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Parkin deficiency promotes colorectal tumorigenesis
and progression through RIPK3-dependent necroptotic

inflammation

Colorectal cancer (CRC), recognized as one of the most
commonly diagnosed cancers globally, is a complex disease
influenced by various factors, including lifestyle, genetics,
and the environment [1]. Chronic bowel inflammation is
one of the primary contributors to colorectal carcinogen-
esis [2]. The persistent systemic inflammatory response
associated with tumors contributes to cachexia and mal-
nutrition in patient, leading to increased morbidity and
mortality. Previous studies have demonstrated that Parkin
acts as a negative regulator of necroptosis by binding to
and polyubiquitinating RIPK3 (Receptor-Interacting Pro-
tein Kinase 3), a pivotal regulator of necroptosis [3]. Loss
of Parkin promotes hyperactivation of RIPK3, necropto-
sis, and inflammation-driven colorectal tumorigenesis. In
colitis-associated models, inhibiting RIPK3 significantly
reduces pro-inflammatory cytokine expression and can-
cerous polyp formation. However, the role of RIPK3 in
tumorigenesis is complex [4, 5], and the physiological
relationship between Parkin and RIPK3 in vivo remains
incompletely understood.

To further investigate the tumor-suppressive effect of
Parkin through the inhibition of RIPK3 in vivo, we crossed
Prkn ~/~ mice and Ripk3 ~/~ mice to generate Prkn/Ripk3
double-knockout (DKO) mice from heterozygous Prkn +=
Ripk3 */~ breeding pairs [6, 7]. The DKO mice were born
at the expected Mendelian frequencies and were viable,
healthy, and fertile (Figure 1A). Genotyping, genome
sequence and Western blot analysis of mice from each
group confirmed the successful generation of Prkn ~/-,
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Ripk3 ~/~ and DKO (Supplementary Figure SI, Sup-
plementary Table S1). Long-term observations revealed
that Prkn ~/~ mice had shorter lifespans and began to
die around 8 months of age (Figure 1B). In contrast,
Ripk3 single-knockout mice and DKO mice exhibited
survival curves similar to those of wide-type (WT) mice.
These results indicate that Parkin deficiency may induce
abnormalities that contribute to reduced survival, and this
phenotype is regulated by Ripk3.

As reported previously [3], we found an increased fre-
quency of rectal prolapse in Prkn ~/~ mice (Figure 1C,
Supplementary Figure S2A). However, in DKO mice,
the number of mice with rectal prolapse significantly
decreased. Meanwhile, the weight of Prkn ~/~ mice was
significantly less than that of WT mice (Supplementary
Figure S2B). However, further knockout of Ripk3 in Prkn
=/~ mice did not rescue this low-weight phenotype. To
explore this further, we dissected mice of all genotypes
with similar ages and genders and found that the Prkn ~/~
mice had more polyps and obvious lesion in their small
intestine, while knocking out Ripk3 in Prkn ~/~ mice res-
cued this phenotype (Figure 1D, Supplementary Figure
S2C-D). Ripk3 ~/~ mice developed a comparable number
of polyps as WT mice. As signs of hyper-inflammation,
the aged Prkn ~/~ mice developed splenomegaly and
had higher levels of necroptosis-related cytokines such
as TNFq, IL-18, and IL-6 in the intestine (Supplemen-
tary Figure S2E-F). Further knockout of Ripk3 decreased
the Prkn-related splenomegaly and the expression of these
cytokines. Collectively, these data indicate that Prkn ~/~
promotes inflammation and initial hyperplasia, which can
be reduced by knocking out Ripk3.

To further understand the role of Parkin in colitis-
induced tumorigenesis and tumor progression, WT,
Prkn —/=, and DKO mice were subjected to AOM
(Azoxymethane)-DSS (Dextran Sodium Sulfate) treat-
ment. Mice were treated with a single intraperitoneal AOM
injection followed by three cycles of 2% DSS administration
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in drinking water (Supplementary Figure S3A). After DSS
feeding, Prkn ~/~ mice demonstrated a significantly
increased risk of mortality and a decrease in body weight
compared to WT mice, while further knockout of Ripk3
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mice showed survival curves similar to WT

mice (Supplementary Figure S3B-C). Finally, nearly 80%
of Prkn ~/~ mice exhibited rectal prolapse, a significant
increase compared to WT and DKO mice (Figure 1E,
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Supplementary Figure S3D). Necropsy of the entire cohort
showed that colons obtained from AOM/DSS-treated Prkn
~/~ mice were markedly shorter and had increased tumor
burdens compared to control mice. However, this pheno-
type was rescued by further Ripk3 knockout (Figure 1F,
Supplementary Figure S3E-F). These results suggest that
the progression of colitis-associated tumorigenesis in Prkn
~/~ mice is dependent on RIPK3.

Supporting the notion that Parkin deficiency increases
inflammation, we observed enlarged spleens and
mesenteric lymph nodes (mLNs) in Prkn ~/~ mice (Sup-
plementary Figure S4A-B). Consistent with splenomegaly
and lymphadenopathy, increased myeloid cells (CDI11b*,
F4/80%, CD11c*, Gr-11) harvested from the spleen and
mLNs were observed in Prkn ~/~ mice compared to
WT mice. However, further knockout of Ripk3 reduced
these myeloid cell populations (Figure 1G, Supplemen-
tary Figure S4C). Using cultured Bone-marrow-derived
macrophages (BMDMs) in vitro, we found that Prkn
knockout promoted TNFa (T)/SM-164 (S)/ zVAD (Z,
a pan-caspase inhibitor) (TSZ) and lipopolysaccha-
ride (LPS)/S/Z-induced necroptotic cell death. It also
increased the levels of necroptosis markers, including
RIPKI1(Receptor-Interacting Protein Kinase 1), RIPK3,
MLKL (Mixed lineage kinase domain-like protein), and
AMPK (AMP-activated protein kinase) phosphorylation
[3, 8]. In contrast, necroptotic cell death and these markers
were almost entirely blocked in Ripk3 ~/~ mice and DKO
mice (Supplementary Figure S4D-E). Moreover, Prkn
~/= significantly promoted T/S/Z and LPS/S/Z-induced
expression of TNFa, IL-18 and IL-6, which was reversed

in DKO mice (Figure 1H). Collectively, these data indicate
that Prkn knockout promotes inflammation through
RIPK3-regulated necroptosis.

Given the tumor-suppressing function of Prkn in the
AOM/DSS colorectal cancer mouse model, we investi-
gated whether PRKN alterations are present in clinical
specimens. A pan-cancer analysis from the The Can-
cer Genome Atlas (TCGA) database revealed significantly
lower PRKN expression in various cancer types com-
pared to adjacent tissues, especially in cancers of the
digestive system, where development is closely associ-
ated with inflammation [9] (Supplementary Figure S5A).
Furthermore, the colorectal cancer dataset shows PRKN
has a similar alteration frequency to other well-known
tumor suppressors, such as PTEN (phosphatase and tensin
homolog deleted on chromosome 10) and BRCA2 (Sup-
plementary Figure S5B). Most of these alterations were
deep deletions, supporting PARKIN’s role as a tumor
suppressor (Supplementary Figure S5C). Consistently,
CRC patients with lower PRKN expression had poorer
progression-free survival, along with upregulation of sev-
eral inflammation-associated pathways and expression of
necroptotic cytokines such as IL-6, TNFa and IL-1(3, mir-
roring the phenotypes observed in our mouse models
(Figure 1I, Supplementary Figure S5D-F). Interestingly,
progression-free survival curves indicate that CRC patients
with lower RIPK3 expression have better outcomes when
PRKN expression is low (Figure 1J, Supplementary Figure
S5G). A detailed analysis showed that, in patients with
low PRKN expression but not high PRKN expression,
lower RIPK3 expression leads to reduced levels of IL-6,

FIGURE 1 Parkin deficiency promotes colorectal tumorigenesis and progression through RIPK3-dependent necroptotic inflammation.
(A) Expected and observed genotype frequencies in offspring at weaning from intercrosses of Prkn*/~ Ripk3*/~ mice. (B) Kaplan-Meier plot of
mouse survival after birth. Overall survival was tracked for 36 months. WT (n = 10), Prkn ~/~ (n = 12), Ripk3 ~/~ (n = 10), DKO (n = 12).
Statistical significance was determined using log-rank test. (C) Representative images of mice with rectal prolapse during the observation
period. (D) Number of intestinal polyps in each genotype group of mice at 18 months of age. (n = 8 mice per group). Statistical significance
was determined using Student’s t-test. (E) Representative images of rectal prolapse in mice after AOM/DSS treatment. WT (n = 8), Prkn~'~ (n
=10), DKO (n = 8). (F) Representative images of colonic tumor tissues and tumor counts per colon. WT (n = 6), Prkn™/~ (n = 7), DKO (n = 6).
Statistical significance was determined using Student’s ¢-test. (G) Splenocytes were collected and analyzed by flow cytometry for myeloid cell
populations stained with CD11b, F4/80, CD11c, and Gr-1 antibodies. Statistical significance was determined using Student’s ¢-test. (HH) mRNA
extracted from primary BMDM cells was subjected to qPCR analysis. (I) Progression-free survival Kaplan-Meier curve for PRKN in clinical
COAD samples. Statistical significance was determined using log-rank test. (J) Progression-free survival Kaplan-Meier curve for RIPK3 in
COAD samples with low PRKN expression. Statistical significance was determined using log-rank test. (K) Patients’ samples with low PRKN
expression were further divided into two groups based on RIPK3 expression levels (Low: z-score < -1). IL-6, TNFa and IL-1§3 expression levels
were compared between these groups. Statistical significance was determined using Student’s ¢-test. (L) Protein expression levels of PARKIN
and RIPK3 in non-tumor and tumor tissues. Statistical significance was determined using Student’s ¢-test. (M) PARKIN protein expression in
early (Stage I/II) versus advanced stages (Stage III/IV). Statistical significance was determined using Student’s t-test. (N) Patients’ samples
grouped by mean PARKIN expression levels. Ratios of patient numbers in early and advanced stages were calculated and compared between
groups. (O) Patients’ samples with low PARKIN expression were further divided by mean RIPK3 expression. Ratios of early- and late-stage
patients were compared between groups. (P) A proposed model for PARKIN deficiency promoting colorectal cancer development and
progression through RIPK3 and RIPK3-dependent inflammation. All data shown are representative of three independent experiments. ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations: WT, wildtype; DKO, double knockout; AOM, azoxymethane; DSS, dextran
sulphate-sodium; TNFa, tumor necrosis factor alpha; IL-13, interleukin-1 beta; IL-6, Interleukin-6.
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TNFa, and IL-18, indicating a less pronounced inflam-
matory response (Figure 1K, Supplementary Figure S5H).
Thus, our analysis of the TCGA database further supports
the role of PRKN in colorectal cancer, demonstrating that
PARKIN deficiency correlates with CRC in a manner that
depends on RIPK3 status.

Parkin deficiency has been reported to be associated
with advanced tumor grade [10]. To investigate this fur-
ther, we conducted a tissue microarray assay using samples
from patients at different tumor stages (Supplementary
Table S2). The immunohistochemistry (IHC) analysis of
these tumor samples showed that PARKIN protein levels
are significantly lower in cancer tissue, while RIPK3 pro-
tein levels are higher (Figure 1L, Supplementary Figure
S6A-B). Samples from different tumor stages showed that
PARKIN protein levels are lower in advanced stages (Stage
III/IV), compared to early stages (Stage I/II), whereas
RIPK3 protein levels did not exhibit significant differences
between stages (Figure 1M, Supplementary Figure S6C-F).
Consistent with our previous data, tumors in the low
PARKIN expression cohort were more frequently observed
in advanced stages (Stage III/IV) (Figure 1N, Supplemen-
tary Figure S6G). While RIPK3 expression showed no
clear association with tumor stages (Supplementary Figure
S6H-I)), higher expression of RIPK3 was found to be asso-
ciated with advanced-stage tumors (Stage III/TV) within
the low Parkin expression cohort (Figure 10). This obser-
vation aligns with the finding that combined PARKIN and
RIPK3 deficiency leads to better outcomes. Taken together,
these results support our hypothesis that PARKIN defi-
ciency promotes tumor progression to advanced stages in
a manner dependent on RIPK3.

In summary, our findings elucidate the role of RIPK3-
dependent necroptotic inflammation in colorectal cancer
induced by Parkin deficiency. Patient data reveal that poor
outcomes are associated with low Parkin expression. Addi-
tionally, RIPK3 expression correlates with tumor stage
progression in the Parkin-deficient cohort (Figure 1P).
These results suggest new diagnostic indicators: colorec-
tal cancer patients with low Parkin expression and high
RIPK3 expression are at a higher risk of progressing to
advanced stages. Early interventions are necessary for
these patients to prevent tumor deterioration.
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