patatin-like phospholipase
domain-containing 2 (PNPLA2, also known as ATGL),
hormone-sensitive lipase (HSL), and monoglyceride
lipase (MGLL) [13]. Patients with cancer have exhibited
increased HSL mRNA and protein levels in WAT, lead-
ing to enhanced lipolytic activity and elevated serum
levels of free fatty acids (FFAs) while reducing body fat
[14, 15]. This augmented lipolysis is associated with
abnormal secretion of inflammatory peptides, leading to
stromal cell, macrophage, and lymphocyte infiltration,
significantly altering the microenvironment [16]. Tumor-
derived factors such as IL-6, TNF-a, IFN-y, AZGP1, and
PTHrP, and tumor-host interactions influence metabolic
programs in adipose tissue, including browning, lipolysis,

inflammation, and thermogenesis [17]. Nonetheless, the
impact of tumor cells on adjacent adipose tissues in CRC
and the underlying regulatory mechanisms require fur-
ther elucidation.

Migration and invasion inhibitory protein [MIIP,
also known as IIp45] was initially identified as a bind-
ing partner of insulin-like growth factor-binding protein
2 (IGFBP2) and a negative regulator of cell invasion in
glioma [18]. Increasing evidence suggests that MIIP is
downregulated in various cancer types [19-21]. Previous
studies focusing on urinary system tumors revealed that
MIIP directly interacts with PP1«, negatively regulating
the Akt pathway, and inhibiting prostate cancer prolifera-
tion [22]. The MIIP-miR-181a/b-5p-KLF17 axis has been
shown to inhibit prostate cancer epithelial-mesenchy-
mal transition (EMT) [23]. Additionally, MIIP promotes
HIF-2a ubiquitination, inhibiting clear-cell renal cell car-
cinoma proliferation and angiogenesis [24]. These find-
ings indicate that MIIP plays an extensive and effective
tumor-suppressive role. However, its role in the interplay
between CRC and peri-cancerous adipose tissue and the
regulation of WAT browning remain to be determined.

In this study, we compared MIIP expression and sur-
rounding WAT in human CRC tissue samples with differ-
ent differentiation statuses, finding that MIIP expression
was significantly decreased in high-grade CRC samples
and inversely correlated with WAT browning and lipoly-
sis. To analyze communication between MIIP-downreg-
ulated tumors and adipocytes, we established in vitro
and in vivo models and demonstrated that MIIP down-
regulated tumor cells enhanced adipocyte browning and
lipolysis, as well as the tumor-promoting function of adi-
pocytes by releasing FFAs into the TME. Through RNA
sequencing, LC-MS/MS, and co-immunoprecipitation,
we further showed that MIIP directly bound to the lipid
mobilization factor AZGPI1, regulating its secretion.
MIIP downregulation and subsequent AZGP1 secre-
tion disorder contributed to abnormal communication
between CRC and surrounding adipose tissues. These
data provide new insights into the tumor-suppressive
role of MIIP and explain the mechanism by which abnor-
mal communication between tumor cells and adipo-
cytes induced by MIIP downregulation promotes CRC
progression.
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Results

MIIP expression was downregulated in CRC tissues

MIIP has been identified as downregulated in various
types of tumors, and its functional roles and clinical
significance have been demonstrated in prostate can-
cer and clear cell renal cell carcinoma in our previous
studies [22—24]. Similar findings were observed in CRC,
consistent with previous results [19]. However, the pre-
cise mechanism of its action requires further elucidation.
To address this, we investigated MIIP protein levels in
14 paired samples of CRC, comparing tumor and adja-
cent normal tissues. We detected downregulation of
MIIP protein levels in more than half (8/14, Samples #4,
#6, #8-13) of the tumor samples compared to the cor-
responding normal tissues (Fig. 1a). Furthermore, MIIP
mRNA levels showed a significant reduction in most of
the tumor samples compared to adjacent normal samples
(Fig. 1b), indicating decreased MIIP expression in CRC
tissues.

Subsequently, we analyzed MIIP expression in tissue
microarrays (TMAs) consisting of 172 samples from CRC
patients (148 adenocarcinomas and 24 mucinous adeno-
carcinomas) and 47 samples from matched adjacent nor-
mal tissues using IHC staining. We observed that MIIP
protein levels were diminished in CRC tissues, especially
in high-grade tumors, where MIIP levels were signifi-
cantly downregulated (Fig. 1c, d). Based on the staining
scores of MIIP in tissues, we divided the specimens into
a low-MIIP group and a high-MIIP group. Interestingly,
42.6% (20/47) of adjacent normal tissues exhibited high
MIIP expression, while only 28.6% (28/98) of low-grade
CRC tissues (including well- and moderate-differentiated
samples) and 18.9% (14/74) of high-grade CRC tissues
(i.e. poorly-differentiated samples) showed high MIIP
expression (Additional file 1: Fig. Sla). These findings
further confirm the downregulation of MIIP expression

(See figure on next page.)
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in CRC compared to adjacent normal tissues, with a fur-
ther reduction in high-grade CRC tissues.

WAT adjacent to high-grade CRC showed evident browning
To explore the relationship between MIIP downregula-
tion and the clinicopathological grade of CRC, we con-
ducted hematoxylin and eosin staining analysis on a
series of paraffin-embedded clinical CRC samples. The
analysis revealed a significant enrichment of WAT in
many patients (Fig. 1le), consistent with previous findings
[8, 25]. Notably, different tumor types have been known
to promote the browning of adjacent WAT [26-28].
Therefore, we investigated the browning of WAT in clini-
cal CRC samples. Using the browning marker UCP1, we
observed that adipose browning was exacerbated in high-
grade tumors but exhibited an inverse correlation with
MIIP expression (Fig. 1f). Additionally, the activation of
HSL, a key enzyme involved in lipolysis, was enhanced
in high-grade tumors (Fig. 1f), hinting at a potential link
between MIIP abundance, adipocyte browning, and CRC
progression.

Subsequently, we assessed UCP1 mRNA levels in
tumor tissues and adjacent normal tissues in paired clini-
cal samples using RT-qPCR. The results demonstrated a
significant increase in UCP1 expression levels in CRC tis-
sues compared to adjacent normal tissues (Fig. 1g), which
contrasted with the downregulated MIIP levels (Fig. 1b).
These findings further support the notion that WAT adja-
cent to high-grade CRCs undergoes noticeable browning,
and the downregulation of MIIP may play a role in this
process.

MIIP downregulation in CRC cells exacerbated adipocyte
browning

We collected conditioned medium (CM) from HCT116
cells with MIIP haploinsufficiency (MIIP*'~, where MIIP
expression was stably downregulated, Additional file 1:
Supplementary Figures, Fig. S1b) and corresponding

Fig. 1 MIIP is found to be downregulated in colorectal cancer (CRC) samples, showing an inverse correlation with the browning of peri-cancerous
adipose tissue. a Immunoblots were performed to assess MIIP protein levels in 14 paired colorectal cancer samples and adjacent normal tissues
from human patients. T represents tumor tissue, and A represents adjacent normal tissue. b RT-gPCR was used to detect the MIIP mRNA level

in clinical colorectal cancer samples described in a; the P-value was calculated using a stratified log rank test (n=14). ¢ Immunohistochemical
staining on tissue microarrays (TMAs) composed of colorectal cancer and adjacent normal tissues was used to evaluate MIIP expression.
Representative images are shown, with a scale bar of 200 um (black/top) and 50 um (red/bottom). d Statistical analysis of MIIP expression in CRC
tissues and adjacent normal tissues was performed using IHC staining on the TMA shown in c. The staining score was calculated by multiplying
the stained area (%) score (< 5%: 0, 6-25%: 1, 25-50%: 2, 51-75%: 3,>75%: 4) and the intensity score (colorless: 0, mild: 1, moderate: 2, strong: 3).
High expression was specified as a score greater than or equal to 9, while low expression corresponded to a score less than 9. All scoring work
was performed independently by two pathologists. @ Representative images of H&E staining on clinical CRC samples are shown (Scale bar: 200 pm).
The tumor growth exposes it to the adjacent adipose tissue, mainly composed of adipocytes. f IHC staining was used to assess the endogenous
levels of MIIP, UCP1, and p-HSL in clinically defined human colorectal cancer samples. Statistical analysis was also conducted. g UCPT mRNA level
was detected in clinical colorectal cancer samples and paired adjacent normal tissues described in a-b (n=14). Grade refers to WHO histological

grade. *P <0.05, **P <0.01, ***P < 0.001
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Fig. 1 (Seelegend on previous page.)

wild-type cells (WT, MIIP*'*) to treat mature white adipose-derived stem cells (hADSCs) from abdominal or
adipocytes and determine whether MIIP downregu- inguinal subcutaneous fat tissue. ADSCs were identified
lation mediated the browning of peri-cancerous adi- as CD1057/CD347/CD45~ cells using flow cytometry
pocytes (Fig. 2a). We first isolated human primary (percentage of positive cells: 96.65+1.31%, Additional
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file 1: Fig. Slc). After adipogenic differentiation, we
obtained and identified mature white adipocytes using
Oil Red O staining (Additional file 1: Fig. S1d).

The expression levels of genes involved in thermo-
genesis, including UCP1, PGC-la, and DIO2, and
beige-selective genes, such as TNFRSF9 and TBX1,
were significantly higher in adipocytes treated with
MIIP*/~ cell CM than in those treated with CM from
WT HCT116 (Fig. 2b). Additionally, the activation of
HSL mildly increased upon WT cell CM treatment, but
was significantly enhanced in adipocytes treated with
MIIP*'~ cell CM (Fig. 2c). However, the levels of per-
ilipinl (PLIN1), a protective protein of lipid droplets,
dramatically decreased at both the protein and mRNA
levels in MIIP*/~ cell CM—treated adipocytes compared
to WT cell CM (Fig. 2¢, f). Given that HSL and PLIN1
are mainly regulated by the cAMP-PKA signaling path-
way [29], we applied H89-2HC], a specific PKA inhibitor,
to repress the pathway and found that it efficiently sup-
pressed MIIP™~ CM-mediated increases in UCP1 and
PGC-1a protein levels and HSL activation, and restored
the expression of PLIN1 (Fig. 2c).

Furthermore, we observed a clear reduction in the
numbers and volume of lipid droplets in MIIP*/~ cell
CM-treated adipocytes (Fig. 2d), accompanied by a sig-
nificant increase in the release of FFAs and glycerol in
MIIP*~ CM-incubated adipocytes compared to WT
CM-incubated cells (Fig. 2e). Notably, these effects could
be reversed by H89-2HCI treatment (Fig. 2e). These find-
ings strongly suggest that MIIP-downregulated cell CM
promotes adipocyte browning and lipolysis.

Considering the potential impact of browning on adi-
pocyte secretion profiles, we investigated whether the
expression of typical adipokines, such as adiponectin
and leptin, and cytokines, namely TNF-« and IL-6, was
altered in response to MIIP™~ or WT CM treatment.
Our findings revealed a significant decrease in adiponec-
tin levels (encoded by ADIPOQ), which are known for

(See figure on next page.)
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their inhibitory effects on cancer [30], while there was a
marked increase in leptin levels (encoded by LEP), known
for their growth-promoting effects [31], in MIIP*/~ CM-
treated adipocytes (Fig. 2f). Furthermore, the expression
of inflammatory cytokines TNF-a and IL-6 was nota-
bly upregulated at both protein and mRNA levels upon
MIIP*~ CM treatment (Fig. 2g, h). Collectively, these
results suggest that MIIP downregulation exacerbates
the browning and lipolysis of peri-cancerous adipocytes,
subsequently leading to the production of inflammatory
cytokines and lipid metabolites.

MIIP regulated adipocyte browning by inhibiting AZGP1
secretion
In previous studies, it was suggested that certain factors
secreted by tumors may activate white adipocyte brown-
ing through cAMP-PKA signaling [32]. Therefore, we
examined the secretory protein profile in MIIP*~ CM
and WT CM. Among the differentially secreted pro-
teins, alpha-2-glycoprotein 1, zinc-binding (AZGP1), also
known as ZA2G, caught our attention (Additional file 1:
Fig. S2a, Additional file 2: Table S1). AZGP1 plays a cru-
cial role in lipid mobilization as it promotes the activa-
tion of triacylglycerol (TAG) lipase, leading to increased
lipolysis. Notably, AZGP1 has been linked to cancer
cachexia [33-35], and TCGA datasets revealed elevated
mRNA expression in colon adenocarcinoma (COAD)
and rectum adenocarcinoma (READ) (Additional file 1:
Fig. S2b). In our experiments, AZGP1 secretion was sig-
nificantly increased in HCT116-MIIP™/~ cells, while it
decreased in HCT116 cells with stable MIIP overexpres-
sion (Fig. 3a). Similarly, stable Miip knockdown in mouse
CRC cell lines, CT26.WT and CMT93, also yielded simi-
lar results (Fig. 3b and Additional file 1: Fig. S2c), imply-
ing an inverse correlation between MIIP expression level
and AZGP1 secretion.

Subsequently, we delved into the mechanism by
which MIIP regulates AZGP1 secretion. Surprisingly,

Fig. 2 Conditioned medium (CM) derived from MIIP-downregulated CRC cells induces increased browning, lipolysis, and cytokine secretion
in adipocytes. a The flowchart outlines the preparation of CM from HCT116 WT or MIIP*~ cells and the subsequent treatment of differentiated
mature adipocytes. b RT-gPCR analysis reveals the expression of browning-related genes in mature adipocytes after 24 h of treatment with CM

from HCT116 (MIIP*~ or WT) cells (Adipo: mature adipocytes; 6 biological replicates per group). ¢ Immunoblots show the levels of mitochondrial
proteins (UCP1, PGC-1a), a key enzyme in lipolysis (total/phospho-HSL), and a lipid droplet protective protein (PLINT) in mature adipocytes treated
with CM from HCT116 (MIIP*/~ or WT) cells for 24 h (H89-2HCl: 20 uM for 3 h; representative of 3 biological replicates per group). d Representative
images of optical microscope and Qil Red O staining in mature adipocytes treated with CM from HCT116 (MIIP*~ or WT) cells for 24 h (40 x for
images with a 50 um scale bar; 3 biological replicates per group). e Mature adipocytes were treated with the indicated CM for 24 h, then washed,
and the medium was changed. After another 24 h, the concentrations of free fatty acids (Left, 8 biological replicates per group) and glycerol (Right,
6 biological replicates per group) in supernatants were detected (H89-2HCI: 20 uM for 3 h). f RT-gPCR analysis shows the expression of white
adipocyte-related genes in mature adipocytes after the treatment described in e (6 biological replicates per group). g Concentrations of TNFa (Left,
6 biological replicates per group) and IL-6 (Right, 5 biological replicates per group) were measured in supernatants of mature adipocytes described
in e. h RT-gPCR analysis shows the expression of TNFa and IL-6 mRNA in mature adipocytes after the treatment as described in e (6 biological
replicates per group). All data are presented as mean £ SD. *P <0.05, **P <0.01, ***P <0.001
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Fig. 2 (Seelegend on previous page.)

we observed that MIIP did not have an impact on the
expression level of AZGP1 (Fig. 3c). To gain further
insights into the regulatory roles of MIIP in AZGP1
secretion, we conducted tandem affinity purification
and mass spectrometry analysis to identify proteins
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that associate with MIIP. The results revealed a poten-
tial direct interaction between MIIP and AZGP1
(Additional file 1: Fig. S2d, Additional file 2: Table S2).
To validate this interaction, co-immunoprecipita-
tion (Co-IP) assays were performed in HCT116 cells,
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demonstrating the specific binding of MIIP to AZGP1
(Fig. 3d). This interaction between MIIP and AZGP1
was further confirmed in HepG2 and T47-D cells, both
of which exhibit high endogenous expression of AZGP1
(Additional file 1: Fig. S2e, f).

To investigate the role of AZGP1 in adipocyte lipolysis
and browning, we utilized siRNA-induced knockdown of
AZGP1 in MIIP*/~-HCT116 cells (Additional file 1: Fig.
S2g). Subsequently, we assessed the effects on adipocytes
after incubating them with CM from AZGP1-silenced
CRC cells. The results showed a notable reduction in hor-
mone-sensitive lipase (HSL) activation and uncoupling
protein 1 (UCP1) expression in adipocytes exposed to
AZGP1 knockdown CM compared to those treated with
siNC CM (Fig. 3e). Consequently, there was a decrease
in the release of free fatty acids (FFAs) and glycerol from
these adipocytes (Fig. 3f). These findings indicate that
AZGP1, secreted by colorectal cancer cells, plays a sig-
nificant role in adipocyte lipolysis and browning.

Given the essential role of N-linked glycosylation
in AZGP1 secretion [34, 36], we aimed to investigate
whether MIIP downregulation regulates AZGP1 secre-
tion by affecting its N-glycosylation. To explore this,
MIIP-overexpressing HCT116 cells were treated with
recombinant glycosidase (peptide-N-glycosidase F;
PNGase F) to remove the entire N-glycan structure. The
cell lysates were then subjected to immunoblot analysis,
revealing a significant reduction in the molecular weight
of AZGP1 from 45 to 35 kDa in MIIP-overexpressing
cells upon administering a lower dose of PNGase F
(Fig. 3g). However, no such effect was observed when
the cells were treated with O-glycosidase (Additional
file 1: Fig. S3a). Moreover, in MIIP-overexpressing cells,

(See figure on next page.)
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endogenous AZGP1 glycosylation was inhibited, result-
ing in a decrease in molecular weight and increased
intracellular retention, even without the treatment of the
N-glycosylation inhibitor tunicamycin (Tm), in compari-
son to the control HCT116 cells (Fig. 3h). Consequently,
the secretion of AZGP1 was restrained (Additional file 1:
Fig. S3b). These results collectively demonstrate that
AZGP1 with the higher molecular weight indeed repre-
sents the N-glycosylated form.

As it is widely understood, secretory proteins undergo
transportation to the extracellular compartment after
processing through the endoplasmic reticulum (ER)
and Golgi apparatus. To investigate whether MIIP and
AZGP1 interact during this crucial process, we exam-
ined HCT116 cells with ectopic expression of MIIP and
AZGP1. The ER and Golgi proteins were isolated and
identified using the ER marker GRP94 and the Golgi
apparatus marker TGN46, respectively (Additional file 1:
Fig. S3c). Subsequently, Co-IP assays revealed that the
interaction between MIIP and AZGP1 predominantly
took place in the ER rather than in the Golgi apparatus
(Fig. 3i). Furthermore, we employed immunofluorescence
to verify the localization of MIIP and AZGP1 in the ER
of both HCT116 and HepG2 cells (Additional file 1: Fig.
S3d).

N-glycosylation typically occurs at asparagine residues
within the Asn-X-Ser/Thr (NXS/T) consensus motif. Uti-
lizing the online database NetNGlyc-1.0 (https://servi
ces.healthtech.dtu.dk/service.php?NetNGlyc-1.0), which
identifies N-linked glycosylation sites in human proteins,
we identified four potential modification sites within
the AZGP1 amino acid sequence (Additional file 1: Fig.
S3e, f). To pinpoint the critical site(s) responsible for

Fig. 3 AZGP1 secretion is inversely correlated with MIIP expression. a-b The concentration of AZGP1 in the supernatant of HCT116 cells a

and Miip stable knockdown CMT93 or CT26.WT cells b was detected by ELISA (7 biological replicates per group). ¢ The mRNA levels of AZGP1/
Azgp1 in the indicated cells were determined by RT-qPCR (3 biological replicates per group). d Co-immunoprecipitation analysis of MIIP

and AZGP1 in HCT116 cells transfected with pCMV-MIIP-Flag, by immunoprecipitation with anti-Flag and immunoblot with anti-AZGP1. e Mature
adipocytes were treated with the CM from AZGP1-knockdown or NC HCT1 16-MIIP*/~ cells for 24 h, then washed, and the medium was changed.
After an additional 24 h, protein samples were extracted and subjected to immunoblots (Representative of 3 biological replicates per group).

f The concentration of free fatty acids (Left) and glycerol (Right) in supernatants of cells described in e was detected (12 biological replicates

per group). g Glycosylation pattern of AZGP1 protein in HCT116 control and MIIP-overexpressing cells. Cell lysates were treated with PNGase F
and subjected to immunoblot analysis (Representative of 3 biological replicates per group). h Glycosylation of AZGP1 protein in HCT116 control
and MIIP-overexpressing cells. Cells were treated with Tunicamycin (1 pg/mL) or not and subjected to immunoblot analysis (Representative of 3
biological replicates per group). i HCT116 cells were co-transfected with pEX-3-AZGP1-6 x His and pCMV-MIIP-Flag (or empty vector) for 48 h,
then ER and Golgi apparatus protein were extracted, followed by co-immunoprecipitation analysis. The lysates were precipitated with anti-His
and immunoblotted with anti-AZGP1 and anti-MIIP. j Immunoblot analysis of the protein expression pattern of AZGP1 WT and its NQ mutants
in HEK-293 cells. k LC-MS/MS-based detection of the relative N-glycosylation intensity of AZGP1 at the N259 residue in MIIP-overexpressing
cells and control cells, Fold Change=0.149 (Case/Control, 3 biological replicates per group). | HCT116 cells were transfected with the ectopic
expression plasmid of AZGP1 WT and its NQ mutants for 48 h, followed by co-immunoprecipitation analysis with anti-MIIP and anti-His
successively. m Co-immunoprecipitation analysis of MIIP-AZGP1-STT3A/STT3B interaction in HCT116 cells co-transfected with pCMV-MIIP-Flag
and pEX-3-AZGP1-6 x His. The lysates were precipitated with anti-His and immunoblotted with anti-AZGP1, anti-MIIP, anti-STT3A, and anti-STT3B.
Black spot, glycosylated AZGP1; arrowhead, non-glycosylated AZGP1. All data are presented as mean +SD. *P <0.05, **P <0.01, ***P <0.001
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Fig. 3 (Seelegend on previous page.)

N-glycosylation within AZGP1, we generated several
His-tagged AZGP1 mutants, wherein each of the four
asparagines (N) was substituted with glutamine (Q). Sub-
sequently, we observed that N128Q or N259Q led to a
slight reduction in glycosylation, resulting in a decrease

in molecular weight compared to wild-type (WT)
AZGP1 (Fig. 3j). No discernible differences in molecular
weight were found for the N109Q and N112Q mutants
(Fig. 3j). Interestingly, AZGP1 glycosylation was com-
pletely abolished in the 2NQ (N128Q/N259Q) and 3NQ
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(N112QQ/N128Q/N259Q) mutants (Fig. 3j), suggesting
that N128 and N259 residues are likely the main sites of
N-glycosylation within AZGP1.

To identify the glycan structure, we conducted liquid
chromatography coupled with tandem mass spectrom-
etry (LC-MS/MS) analysis on purified human AZGP1
from MIIP-overexpressing and control cells. We detected
glycopeptides carrying N-glycans, including the glycan
composition and relative intensity of modification. Com-
paring the results from control cells, the relative modi-
fication intensity of N-glycosylation at N259 residue of
AZGP1 was notably reduced in MIIP-overexpressing
cells (Fig. 3k, Additional file 2: Table S3). However, there
was no significant difference in the glycan composition,
which consisted of N-acetylglucosamine (GIcNAc) and
mannose in both cell types (Additional file 1: Fig. S3g).
To further validate whether the N259 residue of AZGP1
is crucial for MIIP binding, we performed Co-IP assays
in HCT116 cells that ectopically expressed the aforemen-
tioned His-tagged AZGP1 mutants. The results revealed
a distinct decline in the interaction between MIIP and
N259 mutant AZGP1 (N259Q/2NQ/3NQ), indicating
that N259 residue is critical for AZGP1 and MIIP inter-
action (Fig. 31). In conclusion, our findings demonstrate
that AZGP1 undergoes exclusive N-glycosylation at
N128 and N259 residues. MIIP directly binds to N259
of AZGP1 in the ER, thereby impeding its secretion by
inhibiting N-glycosylation.

MIIP bound to AZGP1 and inhibited its N-glycosylation
through competing its association with STT3A

In view of the significance of N-glycan biosynthesis in
influencing N-glycosylation, our investigation aimed to
determine whether MIIP (a specific protein) played a
role in this process. To explore this, we conducted RNA
sequencing (RNA-seq) analysis on HCT116-MIIP*/~
cells in comparison with WT cells. The gene set enrich-
ment analysis revealed no significant difference in
N-glycan biosynthesis-related genes between MIIP™/~
and WT cells (Additional file 1: Fig. S4a). The N-oligosac-
charyl-transferase (OST) complex plays a pivotal role in
the proper folding of nascent polypeptide chains within
the endoplasmic reticulum (ER). Within this complex,
STT3A and STT3B serve as two distinct catalytic subu-
nits responsible for transferring high-mannose oligo-
saccharides from lipid-linked oligosaccharide donors to
asparagine residues within the NXS/T consensus motif of
nascent polypeptide chains [37, 38]. In light of this, we
conducted RNA-seq and RT-qPCR analyses to assess the
potential impact of MIIP overexpression or knockdown
on the expression of STT3A and STT3B in both human
and mouse colorectal cancer (CRC) cell lines. How-
ever, our findings from these analyses demonstrated no
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significant effects of MIIP on the expression of STT3A
and STT3B (Additional file 1: Fig. S4b—e). As a result, we
concluded that MIIP does not appear to be involved in
N-glycan synthesis and does not alter the expression of
glycosyltransferases.

Consequently, we postulated that MIIP could poten-
tially regulate N-glycosylation by influencing the interac-
tion between STT3A or STT3B and AZGP1. To explore
this hypothesis, we conducted Co-IP assays in HCT116
and HepG2 cells overexpressing AZGP1. Remarkably, the
ectopic expression of MIIP led to a significant reduction
in the binding of STT3A to AZGP1 (Fig. 3m and Addi-
tional file 1: Fig. S4f). This observation indicated that
MIIP might competitively bind to the AZPG1-STT3A
complex, thus inhibiting STT3A-mediated glycosyla-
tion of AZGP1. However, no detectable interaction was
observed between AZGP1, STT3B, and MIIP (Fig. 3m
and Additional file 1: Fig. S4f).

AZGP1 is recognized for its ability to activate
the cAMP-PKA signaling pathway by binding to a
3-adrenergic receptor, resulting in lipolysis and brown-
ing [34]. To investigate further, we treated mature adipo-
cytes with a specific inhibitor of B-adrenergic receptors,
SR59230A, in the presence of CM from MIIP*~ or WT
cancer cells. Notably, the decreased numbers and vol-
ume of lipid droplets caused by MIIP™~ CM were sig-
nificantly restored (Additional file 1: Fig. S5a). Moreover,
we conducted experiments where adipocytes were incu-
bated with CM from MIIP*/~ or WT cancer cells, and
B-adrenergic receptor blockade was achieved using either
SR59230A or H89-2HCL. The results demonstrated a
substantial reduction in the phosphorylation of PKA
substrate proteins and a downregulation of UCP1 and
PGC-1a levels (Additional file 1: Fig. S5b). However, it is
important to note that the inflammatory pathways (JAK-
STAT and NF-«B), proliferation (ERK1/2), and apopto-
sis (PARP and caspase-3) were not significantly affected
by the incubation of MIIP™'~ CM and the blockade of
B-adrenergic receptors (Additional file 1: Fig. S5c).

Collectively, these findings suggest that MIIP hin-
ders the N-glycosylation of AZGP1 by interacting with
AZGP1 and competing for its binding with STT3A,
consequently leading to a reduction in its secretion.
On the other hand, downregulation of MIIP leads to an
augmented secretion of AZGP1, which, in turn, triggers
WAT lipolysis and browning through the activation of
the B-adrenergic receptor-cAMP-PKA pathway.

MIIP downregulation led to increased browning

of peri-cancerous WAT in allografted mice

To validate the impact of MIIP downregulation in CRC
cells on the browning of peri-cancerous adipocytes
in vivo, CRC cell allografts were generated. For this
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purpose, murine CRC cell lines (CT26.WT or CMT93)
with stable Miip knockdown were utilized, as confirmed
in Additional file 1: Fig. S2c. These cells, along with 3T3-
L1 cells, were subcutaneously injected into the backs of
BALB/c or C57B/L6 mice in a unilateral manner, with
a 4:1 ratio (Additional file 1: Fig. S6a). Throughout the
experiment, we closely monitored the tumor growth and
observed that tumors containing Miip knockdown CT26.
WT cells (Fig. 4a) or CMT93 cells (Additional file 1: Fig.
S6b) exhibited a higher growth rate compared to tumors
originating from scramble cells. Consequently, tumors
derived from a mixture of CRC cells (CT26.WT or
CMT93) with Miip knockdown and adipocytes (3T3-L1
cells) were notably larger (Fig. 4b, ¢ and Additional file 1:
Fig. S6c, d) and heavier (Fig. 4d and Additional file 1:
Fig. S6e) than tumors from the scramble group, particu-
larly during the later stages post-injection. Furthermore,
we observed evidence of adipocyte browning in the co-
injected 3T3-L1 cells. UCP1 protein expression was nota-
bly enhanced in the tumors originating from the mixture
of Miip knockdown CT26.WT cells (Fig. 4e, f) or CMT93
cells (Additional file 1: Fig. S6f) along with 3T3-L1 cells.

FFAs released by beige adipocytes promoted CRC cell
proliferation, invasion, and survival

Considering their close proximity to tumors, we inves-
tigated whether the browning of tumor-adjacent adipo-
cytes might facilitate CRC progression. To explore this,
we conducted a series of parallel two-stage experiments
involving the treatment of conditioned media (CM)
derived from MIIP-downregulated CRC cells (MIIP*/~
and Miip shRNA) and control cells (MIIP*/* and scram-
ble). These experiments were designed to simulate the
putative bi-directional communication between CRC
cells and adipocytes (Fig. 5a). In detail, we first pretreated
mature adipocytes with CM from MIIP-downregulated
or control CRC cells to induce their browning. Subse-
quently, we applied the adipocyte CM to fresh cultures
of human or mouse parental CRC cell lines (Fig. 5a).
The incorporation of CCK8 revealed that CM obtained
from adipocytes pretreated with MIIP-downregulated
CRC cell CM significantly promoted the proliferation
of recipient CRC cells. Conversely, CM obtained from
adipocytes pretreated with control CM had only a mild
effect on cell proliferation (Fig. 5b and Additional file 1:
Fig. S7a). These findings strongly suggest that within the
CRC tumor microenvironment, adjacent beige adipo-
cytes possess the capacity to enhance CRC cell prolifera-
tion through feedback communication.

To further elucidate the role of peri-cancerous adi-
pocytes in CRC progression, we explored the brown-
ing process of adipocytes, which involves the secretion
of numerous cytokines and small molecules, including
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metabolites. Such secreted factors have the potential to
beneficially alter the tumor microenvironment (TME).
Previous studies have reported the influence of adipose-
derived metabolites, particularly FFAs and lactate, in
altering the TME and facilitating cancer progression [28,
39, 40]. In light of this, we introduced two inhibitors,
the fatty acid transporter inhibitor sulfosuccinimidyl
oleate (SSO) and the lactate transporter MCT1/4 inhibi-
tor 7ACC]1, to recipient CRC cells in the two-stage CM
treatment system. Notably, inhibiting cellular fatty acid
transporters with SSO led to a rapid reduction in the
proliferation rate of both human and mouse CRC cells.
In contrast, 7ACC1, which specifically targeted lactate
intake, caused only a slight suppression of proliferation
(Fig. 5c and Additional file 1: Fig. S7b, c). Furthermore,
through the trans-well assay, we observed a distinct
enhancement in recipient cell invasion upon the addition
of CM from adipocytes pretreated with MIIP*'~ cell CM.
However, CM from adipocytes pretreated with WT CM
had a modest effect on invasion. Moreover, this effect
could be significantly reversed in the presence of SSO,
but not 7ACC1 (Fig. 5d, e).

To determine the significance of beige adipocytes in
the survival of CRC cells, we assessed oxaliplatin-induced
apoptosis in recipient CRC cells treated with two-stage
CM. The results, depicted in Fig. 5f, g, and Additional
file 1: Fig. S7d, e, revealed a substantial decline in apop-
tosis in cells incubated with CM from adipocytes pre-
treated with MIIP-downregulated cell supernatant. In
contrast, CM from adipocytes pretreated with control
supernatant had a relatively modest effect on cell sur-
vival. Interestingly, both 7ACC1 and SSO promoted
oxaliplatin-induced apoptosis, with SSO exhibiting a
more pronounced effect.

The downregulation of MIIP resulted in a significant
increase in the secretion of FFAs from co-cultured adipo-
cytes, as demonstrated earlier (Fig. 3e). This observation
suggests that CRC cells may have a greater propensity
to uptake and utilize FFAs as their primary fuel source
to expedite their evolution, rather than relying on lac-
tate. Additionally, upon performing Oil Red O staining,
we observed a higher number of lipid droplets within
the cytoplasm of HCT116 cells incubated with CM from
adipocytes pretreated with MIIP™/~ cancer cell CM, in
comparison to cells incubated with CM from WT cells
(MIIP**) or the conventional medium (McCoy’s 5A)
(Additional file 1: Fig. S7f, g). These results indicate that
the excessive release of FFAs from adjacent white adipose
tissue (WAT) may contribute to the increased lipid con-
tent in CRC cells, which is consistent with findings from
previous reports [41, 42].

Consistent with the increased secretion of FFAs
from beige adipocytes in the tumor microenvironment
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Fig. 4 Miip downregulated cancer cells aggravate the browning of tumor-adjacent adipocytes in vivo. a-b Stable Miip-knockdown or scramble
CT26.WT cells carring LUC (2% 10° cells per mouse) were co-injected unilaterally with 3T3-L1 cells (5 10* cells per mouse) into the back

of BALB/c mice. Tumor growth was monitored every 3 days a, and the tumors were removed (b, scale bar: 1 cm) at the end of the experiment
(n=5). c Representative bioluminescence images of tumor growth in mice described in a, b at day 21 (n=5). d The tumors described in b were
weighed at the end of the experiment. e Immunoblots of UCP1 and PGC-1a proteins in allograft tumors derived from b. f Representative images
and statistical analysis of UCP1 and PGC-1a proteins in allograft tumors derived from b by IHC staining (n=5, scale bar: 100 um). All data are
presented as mean +SD. *P <0.05, ***P <0.001
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(TME), cells incubated with adipocyte CM pretreated
with MIIP*'~ cancer cell CM exhibited higher expres-
sion levels of FFA transporters, CD36 and FABP4,
compared to cells treated with WT (MIIP**) CM
(Fig. 5h). Notably, the expression of genes involved in
fatty acid oxidation (FAO), such as CPT1A and CPT1B,
both located in the outer mitochondrial membrane
and playing a central role in long-chain fatty acyl-CoA
transport from the cytoplasm into the mitochondria,
was also higher in these cells. However, the expres-
sion of other key enzymes, such as ACADM, ACADL,
and ACOXI1, did not change significantly (Fig. 5h). In
contrast, the expression of lactate transporters MCT1
and MCT4 and the key catabolic enzymes LDHA and
LDHB did not undergo remarkable changes in cells
treated with different CM (Fig. 5h), further confirming
the increased uptake and utilization of FFAs in CRC
cells. Additionally, Etomoxir (Eto, a CPT1a inhibitor)
significantly impaired the OCR (oxygen consumption
rate) of parental HCT116 cells incubated with tumor-
adipocyte-co-cultured supernatant, particularly in
MIIP*/~-derived supernatant cultured cells but not
in conventional (McCoy’s 5A) cultured cells (Fig. 5i,
j). Therefore, we inferred that the catabolism of
FFAs might be more vigorous in cells incubated with
MIIP-downregulated tumor-adipocyte co-cultured
supernatant.

To assess the significance of CD36 in fatty acid
transportation, we generated HCT116 cells with stable
CD36 knockdown and subsequently incubated them
with adipocyte CM pretreated with MIIP™'~ cancer
cell CM. Remarkably, we observed a substantial sup-
pression in the proliferation rate when CD36 expres-
sion was reduced (Fig. 5k). These findings strongly

(See figure on next page.)
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suggest that CD36 is essential for the growth facilita-
tion of CRC cells incubated with tumor-adipocyte co-
cultured supernatant.

Crosstalk between MIIP-downregulated CRC cells

and adipocytes promoted cancer growth in xenografted
mice

To investigate the in vivo effects of communication
between MIIP-downregulated CRC cells and adipocytes,
we prepared CRC subcutaneous xenografts. HCT116
cells (MIIP*'~ or WT) were injected along with mature
adipocytes, or HCT116 cells were injected alone, into
the back of nude mice at a 4:1 ratio. Consistently, tumors
with downregulated MIIP exhibited more rapid growth
(Fig. 6a, b). Additionally, tumors originating from mixed
CRC and adipocyte cells were larger and heavier than the
corresponding control tumors (HCT116-alone, MIIP*-,
or WT) 22 days after injection (Fig. 6a—c). As evidence
of increased browning of co-injected mature adipocytes,
UCP1 protein expression was upregulated in the tumors
of mixed HCT116-MIIP*/~ +mature adipocyte origin
compared to HCT116-MIIP*'* +mature adipocytes
(Fig. 6d, e). Consequently, tumors originating from mixed
HCT116-MIIP™'~ and adipocytes showed higher expres-
sion levels of the FFA transporters CD36 and FABP4.
This effect was particularly prominent in the area where
the tumor was in direct contact with adipocytes, as evi-
denced by a higher proportion of Ki67-positive cells in
that region (Fig. 6d, e). However, we did not detect any
significant changes in CD36 abundance in mice injected
with HCT116 (MIIP*'~ or WT) alone (Fig. 6f), suggest-
ing that CD36 upregulation in tumor cells was attributed
to adjacent adipose browning. Moreover, no remarkable
differences in final body weight were observed between

Fig. 5 Beige adipocytes released FFAs are essential for CRC proliferation, invasion, and survival. a A flowchart illustrating the two-step CM
preparation and treatment of human or mouse parental CRC cell lines. 1: CM preparation from MIIP-decreased or control cells; 2: Treatment

of mature adipocytes with the corresponding CM; 3: After exposure to CRC CM for 24 h to induce their browning, the adipocytes were washed,
and the medium was refreshed; 4: After another 24 h, the adipocytes CM were collected and applied to fresh cultures of parental CRC cell lines. b
Parental HCT116 cells treated with the two-step CM as described in a, and cell viability was measured with CCK-8 (7 biological replicates per group).
c Parental HCT116 cells treated with the two-step CM as described in a, and cell viability was measured with CCK-8, 7ACCT (10 pM), or SSO (20 uM)
were added at the indicated time point, respectively (7 biological replicates per group). d—e Parental HCT116 cells treated with the two-step CM
as described in a, and the invasive ability was evaluated by trans-well invasion assay (40 x for images with a 50 um scale bar. 7ACC1: 10 uM; SSO:
20 uM. 6 biological replicates per group). f-g Parental HCT116 cells treated with the two-step CM as described in a, and cell apoptosis induced

by oxaliplatin was determined by PI-Annexin V staining f followed by flow cytometric analysis and quantification g, 7ZACC1: 5 uM, SSO: 10 uM (5
biological replicates per group). h RT-gPCR-determined expression of genes related to FFAs transport (CD36 and FABP4), FAQ, lactate transport
(MCT1 and MCT4), and catabolism (LDHA and LDHB) in parental HCT116 cells treated with the two-step CM as described in a (6 biological
replicates per group). i Oxygen consumption rates (OCR) were measured by Seahorse XF analysis in parental HCT116 cells at 24 h after exposure
to the indicated CM. Arrows indicate the time when Etomoxir (Eto, 50 uM), and rotenone (Ron, 0.2 uM)/antimycin A (AA, 0.2 uM) were added (7
biological replicates per group). j The amount of OCR derived from FAO of HCT116 cells treated with the indicated CM (1 technical replicate of 7
biological replicates per group). k Stable CD36-knockdown or scramble HCT116 cells treated with the two-step CM as described in a, and cell
viability was measured with CCK-8 (7 biological replicates per group). Adi or Adipo: mature adipocytes. All data are presented as mean +SD.

*P<0.05, **P <0.01, ***P <0.001
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Fig.5 (See legend on previous page.)

HCT116 (MIIPY'~ or WT)+adipocytes and HCT116-
alone (MIIP*~ or WT) groups, indicating that cachexia
did not occur during the assays (Fig. 6g).

Subsequently, we conducted IHC staining on CRC
samples to assess the expression of CD36 and FABP4 in
clinical specimens. Our findings revealed a significant
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elevation in the levels of both FFA transporters in high-
grade CRC tissues (Fig. 6h), which aligns with previous
reports indicating that CD36 and FABP4 play a role in
promoting colon cancer metastasis and are associated
with a poor prognosis [43, 44].

Inhibition of FFA importation impaired beige
adipocyte-induced CRC growth

Subsequently, we aimed to assess the efficacy of conven-
tional chemotherapeutic agents in the treatment of MIIP-
downregulated CRC when combined with the inhibition
of adipocyte browning or FFA uptake in an in vivo set-
ting. To achieve this, we constructed a tumor-bearing
mouse model by subcutaneously co-injecting CMT93
cells (with stable Miip knockdown or scramble) along
with 3T3-L1 cells. The mice were then treated with oxali-
platin alone or in combination with either SR59230A or
SSO (Fig. 7a). As depicted in Fig. 7b, oxaliplatin alone
exhibited partial inhibition of tumor growth, irrespective
of the MIIP expression level, compared to the vehicle-
treated group. However, the combined therapy (oxali-
platin+SR59230A or SSO) significantly suppressed
tumor growth in MIIP-downregulated tumors, result-
ing in markedly reduced average tumor size and weight
compared to oxaliplatin alone treatment and scramble
tumors (Fig. 7b—d). The combined therapy demonstrated
a partial inhibitory effect in tumors with normal MIIP
expression, likely attributed to the tumor-suppressive
functions of SR59230A and SSO [45, 46]. However, this
effect was limited (Fig. 7b-d), indicating that blocking
[B-adrenergic receptor—-mediated adipocyte browning or
FFA uptake by tumor cells could effectively enhance the
therapeutic efficiency of oxaliplatin in the treatment of
MIIP-aberrant CRC.

Furthermore, we sought to investigate the prognostic
value of gene signature groups associated with adipose
browning and FFA transportation signaling pathways,
which include UCP1, CD36, and FABP4, in a cohort
of COAD and READ, based on the GEPIA2 database.
The results, as depicted in Fig. 7E, E, revealed that high
expression levels of the gene signature group associated
with adipose browning (AZGP1, UCP1, and PPARGCI1A,
Fig. 7e) and FFA transportation and oxidation (CD36,
FABP4, and CPT1A, Fig. 7f) were strongly correlated
with poor disease-free survival.

Discussion

Peri-tumoral adipocyte infiltration during the devel-
opment of CRC is closely associated with rapid pro-
gression and poor prognosis. However, the detailed
regulatory mechanism remains elusive. In this study,
we demonstrated that the bi-directional communica-
tion between CRC and adjacent adipose tissue boosts

Page 15 of 22

CRC progression, and that MIIP plays a key regulatory
role in this process. MIIP down-regulation in colorectal
cancer cells led to an increase in AZGP1 N-glycosylation
and subsequent aberrant secretion of AZGP1, which, in
turn, induced peri-cancerous WAT browning and lipoly-
sis via the cAMP-PKA pathway. The resulting FFAs were
then released into the TME and served as the main fuel
to facilitate the proliferation, invasion, and apoptosis-
resistance of cancer cells. Therefore, we propose a novel
mechanism by which aberrant expression of MIIP accel-
erates the rapid progression of CRC (Fig. 7g). This phe-
nomenon, where reduced MIIP expression in high-grade
CRCs promotes the browning of adjacent fat to "feed"
themselves, might explain, at least in part, why CRCs
tend to communicate with adipose tissue and are asso-
ciated with poorer prognosis. Although the tumor sup-
pressor function of MIIP has been well studied in various
types of cancer, our present study demonstrates for the
first time that MIIP plays a role in regulating the secre-
tion of lipid mobilization factors, and its aberrant expres-
sion is a key initiator of this loop. Moreover, our results
also demonstrate that chemotherapy drugs combined
with WAT browning or FFAs uptake inhibitors have an
impressive synergistic anti-tumor effect, which provides
new ideas for the treatment of CRC with abnormal MIIP
expression.

WAT browning is associated with increased expression
of UCP1, which uncouples mitochondrial respiration
towards thermogenesis instead of ATP synthesis, leading
to increased lipid mobilization and energy expenditure
[12]. This is distinct from cancer-associated adipocytes,
which are characterized by the loss of adipocyte markers,
including FABP4. Brown adipocytes induced in WAT,
also known as “beige” or “brite” cells [47], are derived
from a distinct precursor population, separate from
both mature white and brown adipocytes [48]. Several
mechanisms have been proposed for WAT browning,
including prolonged cold exposure, adrenergic activa-
tion, and the prostaglandin synthesis enzyme cyclooxy-
genase 2 (COX2) [49]. Additionally, previous studies
indicated that a few cytokines or secreted proteins, such
as AZGP1 [50], were associated with lipolysis and brown-
ing, ultimately leading to cancer cachexia [51]. These
proteins also include IL1A, IL1B, IL6, IL10, TNF« [52],
GDF15 [53], and PTHLH [9], most of which were highly
expressed in tumors. Notably, AZGP1 was initially iden-
tified as a potential biomarker of prostate cancer [54],
and its expression was subsequently shown to be closely
associated with the histologic grade of breast cancer
[55]. In addition, AZGP1 acted as a classical lipid mobi-
lization factor and promoted the development of cancer
cachexia. On the other hand, it has been pointed out that
AZGP1 could inhibit EMT and cancer invasiveness by
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blocking the TGEB-ERK pathway [56, 57]. Structurally,
AZGP1 bears similarities to an MHC class I antigen-
presenting molecule, suggesting it might also play a role
in the immune response, but the underlying mechanism
remains ambiguous. Therefore, whether AZGP1 func-
tions as an oncogene or a tumor suppressor remains
controversial, and it may play opposite roles in different
tumor types.

Although AZGP1 expression was found to be elevated
in both COAD and READ according to the TCGA Addi-
tional file 1: Fig. S2b), our study confirmed that MIIP
did not affect AZGP1 expression (Fig. 3c) but instead
regulated its secretion by altering the level of N-glyco-
sylation. Consequently, the over-secreted AZGP1 acted
as a mediator for tumor-surrounding WAT browning in
a paracrine manner through the classical f-adrenergic
receptor—-cAMP-PKA pathway. Oligosaccharyl-trans-
ferase (OST) catalyses the transfer of a high-mannose
glycan onto secretory proteins in the ER. In mammals,
two distinct OST complexes are expressed, which func-
tion in a co-translational (OST-A, catalytic subunit
STT3A) or post-translocational (OST-B, catalytic subu-
nit STT3B) manner [58]. The STT3A isoform is pri-
marily responsible for the co-translational glycosylation
of the nascent polypeptide as it enters the lumen of the
ER, while the STT3B isoform is required for efficient co-
translational glycosylation of an acceptor site adjacent
to the N-terminal signal sequence of a secreted protein
[37]. Notably, our study confirmed that MIIP’s interac-
tion with AZGP1 more likely inhibits STT3A-mediated
AZGP1 glycosylation but not STT3B (Fig. 3m and Addi-
tional file 1: Fig. S4f).

Adipocytes play a crucial role in the initiation and
development of various tumors, promoting tumor metas-
tasis, invasion, and poor prognosis. The interactions
between adipocytes and tumors involve various metabo-
lites, such as FFAs [41, 42], lactate [28], and creatine [59].
Tumors, including breast, gastric, colon, and ovarian can-
cers, often exhibit growth and undergo epithelial-mes-
enchymal transition (EMT) in the adipocyte-dominated
tumor microenvironment (TME). These tumors rely on
FFAs released from adipocytes and heavily depend on
fatty acid oxidation (FAO) for ATP production, facilitated
by pathways like the Ca®*/CaMKK-dependent AMPK
or leptin-mediated JAK/STAT3 signaling [42, 60, 61].
This metabolic adaptation promotes their proliferation,
metastasis, and other malignant behaviors, influencing
processes such as autophagy, stemness, differentiation,
and anoikis [8, 42, 62]. Our findings consistently dem-
onstrate that FFAs secreted by peri-cancerous beige
adipocytes, but not lactate, serve as the primary fuel
for further CRC growth. FFAs not only fuel cancer pro-
gression through B-oxidation but also act as significant
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metabolic resources, generating abundant intermediate
products within cells, such as lactate, Succ-CoA, Ac-
CoA, and beta-hydroxybutyrate (BHB). These interme-
diates provide acyl groups to covalently modify proteins,
thus regulating their activity, subcellular localization, or
expression [63]. These modifications play vital roles in
metabolomic-epigenetic and metabolomic-proteomic
signaling pathways in tumors [63, 64]. Interestingly, the
uptake of FFAs by cancer cells at low and high levels can
have different effects—proliferative or lipotoxic, respec-
tively. For instance, arachidonic acid promotes prolif-
eration at low concentrations but induces lipotoxicity
through ferroptosis at high concentrations. Furthermore,
the uptake of small-chain versus very-long-chain FFAs
may yield different impacts on cancer development [65].
Consequently, the nature of FFA uptake can have diverse
effects and may be closely linked to various tumor types.

Conclusions

In summary, our study elucidated the bidirectional com-
munication between CRC and adjacent adipose tissue,
which significantly contributes to CRC progression, high-
lighting the crucial regulatory role of MIIP in this pro-
cess. Our data provided evidence of how reduced MIIP
expression promotes white adipose tissue (WAT) brown-
ing by disrupting AZGP1 secretion through alterations in
its N-glycosylation. Moreover, our findings underscored
the tumor-supportive function of adjacent adipocytes in
the tumor microenvironment (TME). Importantly, we
demonstrated that the combination of chemotherapy
drugs with inhibitors of WAT browning or FFAs uptake
resulted in improved anti-cancer efficacy, presenting a
novel therapeutic approach for treating CRC with abnor-
mal MIIP expression.

Methods

Antibodies and reagents

The B-adrenergic receptor inhibitor (SR59230A, T13016),
PKA inhibitors (H89-2HCI, T6250), FFA uptake inhibi-
tor (Sulfosuccinimidyl oleate, T13036), MCT inhibitor
(7ACC1, T5845), and N-linked glycosylation inhibitor
(Tunicamycin, T13229) were procured from TopScience-
Biochem (Shanghai, China). Oxaliplatin was obtained
from MedChemExpress (HY-17371, Monmouth Junc-
tion, NJ). PNGase F (P0704S) and O-glycosidase (P0733S)
were purchased from New England BioLabs (Ipswich,
MA, US). For in vitro experiments, each chemical was
dissolved in dimethyl sulfoxide (DMSO) and diluted to
their indicated concentrations with the medium (e.g.,
final concentration, 20 uM H89-2HCI, 1 uM SR59230A).
In the in vivo experiments, each chemical was dis-
solved in a vehicle consisting of 5% DMSO (Sigma), 7%
dimethyl-acetoacetamide (DMA) (Sigma), and 10%
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Cremophor EI (Sigma), and 77% corn oil (Sigma). The
AZGP1 ELISA kit was purchased from RayBiotech Life,
Inc. (EIA-ZAG, Peachtree Corners, GA, US), the TNFa
(EHC103a.96), and IL-6 ELISA kit (EHC007.96) were
purchased from NeoBioscience (Shenzhen, Guangdong,
China). The ER and Golgi apparatus protein enrichment
kit (EX1260, EX1240) were obtained from Solarbio Life
Sciences (Beijing, China). ER-Tracker Green (C1042S),
Anti-Flag Magnetic Beads (P2115), Anti-His Magnetic
Beads (P2135), and Mouse IgG Magnetic Beads (P2171)
were purchased from Beyotime Biotechnology (Shang-
hai, China).

The primary antibodies used in this study included anti-
UCP1 (23,673-1-AP, RRID: AB_2828003), anti-PGC-la
(66,369-1-Ig, RRID: AB_2828002), anti-FABP4 (12,802-
1-AP, RRID: AB 2102442), anti-STT3A (12,034—-1-AP,
RRID: AB_2877818), and anti-STT3B (15,323—-1-AP,
RRID: AB_2198046), which were purchased from Protein-
tech Group, Inc (Rosemont, IL, US). Additionally, we used
anti-phospho-(Ser/Thr) PKA Substrate (#9624S, RRID:
AB_331817), anti-Perilipinl (#9349, RRID: AB_10829911),
anti-STAT3 (#12,640, RRID: AB_2629499), anti-phospho-
STAT3 (Ser727)(#9136, RRID: AB_331755), anti-P65(#8242,
RRID:  AB_10859369), anti-phospho-P65  (Ser536)
(#3036, RRID: AB_331281), anti-ERK1/2 (#4695, RRID:
AB_390779), anti-phospho-ERK1/2 (Tyr204)(#9106, RRID:
AB_331768), anti-PARP (#9532, RRID: AB_659884), anti-
Caspase3 (#9662, RRID: AB_331439), anti-DYKDDDDK
tag (#8146, RRID: AB_10950495), anti-a-tubulin (#2144,
RRID: AB_2210548), and anti-GAPDH (#5174, RRID:
AB_10622025) from Cell Signaling Technology (Danvers,
MA, US). Furthermore, we used anti-CD36 (ab252923), anti-
GRP94 (ab238126), anti-TGN46 (ab271183), anti-6x His
tag (ab18184), and anti-Ki67 (ab16667) from Abcam (Cam-
bridge, UK). For other antibodies, we used MIIP (PA5-
100,572, RRID: AB_2850081) and AZGP1 (PA5-76,728)
from ThermoFisher Scientific Inc. (Waltham, M A, US), and
anti-phospho-HSL (Ser660) (#AF8026, RRID: AB_2840089)
and anti-total HSL (#AF6403, RRID: AB_2835234) from
Affinity Biosciences (Cincinnati, OH, US). Additionally, we
used CD105-PE (800,503, RRID: AB_2629654), CD34-FITC
(343,503, RRID: AB_1731923), and CD45-FITC (304,005,
RRID: AB_314393) from BioLegend (San Diego, California,
US). Lastly, anti-B-Actin (bs-0061R, RRID: AB_10855480)
was purchased from Bioss Inc. (Boston, MA, US).

Plasmid construction and lentivirus preparation

The vector pCMV-MIIP-Flag was previously constructed
in a study [24]. Furthermore, the MIIP CDS was ampli-
fied and cloned into the pcDNA3.1(+) vector (Thermo
Scientific, Waltham, MA) with the addition of Streptavi-
din tag (S) and Flag tag (F). We developed AZGP1-6 X His
NQ mutants (N109Q, N112Q, N128Q, N259Q), 2NQ
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(N128Q/N259Q), and 3NQ (N112Q/N128Q/N259Q)
through site-directed mutagenesis using the pEX-3
(CMV-Neo) expression vector (GenePharma, Shanghai,
China).

For the knockdown of human CD36, we transduced
CD36 or control shRNA constructs (Origene, TR314090)
into parental HCT116 cells following the manufacturer’s
instructions. To knock down AZGP1, we used com-
mercial siRNAs (sc-36865, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) that are pools of three target-
specific 20-25nt siRNAs designed to knock down gene
expression.

Regarding mouse Miip overexpression, we amplified
Miip CDS by PCR and cloned it into the LV17 (EF-1la-
Luciferase-puro) shuttle vector (GenePharma, Shanghai,
China) using Not I and Bam HI restriction enzymes (New
England Biolabs, Ipswich, MA). For specific knockdown
of mouse Miip, we constructed lentiviral-based shRNA
constructs in the LV16 (U6-Luciferase-puro) shuttle vec-
tor (GenePharma, Shanghai, China) against Miip, and
confirmed the correctness of the resulting construct by
DNA sequencing. We obtained stable overexpression cell
lines: HCT116-MIIP, CT26.W T-Miip, and CMT93-Miip,
as well as a stable knockdown cell line: HCT116-shCD36
#1-#3, CT26.WT-shMiip #1-#2, and CMT93-shMiip
#1-#2, through lentivirus infection and puromycin selec-
tion. The shRNA oligonucleotides specific for Miip (Miip
shRNA) are listed in Additional file 2: Table S4.

Patients’ samples

Tissue microarrays (TMAs) containing 172 cases of colo-
rectal cancer patients (148 cases of adenocarcinomas and
24 cases of mucinous adenocarcinoma), along with 47
cases of matched adjacent normal tissue, were obtained
from Avilabio Technology Co., LTD, Xian, Shaanxi.
Additionally, we collected freshly dissected colorectal
cancer and adjacent normal tissues from 14 patients with
colorectal cancer, as well as 9 cases of paraffin-embedded
colorectal cancer tissue with varying grades, from Xijing
Digestive Disease Hospital. Clinicopathological charac-
teristics of CRC patients are summarized in Additional
file 2: Table S5. All samples underwent histologic evalua-
tion by pathologists and were diagnosed according to the
World Health Organization classification (WHO Fourth
Edition published in 2016). Moreover, freshly dissected
abdominal and inguinal subcutaneous fat tissues were
obtained from the Department of Burn and Skin Surgery
of Xijing Hospital. All samples were collected with the
informed consent of the patients, and the experiments
were approved by the Research Ethics Committee (No.
KY20180403-1), Xijing Hospital, Fourth Military Medi-
cal University (Shaanxi, Xian, China), and adhered to the
principles set out in the WMA Declaration of Helsinki
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and the Department of Health and Human Services Bel-
mont Report.

Cell lines and primary white adipocyte culture

HEK-293 cells (RRID: CVCL_0045), human colon can-
cer cell lines HCT116 (RRID: CVCL_0291) and HT29
(RRID: CVCL_0320), as well as mouse colorectal cancer
cell lines CT26.WT (RRID: CVCL_7256) and CMT93
(RRID: CVCL_1986), and mouse pre-adipocytes 3T3-L1
(RRID: CVCL_0123), were all obtained from ATCC, US.
HCT116 cells with MIIP haploinsufficiency, generated
using zinc finger nuclease technology, were constructed
in a previous study [19] and generously provided by Dr.
Wei Zhang (Wake Forest Baptist Medical Center, Win-
ston-Salem, NC). All these cells were routinely main-
tained in Dulbecco’s Modified Eagle Medium (DMEM),
McCoy’s 5A or RPMI-1640 medium (Life Technologies,
US), respectively, supplemented with 10% fetal bovine
serum, and cultured at 37 °C in a humidified atmosphere
comprising 5% CO,,.

For the isolation of human adipose-derived stem cells
(hADSCs), we dissected abdominal and inguinal fat tis-
sue, washed it with PBS, minced it, and subjected it
to digestion for 1 h at 37 °C in PBS containing a-MEM
medium (Gibco) and 1.5 mg/mL collagenase I (Roche).
The digested tissue was then filtered through a 200-pm
cell strainer and centrifuged at 300 g for 5 min to pellet
the ADSCs. Subsequently, the cells were resuspended
in adipocyte culture medium (a-MEM medium supple-
mented with 2% glutaMax, 1% pen/strep, and 5% PLT-
Max), centrifuged as before, and then plated. The ADSCs
were allowed to grow to confluency for adipocyte dif-
ferentiation. This differentiation process was induced by
using an adipogenic cocktail comprising 1 pM dexameth-
asone, 10 pg/mL insulin, 0.5 mM isobutylmethylxanthine
(IBMX), and 10 uM rosiglitazone in adipocyte culture
medium A for 2 days. Subsequently, the cells were main-
tained in adipocyte culture medium B, which only con-
tained 10 pg/mL insulin, for another 1 day. Regarding the
3T3-L1 cells, the process to mature them into beige cells
was almost identical to that of ADSCs, with the excep-
tion of the adipogenic cocktail formulation used, which
consisted of 0.25 pM dexamethasone, 1 pg/mL insulin,
0.5 mM IBMX, and 2 puM rosiglitazone.

Mice and mice housing

Male BALB/c, C57BL/6, and nude mice, aged 4 to
6 weeks, were procured from Beijing GemPharmatech
for the study. The sample size was determined using the
"resource equation" method [66], and we utilized the
power analysis tool PASS v16 (Utah, USA, 2018) to esti-
mate the minimum detectable effect size for the selected
sample size. Given the multiple cell groups involved in the
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animal experiment, we required a minimum of 110 mice.
Considering potential attrition or natural deaths, a total
of 120 mice were used in this study. All mice were group-
housed under specific pathogen-free conditions, with a
constant temperature (22-25 °C), humidity (60%), and a
12-h light/dark cycle. They were provided with ad libitum
access to food and water. The mice were allowed to accli-
matize for 1 or 2 weeks after arrival at the facility before
being used in the experiments. Throughout the study,
the mice displayed normal health. Ethical approval for
all procedures involving animals was obtained from the
Institutional Animal Care and Use Committee of Fourth
Military Medical University (No.20180315).

For subcutaneous xenograft studies, HCT116 cells
(1x10° cells) were mixed with PBS or differentiated
mature ADSC cells (2.5x10° cells). For subcutaneous
allograft studies, CT26.WT cells or CMT93 cells (2 x 10°
cells) were mixed with PBS or differentiated mature 3T3-
L1 cells (0.5x10° cells). These cells were combined at a
ratio of 4:1 with the adipogenic cocktail and implanted
subcutaneously into the right flank of the mice along with
Matrigel in 100pL (Corning, #354,248). Tumor growth
was monitored by measuring the tumor diameter every 2
or 3 days using a digital caliper. The tumor volumes were
calculated as 0.5%(longest diameter) X (shortest diam-
eter) X (shortest diameter).

For bioluminescence imaging and analysis, mice were
anesthetized with 3% isoflurane every 7 days to monitor
tumor status. D-Luciferin (Xenogen) was injected at a
dose of 150 mg/kg (body weight). Five minutes later, bio-
luminescent images were acquired using an IVIS imag-
ing system (Xenogen). Analysis was performed using
Livinglmage software (Xenogen) by measuring the pho-
ton flux within a region of interest drawn around the
bioluminescence signals. Blank regions of interest were
also measured for each scan and deducted from each
tumor photon flux for normalization. At the end of the
experiments, tumors dissected from individual mice were
weighed, fixed in 4% paraformaldehyde, or flash frozen
under liquid nitrogen.

Quantitative real-time PCR analysis

Total RNA was extracted using RNAiso reagent (TaKaRa,
Dalian, China) following the manufacturer’s protocol.
Subsequently, the first strand ¢cDNA was synthesized
from 2 pg of total RNA using reverse transcriptase, either
for coding region genes or non-coding regions, and uti-
lized as the template for RT-qPCR analysis. For this
analysis, cDNA from ACTB (Homo sapiens) or Actb (Mus
musculus) was employed as internal controls. The prim-
ers used in the PCR process are listed in Additional file 2:
Table S6. The PCR was carried out using a GeneAmp
PCR system 2400 Thermal Cycler (Perkin-Elmer,
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Norwalk CT, US). The PCR temperature program con-
sisted of 40 cycles, each comprising 30 s at 95 °C, 10 s at
95 °C, and 30 s at 60 °C.

Statistical analysis
The results were analyzed using SPSS 19.0 software and
GraphPad Prism 8 software. All experiments were con-
ducted at least three times. Quantitative data are pre-
sented as the mean *standard deviation (SD). For the
comparison of two groups, Student’s t-test (paramet-
ric test) was performed for continuous variables with
a normal distribution, while the Mann—Whitney test
(non-parametric test) was used for data with a skewed
distribution. In the case of multiple comparisons, the
ANOVA test (parametric test) followed by the Bonfer-
roni test was employed for data with a normal distribu-
tion, and the Kruskal-Wallis test (non-parametric test)
was used for data with a skewed distribution. Bonferroni
correction was applied to adjust the P value in multi-
ple comparisons. Survival curves were plotted using the
Kaplan—Meier method, and the survival rates were com-
pared using the log-rank test. Statistical significance was
denoted as *P <0.05, **P <0.01, and ***P <0.001.

More detailed experimental procedures can be found
in Additional file 3.
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