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Abstract

Aim: Colorectal cancer (CRC) is the leading cause of cancer associated death worldwide and immune
checkpoint blockade therapy only benefit a small set of CRC patients. Tumor ferroptosis of CRC
reflected immune-activation in our previous findings. Understanding the mechanisms underlying how to
bolster CD8+ T cells function through ferroptosis in CRC tumor microenvironment (TME) will greatly
benefit cancer immunotherapy.

Methods: Genes between ferroptosis and CD8+ T cell function in CRC were screened through Cox,
WGCNA and differential expression analysis. Inmunohistochemistry and Immunofluorescence analysis
were performed. Co-immunoprecipitation were performed to determine protein-protein interaction,
mRNA level was determined by qRT-PCR. RSL3 was used to induce ferroptosis, and ferroptosis levels
were evaluated by measuring Transmission Electron Microscope analysis, MDA, Fe2*level and cell
viability.

Results: We screened APOL3 as the significant modulator for ferroptosis-related CD8+ infiltration in
CRC. Next, by in vitro and in vivo, we found that increased APOL3 expression was positively correlated
with sensitivity to ferroptosis and antitumor ability of CD8+ T cells. Next, we demonstrated that APOL3
can binds LDHA and promote its ubiquitylation-related degradation. Then, based on in vivo analysis and
tumor specimen, we discovered the APOL3-LDHA axis can facilitate the tumor ferroptosis and cytotoxic
ability of CD8+ T cells through increased IFNy and decreased lactic acid concentration.

Conclusion: The present study demonstrated that APOL3 promotes ferroptosis and immunotherapy in
colorectal cancer cells. The present work provides us with a novel target to overcome drug resistance to
ferroptosis and immunotherapy.
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Introduction

Colorectal cancer (CRC) is common around the
world [1, 2]. Development of early detection
modalities has improved the survival of patients with
colorectal cancer and surgical resection is considered
the only chance to cure CRC [3, 4]. However, In China,
CRC still ranks as the third leading cause of

cancer-associated mortality and late-stage colorectal
cancer responds poorly to most chemotherapeutic
agents [5]. Immune Checkpoint blockade therapy
(ICB) is a new therapeutic approach to CRC. Based on
the results of Keynote-177 trial, PD-1 blockade was
approved to treat only a small subset of patients with
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CRC (microsatellite instability high or mismatch
repair deficient) [6, 7]. Unfortunately, approximately
the other 85% of CRC with microsatellite stability
(MSS) or mismatch repair proficient (pMMR) are still
not responsive to ICB therapy. Hence, it is urgent to
unveil the molecular mechanism of tumor resistance
to ICB therapy and demonstrated novel treatment
strategies.

CD8+ T cells play a central role in antitumor
immunity and improvement of their functions is the
key strategy to facilitate ICB therapy [8, 9]. Targeting
tumor cell death was regarded as an effective way to
promote antitumor immunity through damage
associated molecular patterns (DAMPs) [10, 11].
Ferroptosis is a novel form of regulated cell death
characterized by iron-dependent accumulation of
lipid reactive oxygen species (ROS) to lethal levels
[12]. In recent years, accumulated progress has been
made in the understanding of pathways on cancer
sensitivity to ferroptosis [13-16]. A biologically
plausible hypothesis is that ferroptotic cells
communicate with immune cells through a set of
signals, such as the “find me” and “eat me” signals
produced during cell death [17]. Our previous
evidence demonstrated that tumor ferroptosis status
(consisting of GPX4, NOX1 and ACSL4) can reflect
enhanced CD8+ T cell infiltration based on CRC
specimen [18]. The key molecular pathways of how
ferroptosis enhance CD8+ T cell infiltration still
remain obscure.

In this study, we firstly conducted a three-phase
screen to identify apolipoprotein L3 (APOL3) as the
potential modulator at the crossroad between
ferroptosis and CD8+ T cell infiltration; then, by in
vitro and in silicon analysis, we validated APOL3 as
an important ferroptosis and immune-oncological
modulator; next, through mRNA sequence, metabo-
lomics analysis and combining protein-to-protein
interaction (PPI) analysis, we identify APOL3 can
negatively regulated LDHA at the protein level to
facilitate ferroptosis and antitumor activity of CD8+ T
cell; finally, by in vivo analysis, ferroptosis inducer
RSL3 can enhance the anticancer effects of PDL1
inhibitor and overexpression of APOL3 was found to
further improve the synergetic effect of RSL3 and
PD-1 inhibitor in CRC.

Methods and Materials

Tumor samples and clinical characteristics

Validation cohort included 150 CRC microsatel-
lite instability (MSS) patients with paired primary
tumor and normal epithelium tissues. All samples
were collected with institutional review board
approval from Zhongshan Hospital, Fudan Uni-
versity. Inclusion criteria was as follows: a) age elder

than 18; b) informed consent was obtained from each
patient; c¢) no pre-operative adjuvant treatment,
including targeted therapy, systematic chemotherapy,
radiotherapy; d) received resection of colorectal
cancer; e) pathological examination confirmed
adenocarcinoma, and the immunohistochemistry
analysis determined no loss of expression of any
mismatch repair (MMR) protein (including MLHI1,
MSH2, MSH6, PMS1, PMS2). Exclusion criteria were
as follows: Exclusion Criteria: a) History of other kind
of cancers; b) diagnosed as Hereditary colorectal
cancer or lynch syndrome. Informed written consent
was obtained from all human participants. The ethics
approval ID was B2017-166R.

Transcriptome sequencing

Total RNA was isolated from frozen tumor
tissues using a standard TRIzol protocol. Paired-end
sequencing (2x100 bp) was carried out with a BGI-500
instrument (BGI) to obtain at least 20 million reads for
each sample. The sequence data were processed and
mapped to the human reference genome (hg19) using
Bowtie2. Gene expression was quantified to
fragments-per-kilobase ~ per  million  mapped
fragments (RPKM) using RNA-Seq by expectation-
maximization (RSEM).

Coimmunoprecipitation

Cells were lysed in IP buffer containing protease
inhibitors (10 pg/mL leupeptin, 10 pg/mL aprotinin
and 1 mM phenylmethylsulfonyl fluoride), mixed
with 1 pg target protein antibody and 20 pL protein
G-Sepharose (Thermo Fisher #101242), incubated
overnight and eluted by boiling with SDS loading
buffer. The eluted samples were detected by
SDS-PAGE followed by Coomassie staining (Colloidal
Blue Staining Kit, Invitrogen, #LC6025). For mass
spectrometry, IP samples were eluted by shaking in 8
M urea and 100 mM Tris-Cl (pH 8.0) and then
analyzed by mass spectrometry.

Statistics

Statistical analyses were performed using the
SPSS statistical package (22.0; SPSS), R studio (R
Project for Statistical Computing) and Prism 6
(GraphPad Prism). The correlations between
continuous variables were analyzed using the
Spearman rank correlation test and the chi-squared
test. Overall survival (OS) analyses were carried out
using the Kaplan-Meier method, and the results were
compared using a log-rank test. A multivariable Cox
proportional hazards model predicting OS was
performed using backward stepwise selection. Risk
factors were expressed as the hazard ratio [HR, 95%
confidence interval (CI)]. Statistical significance was
defined as a P-value less than 0.05.
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Results

Integrated screen identifies APOL3 as the
significant modulator between ferroptosis and
immune-activation in Colorectal cancer

Our previous analysis demonstrated that
ferroptosis (combining of GPX4, NOX1 and ACSL4)
indicated tumor immune-activation in CRC [18].
Thus, we performed a three-phase screen to identify
the potential molecule targets. First, based on TCGA
data, we conducted COX analysis to demonstrate 2832
genes significantly related to CRC prognosis (Figure
1A and dataset S1 and S2). Second, we identified 9
modules of WGCNA related to CD8+ T cell
infiltration rate (Figure 1B) and carried out module-
trait relationship analysis (Figure 1C). Although
multiple modules were detected to be related to CD8+
T cell infiltration at varying degrees, we found that
the MEpink module confers to a significant
correlation and the highest absolute value of r (r =
0.89) (Figure 1C) and the MEpink module was further
confirmed by Gene ontology (GO) analysis (Figure
1D and Figure S1). Third, based on another
independent Clinical Proteomic Tumor Analysis
Consortium (CPTAC) proteomics CRC data,
differential expression analysis (DEA) was performed
to determine relative molecules for GPX4 (dataset S3),
NOX1 (dataset S4) and ACSL4 (dataset S5),
overlapping the statistically significant genes and
MEpink modules, APOL3 was screened to be
potentially key gene modulating ferroptosis and
enhanced tumor infiltrating CD8+ T cells’ activity
(Figure 1E) and the mRNA differential analysis was
shown in Figure S2.

APOL3 was functionally and clinically
important for colorectal cancer

The correlation between APOL3 expression and
immune cells infiltration was shown in Figure 1F and
Figure S3. We further retrieved MCPCOUNTER [19],
CIBERSORT [20], Xcell [21] and Quantiseq [22] to
define CD8+ T cell significance of APOL3 in CRC
(Figure S4). Besides, the ferroptotic role of APOL3 in
CRC was also evaluated in Figure 1G, whereas the
rest of APOL family proteins was found with less
correlation with most of the known ferroptotic
markers (Table S1) in Figure S5 (APOL5 was
excluded for the low expression in CRC tissues).

The clinical relevance of APOL3 in CRC was also
assessed from TCGA data, mRNA expression of
APOL3 down-regulated in CRC tissues (P<0.001) and
low expression of APOL3 statistically correlates with
more lymph node metastasis and distant metastasis
(Figure S6). Moreover, we performed immuno-
histochemistry (IHC) staining with validated

antibodies against APOL3 (Figure 1H) on a CRC
tissue microarray from Zhongshan Hospital, Fudan
University. Our analysis showed that low expression
of APOL3 was associated with a poor prognosis of
patients with CRC (Figure 1H). The correlation
between the expression of APOL3 and clinical
characteristics is shown in Table S2. Low expression
of APOL3 was significantly correlated with higher T
stage (P=0.001, Table S2). More importantly,
Expression of APOL3 was positively correlated with
expression of FACL4 (P<0.001, R?=0.38, Figure 1I).
Taken together, these findings suggest a clinically
significant role of APOL3 in CRC.

Overexpression of APOL3 inhibits
proliferation and enhances RSL3-induced
ferroptosis in colorectal cancer

Based on above bioinformatics and clinical
analysis, we tested whether ferroptosis inducer RSL-3
can affect the expression of APOL3. As was shown in
Figure 2A, only expression of APOL3 among APOL
family was sharply up-regulated after treatment of
RSL3 and the level of APOL1, APOL2, APOL4 and
APOL6 was slightly changed. Moreover, we
transfected RKO colon cancer cells with APOL1-KO,
APOL2-KO, APOL3-KO, APOL4-KO and APOL6-KO.
Upon RSL3 treatment, comparing to normal control
cells, only APOL3-KO RKO cell death rate was
significantly reduced, while the other 4 transfected
cells demonstrated no differences on cell death rate
(Figure 2B).

To investigate the role of APOL3 in CRC cell
lines, we generated APOL3-KO HCT-116 and RKO
cells using SgRNA (Figure S7) and constructed
APOL3-OE HT29 and CACO?2 cells (Figure S8). For
CRC cell line HT29 and CACO2, overexpression of
APOL3 inhibits cell growth, as measured by cell
viability and colony formation assays in Figure 2C.
Accordingly, Western Blots demonstrated that the
expression of proteins reflecting proliferation and
death also changed (Figure 2D). As APOL3
expression was significantly correlated with
ferroptosis markers, we further evaluated ferroptotic
role of APOL3 in a CRC cell line. As shown in Figure
2E, RKOAFOL3-OE cells were more sensitive to RSL3
upon exposure to increasing drug concentrations.
Furthermore, overexpression of APOL3 significantly
influenced RSL3-induced ferroptotic events, including
iron accumulation and lipid ROS production (Figure
2F), then Transmission Electron Microscope (TEM)
demonstrated significant cellular changes in RKO
(Figure 2G, marked in blue arrow). After inducing
ferroptosis with RSL3, the cell death rate between
controls and APOL3-OE was significantly increased
(Figure 2H); As a negative control, overexpression of
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APOL6 demonstrated

slight changes

on

cell

proliferation or ferroptosis in CRC cell lines (Figure
2C-2G). Next, we performed western blotting and
qRT-PCR to evaluate both protein and mRNA levels
of GPX4, NOX1 and ACSL4 after transfection of
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Figure 1: integrated screen identifies APOL3 as significant modulator for ferroptosis and antitumor immunity in CRC. (A) to (C): to identify novel ferroptosis and antitumor
immunity modulators in CRC, we performed a three-stage screen analysis (A) first, we performed COX analysis to screen prognosis-related genes in CRC patients, 2832 genes
were screened; (B) second, we performed WGCNA analysis to demonstrate 9 modules correlated with tumor related CD8+ T cells infiltration; (C) 9 modules were separately
blanked with different color marks; (D) validation of the Pink gene list on tumor immunity by GO analysis; (E) third, differential protein expression analysis from CPTAC
database, based on overlapping gene list, APOI3 was selected; (F) SsGSEA analysis demonstrated the immune-activation role of APOL3 in CRC samples; (G) mRNA expression
relation between APOL3 and ferroptosis-related markers was shown, a linear regression relationship was demonstrated between APOL3 and ACSL4 (P<0.05). (H) IHC assay
was performed on TMA from Zhongshan Hospital colorectal cancer center and representative images were shown, low expression of APOL3 indicates a poor prognosis in CRC
patients from Zhongshan Hospital cohort; (I) IHC assay demonstrated the positive correlation between APOL3 and FACL4. Abbreviations: CRC, colorectal cancer; WGCNA,
weighted gene co-expression network analysis; IHC, immunohistochemistry; CPTAC, Clinical Proteomic Tumor Analysis Consortium; TMA, tissue microarray; SsGSEA, single
sample gene set enrichment analysis.
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Figure 2: Overexpression of APOL3 inhibits cell proliferation and promotes ferroptosis in CRC cells. (A) expression of APOL3 was up-regulated after treatment of RSL3, while
the level of APOLI, APOL2, APOL4 and APOL6 was slightly changed; (B) then we transfected RKO colon cancer cells with APOL1-KO, APOL2-KO, APOL3-KO, APOL4-KO
and APOL6-KO, among APOL family, only APOL3-KO RKO cell death rate was significantly reduced; (C) compared to normal controls by CTG and clone formation assay,
overexpression of APOL3 significantly inhibits cell proliferations in RKO and HT29 cells; (D) Western Blots demonstrated APOL3 regulated CRC cell proliferation and death;
(E) by CTG and TMRE assay, RKOAPOL3-OE cells were more sensitive to RSL3 upon exposure to increasing RSL3 concentrations; (F) iron accumulation and lipid ROS production
was significantly up-regulated with overexpression of APOL3 in CRC cells; (G) electron microscope images demonstrated significant cellular changes in RKO; (H) inducing
ferroptosis with RSL3, the cell death rate between controls and APOL3-OE was significantly increased; (I) Next, we performed western blotting and qRT-PCR to evaluate both
protein and mRNA levels of GPX4, NOX1 and ACSL4 and the significant changes were observed. Abbreviation: CRC, colorectal cancer; CTG, CellTiter-Glo luminescent
assay; TMRE, Tetramethylrhodamine Ethyl Ester assay; qRT-PCR, qualitative reverse transcriptase polymerase chain reactions.

Knock-out of APOL3 inhibits RSL3-induced
ferroptosis in colorectal cancer

Next, we constructed APOL3-Knock out in
HCT116 cell line, Tetramethylrhodamine Ethyl Ester
(TMRE) analysis demonstrated that knock-out of
APOL3  significantly  inhibits =~ RSL3-induced
ferroptosis (Figure 3A). Indirect data also revealed
that cell death rate was significantly reduced after
knock out of APOL3 (Figure 3B). Moreover,
RSL3-induced ferroptosis-related events such as the
volume of Fe?* and the MDA rate was also
significantly decreased (Figure 3C). Finally, western
blotting (Figure 3D) and qRT-PCR (Figure 3E) results

confirmed that HCT116APOL3-KO jnhibits RSL3-induced
ferroptosis in CRC.

APOL3 functions as a regulator for lipid
metabolism in colorectal cancer cells

To better understand APOL3-mediated signal
circuits, we performed transcriptome sequencing of
controls and APOL3-KO HCT116 cells. The mRNA
expression signature is shown in Figure 3F (Dataset
$6). In addition, Gene set enrichment analysis (GSEA)
of APOL3-Sg1 and APOL3-5g2 significantly involved
the gene sets of “Cholesterol Homeostasis”
(NES:1.717, FDR:0.02, P<0.001), “Fatty acid
metabolism” (NSE: 1.37, FDR: 0.51, P:0.002) and
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“Glycolysis” (NES: 1.62, FDR:0.03, P:0.003). Next, we acids also were detected and quantified from the cell
performed Gene ontology (GO) analysis and observed = samples (Figure 3]). The quantitative results were
that APOL3 loss significantly enriched the expression =~ showed in Dataset S7 and the Extracted Ion
of genes linked to Arachidonic acid metabolism  Chromatograms (EICs) for controls and APOL3-OE
(Figure 3H and Figure 3I). Moreover, Mass were demonstrated in dataset S8.
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Figure 3: Knock-out of APOL3 inhibits RSL3-induced ferroptosis and regulates lipid metabolism in CRC. (A) we constructed APOL3-Knock out in HCT116 cell line, TMRE
analysis demonstrated that knock-out of APOLS3 significantly inhibits RSL3-induced ferroptosis; (B) cell death rate of APOL3-KO cells was markedly reduced with the treatment
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of RSL3; (C) the volume of Fe2* and the MDA rate was also significantly decreased; western blotting (D) and qRT-PCR (E) results confirmed that HCT116APOL3KO inhibits
RSL3-induced ferroptosis in CRC; (F) transcriptome sequencing of controls and APOL3-KO HCTI116 cells was performed and the mRNA expression signature of lipid
metabolism genes was shown; (G) GSEA of APOL3-Sgl and APOL3-Sg2 involved the gene sets of “Cholesterol Homeostasis”, “Fatty acid metabolism” and “Glycolysis”; (H) and
(1) GO and KEGG analysis revealed that APOL3 loss significantly enriched the expression of genes linked to Arachidonic acid metabolism; (J) MS analysis of majority oxidized
fatty acids were significantly upregulated in APOL3-OE CRC cells. Abbreviations: CRC, colorectal cancer; CTG, Cell Titer-Glo luminescent assay; TMRE,
Tetramethylrhodamine Ethyl Ester assay; GO, Gene Ontology; GSEA, gene set enrichment analysis; OE, overexpression; KO, knockout.

Transcriptome sequencing and
Protein-protein interaction network
prediction revealed a potential downstream
substrate of APOL3 in colorectal cancer cells

Given the metabolic functions validated by MS
analysis and transcriptome sequence after alteration
of APOL3 in CRC cell lines, we further wonder what
the downstream pathway APOL3 regulated is for the
ferroptosis phenotype. Thus, we doubly performed in
silicon protein-protein interaction (PPI) network
analysis to predict the potential substrate; based on
Geenmania [23] and HIT-prediction [24] analysis,
dataset S9 and Figure 4A concluded the interacting
protein and only the L-lactate dehydrogenase A
(LDHA) was overlapped. The protein levels of LDHA
were negatively regulated by APOL3 in three CRC
cell lines (CACO2, HT29 and HCT116) in Figure 4B,
while the mRNA levels were not significantly
changed after the alteration of APOL3 (Figure 4C).
Combining the results of the transcriptome
sequencing, MS analysis, in silicon PPI prediction and
preliminary verification, we considered the LDHA to
be a potential downstream substrate of APOL3 in
CRC cell line and the regulated process may be at
post-translation level.

APOLZ3 inhibits cell proliferation and
ferroptosis via negatively regulating LDHA

Compared to negative controls, we constructed
APOLB3-overexpressed CRC cells, next, by colony
formation assays, With the decrease of glucose sugar
concentration in the culture medium, we
demonstrated that viability of APOL3-OE cells was
more tolerance to the gradient deprivation of glucose
(Figure 4D). To validate the ferroptotic role of LDHA,
we tested the mRNA and protein level of LDHA and
its family genes with treatment of RSL3 in CRC cell
line. As was shown in Figure 4E, induction of RSL3
can significantly upregulate the expression of LDHA
and, interestingly, this effect can be partly diminished
with addition of MG132 (the inhibitor of Proteasome
system). Overexpression of LDHA inhibits RSL3-
induced ferroptosis through evaluating cell viability
and cell death rates on colon cancer cell line CACO2
(Figure 4F). Moreover, TMRE analysis (Figure 4G)
and TEM (Figure 4H) analysis demonstrated that
overexpression of LDHA significantly inhibits
ferroptosis of colon cancer cells. Next, by colony
formation analysis of CRC cell lines HCT116, RKO

and CACO2, overexpression of LDHA can rescue
APOL3-OE induced inhibition of cell proliferation
and ferroptosis (Figure 41, Figure S9 and Figure S10).
Accordingly, concentration of Fe?* and MDA (%) was
also rescued after LDHA was overexpressed in colon
cancer cell lines (Figure 4J]). Furthermore, TMRE
analysis (Figure 4K) and TEM analysis (Figure 4L)
demonstrated similar results. Taken together, these
phenotypic results proved that, in CRC cell lines, the
APOL3 promotes ferroptosis and inhibits cell
proliferation via LDHA.

APOL3 induces proteasome-dependent
ubiquitination of LDHA

In light of previous findings, to identify the
molecular mechanistic basis by which APOL3
promotes ferroptosis through LDHA, we next
performed reciprocal IP-western analysis to identify
APOL3-LDHA interactions. As was shown in Figure
5A, APOL3 could directly interact with LDHA. As we
know, ubiquitination is instrumental in the regulation
of protein expression. Thus, we firstly pretreated cells
with cycloheximide (CHX) to determine the stability
of LDHA. Results showed that the half-life periods of
LDHA were much longer in CRC cells with APOL3
knock-out than were in control cells (Figure 5B). We
then evaluated the protein levels of LDHA and found
that LDHA was significantly increased in
APOL3-knockout RKO cells, whereas suppressed
LDHA levels were seen in cells with APOL3
overexpression, next, we treated cells with MG132,
results revealed that MGI132 treatment could
significantly increase the LDHA protein expression in
control cells, while only a slight upregulation of
LDHA was observed in cells with APOL3 knockout
(Figure 5C). These results suggested that APOL3
might modulate the stability of LDHA in a
proteasome-dependent manner. In support of the
endogenous ubiquitination of LDHA, Co-IP using
total K48-linked poly-ubiquitination antibody was
then incubated with RKO and HT29 cell lysates, we
identified that overexpression of APOL3 could
increase K48-linked poly-ubiquitination of LDHA and
the interaction between LDHA and APOL3 in both
cells (Figure 5D and Figure S11). Furthermore, we
analyzed the subcellular location of APOL3 and
LDHA by Immunofluorescence (IF) analysis found
APOLS3 signal significantly overlapped with LDHA
on cytoplasm in CRC cells (Figure 5E). Taken
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together, these results indicated that APOL3-LDHA

dependent ubiquitination and degradation in
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inhibited their viability compared to negative controls; (E) treatment of RSL3 upregulated mRNA the expression of LDHA and this effect can be partly diminished with addition
of MG132; (F) by CTG assay and cell death rates evaluation, overexpression of LDHA inhibits RSL3-induced ferroptosis in CACO2; (G) TMRE analysis demonstrated that
overexpression of LDHA significantly inhibits ferroptosis of colon cancer cells; (H) by electron image microscopy, LDHA-OE significantly prevent cellular responses from RSL3
in CACO2 cells; (I) by clone formation analysis of CRC cell lines HCT116, RKO and CACO?2, overexpression of LDHA can rescue APOL3-OE induced inhibition of cell
proliferation and cell death; (J) concentration of Fe2* and MDA (%) was also rescued after LDHA was overexpressed in CRC cells; (K) TMRE analysis found that LDHA-OE can
rescue APOL3-OE-induced sensitivity to ferroptosis; (L) similar cellular response was shown by electron images. Abbreviations: CRC, colorectal cancer; PP, protein-protein
interaction; CTG, Cell Titer-Glo luminescent assay; TMRE, Tetramethylrhodamine Ethyl Ester assay.

APOLZ3 inhibits growth and promotes
ferroptosis of colorectal cancer cells in vivo

In light of our in vitro findings, we tested the
functions of APOL3 in proliferation in vivo with
subcutaneous xenograft models at first. Results
showed HCT116 APOL3-knockout cells promoted
tumor growth by 42% when compared to their
negative controls (Figure 5F left top). Besides,
knock-out of APOL3 did not influence the ferroptotic
events such as concentration of Fe?* and MDA (%) in
nude mice (Figure 5F right top). Furthermore, with
the treatment of ferroptosis inducer RSL3, APOL3
knockout significantly led to significant upregulation
of tumor volume (Figure 5F left down). Accordingly,
knock-out of APOL3 significantly inhibits the
expression of Fe?* and percent of MDA (Figure 5F
right down). Moreover, we chose to perform the
subcutaneous xenograft models of APOL3-overex-
pressed HT29 CRC cells, consistent with previous
findings, overexpression of APOL3 significantly
inhibits tumor volume (Figure S12) and promotes the
efficacy of RSL3 (Figure S13); APOL3-overexpressed
HT?29 of Fe?* concentration (Figure S14) and percent
of MDA (Figure S15) was markedly increased by
treatment of RSL3 in vivo. Collectively, these results
supported the view that APOL3 played
anti-carcinogenic and ferroptosis-promoting roles in
CRC cells in vivo.

Co-culture and in vivo analysis demonstrate
immune-activated effect of
APOL3-overexpression in colorectal cancer
cell lines

Previous report demonstrated that LDHA blunts
tumor immunosurveillance by CD8+ T cells[25]. In
light of our above findings of APOL3-LDHA axis, we
performed both in vitro and in vivo analysis to
demonstrate the effect of APOL3-overexpressed CRC
cells on the anti-tumor ability of CD8+ T cell. In vitro,
mouse-derived CT26 colon cells were indirectly
co-cultured with CD8+ T cells with different
treatment groups. As was shown in Figure 5G (both
left parts and right parts), in DMSO treatment
cohorts, APOL3 overexpression markedly increased
the efficacy of CD8+ T cell with higher lactate
concentration and IFNG expression (cohort 1 and
cohort 2) and can be diminished after
co-overexpression of APOL3 and LDHA (cohort 3);
on the other hand, in RSL3 treatment cohorts (Figure

5G right parts), we firstly find in vitro that treatment
of RSL3 can significantly enhance antitumor effect of
CD8+ T cell with higher IFNG mRNA expression
(cohort 4 and cohort 5). Besides, Fe?* concentration
and percent of MDA also changed accordingly
(Figure 5G).

Next, in vivo, we created subcutaneous
xenograft models of CT26 and consistent with
previous findings, knock out of APOL3 promotes
CT26 growth in both nude mice and BALB/c mice
(Figure 5H), however, with same number of CT26
cells injected, the tumor volume difference was larger
in BALB/c mice with normal immune system. We
further APOL3-LDHA axis effect on BALB/c mice, as
is shown in Figure 5I, knockout of LDHA partly
diminished tumor-promoting effect of APOL3-KO in
CT26 cells with slight increase of IFNG mRNA
expression and IFNy+ CD8+ T cells. IF analysis also
revealed similar results in Figure 5]. Together, these
data demonstrated that alteration of APOL3 of CT26
played influence on tumor volume through tumor
microenvironment modulation.

APOL3-LDHA axis enhances antitumor effect
of PD1 blockade in vivo

In light of previous findings, we next created the
subcutaneous xenograft models of CT26 cells in
BALB/c mice. Xenograft models were divided into
three different groups: DMSO cohort, PD1 cohort and
RSL3+PD1 cohort. In Figure 6A, results showed
although CT26 tumors with treatment of RSL3+PD1
were smaller compared to their control mice, RSL3
can only enhances the antitumor effect of PD1
blockade by 14%. Next, six different cohorts were
created in CT26 Xenograft mice: Empty vector+PD1,
Empty vector+RSL3+PD1, APOL3-OE+PD1, APOL3-
OE+RSL3+PD1, APOL3-OE+LDHA-OE+PD1 and
APOL3-OE+LDHA-OE+RSL3+PD1. Consistent with
above findings, tumor volume analysis indicated that
APOL3-OE of CT26 with treatment of RSL3
significantly increased the antitumor ability of PD-1
inhibitor in vivo and this effect can be diminished by
co-overexpression of LDHA (Figure 6B). Accordingly,
Fe?* expression and percent of MDA analysis demon-
strated similar results (Figure 6C). Furthermore,
CD8+ T cells infiltration was also evaluated by IHC
analysis and APOL3-OE plus RSL3 cohort led to
upregulation of CD8+ T cell infiltrations (Figure 6D).
Then, we chose to perform qRT-PCR analysis and
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Flow Cytometry to evaluate antitumor ability of
CD8+ T cells in CT26 tumors. Not surprisingly,
APOL3-OE+RSL3+PD1 cohort tumor showed the
largest IFNG expression and percent of IFNy of CD8+

T cells compared

to another 5 cohorts (Figure 6E).

Collectively, these results supported the view that
APOL3-LDHA axis enhanced antitumor ability of
CD8+ T cell-based treatment in CRC cells in vivo.
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of LDHA were much longer in CRC cells with APOL3 knock-out compared to control cells; (C) Western blotting analysis found that LDHA was significantly increased in
APOL3-knockout RKO cells, whereas suppressed LDHA levels were seen in cells with APOL3 overexpression, and this effect was diminished by treatment of MG132; (D) Co-IP
using total K48-linked poly-ubiquitination antibody identified that overexpression of APOL3 promoted K48-linked ubiquitination of LDHA in HT29 and RKO cells; (E) IF analysis
found APOL3 signal significantly overlapped with LDHA on cytoplasm in CRC cells; (F) In vivo analysis with subcutaneous xenograft models were constructed, APOL3-knockout
of HCT116 cells promoted tumor growth when compared to their negative controls (left top); concentration of Fe2+ and MDA (%) in nude mice were not significantly altered
(right top); with the treatment of ferroptosis inducer RSL3, APOL3 knockout significantly led to significant increase of tumor volume in vivo (left down); knock-out of APOL3
significantly inhibits the expression of Fe2* and percent of MDA (right down); (G) In vitro, mouse-derived CT26 colon cells were indirectly co-cultured with CD8+ T cells with
different treatment groups, overexpression of APOL3 markedly increased the efficacy of CD8+ T cell with higher lactate concentration and IFNG expression and can be
diminished after co-overexpression of APOL3 and LDHA; (H) subcutaneous xenograft models of CT26 were created and knock-out of APOL3 promotes CT26 growth in both
nude mice and BALB/c mice; the tumor volume difference was larger in BALB/c immune-competent mice; (I) APOL3-LDHA axis effect on BALB/c mice is shown, knockout of
LDHA partly diminished tumor-promoting effect of APOL3-KO in CT26 cells with slight increase of IFNG mRNA expression and IFNy+ CD8+ T cells; (J) IF analysis revealed
similar results. Abbreviations: CRC, colorectal cancer; CHX, cycloheximide; IP, immunoprecipitation; IF, immunofluorescence; Co-IP, co-immunoprecipitation.

Clinically, APOL3 expression correlated with
LDHA, tumor microenvironment and
ferroptosis markers in colorectal cancer

To verify why low APOL3 expression is
associated with dampened antitumor function and
poor prognosis, we analyzed the relationship between
APOL3 and cytotoxic cytokine-associated gene
expression in tumor-infiltrating CD8+ T cells in CRC
patients from TCGA database. Results showed that
the expression of APOL3 was positively associated
with expression of many cytotoxic cytokine-related
genes and with their transcription factors, such as
IFNG, CCL5, GZMB, and TBX21 (Figure 6F and
dataset S10). Next, we validated the immune-
infiltration reads by performing single-cell RNA
sequence with 2 different CRC specimen (low and
high APOL3 expression) and found that high
expression of APOL3 was positively correlated with
antitumor-microenvironment (Figure 6G), another
external validation was also performed in Figure S16.
Furthermore, IF analysis of CRC specimen showed
similar results and the negative correlation between
APOL3 and LDHA expression (Figure 6H). Finally,
IHC analysis based on CRC specimen revealed that
APOL3 expression was positively correlated with
CD8+ T cell infiltration with R2 of 0.58 (Figure 6I) and
negatively correlated with tumor LDHA expression
with R2? of 0.17 (Figure 6]).

Taken together, these results further suggested
the molecular mechanism by which APOL3 controls
tumor proliferation, ferroptosis and anti-tumor
immunity via promoting ubiquitylation-related
degradation of LDHA in CRC (Figure 7).

Discussion

Ferroptosis has been revealed as a novel
anticancer strategy for metabolically eliminating
cancer cells [26]. In some cases, this metabolic
reprogramming has been linked to an acquired
sensitivity to ferroptosis and reshaped tumor
microenvironment, thus opening up new opportu-

nities to treat immunotherapy-insensitive tumors
such as CRC [17]. Therefore, a better understanding of
the processes that regulate ferroptosis sensitivity
should ultimately aid in the discovery of novel
therapeutic strategies to improve CRC treatment. In
our previous study, based on colorectal tumor
microarray, we found that three ferroptosis genes
were prognosis-related markers and correlated with
immune-activation (paper unpublished), and how
modulation of ferroptosis leading to immune-
supportive microenvironment is unknown. Here, by
performing a three-phase screen (Cox analysis,
WGCNA analysis and differential expression
analysis), we identified the APOL3 as a mnovel
CRC:-related ferroptotic marker and a modulator for
CD8+ T cell infiltration.

As an apolipoprotein, APOL3 was reported in
many cell types, such as endothelial cells [27],
podocyte [28], neurones[29], trypanosomes[30].
Recently, Gaudet et al. [31] reported that IFN-y-
induced APOL3 was a potent bactericidal agent
protecting multiple non-immune barrier cell types
against infection. Besides, the phenotype of APOL3K©
podocytes exhibits striking similarities to that
resulting from cancer metastasis, with strong
reduction of cellular adherence and increase in cell
motility [27]. In cancer, the APOL3-controlled NCS-1
is known to promote motility, metastatic spread and
survival of cancer cells [32, 33]. Moreover, such
phenotype could result from the decrease in GOLPH3
association with trans-Golgi membranes due to the
reduction of PI(4)P levels, which play a role in
metastasis of breast cancers and glioblastomal[34].
Also, APOLs were reported in several cancers,
including cervical, ovarian, breast, thyroid, bladder
and prostate cancers [35-37]. However, in CRC, little
is known about its role in ferroptosis and CD8+ T
cells. In this study, we found that APOL3-mediated
ferroptosis in CRC enhanced intra-tumoral CD8+ T
cell effector function and promoted their antitumor
ability.

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

1295

CT26 in BALB/C mice
2500
— - Empty vector+DMSO
“E 2000~ -= Empty vector+PDI1 ,
£ 4+ Empty vector+RSL3+PD1
£ 1500 o
E
s
> 1000
=
5
E 500

CT26 in BALB/C mice

Tumor weight (g)

CT26 in BALB/C mice

CT26 in BALB/C mice

F

CRC patients
FADD{ sz o% ow on  ouam s on oz oz o [
IL12A on o onenonon  om [l
GNLY {[ost ERIRRIRAGE os (02 02 05 [68 nu. oz
GZMB{om o o am on  om on o ou  [Jlox on ox
2] e on oman on o [l

TBX21 [0 (08 o o o os2 on| 03 w.w sl o 0w

1COS {08 ot am os oss o) oor| oz [l 0w ozs o1 (a8 o
XCL1{ oz om om oz on o on [lon &2 w0z au 0w
GZMM o [are] o e oo oo [l o= on [GH] o0 o ol o om
PTPRC{ o o0 o o ow [l ow o fiBlom iz on  om

1FNG /oo o ol o [l o 0 oor o ] oo [l oo
PRF14jos fom .m.m ous om oz ost lom|  ox ol o
GZMA e m.nn 67 o lom | o5 sk lom o ou o] on o
ccLs m.? o o 0% o7t ox om [om) o5 o3 fom| o
0w om oz os faml o fow| o
EIPELECEE G

High

CDS8 T cell

G

Low APOLS3 expression

SingleR

B CT26 in BALB/C mice C
o4 wax
1200— @ Empty vector+PD1 e
- Empty vector+RSL3+PD1 E
A APOL3 OE+PDI P £
¥ APOL3 OE+RSL3+PD1 A g
T 000 APOL3 OE+LDHA OE+PD1 2 g
g ® APOL3 OE+LDHA OE+RSL3+PD1-9 22
° £,
'.—: 600 ;i
[
: 300 R
f&
&
P
L T T T T T T T &
«

Relative IFNG
mRNA expression
IFN-y+ of CD8+ T cell (%)

S DD
‘xqesx@@x@ X@@X@g&
& O qﬁ’& O &V
CFP IS

CD8+ T cell Merge

High

CD4+ T cell

)lcric

High expression of APOL3

Corr -
=
os
00
05
) =
g
5
2000 H
2 = £
s R"=0.58 £
£ 15004 P<0.001 . o
£ o 0‘? ° S
= ooog”y %,
g 1000 % g o
= 0900 % °
3 8 o o0
’ o oo
& s00 %o
= % D&, o
e 50 o % °
0 T T T 1
0 50 100 150 200

APOLS3 expression

CRC pts o0 CRC pts
" . R*=0.17 $0- 2
£ R’=3.841¢-005
g P<0.001 A § " P~0.05
< = = e
= gL
a B 5 .
= 200"
o H % °

T
200
APOL3 IHC score

300

APOL3 IHC score

Figure 6: APOL3-LDHA axis enhances antitumor effect of PD1 blockade in vivo and APOL3 expression correlated with LDHA, CD8+ T cell infiltration and ferroptosis markers
in CRC. (A) Xenograft models were divided into three different groups: DMSO cohort, PD1 cohort and RSL3+PD1 cohort and results showed although CT26 tumors with
treatment of RSL3+PD1 were slightly smaller compared to their control mice; (B) APOL3-OE of CT26 with treatment of RSL3 significantly increased the antitumor ability of
PD-1 inhibitor in vivo and this effect can be diminished by co-overexpression of LDHA; (C) Fe2* expression and percent of MDA analysis were accordingly changed in different
cohorts relative to (B); (D) CD8+ T cells infiltration was also evaluated by IHC analysis and APOL3-OE plus RSL3 cohort led to upregulation of CD8+ T cell infiltrations; (E)
APOL3-OE+RSL3+PD1 cohort tumor showed the largest IFNG expression and percent of IFNy of CD8+ T cells compared to another 5 cohorts; (F) based on TCGA database,
expression of APOL3 was positively associated with expression of many cytotoxic cytokine-related genes; (G) immune-infiltration reads by performing single-cell RNA sequence
with 2 different CRC specimen (low and high APOL3 expression) was evaluated and high expression of APOL3 was positively correlated with antitumor-microenvironment; (H)
IF analysis and IHC analysis (I) determined the positive correlation between APOL3 and CD8+ T infiltration and negative correlation between APOL3 and LDHA expression (J).
Abbreviations: CRC, colorectal cancer; DMSO, Dimethyl sulfoxide; TCGA, The Cancer Genome Atlas; IF, immunofluorescence; IHC, immunohistochemistry; TMA, tissue

microarray.
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Before exploring the role of APOL3 in CRC, we
performed a in silicon validation using ferroptosis-
related heatmap analysis and immune infiltration
analysis  (including SsGSEA, MCPCOUNTER,
CIBERSORT, Xcell and Quantiseq analysis). In the
present work, we found that APOL3 was commonly
downregulated in CRC, besides, low expression of
APOL3 was related to poor survival and was an
unfavorable prognostic indicator of CRC patients. To
validate the biological function of APOL3 in CRC, we
firstly constructed APOL3-knockout and APOL3-
overexpression CRC cell lines. Overexpression of
APOL3 inhibited cancer cell growth in CRC cells,
while knockout of APOL3 promoted cancer cell
proliferation. Next, we identified that APOL3 was
selectively involved in promotion of RSL3-induced
ferroptosis in the CRC cell line. To explore the
mechanism, we further performed both transcriptome
sequencing and protein-protein interaction network
prediction to identify LDHA as the possible
downstream molecule of APOL3 in CRC. The
following analysis and IP-western assay identified
LDHA as the ubiquitylation substrate of APOL3, and
knockdown of APOLS3 led to elevated protein levels of
LDHA, which decreased the sensitivity to RSL3 in
CRC cell lines. Overall, abnormal levels of APOL3
appeared to consistently exert tumor suppressor
tendencies in CRC cell lines.

In present work, LDHA degradation was proven
to be of considerable significance for ferroptosis and
tumor progression. The expression of LDHA was
increased after induction with RSL3, and CRC cells
overexpressing LDHA significantly inhibits RSL3-
induced ferroptosis. Effect of LDHA on immunity

were explored in many biological models. A previous
report showed that LDHA-associated lactic acid
production blunts tumor immunosurveillance by
CD8+ T cells [25]. Besides, Xu et al recently found that
ablation of LDHA inhibits PI3K-dependent phospho-
rylation of Akt and its transcription factor target
Foxol, causing defective antimicrobial immunity [38].
Consistently, in our study, by using co-culture and in
vivo analysis, we found that APOL3-LDHA axis
could directly enhance antitumor ability of effector T
cells with higher IFNG expression and lower lactic
acid concentration. In addition, as overexpression of
APOL3 promoted RSL3-induced ferroptosis through
LDHA, we further found that in immunocompetent
mice that overexpression of APOL3 could enhance the
treatment effect of RSL3 and PDL1 inhibitor. This
regulation process can limit the negative feedback
induced by ferroptosis inducer and immunotherapy
in CRC.

Obviously, there were some limitations in this
study. Firstly, the screen was based on the data of the
public database, such TCGA and GEO database;
however, we performed an integrated screen based on
both proteomics and transcriptomics data, we hope
the multi-omics screen process could partly solved
this limitation. Secondly, the clinical validation was
based on IHC staining of serial sections instead of
multiplex IHC staining, we believed that large sample
test and the combination of IHC and IF can solve this
problem.

Finally, clinical relevance of APOL3 with
ferroptosis, immunity was also evaluated in CRC
specimen. First, based on TCGA data, we
demonstrated a significant correlation between
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APOL3 and cytotoxic cytokine-associated gene
expression; next, based on single-cell RNA sequence,
we found that APOL3 expression were correlated
with tumor microenvironment infiltration;
Furthermore, based on IF and IHC analysis, APOL3
was significantly correlated with LDHA expression
and CD8+ T cell infiltration.

Conclusion

In summary, through COX analysis, WGCNA
analysis and differential expression analysis, our
study illustrates that APOL3 functions as an
important factor in CRC. we found APOL3 expression
occurred with higher CD8+ T cell in CRC and
decreased APOLS3 level was strongly associated with
malignant properties of CRC cells. Mechanically,
APOL3  can  promote  ubiquitylation-related
degradation of LDHA, APOL3-LDHA axis inhibits
cancer cell proliferation, promote ferroptosis and
CD8+ T cells’ antitumor ability. This finding also
demonstrates that overexpression of APOL3 may
serve as a potential cellular mechanism of sensitivity
to RSL3 and immunotherapy. Finally, we found that
APOL3 served as a biomarker for assessing treatment
effectiveness on ferroptosis-based immunotherapy
and an intervention target of CRC (Figure 7).
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