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Liver metastasis of colorectal cancer (CRC) is a leading cause of death among cancer patients. The overexpression of glucose
transporter 1 (Glut1) and enhanced glucose uptake that are associated with the Warburg effect are frequently observed in CRC liver
metastases, but the underlying mechanisms remain poorly understood. CKLF-like MARVEL transmembrane domain-containing
protein 6 (CMTM®6) regulates the intracellular trafficking of programmed death-ligand-1 (PD-L1); therefore, we investigated whether
CMTM6 regulates Glut1 trafficking and the Warburg effect in CRC cells. We found that knocking down of CMTM6 by shRNA induced
the lysosomal degradation of Glut1, decreased glucose uptake and glycolysis in CRC cells, and suppressed subcutaneous CRC
growth in nude mice and liver metastasis in C57BL/6 mice. Mechanistically, CMTM6 forms a complex with Glut1 and Rab11 in the
endosomes of CRC cells, and this complex is required for the Rab11-dependent transport of Glut1 to the plasma membrane and for
the protection of Glut1 from lysosomal degradation. Multiomics revealed global transcriptomic changes in CMTM6-knockdown CRC
cells that affected the transcriptomes of adjacent cancer-associated fibroblasts from CRC liver metastases. As a result of these
transcriptomic changes, CMTM6-knockdown CRC cells exhibited a defect in the G2-to-M phase transition, reduced secretion of 60
cytokines/chemokines, and inability to recruit cancer-associated fibroblasts to support an immunosuppressive CRC liver metastasis

microenvironment. Analysis of TCGA data confirmed that CMTM6 expression was increased in CRC patients and that elevated
CMTM6 expression was associated with worse patient survival. Together, our data suggest that CMTM6 plays multiple roles in
regulating the Warburg effect, transcriptome, and liver metastasis of CRC.
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INTRODUCTION

Liver metastasis of colorectal cancer (CRC) significantly contributes
to the death of CRC patients, and further mechanistic insights and
more effective treatment targets are needed for the treatment of
CRC patients with liver metastases'. Metabolic reprogramming is a
hallmark of cancer, as malignant cells must adapt their metabolic
processes to produce the high amounts of energy that are
required for their rapid growth, proliferation, and migration®>.
Among the numerous metabolic alterations, “the Warburg effect”
is one of the best-known hallmarks of cancer; during the Warburg
effect, cancer cells preferentially activate glycolytic pathways and
produce lactate regardless of whether oxygen is present™. Due to
the Warburg effect, positron emission tomography (PET) with
[18 F] 2-fluoro-2-deoxy-D-glucose (FDG) has been widely used in
the clinic to detect cancer®. The sensitivity of FDG PET in the
detection of CRC liver metastases is approximately 97%’,
suggesting that the Warburg effect is a metabolic target of CRC
liver metastasis.

The first step in glycolysis is the uptake of glucose by cancer cells,
which is facilitated by glucose transporter proteins on the plasma
membrane (PM), such as glucose transporter 1 (Glutl). Over-
expression of Glut1 has been observed in a variety of cancers, and
high Glut1 expression is associated with poor prognosis and survival

in CRC patients®'°, Both transcriptional and posttranscriptional
mechanisms are involved in Glut1 expression in cancer cells. Similar
to many other PM proteins, Glut1l undergoes trafficking between
intracellular vesicular compartments and the PM. The small GTPase
Rab11, which is a marker of recycling endosomes, facilitates the
trafficking and recycling of PM proteins, including Glut1'", Glut2'?,
and Glut4'>. We and others have demonstrated that in response to
cytokine stimulation, Glut1 is targeted to the PM of cells via a Rab11-
dependent mechanism'"'*'*,

The CKLF-like MARVEL transmembrane domain (CMTM)-con-
taining protein family includes eight members (CMTM1-8) that are
involved in the trafficking of transmembrane proteins and
secretory proteins'®. It has been reported that CMTM6 protects
programmed death-ligand-1 (PD-L1) from degradation by target-
ing it to the PM of cancer cells where it facilitates the immune
evasion of cancer, including the immune evasion of CRC'"'®,
Consistently, increased CMTM6 expression has been observed in
patients with pancreatic adenocarcinoma'®, glioma®°, head and
neck squamous cell carcinoma?®', and cervical cancer®?. CMTM6 is
also required for the maintenance of cancer stem cells and
TGFB-induced epithelial-to-mesenchymal transition (EMT) in
cancer cells*'. However, the role of CMTM6 in hepatocellular
carcinoma is more complicated, as CMTM6 was shown to play
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both a tumor-suppressive role and a tumor-promoting role in
hepatocellular carcinoma®~2°,

Since CMTM6 is required for the intracellular trafficking of PD-L1
in CRC cells, in this study, we investigated whether CMTM6
regulates the trafficking and PM targeting of Glut1 to influence the
Warburg effect and CRC liver metastasis. Our results revealed that
shRNA-mediated CMTM6 knockdown effectively inhibited CRC
tumor growth in immunocompromised mice and CRC liver
metastasis in immunocompetent mice. In vitro, CMTM6 knock-
down led to the lysosomal degradation of Glutl as well as
decreased glucose uptake and glycolysis in human and murine
CRC cells. Mechanistically, CMTM6 was required for maintaining
Rab11 mRNA levels, Rab11 activity, and Rab11-dependent
transport of Glut1 to the PM. Targeted proteomics revealed that
CMTM6 promoted the secretion of 60 cytokines/chemokines by
CRC cells, which is important for shaping the tumor microenvir-
onment. Multiomics revealed that targeting CMTM6 in CRC cells
led to global transcriptomic changes in both CRC cells and cancer-
associated fibroblasts (CAFs). Furthermore, analysis of TCGA data
confirmed that CMTM6 expression was increased in CRC patients,
and increased CMTM6 expression was associated with worse
disease-free survival of CRC patients. Together, our data provide
mechanistic insights into how CMTM6 regulates the Warburg
effect, transcriptome, and liver metastasis of CRC.

MATERIALS AND METHODS

Cell lines and cell culture

The human CRC cell lines HCT116 and KM12L4 were purchased from ATCC
(Manassas, VA, USA) and authenticated by short-tandem repeat DNA
profiling by Genetica DNA Laboratories (Cincinnati, OH). MC38 mouse CRC
cells were provided by Dr. Steven A. Rosenberg at NCI/NIH?®"?%, The cells
were free of mycoplasma infection during the experiments. Cell
proliferation was analyzed by the CellTiter 96® AQeous One Solution Cell
Proliferation Assay Kit (G3582 Promega, Madison, WI). Nunclon Sphera 96-
well U-bottom ultra-low attachment cell culture plates were used to
establish 3D tumoroids (174925 Thermo Fisher Scientific, Waltham, MA).
Details about how cell plasma membrane integrity, the cell cycle and
senescence, cell viability in tumoroids, and tumoroid compactness were
determined are provided in the Supplementary Materials and Methods.

Viral constructs and CRC cell transduction

Lentiviral constructs encoding CMTM6 shRNA were purchased from the
Sigma MISSION shRNA library. Information about these constructs and the
generation of the pMMPCMTM6-HA, pMMPRab11-FLAG, and
PMMPRab11Q70L-FLAG retroviral vectors'> are provided in the Supple-
mentary Materials and Methods. WB and sequencing were used to validate
the constructs. Replication-defective lentiviruses or retroviruses were
generated by transfecting 293T/17 cells with 3 plasmids with the
Effectene Transfection Reagent (301425 Qiagen, Tegelen Netherlands), as
previously described®®?°3°, Details about harvesting the viruses and
transducing CRC cells with these viruses are provided in the Supplemen-
tary Materials and Methods.

Protein detection and analysis

Glut1 on the PM was analyzed with a biotinylation assay, which included
labeling the PM proteins with cell nonpermeable biotin EZ-Link Sulfo-NHS-
Biotin (1 mg/mL in PBS, 21217 Thermo Fisher Scientific), pulling down the
PM proteins with streptavidin agarose beads (51638 Millipore Sigma), and
performing Western blotting (WB) analysis with an anti-Glut1 anti-
body®®*'~*3, The Rab11 activity of CRC cells was evaluated by using a
Rab11 activity assay kit (#83201 NewEast Biosciences, King of Prussia,
PA)'>3*, For coimmunoprecipitation (colP), a buffer containing 0.5% NP-40
and a protease inhibitor cocktail (A32965 Thermo Fisher Scientific) was
used to lyse the cells; 2ug of anti-HA (12CA5) (11583816001 Roche,
Millipore Sigma) or anti-FLAG (F1804 Millipore Sigma) antibody and 25 pL
of Protein G Sepharose beads (50% slurry) (17061801 Cytiva, Marlborough,
MA) were added to the cell lysates to pull down the protein complexes.
Finally, the coprecipitated proteins were detected by WB?%3'333% WB and
immunofluorescence (IF) staining were performed according to standard
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procedures®' 3, Details are provided in the Supplementary Materials and
Methods.

In vitro protein binding

Recombinant Glut1-His and CMTM6-Strep proteins were expressed with the
pFastBac baculovirus system. After the proteins were purified from the insect
cells, an in vitro pull-down assay was performed to determine their in vitro
binding using either an anti-His or anti-Strep antibody. The experimental
details are provided in the Supplementary Materials and Methods.

Glucose uptake and glycolysis assay

The fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxyglucose (2-NBDG; Thermo Fisher Scientific) was used as a
tracer for the glucose uptake assay, and its fluorescence in cells was
measured by flow cytometry with a BD LSRFortessaTM X-20 Cell Analyzer
and FlowJo_v10.8.1 software'>. The glycolysis of CRC cells was studied with
the Agilent Seahorse Glycolysis Stress Test with the Agilent Seahorse
XFe96 Analyzer. The extracellular acidification rate (ECAR) in the cell culture
medium was recorded in real time, and the data were analyzed by
Seahorse Wave software'®. Details are provided in the Supplementary
Materials and Methods.

RNA sequencing, spatial transcriptomics, and targeted
proteomics

Bulk-cell RNA sequencing and spatial transcriptomics with the NanoString
GeoMx Digital Spatial Profiler were performed by the University of
Minnesota Genomic Center. In brief, tumor sections were prepared
according to the Manual Slide Preparation User Manual (MAN-10150-01),
fixed with formalin, and sent to the University of Minnesota Genomics
Center for in situ hybridization, IF, area of interest (AOI) selection,
sequencing, data acquisition and analysis'>. The RNA sequencing data
were analyzed by the EdgeR package®’~'>3, and the spatial transcriptomic
data were analyzed by GeoMx DSP Analysis Suite software; these data were
subsequently used for GSEA and heatmap generation using online tools'.
The cytokines/chemokines in the conditioned media of CRC cells were
analyzed with a Proteome Profiler Mouse XL array kit (ARY028 R&D
Systems, Minneapolis, MN, USA), which allows the simultaneous detection
of 111 cytokines/chemokines. Chemiluminescence signals were captured
with a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA), and the data
were analyzed with ImageJ software (NIH).

Subcutaneous tumor injection and portal vein tumor injection
in mice

All the animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Minnesota. For subcutaneous
tumor implantation, liver fibroblasts (0.75x 10624332 and human CRC
cells (0.75 x 10°) were mixed in vitro and then subcutaneously co-injected
into nude mice (553 Charles River Wilmington, MA). For portal vein tumor
injection, two-month-old C57BL/6 mice were chosen as the recipients, and
each mouse received 1x10° CRC cells in 100 uL of PBS via portal vein
injection under general anesthesia, as we previously described?%%"%3,

Statistical analysis

All the data are expressed as the means+ SEMs, and GraphPad Prism
6 software (GraphPad Software, Inc., La Jolla, CA) was used to perform the
statistical analyses. For two group comparisons, two-tailed Student's t tests
were performed; for data from more than two groups, ANOVA followed by
post hoc tests was performed. P<0.05 was considered to indicate a
significant difference.

RESULTS

CMTM6 promotes CRC cell growth in 2D and 3D cultures

To explore whether CMTM6 regulates CRC tumor growth via a
mechanism independent of PD-L1-mediated cancer immune evasion,
we generated control and CMTM6-knockdown CRC cells and
compared their proliferation in vitro. HCT116 and KM12L4 human
CRC cells were transduced with 2 different lentiviruses, each encoding
a distinct CMTM6 shRNA, and cells transduced with nontargeting
shRNA (NT shRNA) were used as controls. As revealed by the cell
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proliferation assay, knockdown of CMTM6 by 2 different shRNAs
consistently suppressed the proliferation of both the HCT116 and
KM12L4 human CRC cell lines (Fig. 1a left and middle panels, P < 0.05).
In MC38 murine CRC cells, CMTM6 was knocked down by 3 different
shRNAs, and the data were consistent with those of human CRC cells
(Fig. 1a right panel, P<0.05). Since 3D tumoroid culture better
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represents in vivo tumor growth than 2D cell culture, control and
CMTM6-knockdown MC38 cells were subjected to 3D culture in ultra-
low attachment cell culture plates (Nunclon Sphera 96-well U-bottom,
Thermo Fisher Scientific). The results revealed that 3D tumoroid
formation by MC38 cells was suppressed after CMTM6 knockdown
(Fig. 1b, P <0.001).
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CMTM6 knockdown suppresses colorectal cancer cell (CRC) proliferation and tumoroid growth in vitro. a The proliferation of three

CRC cell lines was measured by the CellTiter 96° AQueous One Solution Cell Proliferation Assay. CMTM6 knockdown by different shRNAs
consistently suppressed cell proliferation. *, P<0.05; **, P<0.01; ***, P<0.001 according to ANOVA. n=5. b MC38 cells were seeded in
Nunclon Sphera 96-well U-bottom ultra-low attachment culture plates to induce 3D tumoroid formation. CMTM6 knockdown reduced the size
of the tumor spheroids. ***, P < 0.001 according to ANOVA, n = 5. Scale bar, 1000 pm. c Live and dead cells in the tumoroids were analyzed with
a LIVE/DEAD™ Viability/Cytotoxicity Kit (Invitrogen), and fluorescence microscopy was performed with an Axio observer (Zeiss). CMTM6
knockdown increased the dead/live ratio of the tumoroids. *, P < 0.05; **, P<0.01 by t test, n = 5. Scale bar, 1000 pm. d The compactness of
tumoroids was analyzed by Dil dye staining, and the Dil dye that penetrated the tumoroids was detected by an Axio observer. CMTM6-
knockdown tumoroids were less compact than control tumoroids. **, P < 0.01; ***, P <0.001 according to ANOVA, n = 3. Scale bar, 1000 pm.
e Tumoroids were harvested and subjected to WB analysis of cleaved-caspase 3 (active) expression. CMTM6 knockdown increased active
caspase 3 protein levels in the tumoroids. ****, P < 0.0001 by t test, n=3.

Next, the 3D tumoroids were analyzed with a Live-Dead Cell
Staining Kit, and the dead cells in the tumoroids were labeled with
red fluorescence while the live cells were labeled with green
fluorescence. This assay revealed that the dead-to-live cell ratio was
significantly higher in CMTM6-knockdown tumoroids than in control
tumoroids (Fig. 1¢, P<0.05). Dil dye is normally excluded from
compact tumoroids but can enter loosely formed tumoroids;
therefore, it is used to assess the compactness of 3D tumoroids. As
revealed by Dil dye staining, the compactness of CMTM6-knockdown
tumoroids derived from either HCT116 or MC38 cells was compro-
mised compared to that of control tumoroids (Fig. 1d and
Supplementary Fig. 1a, P<0.01). WB revealed that the level of
cleaved-caspase 3 (activated-caspase 3) was higher in
CMTM6-knockdown tumoroids than in control tumoroids (Fig. 1e,
P <0.0001). Propidium iodide (PI) is considered an indicator of cell
plasma membrane integrity. Pl staining of cultured live HCT116 cells
confirmed that the percentage of Pl-positive CRC cells was higher in
CMTM6-knockdown cells than in control cells (Supplementary Fig. 1b,
P<0.001). Moreover, after long-term culture, CMTM6-knockdown
HCT116 cells formed fewer and smaller colonies than control HCT116
cells in a colony formation assay (Supplementary Fig. 1¢, P<0.01).
Thus, CMTM6 is important for CRC cell growth in vitro.

Knockdown of CMTM6 leads to global transcriptomic changes
in CRC cells and transcripts related to the cell cycle and
glucose metabolism are affected
To understand how CMTM6 knockdown suppressed CRC proliferation,
we harvested control and CMTM6-knockdown HCT116 cells for bulk-
cell RNA sequencing, and the data were analyzed with online
software (http://sangerbox.com/home.html). A volcano plot showed
that 1005 transcripts were downregulated and 2679 transcripts were
upregulated by CMTM6 knockdown in HCT116 cells (Fig. 2a upper
panel; the horizontal line represents P=0.05, and the vertical lines
represent a fold change of 1.5). According to the Gene Set Enrichment
Analysis (GSEA) with molecular signatures database (C2 gene sets),
the pathways and biological processes that were impacted by the
transcriptomic changes included intracellular signaling, metabolism,
epigenetics and RNA metabolism, DNA replication, damage and
repair, metastasis, apoptosis, and cell cycle and proliferation (Fig. 2a
lower panel, Nominal P < 0.05, NES > 1). For example, the levels of 231
transcripts that are involved the Fischer G2/M phase of the cell cycle
and 87 transcripts that are involved in Reactome glucose metabolism
were altered by CMTM6 knockdown in HCT116 cells (Fig. 2b).
These data led us to perform fluorescence-activated cell sorting
(FACS) of Pl-stained cells to determine whether CMTM6 knock-
down influenced cell cycle progression, thereby affecting HCT116
cell proliferation and growth. Cell cycle analysis revealed that the
percentage of control cells in the G2 phase of the cell cycle was
13.86%, whereas it was 30.19% in CMTM6-knockdown HCT116
cells (Supplementary Fig. 1d), suggesting that the G2-to-M phase
transition of the cell cycle was indeed disrupted by CMTM6
knockdown. 3-Galactosidase staining of senescent cells, however,
did not reveal the induction of cell senescence by CMTM6
knockdown (Supplementary Fig. 1e, P>0.05). Thus, CMTM6
knockdown in CRC cells results in global transcriptomic changes,
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and the G2-to-M phase transition is affected by these transcrip-
tomic changes.

CMTM6 knockdown suppresses CRC growth in
immunocompromised mice

The transcriptomic data and phenotypes of CMTM6-knockdown
CRC cells led us to examine the role of CMTM6 in CRC growth in
vivo. To minimize the influence of the immune system on CRC
growth in mice, immunocompromised nude mice were selected
as recipients for a tumor implantation study. Liver fibroblasts are
among the most important components of the hepatic tumor
microenvironment®¢~8, To determine the role of the liver tumor
microenvironment in CRC growth and metastasis, we mixed liver
fibroblasts (0.75x 10° cells)®®3* with control HCT116 cells
(0.75x 10° cells) or CMTM6-knockdown HCT116 cells (0.75 x 10°
cells) in vitro and then coimplanted these cells into nude mice via
subcutaneous injection. Tumor size was measured by a caliper on
different days, and the data revealed that CMTM6 shRNA
suppressed HCT116 tumor growth in mice (Fig. 3a, P <0.0001).
IF confirmed that the percentage of Ki67-positive cells was
decreased, whereas that of active caspase 3-positive cells was
increased, in CMTM6-knockdown HCT116 tumors compared to
control HCT116 tumors (Fig. 3b, P <0.0001). Since these mice are
immunocompromised, these results suggest that CMTM6 can
indeed promote CRC growth in mice through mechanisms that
are independent of PD-L1-mediated immune evasion.

CMTM6 knockdown reduces Glut1 protein levels, glucose
uptake, and glycolysis in CRC cells

RNA sequencing identified glucose metabolism as one of the
other pathways that are affected by CMTM6 knockdown. In
addition, RNA sequencing revealed that among 14 glucose
transporter isoforms, SLC2AT mRNA (encodes Glut1l) was the
predominant isoform that was expressed by HCT116 cells,
whereas SLC2A2 mRNA (encodes Glut2), SLC2A3 mRNA (encodes
Glut3), and SLC2A4 mRNA (encodes Glut4) were barely detectable
(Fig. 2c). Furthermore, no compensatory response of other glucose
transporters to reduced Glut1 expression was observed in CMTM6-
knockdown HCT116 cells (Fig. 2¢). Since glucose uptake is the first
step of glycolysis and increased Glutl expression is associated
with poor prognosis in cancers, including colon cancer®*'°, WB
and IF were subsequently performed to analyze Glutl protein
expression in control and CMTM6-knockdown tumors. As shown
by IF and WB, Glutl protein levels were lower in CMTM6-
knockdown tumors than in control tumors (Fig. 3¢, d, P<0.01).
Cultured HCT116, KM12L4, and MC38 cells were also collected and
Glut1 expression was analyzed by WB; the results confirmed that
Glut1 protein expression was drastically reduced by CMTM6
knockdown in 2D and 3D culture (Fig. 3e and Supplementary
Fig. 2a, P<0.01).

To determine whether CMTM6 knockdown influenced glucose
uptake by CRC cells, CRC cells were incubated with the fluorescent
glucose analog 2-(N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl] amino)-2-
deoxyglucose (2-NBDG), and flow cytometry was subsequently
performed to quantify 2-NBDG uptake by the cells. The flow
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Fig. 2 CMTM6 knockdown induces global transcriptomic changes in HCT116 CRC cells. a Upper panel, a volcano plot showing 1005
upregulated and 2679 downregulated transcripts after CMTM6 knockdown in HCT116 CRCs. The horizontal line represents P = 0.05. Vertical
lines represent a fold change of 1.5. The green and red dots represent downregulated and upregulated genes, respectively. Lower panel, gene
set enrichment analysis (GSEA) revealed numerous pathways that were affected by CMTM6 knockdown in HCT116 cells based on NES > 1 and
P <0.05. NES, normalized enrichment score. b Two gene sets whose gene expression was affected by CMTM6 knockdown are shown.
Transcript enrichment is shown by an enrichment plot (left panel), and gene expression levels are shown by a heatmap (right panel). The scale
bar represents the minimum (blue) to the maximum expression level (red). ¢ mMRNA levels of 14 different glucose transporters were analyzed

by RNA sequencing. n.s., P> 0.05 by t test, n=3.

cytometry data confirmed that CMTM6 knockdown reduced
2-NBDG uptake by HCT116 and MC38 cells (Figs. 4a-d, P < 0.01).
The Agilent Glycolysis Stress test measures changes in the
extracellular acidification rate (ECAR) caused by the cellular
secretion of lactate, which is indicative of real-time changes in
glycolysis in cells'®. The results of the Agilent Glycolysis Stress test
showed that glycolysis was indeed suppressed by CMTM6
knockdown in the three CRC cell lines (Fig. 4e, f, and
Supplementary Fig. 2b, P<0.05). Since glucose transport is
performed by Glut1 in the PM, we next performed a biotinylation
assay and found that the Glutl level in the PM was indeed
significantly lower in CMTM6-knockdown HCT116 and MC38 cells
than in control cells (Fig. 4g and Supplementary Fig. 2¢, P <0.01).
Thus, CMTM6 is required for maintaining Glut1 levels, glucose
uptake, and glycolysis in CRC cells.

CMTM6 directly binds to Glut1, and its knockdown leads to
lysosomal degradation of Glut1

As shown in Fig. 2¢, Glutl mRNA levels in control and CMTMé6-
knockdown HCT116 cells were comparable (P = 0.71). Therefore,
we investigated whether CMTM6 regulated Glut1 expression via a
posttranscriptional mechanism similar to its regulation of PD-L1.
To this end, HCT116 cells overexpressing CMTM6-HA and Rab11-
FLAG were subjected to triple IF, and the results revealed that
Glut1 (green) and CMTM6 (purple) colocalized with endosomes
(arrowheads, Fig. 5a) and the PM (arrows, Fig. 5a) of CRC cells.
Additionally, these proteins colocalized with Rab11, which is a
marker of recycling endosomes (red) (Fig. 5a). To confirm the
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CMTM6/Glut1 interaction, 2 baculoviral vectors, one encoding His-
tagged Glut1 and another encoding Strep-tagged CMTM6, were
generated to produce recombinant proteins. His-tagged Glut1 and
Strep-tagged CMTM6 were generated and purified from insect
cells cotransduced with the 2 baculoviruses, and these proteins
were used for pull-down assays to analyze the CMTM6/Glutl
interaction in vitro. Glut1-His and CMTM6-Strep were coprecipi-
tated with either an anti-His or anti-Strep antibody, as revealed by
Coomassie blue staining and WB (Fig. 5b, Lanes 4-7); these results
indicated the direct interaction between the CMTM6 and Glut1
proteins.

Glutl is degraded by lysosomes', so we next investigated
whether CMTM6 knockdown led to increased lysosomal targeting
and degradation of Glutl. CMTM6-knockdown CRC cells were
incubated with either lysosomal inhibitor(s) (bafilomycin or E646
+ pepstatin A) or the proteasomal inhibitor MG132. Cells
incubated with DMSO were used as controls. WB revealed that
the CMTM6 shRNA-induced downregulation of Glut1 was abol-
ished by the lysosomal inhibitor(s), bafilomycin or E646 +
pepstatin A (Fig. 5¢, P<0.0001), but not by the proteasomal
inhibitor MG132 (Fig. 5¢); these results indicated that CMTM6
knockdown indeed led to lysosomal targeting and degradation of
Glut1 in CRC cells.

CMTM6 knockdown reduces Rab11 mRNA and protein levels,
Rab11 activity, and the Rab11/Glut1 interaction

The transport of Glut1l from endosomes to the PM depends on
Rab11'"'*1> which is a small GTPase that plays a key role in the
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Fig. 3 CMTM6 knockdown reduces CRC tumor growth in nude mice and the Glut1 protein level in CRC cells. a Control and CMTMé6-
knockdown HCT116 cells were mixed with liver fibroblasts, and they were subcutaneously coinjected into immunosuppressed nude mice.
CMTM6 knockdown suppressed HCT116 tumor growth in nude mice. ****, P < 0.0001 according to ANOVA, n =7,8. b Cryo-sections of HCT116
tumors were subjected to immunofluorescence (IF) staining for Ki67 (left) or cleaved caspase 3 (right). The cell nuclei were counterstained with
DAPI (blue). The percentage of Ki67-positive cells was lower whereas the percentage of cleaved-caspase 3-positive cells was higher in CMTM6-
knockdown tumors than in control tumors. ***¥* P < 0.0001 by t test, n =7, 8. Scale bar, 50 pm. ¢, d IF and WB revealed reduced protein levels of
glucose transporter 1 (Glut1) in CMTM6-knockdown tumors compared to control tumors. **, P < 0.01; **** P < 0.0001 by t test, n =4,4. Scale
bar, 50 pm. e WB showed that Glut1 protein levels in CRC cells were reduced by CMTM6 knockdown in 2D culture. **, P < 0.01 according to
ANOVA, n = 3.
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recycling of cargo proteins to the PM3°~*2, Therefore, we collected
CRC cells that coexpressed CMTM6-HA and Rab11-FLAG and
performed coimmunoprecipitation (colP) to analyze the CMTM6/
Glut1/Rab11 interaction in CRC cells. An anti-HA antibody was
used to pull down CMTM6-HA, followed by WB to detect the
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shRNA shRNA

coprecipitated Glut1l and Rab11-FLAG. Rab11-FLAG and Glut1
were coprecipitated with CMTM6-HA by an anti-HA antibody,
confirming that the three proteins formed a complex in CRC cells
(Fig. 5d). Triple IF demonstrated the colocalization of the three
proteins in endosomes (arrows) and in the PM (arrowheads) of
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Fig. 4 CMTMS is required for the plasma membrane (PM) localization of Glut1, glucose uptake, and glycolysis in CRC cells. a A glucose
uptake assay followed by flow cytometry analysis of 2-NBDG fluorescence demonstrated that the percentage of HCT116 cells that were
positive for 2-NBDG uptake was reduced by CMTM6 knockdown. b The average 2-NBDG uptake by HCT116 cells was reduced by CMTM6
knockdown. **, P <0.001 according to ANOVA; n> 5000 cells per group. ¢ Glucose uptake assays showed that the percentage of MC38 cells
that were positive for 2-NBDG uptake was reduced by CMTM6 knockdown. d The average 2-NBDG uptake by MC38 cells was reduced by
CMTM6 knockdown. **, P < 0.01 by t test; n > 5000 cells per group. e The Agilent Seahorse Glycolysis Stress test was performed, and changes in
the extracellular acidification rate (ECAR) were recorded in real time. Glycolysis in HCT116 cells was reduced by CMTM6 knockdown. ****,
P <0.0001 according to ANOVA, n = 5. f The Seahorse glycolysis stress test showed that glycolysis in MC38 cells was suppressed by CMTM6
knockdown. *, P < 0.05 according to ANOVA, n = 5. g A biotinylation assay revealed that the Glut1 level in the PM of HCT116 cells was reduced

?f CMTM6 knockdown. ***, P <0.001 by t test, n=3.

control HCT116 cells (Fig. 5e). IF also demonstrated that CMTM6
knockdown downregulated not only Glutl protein expression
(Fig. 5e, green) but also Rab11 protein expression (Fig. 5e, red),
and this finding was confirmed by WB (Supplementary Fig. 2d
P <0.0007). RNA sequencing data showed that the Rab11 mRNA
level in CMTMé6-knockdown cells was only half that in control cells
(Supplementary Fig. 2e, P<0.05). A Rab11 activity assay, which
measures the level of active Rab11 (Rab11-GTP), revealed that
Rab11 activity in CRC cells was suppressed by CMTM6 knockdown
(Fig. 5f, P<0.0001). Moreover, colP demonstrated that CMTM6
knockdown disrupted the Rab11/Glut1 interaction in CRC cells
(Fig. 59, P<0.0001). To further explore the role of Rab11 in the
CMTM6 knockdown-induced downregulation of Glut1, a constitu-
tively active Rab11 mutant construct, namely, Rab11Q70L*?, was
created by site-directed mutagenesis, and its role in rescuing
Glut1 in CMTM6-knockdown cells was assessed. To this end, cells
overexpressing the Rab11Q70L mutant or wild-type Rab11 after
retroviral transduction were subjected to shRNA-mediated CMTM6
knockdown. WB data demonstrated that both were able to restore
the Glutl protein level in CMTM6-knockdown cells, but the
Rab11Q70L mutant exerted a stronger effect (Fig. 5h, P < 0.05).
Thus, the Glut1l downregulation that was observed in CMTM6-
knockdown CRC cells was indeed mediated by Rab11.

CMTM6 promotes CRC liver metastasis in a liver metastasis
mouse model

We next used patient RNA sequencing data from The Cancer
Genome Atlas (TCGA) to analyze CMTM6 expression in CRC
using a web server and Gene Expression Profiling Interactive
Analysis. CMTM6 expression was higher in 275 colon adeno-
carcinoma (COAD) tissues than in 349 control tissues, and
CMTM6 expression was also higher in 92 rectum adenocarci-
noma (READ) tissues than in 318 control tissues (Fig. 6a,
P < 0.05). Additionally, elevated CMTM6 expression was asso-
ciated with worse disease-free survival in a cohort of COAD
patients (Fig. 6b, P <0.05). Since liver metastasis significantly
contributes to the death of CRC patients, we next investigated
whether CMTM6 promoted CRC liver metastasis in a portal vein
tumor injection mouse model. MC38 cells expressing NT shRNA
or CMTM6 shRNA were implanted into the livers of mice via
portal vein injection (1 x 10° cells per mouse), and all the mice
were killed 11 days later. We found that MC38 cell-derived liver
metastasis in mice was significantly suppressed by shRNA-
mediated CMTM6 knockdown (Fig. 6¢, P < 0.05). IF showed that
the percentage of Ki67-positive cells was reduced, whereas
that of active caspase 3-positive cells was increased, in CMTM6-
knockdown MC38 cell-derived liver metastases compared to
control liver metastases (Fig. 6d, P<0.0001). Furthermore,
compared with those in control liver metastases, IF revealed
reduced Glut1l protein levels in CMTM6-knockdown liver
metastases (Fig. 6e, P <0.0001). Moreover, WB confirmed that
the average Glut1 level was lower but the average activated-
caspase 3 level was higher in CMTM6-knockdown liver
metastases than in control metastases (Fig. 6f, P < 0.05). Thus,
CMTMB6 is required for maintaining Glut1 protein levels in CRC
and CRC liver metastases in mice.
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CMTM6 knockdown blocks the secretion of cytokines/
chemokines by MC38 cells

To explore additional mechanisms by which CMTM6 promotes
CRC liver metastasis, we focused on MC38 cell-derived cytokines
and chemokines because they not only promote cancer prolifera-
tion and growth but also establish a prometastatic microenviron-
ment by recruiting or activating other cells in a paracrine fashion.
Conditioned medium was collected from control or CMTM6-
knockdown MC38 cells for cytokine/chemokine profiling using a
Proteome Profiler Mouse XL Cytokine Array Kit (R&D Systems). In
total, 73 out of 111 cytokine/chemokine targets were detected,
and 60 were significantly downregulated by CMTM6 knockdown
(Supplementary Fig. 3, P<0.05). The CMTM6 targets can be
divided into different groups: (1) mitogens such as PDGF-BB,
Amphiregulin, and TGFa; (2) cytokines/chemokines that are
related to inflammation, such as IL-1q, IL-1(3, IL6, IL11, CD14,
CD160, Chemerin, Chitinase-3-like protein 1 (CHI3L1), Flt-3 ligands,
G-CSF, M-GSF, ICAM-1, CD62E, CD62P, and VCAM1; (3) factors that
are involved in the immunosuppressive tumor microenvironment,
such as IL6, IL10, TNFa, CCL17, and IL15; and (4) factors that
control endothelial cell survival and angiogenesis, such as CXCL12,
angiopoinetin-1, GAS6, and MMP2 (Supplementary Fig. 3). Some
targets are shown in Fig. 7a. Thus, by controlling the secretion of
cytokines/chemokines by CRC cells, CMTM6 in CRC cells can
remodel the hepatic tumor microenvironment to promote CRC
liver metastasis.

CMTM6 promotes the development of an immunosuppressive
microenvironment for CRC liver metastasis

Cancer-associated fibroblasts (CAFs) and various immune cells in
the liver are critical determinants of CRC liver metastasis. We
previously reported that the CAFs of MC38 cell-derived liver
metastases exhibit active PDGF signaling and interleukin signaling
pathways, which are important for CAF activation'”. Since CMTM6
knockdown blocked the secretion of PDGF-BB and numerous
interleukins by MC38 cells (Supplementary Fig. 3, P<0.0001), we
quantified the CAF density of MC38 cell-derived liver metastases. IF
staining for a-smooth muscle actin (aSMA), which is a marker of CAFs,
revealed that the CAF density was significantly lower in CMTM6-
knockdown liver metastases than in control liver metastases
(Supplementary Fig. 4, P<0.05). CAFs facilitate cancer immune
evasion by forming a physical barrier to prevent immune cells from
entering tumors and by producing immune regulatory molecules,
such as TGFB1 and PD-L1, to suppress the antitumor activity of
immune cells*™3444% Thus, we profiled the immune components of
MC38 cell-derived liver metastases by performing IF, and the results
revealed that the densities of CD8a+ T cells, NK1.1 + NK/NKT cells,
Granzyme B+ cytotoxic lymphoid cells, and CD20+ B cells were
increased in CMTM6-knockdown liver metastases compared to
control liver metastases (Supplementary Figs. 4, 5, P<0.001). In
contrast, the numbers of FoxP3+ regulatory T cells and F4/80+
macrophages were decreased in CMTM6-knockdown liver metastases
(Supplementary Fig. 5, P<0.0001). Thus, CMTM6 in CRC cells
promotes an immunosuppressive microenvironment by recruiting
CAFs into liver metastases and excluding cytotoxic lymphocytes from
CRC liver metastases.
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Targeting CMTM6 of MC38 cells alters the transcriptome of
MC38 cells within the liver metastases, as revealed by spatial
transcriptomics

To determine whether and how CMTM6 knockdown influenced
the transcriptome of MC38 cell-derived liver metastases, we
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performed spatial transcriptomics using the NanoString GeoMx
Digital Spatial Profiler (GeoMx DSP) and GeoMx Mouse Whole
Transcriptome Atlas Panel that allows the detection of 20,177
murine transcripts'>. Control MC38 cell-derived liver metastases
from 3 different mice and CMTM6-knockdown metastases from 3
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Fig. 5 CMTM6 forms a complex with Glut1 and Rab11 that is required for the PM targeting of Glut1. a IF staining showed that Glut1
(green), CMTM6-HA (purple), and Rab11-FLAG (red) colocalized in the PM (arrows) and endosomes (arrowheads) of HCT116 cells. Scale bar,
20 um. b Cultured insect cells were transduced with baculoviruses to express recombinant Glut1-His and CMTM6-Strep proteins. Cell
membrane proteins were dissolved, purified, and subjected to pulldown. Coomassie staining (upper) and WB (lower panel) revealed that
CMTM6-Strep was coprecipitated with Glut1-His by an anti-His antibody (Lanes 4, 5), and conversely, Glut1-His was coprecipitated with
CMTM6-Strep by an anti-Strep antibody (Lanes 6, 7). ¢ CMTM6-knockdown HCT116 cells were incubated with lysosomal inhibitor(s)
[bafilomycin (BAF) or E64d + pepstatin A (PepA)] or the proteasomal inhibitor MG132, and the cells were collected for WB analysis. The
lysosomal inhibitor(s), but not the proteasomal inhibitor, protected Glut1 from downregulation due to CMTM6 knockdown. **** P < 0.0001
according to ANOVA, n=3. d HCT116 cells expressing CMTM6-HA and Rab11-FLAG after retroviral transduction were collected for
coimmunoprecipitation (colP), and the results revealed that CMTM6 interacted with Glutl and Rab11 in HCT116 cells. The data are
representative of multiple repeats with similar results. e Representative triple IF images of CMTM6-HA (purple), Rab11-FLAG (red), and Glut1
(green) in control and CMTM6-knockdown HCT116 cells are shown. Scale bar, 10 um. f Rab11 activity assays revealed that the Rab11-GTP level
in HCT116 cells was reduced by CMTM6 knockdown. ****, P <0.0001 by t test, n = 3. g HCT116 cells overexpressing CMTM6-HA and Rab11-
FLAG were harvested for colP. CMTM6 knockdown reduced the Glut1/Rab11 interaction in HCT116 cells. ***, P<0.001; **** P <0.0001
according to ANOVA, n=3. h WB showed that Glut1 in CMTM6 knockdown cells was restored by the expression of a constitutively active
Rab11Q70L-FLAG mutant or wild-type Rab11-FLAG and that the Rab11Q70L-FLAG mutant exerted a stronger effect. **, P < 0.01; ***, P < 0.001

:ccording to ANOVA, n=3.

mice were selected for the study; anti-pan cytokeratin and anti-
desmin antibodies were used to label MC38 cells and CAFs by IF
staining (Fig. 7b upper panel). In total, 14 areas of interest (AOls) in
control metastases and 13 AOIs in CMTM6-knockdown metastases
were selected for data acquisition and analysis, which led to the
detection of 19,616 transcripts in MC38 cells from each AOL
Compared to the transcriptome of HCT116 cells (Fig. 2a), the
spatialomic data, as shown in a volcano plot, demonstrated a
remarkable shift toward the left (Fig. 7b lower panel), suggesting a
transcriptome-wide downregulation of gene expression in
CMTM6-knockdown MC38 cell-derived liver metastases compared
to that in control liver metastases. When a fold change of 1.5 was
set as the threshold, 6876 transcripts were found to be
downregulated and 10 were found to be upregulated in
CMTM6-knockdown MC38 cells in the liver metastases (P < 0.05).
GSEA analysis with the mouse molecular signature database (M2
gene sets) revealed that transcriptomic changes impacted the
biological processes of MC38 cells, including RNA metabolism,
translation, intracellular signaling, DNA damage and repair,
metabolism, epigenetics and gene transcription, the cell cycle,
and protein modification (Fig. 7c). For example, 175 transcripts in
the Reactome G2-G2/M phase and 61 transcripts in the Reactome
glycolysis were affected by CMTM6 knockdown in MC38 cells
(Supplementary Fig. 6). Since the secretion of 60 cytokines/
chemokines was blocked by CMTM6 knockdown (Supplementary
Figure 3), we compared the transcript levels of these cytokines/
chemokines. Among the 59 transcripts that were analyzed, 50
were significantly downregulated in CMTM6-knockdown MC38
cell-derived liver metastases compared to control MC38 cell-
derived liver metastases (Supplementary Fig. 7a, P < 0.05), whereas
9 transcripts were not downregulated (Supplementary Fig. 7b,
P>0.05). Thus, while the majority of the cytokine/chemokine
targets of CMTM6 are regulated by CMTM6 at the transcriptional
level, a small portion of these targets is regulated at the
posttranscriptional level in CRC cells.

Targeting CMTM6 in MC38 cells alters the transcriptome of
CAFs, as revealed by spatial transcriptomics

A spatialomics study also detected 18,856 transcripts in CAFs from
each AOI. We compared the transcriptome of control CAFs to that
of CAFs from CMTM6-knockdown MC38 cell-derived liver metas-
tases, and the results are shown in a volcano plot (Fig. 8a). The
data also showed a remarkable shift toward the left, suggesting a
transcriptome-wide downregulation of gene expression in the
CAFs of CMTM6-knockdown liver metastases (Fig. 8a). When a fold
change of 1.5 was set as the threshold, 12,960 transcripts were
found to be downregulated and 8 were found to be upregulated
in the CAFs of CMTM6-knockdown metastases (Fig. 8a P < 0.05).
GSEA revealed that these transcriptomic changes affected

Experimental & Molecular Medicine (2024) 56:2002 - 2015

biological processes in CAFs, such as translation, RNA metabolism,
epigenetics and gene transcription, the cell cycle, DNA damage
and repair, protein modification, metabolism, intracellular signal-
ing, and vesicular trafficking (Fig. 8b). For example, the expression
of 104 transcripts in the Reactome G1/S transition (Fig. 8c upper
panel) and 92 transcripts in the Reactome metabolism of
nucleotides in CAFs were affected (Supplementary Fig. 8). TGFf
signaling is critical for CAF activation®®*°, Seventy-two transcripts
related to Reactome signaling by the TGFbeta receptor complex
were suppressed (Fig. 8c, lower panel), which was consistent with
the results of IF staining for aSMA showing that the CAF density
was lower in CMTM6-knockdown liver metastases than in control
liver metastases (Supplementary Fig. 4, P <0.01). Thus, CMTM6 in
CRC cells regulates the transcriptome of both CRC cells and
adjacent CAFs to promote colorectal liver metastasis.

DISCUSSION

The majority of previous studies on the role of CMTM6 have
focused on how CMTM6 maintains PD-L1 protein levels and
targets PD-L1 to the PM, which are processes that are closely
related to immune evasion in cancer. This study focused on the
role of CMTM6 in glycolysis and the transcriptome, and this study
revealed that CMTM6 is required for maintaining the transcrip-
tome of CRC cells, targeting Glut1 to the PM for glycolysis, and
promoting cell cycle progression in CRC cells. In vivo, CMTM6 is
required for subcutaneous CRC growth in immunocompromised
mice and for MC38 cell-derived CRC liver metastatic growth in
C57BL/6 mice. By performing targeted proteomics and IF studies,
we further showed that CMTM6 in CRC cells controls the secretion
of 60 cytokines/chemokines and recruits CAFs to establish an
immunosuppressive microenvironment for CRC liver metastases.
Moreover, spatial transcriptomics confirmed that global transcrip-
tomic changes occurred in CAFs of CRC liver metastases as a result
of targeting CMTM6 in MC38 cells. Thus, CMTM6 plays multi-
faceted roles in CRC liver metastasis.

GSEA revealed that two pathways, the Fischer G2/M cell cycle
pathway and the Reactome glucose metabolism pathway, were
affected by CMTM6 knockdown in HCT116 cells. Cell cycle analysis
confirmed that CMTM6 knockdown disrupted cell cycle progres-
sion, as the number of CMTM6-knockdown CRC cells in the G2
phase of the cell cycle was increased. Our findings suggest the
requirement of CMTM6 for CRC cell cycle progression, which is
different from the role of CMTM6 in hepatocellular carcinoma
(HCO)*>. Wang et al. showed that CMTM6 suppresses the
proliferation of HCC cells by blocking the G1-to-S phase transition
by stabilizing p21 and inactivating the pRB/E2F pathway®.
Interestingly, patient data from the TCGA support the conclusion
that CMTM6 plays different roles in CRC and HCC; CMTM6
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expression is upregulated in patient CRC tissues but down-
regulated in HCC tissues compared to normal control tissues. Thus,
the role and mechanism of CMTM6 appear to be determined by
the specific type of cancer.

SPRINGER NATURE

Targeted proteomics was used to identify 60 cytokines/chemo-
kines as CMTM6 targets because their secretion was blocked by
CMTM6 knockdown. Members of the Rab small GTPase family
regulate membrane trafficking, including vesicle formation, vesicle

Experimental & Molecular Medicine (2024) 56:2002 - 2015



A. Shaha et al.

Fig. 6 CMTM6 knockdown suppresses MC38 liver metastasis. a Patient data from the TCGA database showed that CMTM6 expression is
higher in adenocarcinoma of the colon and rectum than in normal tissues. *, P < 0.05 by t test. The number of patients (N) is shown. b Elevated
CMTM6 expression in CRC tissues was associated with worse disease-free survival in CRC patients. P = 0.021 by log-rank test. n = 68 per group.
c MC38 cells expressing NT shRNA (control) or CMTM6 shRNA were injected into mouse livers via the portal vein. CMTM6 knockdown
suppressed MC38 cell-derived liver metastasis in the mice. *, P<0.05 by t test, n=6,7. d IF staining revealed that the percentage of Ki67-
positive cells was reduced, whereas the percentage of activated-caspase 3-positive cells was increased, in CMTM6-knockdown liver metastases
compared to control liver metastases. ****, P <0.0001 by t test, n=26,7. Scale bar, 50 pm. e IF staining revealed reduced Glut1 in CMTMé6-
knockdown liver metastases compared to control liver metastases. ****, P < 0.0001, n =6,7 by t test. Scale bar, 25 pm. f WB showed that the
average Glut1 level was lower, whereas the average activated-caspase 3 level was higher in CMTM6-knockdown liver metastases than in
control liver metastases. *, P < 0.05; **** P <0.0001 by t test, n=26,7.
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Fig.7 CMTM6 knockdown blocks the secretion of cytokines/chemokines by CRC cells and induces global transcriptomic changes in CRC
liver metastases. a The conditioned media of control and CMTM6-knockdown MC38 cells were analyzed with a Proteome Profiler Mouse XL
Cytokine Array Kit (R&D Systems). CMTM6 knockdown reduced the secretion of cytokines/chemokines by MC38 cells. *, P < 0.05; ***, P < 0.001,
***¥¥p < 0.0001 by t test, n=4. b Upper panel, sections of MC38 cell-derived liver metastases were subjected to spatial transcriptomics with
NanoString GeoMx DSP. Two representative areas of interest (AOls) that were selected for study are shown. MC38 cells were labeled with an
anti-pan cytokeratin antibody (green by the software), and cancer-associated fibroblasts (CAFs) were labeled with an anti-desmin antibody
(purple). Lower panel, a volcano plot showing 6876 downregulated and 10 upregulated transcripts in MC38 cells as the result of targeting
CMTM6 of MC38 cells. The horizontal line represents P < 0.05, and the vertical lines represent a fold change of 1.5. ¢ The pathways in MC38
cells that were affected by CMTM6 knockdown were identified by GSEA with the M2 pathways based on NES > 1 and P < 0.05. NES normalized
enrichment score.

(R5P), which is used in the synthesis of nucleotides and nucleic
acids. Serine, which is synthesized de novo from the glycolysis

movement inside the cell, and membrane fusion, and thus, they
regulate the transport of cargo proteins from the Golgi to the PM

and their secretion out of the cell; this process is termed
exocytosis*’. Although the role of Rab11 in exocytosis has been
demonstrated*>*®, other Rabs, such as Rab3, Rab4, and Rab6, are
required for exocytosis***°. Since some of the cytokine/chemokine
targets of CMTM6 are posttranscriptionally regulated by CMTM6
(Supplementary Fig. 7b), we hypothesize that in addition to the
function of Rab11, CMTM6 may be important for the function of
other members of the Rab small GTPase family that are involved in
protein trafficking and exocytosis.

Spatial transcriptomics revealed that global transcriptomic
changes occurred in CMTM6-knockdown MC38 cell-derived liver
metastases compared to control metastases, and these changes
may be explained by the following reasons. (1) Some glycolysis-
derived metabolites and intermediaries directly participate in DNA
and RNA synthesis or regulate gene transcription via epigenetic
mechanisms. For example, the pentose phosphate pathway, which
is a branch of the glycolysis pathway, generates ribose 5-phosphate
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intermediate 3-phosphoglyceric acid, enters folate metabolism
(one-carbon metabolism) to form 5,10-methylene tetrahydrofolate,
which is required for DNA, RNA, and methionine synthesis. S-
Adenosyl methionine is a methyl donor that is involved in the
methylation of DNA, RNA, and histones. Moreover, acetyl-CoA,
which is another glycolytic metabolite, is an acetyl donor that is
involved in the histone acetylation that is required for gene
transcription. Targeting CMTM6 led to the suppression of glycolysis
and the production of these metabolites, thereby influencing the
transcription of genes in CRC cells. (2) PM receptors are required for
signal transduction and gene transcription in the nucleus. Many PM
receptors are targeted to the PM via a Rab11-dependent mechan-
ism. CMTM6 knockdown suppressed Rab11 mRNA levels and Rab11
activity, so PM receptor-mediated signal transduction and transcrip-
tion programs may be affected in CMTM6-knockdown cells. (3)
CMTM6-knockdown liver metastases cannot efficiently recruit CAFs.
CAFs are another major producer of growth factors, cytokines, and
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Fig. 8 Targeting CMTM6 in MC38 cells alters the transcriptome of adjacent CAFs. a Volcano plot showing 12960 downregulated and 8
upregulated transcripts in CAFs of CMTM6-knockdown liver metastases compared to control liver metastases. The horizontal line represents
P <0.05, and the vertical lines represent a fold change of 1.5. b The CAF pathways and cellular processes that were affected by targeting
CMTM6 in MC38 cells were identified by GSEA (NES > 1 and P < 0.05, n = 14,13). ¢ Two CAF gene sets whose transcripts were affected by the
targeting of CMTM6 in MC38 cells are shown. Transcript enrichment is shown by an enrichment plot (left panel), and gene expression levels
are shown by a heatmap (right panel). n = 14,13. The bar represents the minimum (blue) to the maximum expression level (red).

chemokines that in turn act on CRC cells to modulate CRC gene
transcription via paracrine mechanisms. Thus, the lack of CAFs and
CAF-derived factors in the hepatic tumor microenvironment could
impact the transcriptome of CRC cells in liver metastases.

In summary, we identified a mechanism underlying the
Warburg effect by which CMTM6 forms a complex with Glut1
and Rab11 in endosomes, and this complex is required for the
Rab11-dependent transport of Glut1 to the PM, glucose uptake,
and glycolysis in CRC cells. Functionally, CMTM6 is required for
maintaining the transcriptome, cell cycle progression, and liver
metastasis of CRC in mice. Since the Warburg effect is a common
metabolic feature of cancer cells, understanding the structural
basis of the CMTM6/Glut1 interaction may provide opportunities
for the design of drugs that target the CMTM6/Glut1 interaction. In
this regard, future studies could focus on using structural biology
approaches to determine how CMTM6 binds to Glut1 and in order
to disrupt the structure of the interface that mediates the CMTM6/
Glut1 interaction. The information obtained will help us identify
appropriate strategies, such as screening small molecule libraries
or drug libraries, to search for compounds that can be used to
disrupt the Warburg effect and suppress CRC liver metastasis.
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