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C A N C E R

Interaction between NF-κB and PLAC8 impairs 
autophagy providing a survival advantage to prostate 
cells transformed by cadmium
Vaibhav Shukla1†, Ashish Tyagi1†, Balaji Chandrasekaran1, Bhawna Tyagi1, Balpreet Singh1, 
Thulasidharan Nair Devanarayanan1, Venkatesh Kolluru2,  
Murali K. Ankem2, Chendil Damodaran1*

Prostate cancer risk is influenced by various factors, including exposure to heavy metals like cadmium (Cd). The 
study reveals that the autophagy-regulating gene PLAC8 (placenta-specific 8) is significantly involved in Cd-
induced prostate carcinogenesis, and NF-κB acts as the upstream transcriptional activator of PLAC8, which then 
selectively up-regulates BCL-xL, providing a survival advantage to Cd-transformed cells. NF-κB activation stabi-
lizes PLAC8 in the cytosol, disrupting autophagy by allowing PLAC8 to colocalize with LC3B instead of LAMP1. Si-
lencing NF-κB down-regulates PLAC8 and its survival function while inhibiting NF-κB or PLAC8, which restores 
autophagy and decreases tumor growth in xenograft models. In addition, targeting BCL-xL confirmed this signal-
ing pathway. The findings suggest that sustained NF-κB activation regulates PLAC8 and highlights the NF-κB–
PLAC8–BCL-xL axis as a potential target for early detection and therapies in metal-induced prostate cancer.

INTRODUCTION
Macroautophagy (often referred to as autophagy) is an intracellular 
degradation system, which is initiated when isolation membranes 
first appear to engulf cytoplasmic components, expanding to form 
closed, double-membrane autophagosomes. Once formed, autopha-
gosomes fuse with lysosomes, releasing acidic proteases that de-
grade the engulfed cytoplasmic components. During this process, 
a cytosolic form of microtubule-associated protein light chain 3 
(LC3a) transforms into phosphatidylethanolamine-conjugated LC3 
(LC3b). LC3b then fuses with LAMP1, a lysosomes marker, and 
forms an autolysosome which is essential for degradation of cellular 
components (1, 2). When the conversion of LC3a to LC3b is hin-
dered, or if LAMP-1 fails to fuse with LC3b, then autophagy flux is 
impaired, and autophagy may be considered defective (3). This can 
lead to the accumulation of autophagosomes and ineffective degra-
dation of their contents (4). The accumulation of damaged proteins 
and organelles also contributes to oncogenesis by promoting ge-
nomic instability and disrupting cellular homeostasis (5) and is now 
recognized as a critical contributing factor in the development and 
progression of prostate cancer (6).

Prostate cancer can arise from a combination of genetic and en-
vironmental factors (7). Notably, there is an evident link between 
heavy metal exposure, whether through the environment or occu-
pation, to the incidence of prostate cancer (8, 9), and the aggressive-
ness of the disease (10). Cadmium (Cd) is one such heavy metal (11) 
that is increasingly used in many applications (12). Previous work 
demonstrated that chronic exposure (12 months) to Cd (10 μM) re-
sulted in the transformation of human normal prostate epithelial 
cells (RWPE-1) to a malignant phenotype [Cd-transformed prostate 
epithelial (CTPE) cells]. Furthermore, we demonstrated that Cd-
induced reactive oxygen species may be implicated in the impair-
ment of autophagy, thereby facilitating the transformation of normal 

prostate epithelial cells (6). Several transcription factors are known 
to regulate the autophagic process and contribute to carcinogenesis 
and metastasis, including placental-specific 8 (PLAC8) (13, 14). Our 
findings suggest that a progressive increase in PLAC8 expression is 
associated with Cd-induced prostate carcinogenesis, observed in vi-
tro and in xeno-transplanted mice (15). However, the molecular sig-
naling mechanisms underlying PLAC8 function and its role in 
regulating autophagy in prostate cancer remain to be elucidated.

Cd exposure also causes prostate cancer by activating cellular 
proliferation, differentiation, apoptosis, and/or angiogenesis path-
ways; inhibiting DNA repair; and inducing oxidative stress (16, 17). 
Oxidative stress and inflammation activate nuclear factor κB (NF-
κB) or p65, a molecule that plays a vital role in cell survival, prolif-
eration, and invasion (18). NF-κB is thought to transactivate PLAC8 
expression in colon (19) and breast cancer (20), so we hypothesized 
that Cd-induced oxidative stress–mediated NF-κB activation may 
regulate PLAC8, which could be a mechanism for prostate carcino-
genesis. In this study, we demonstrate that the activation of NF-κB is 
a key factor driver that regulates PLAC8 function during Cd-
induced cell transformation. NF-κB stabilizes PLAC8, which, in 
turn, prevents the fusion (or colocalization) of autophagosomes and 
lysosomes thus facilitating cell proliferation and contributes to ma-
lignancy. The coordinated actions of NF-κB and PLAC8 enable the 
precise regulation of the survival gene BCL-xL. This molecular reg-
ulatory network helps cells maintain viability and resist apoptosis, 
thereby promoting survival in conditions that would typically lead 
to cell death.

RESULTS
PLAC8 colocalizes with LC3B and drives defective autophagy
Cd-induced transformation of prostate epithelial cells triggered 
PLAC8 expression. There was also a concurrent increase in the ex-
pression of the autophagy-regulated genes LC3B and LAMP1 
(Fig. 1A and fig. S1, A and B). The induction of LC3B and LAMP1 
expression was expected to enhance the fusion of autophagosomes 
and lysosomes, resulting in the formation of autolysosomes in a 
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Fig. 1. Induction of PLAC8 leads to defective autophagy and transformation in prostate epithelial cells exposed to Cd. (A) Western blot analysis confirming induc-
tion of autophagy signaling following chronic exposure to Cd in prostate epithelial cells. (B) Immunofluorescence of RWPE-1 and Cd-transforming cells shows an increase 
in percentage of cells with LC3B and PLAC8 fusion. (C) Immunofluorescence of RWPE-1 and Cd-transforming cells shows a decrease in percentage of cells with LC3B and 
LAMP-1fusion. (D) Immunofluorescence staining and the colocalization analysis of LC3B with LAMP1 and PLAC8 were assessed using Pearson coefficient. (E) Representa-
tive TEM images illustrating the fusion of autophagosomes and lysosomes in RWPE-1 and CTPE cells, along with quantification of autophagosomes, lysosomes, and au-
tolysosomes per square micrometer. (F) The expression levels of PLAC8, LAMP1, and LC3B were determined by Western blot analysis in shRNA-PLAC8–transfected cells, 
both in the presence and absence of Cd. Veh, vehicle. (G) Immunofluorescence staining and colocalization analysis of LC3B and LAMP1 fusion with increased Pearson 
coefficient in sh-PLAC8 CTPE cells. (H) Representative TEM images showing fusion of autophagosomes and lysosomes in shRNA PLAC8-transfected CTPE cells compared 
to vector alone, along with the quantification of autophagosomes, lysosomes, and autolysosomes per square micrometer. Arrowheads indicate the following: lysosomes 
(blue), autophagic vacuoles (red), and autolysosomes (green). All error bars represent means ± SD. Statistical significance: *P < 0.05; ns, not significant.
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classical autophagy process (21). However, our findings revealed 
that LC3B colocalizes with PLAC8 rather than LAMP1, resulting 
in a gradual decline in the fusion of LC3B and LAMP1 during the 
transformation process (Fig. 1, B and C). To investigate the inhibi-
tion of autophagosome and lysosome fusion in transforming cells, 
we measured the fusion rates of LC3B with LAMP1 and LC3B with 
PLAC8 in individual cells using multicolor immunofluorescence 
and confocal microscopy. We observed LC3B and LAMP1 fusion 
as early as 4 months, but no significant increase occurred during 
the 8th and 12th months of transformation. In contrast, colocaliza-
tion between LC3B and PLAC8 showed a steady increase through-
out the successive stages of transformation, suggesting that PLAC8 
may replace LAMP1 in fusion with LC3B (Fig.  1D). This shift 
resulted in the inhibition of autolysosome formation, which we 
confirmed through transmission electron microscopy (TEM). We 
found more autophagosomes but not autolysosomes in CTPE cells 
(Fig. 1E).

To elucidate how PLAC8 regulates autophagy, we transfected 
Cd-transformed RWPE-1 (CTPE) cells with either scrambled/con-
trol short hairpin RNA (shRNA) or PLAC8-shRNA and subsequent-
ly treated them with an acute Cd dose (10 μM). Inhibition of PLAC8 
resulted in impaired colony formation (fig. S1C). As expected, the 
expression levels of autophagy-related genes, LC3B and LAMP1, in-
creased following acute exposure to Cd. Conversely, in PLAC8 
knockdown CTPE cells, Cd exposure did not restore the expression 
of LC3B and LAMP1 which had decreased because of PLAC8 
knockdown (Fig. 1F and fig. S1D). Reduced expression of PLAC8 
notably increased the colocalization of LC3B and LAMP1, leading 
to an increased number of autolysosomes in Cd-treated cells (Fig. 1, 
G and H). This finding suggests that PLAC8 inhibits the formation 
of the LC3B-LAMP1 complex and plays a crucial role in defective 
autophagy, which contributes to the Cd-induced transformation of 
human prostate epithelial cells.

Inhibiting PLAC8 suppresses tumor burden
To explore whether suppressing PLAC8 can inhibit tumor growth 
in vivo, we generated CTPE cells that stably expressed sh-PLAC8 or 
an empty vector and subcutaneously transplanted them into nude 
mice. After 4 weeks, tumors from the sh-PLAC8 group were signifi-
cantly smaller than those from the vector control group (Fig. 2A). 
The silenced PLAC8 was confirmed by Western blot analysis in 
CTPE transfectants (Fig. 2A). Tumors with sh-PLAC8 knockdown 
tumors also had reduced PLAC8, LC3B, and LAMP1 expression and 
reduced cell proliferation marker (Ki67 expression;  Fig.  2B). To-
gether, these in vivo results demonstrated that lower PLAC8 ex-
pression can inhibit CTPE tumor growth. By performing RNA 
sequencing (RNA-seq), we assessed whether the significant inhibi-
tion of tumor burden was a direct consequence of PLAC8 knock-
down. We identified 1610 down-regulated genes [log2 fold change 
(FC) ≤ −1, P ≤ 0.05] and 339 up-regulated genes (log2FC ≥ 1, P ≤ 
0.05) (Fig. 2C). Gene set enrichment analysis (GSEA) indicated that 
knocking down PLAC8 attenuated lysosomal function, prostate 
cancer, cancer pathways, androgen response, and tumor necrosis 
factor–α (TNF-α) signaling via NF-κB pathways (Fig. 2D, fig. S2A, 
and table S2). Knocking down PLAC8 also decreased the expression 
of known prostate cancer driver genes, including SLC17A5, IFIH1, 
LIFR, PGM3, CASP8, FZD5, and ITGAV (fig.  S2B). The findings 
support the idea that PLAC8 contributes to impaired autophagy and 
promotes factors that lead to prostate carcinogenesis.

p65 regulates PLAC8 and induces key molecular changes
Since knocking down PLAC8 down-regulated the NF-κB signaling 
pathway (Fig. 2D), we investigated the role of p65 in transforming 
cells. After exposing RWPE-1 cells to Cd for over a year, we ob-
served an increase in p65 expression beginning at 4 months, peak-
ing at 12 months (Fig. 2E and fig. S3, A and B). Typically, transcription 
factors, including p65, are localized in the cytoplasm and translo-
cate to the nucleus upon activation (22). Therefore, we conducted an 
NF-κB activation assay, which revealed that NF-κB activation and 
nuclear translocation increased during the Cd-induced transforma-
tion of RWPE-1 cells (Fig.  2, F and G) starting from the fourth 
month, before the increase in PLAC8 expression. This suggests that 
the induction of p65 activation may influence PLAC8 expression.

To test this hypothesis, we first identified two p65 binding sites 
within the PLAC8 promoter (Fig. 2H, top). We then mutated both 
binding sites together and transfected RWPE-1 and CTPE cells with 
luciferase plasmids containing wild-type or mutant PLAC8 promot-
ers. After transfection, we treated the cells with lipopolysaccharide 
(LPS) to induce NF-κB activation.

In CTPE cells with the wild-type PLAC8 promoter, LPS treat-
ment significantly increased luciferase activity by 1.5-fold (P < 0.05) 
compared to vehicle control. In contrast, luciferase activity in CTPE 
cells containing the mutant PLAC8 promoter decreased, and neither 
LPS nor Cd treatment restored NF-κB activity in these cells (Fig. 
2H). As expected, the increase in PLAC8 promoter activity in 
RWPE-1 cells was insignificant (fig.  S3C). A chromatin immuno-
precipitation–quantitative polymerase chain reaction (ChIP-qPCR) 
assay also confirmed that p65 binding to the PLAC8 promoter was 
higher in CTPE cells than in RWPE-1 cells (Fig. 2I).

This study confirms the interaction between NF-κB and PLAC8 
in the nucleus, but the replacement of LAMP1 with PLAC8 occurs 
in the cytosol. So, we examined whether NF-κB plays a role in the 
sustained up-regulation of PLAC8 protein in the cytosol by investi-
gating the protein-protein interaction between NF-κB and PLAC8. 
Immunoprecipitation experiments using a p65 antibody demon-
strated direct interaction between p65 and PLAC8 in CTPE cells 
(Fig. 3A). Treatment with cycloheximide (CHX) stabilized PLAC8 
expression in control cells; however, it failed to prevent the degrada-
tion of PLAC8 in p65 knockdown cells (Fig. 3B and fig. S3D). These 
findings suggest that p65 functions as both a scaffold and a tran-
scriptional cofactor in promoting PLAC8 expression. Notably, both 
p65 and PLAC8 proteins colocalized (Fig. 3C), and a number of cells 
exhibiting colocalization have increased during the transformation 
(Fig.  3D), providing direct evidence of their involvement in Cd-
induced transformation. In addition, these results align with previ-
ous observations that PLAC8 replaces LC3B in the cytoplasm, 
inhibiting normal autophagy while still bestowing survival charac-
teristics to transformed cells.

We overexpressed p65 in RWPE-1 cells, which slightly increased 
PLAC8 expression (Fig.  3E and fig.  S3E). In contrast, knocking 
down p65 in CTPE cells resulted in down-regulation of PLAC8, 
LC3B, and LAMP1 expressions. Notably, acute exposure to 10 μM 
Cd did not restore the expression of these important autophagy-
related genes (Fig. 3F and fig. S3F). In addition, p65 knockdown 
in CTPE cells increased the colocalization of LC3B and LAMP1 
(Fig. 3G). This phenomenon may be attributed to decreased PLAC8 
levels (Fig. 3F), allowing for greater availability of free LC3B to bind 
with LAMP1. The fusion of LC3B and LAMP1 is a crucial step in 
autophagy, as it promotes the formation of autolysosomes and 
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Fig. 2. Knocking down PLAC8 expression inhibits Cd-induced tumor growth in xenotransplanted mice. (A) In CTPE cells, silencing PLAC8 expression reduced tumor 
formation in the xenotransplantation model. (B) Immunohistochemistry (IHC) of tumor tissues analyzed for Ki-67, PLAC8, LC3b, and LAMP1 expression. (C) A volcano plot 
analysis displayed the differential expression of genes in sh-PLAC8 tumors compared to the control group. (D) GSEA identified pathways associated with prostate cancer, 
lysosomal functions, and NF-κB–mediated TNF-α signaling in PLAC8-knockdown (PLAC8_KD) tumors compared to the vector control. (E) Cd-transforming cells showed a 
time-dependent induction of p65 expression (F) and NF-κB activation was observed. (G) Both cytosolic and nuclear expression of p65 were noted during the transforma-
tion of Cd-exposed RWPE-1 cells. (H) p65 binding sites on the PLAC8 promoter were identified and validated by comparing luciferase activity in wild-type and mutated 
(Δ) sites, transcription start sites (TSS) and (I) ChIP-qPCR was performed in CTPE cells. All error bars represent means ± SD, with statistical significance indicated as *P < 
0.05, ***P < 0.001; ns, not significant. NES, normalized enrichment score.
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Fig. 3. The interaction between PLAC8 and NF-κB during the transformation of prostate epithelial cells. (A) The interaction between p65 and PLAC8 is confirmed by 
immunoprecipitation (IP) analysis. IgG, immunoglobulin G. (B) CHX was used to inhibit protein synthesis in vector alone and sh-p65 cells, and Western blot (WB) analysis was 
performed to show that p65 is necessary to stabilize PLAC8 in CTPE cells. h, hours. (C) Immunofluorescence of RWPE-1 and Cd-transforming cells shows an increase in percent-
age of cells with PLAC8 and p65 colocalization. (D) Immunofluorescence staining and the colocalization analysis of p65 and PLAC8 were assessed using Pearson coefficient. 
(E) Ectopic expression of p65 increases PLAC8 expression in RWPE-1 cells. (F) The expression levels of p65, PLAC8, LAMP1, and LC3B were determined by Western blot analysis 
in sh-p65–transfected cells, both in the presence and absence of Cd. (G) Immunofluorescence staining and colocalization analysis of LC3B and LAMP1 fusion with increased 
Pearson coefficient in sh-p65 CTPE cells. (H) Representative TEM images showing fusion of autophagosomes and lysosomes in sh-p65–transfected CTPE cells compared to 
vector alone, along with the quantification of autophagosomes, lysosomes, and autolysosomes per square micrometer. Arrowheads indicate lysosomes (in blue), autophagic 
vacuoles (in red), and autolysosomes (in green). All error bars represent means ± SD. Statistical significance is indicated as *P < 0.05, **P < 0.01, and ****P < 0.0001.
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decreases cell viability. TEM confirmed that cells with p65 knock-
down contained more autolysosomes than control cells (Fig. 3H). 
Furthermore, p65 knockdown decreased the proliferation of CTPE 
cells, and additional exposure to Cd further inhibited cell growth 
(fig. S4A). These findings suggest that the activation of p65, its sub-
sequent translocation to the nucleus, and its interaction with PLAC8 
are critical events that contribute to defective autophagy in trans-
forming prostate epithelial cells.

p65 knockdown abrogates CTPE tumor growth
The stable knockdown of p65 in CTPE cells was confirmed across 
different clones, and following this confirmation, these cells were 
subcutaneously inoculated into nude mice (Fig. 4A, left). After 
4 weeks, tumors in the sh-p65 group were significantly smaller than 
those in the corresponding vector control group (Fig.  4A, right). 
Differential gene expression analysis revealed that sh-p65 tumors 
had 68 activated genes and 86 repressed genes compared to the 
control tumors (Fig. 4B). Notably, pathways related to proteasomal 
degradation, autophagy, apoptosis, and unfolded protein response 
were positively enriched. In contrast, oxidative phosphorylation was 
negatively enriched (Fig.  4C, fig.  S4B, and table  S3). In contrast, 
PLAC8 knockdown down-regulated genes are associated with pros-
tate cancer and lysosomal pathways (Fig. 2D). The p65 knockdown 
activated programmed cell death pathways, including autophagy 
and apoptosis. In addition, p65 knockdown decreased the expres-
sion of PLAC8, LC3B, and LAMP1 (Fig. 4, D and E), which aligns 
with the reduced cell proliferation and viability observed in the 
CTPE tumors. To confirm that the observed cell death was partially 
due to apoptosis, we stained the cells with annexin V–fluorescein 
isothiocyanate (FITC) and performed a fluorescence-activated cell 
sorting analysis. This analysis showed an elevated fraction of apop-
totic cells (Fig. 5A). These results indicate that p65 activation is es-
sential for the growth of Cd-transformed tumors and suggest that 
p65 knockdown could be a potential therapeutic strategy for inhib-
iting tumor growth.

PLAC8-dependent BCL-xL expression drives the survival of 
transformed cells
BCL-xL and BCL2 play crucial roles in regulating cell survival 
during carcinogenesis (22). We found that overexpressing PLAC8 
substantially increased the levels of BCL-xL and decreased BCL2 
(Fig.  5B and fig.  S4C). In addition, up-regulation of BCL-xL was 
seen during the Cd-induced transformation process (Fig.  5C and 
fig. S4, D and E). These results suggest that BCL-xL may be the pri-
mary effector molecule responsible for the survival of RWPE-1 cells 
in response to chronic Cd exposure. Furthermore, knocking down 
BCL-xL resulted in decreased expression levels of p65 and PLAC8 
(Fig. 5D and fig. S5A). Conversely, overexpression of BCL-xL was 
found to increase the levels of p65 and PLAC8 (Fig. 5E and fig. S5B). 
This suggests a feedback loop mechanism within the NF-κB (p65)–
PLAC8–BCL-xL axis in Cd-transformed cells. In addition, knocking 
down BCL-xL in RWPE-1 cells that overexpress PLAC8 significantly 
reduced cell viability (fig. S5C).

To explore whether BCL-xL expression is influenced by p65 or 
PLAC8, we overexpressed p65 in PLAC8-knockdown CTPE cells 
and observed no change in BCL-xL levels (Fig. 5F). We also con-
firmed the interaction between p65 and BCL-xL in CTPE cells 
through immunoprecipitation (fig. S5D). Furthermore, a dual lucif-
erase assay indicated that BCL-xL promoter activity was elevated in 

CTPE cells (Fig. 5G) and in RWPE-1 cells that overexpress PLAC8 
(fig. S5E), these data suggest that NF-κB (p65) regulates PLAC8 and, 
indirectly, BCL-xL through PLAC8. This suggests a feedback loop 
mechanism within the NF-κB (p65)–PLAC8–BCL-xL axis in Cd-
transformed cells, indicating that NF-κB contributes to PLAC8 ex-
pression, which, in turn, regulates BCL-xL and controls the survival 
of Cd-transformed cells.

BCL-xL inhibition reprograms cell death pathways
We next used pharmacological inhibitors and shRNA knockdown 
strategies to investigate the role of BCL-xL in Cd-induced tumor 
growth. A BCL-xL inhibitor (A-1331852) significantly slowed the 
growth rate of xenografted tumors (Fig. 6A), as did shRNA-mediated 
BCL-xL knockdown (Fig. 6B). The shBCL-xL tumors also exhibited 
reduced proliferation, as indicated by decreased Ki67 expression 
and lower levels of p65 and PLAC8 (Fig. 6C). BCL-xL xenograft tu-
mors had 166 up-regulated genes and 256 down-regulated genes 
relative to tumors from the vector control (Fig. 6D), with positively 
enriched pathways related to the unfolded protein response, au-
tophagy, and apoptosis and negatively enriched pathways related to 
matrix metalloproteinases and oxidative phosphorylation (Fig. 6E, 
fig. S5F, and table S4). These findings suggest an approach that by 
inhibiting p65/PLAC8/BCL-xL axis may achieve a similar outcome 
in terms of tumor reduction. This potential enhancement of cancer 
therapy is a promising area for future research and development.

p65 and PLAC8 expression in clinical prostate 
cancer specimens
To assess the clinical significance of p65, PLAC8, and BCL-xL in 
prostate cancer progression, we divided clinical prostate cancer 
specimens into “low” (≤39 ng/g dry weight) and “high” (≥40 ng/g 
dry weight) Cd content, as previously reported (23). Prostate cancer 
specimens with high Cd levels exhibited increased p65, PLAC8, and 
BCL-xL levels compared to specimens with low Cd content (Fig. 7A). 
Although the data suggest potential biological trends, this study's 
small sample size limited our ability to detect statistically significant 
differences. The induction of the p65/PLAC8/BCL-xL signaling axis 
in patients with high Cd levels aligns with our preclinical findings 
regarding CTPE cells.

We also analyzed prostate adenocarcinoma (PRAD) The Cancer 
Genome Atlas (TCGA) datasets to evaluate the expression of p65, 
PLAC8, and BCL-xL in clinical samples. Although Cd levels are not 
directly reported in the TCGA-PRAD datasets, they are linked to 
prostate cancer progression and metastasis. Therefore, we examined 
the expression of p65, PLAC8, and BCL-xL in metastatic PRAD 
samples according to the American Joint Committee on Cancer 
Neoplasm Clinical Distant Metastasis M Stage criteria. We focused 
on samples classified as stages 3b and 4 (n = 39) with high p65 
expression and observed a significant up-regulation of PLAC8 and 
BCL-xL in these tumors compared to their nonmetastatic counter-
parts (n = 52; Fig. 7B and table S5). This suggests that the interaction 
between NF-κB (p65), PLAC8, and BCL-xL could be targeted to en-
hance therapeutic efficacy in Cd-induced prostate cancer.

DISCUSSION
Epidemiological evidence indicates that Cd is a contributing factor 
to prostate cancer (24), and rat models show that Cd exposure 
accelerates the malignant progression and distant metastases of 
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tumors (25). Mechanistically, Cd exposure alters the prostatic lipid 
profile and metabolism, contributing to cellular damage (26). Short-
term Cd exposure also triggers p53-dependent apoptosis in human 
prostate epithelial cells (27), whereas long-term or chronic expo-
sure causes malignant transformation of nontumorigenic cells 
(15,  28,  29). Cd-transformed prostate cells can develop apoptotic 
resistance through BCL-2 overexpression (which hinders c-Jun N-
terminal kinase signaling) (30) and a global down-regulation of cas-
pase gene expression (31). Apoptosis-resistant cells had 2.5-fold 
more metallothionein compared to untreated controls, suggesting 
that Cd may preferentially select for apoptotic-defective cells, thus 
heightening the risk of tumor formation (32).

In our prior work, we showed that apoptosis resistance in chron-
ically (12-month) exposed human prostate epithelial cells (RWPE-1 
cells) due to PLAC8-induced defective autophagy (15). Apoptosis 
and autophagy collaborate to promote cell death; where one path-
way is inhibited, the other can compensate to ensure effective cell 
elimination (33). PLAC8 localizes to the inner surface of the plasma 
membrane and (when activated) interacts with other cellular com-
ponents to trigger autophagy, cell cycle arrest, and apoptosis (14). In 

the current study, chronic Cd exposure also increased LC3B and 
LAMP1 expression (key autophagy markers), along with PLAC8. 
LC3B is essential in the early stages of autophagosome formation 
where it mediates phagophore elongation, whereas LAMP1 is es-
sential for the transition from early to late phagosomes and for the 
fusion of lysosomes with matured autophagosomes (34). Although 
we observed an increase in the expression of LC3B and LAMP1, 
there was no corresponding rise in the formation of autolysosomes. 
Studies have shown that the location of PLAC8 within lysosomes 
may affect the interaction with other organelles, thereby regulating 
lysosomes fuse (13). Our findings suggest that PLAC8 may establish 
nonfusion function in Cd-exposed cells.

We stained Cd-transformed prostate epithelial cells for PLAC8 
and found that PLAC8 actively displaces LAMP1 rather than local-
izing with LC3B. This displacement inhibits the colocalization of 
LC3B and LAMP1. Moreover, knocking down PLAC8 substantially 
decreased the expression of LC3B, and LAMP1 restored the inter-
action between LC3B and LAMP1; it also reestablished the fusion 
of autophagosomes with lysosomes. These results indicate that 
although PLAC8 is essential for the autophagy process, it also 

Fig. 5. BCL-xL plays a crucial role in the survival of transformed cells and is regulated by PLAC8. (A) Inhibiting the expression of p65 and PLAC8 enhances the induc-
tion of apoptosis in CTPE cells, confirmed by flow cytometry analysis of annexin V-FITC–stained apoptotic cells. (B) Ectopic expression of PLAC8 leads to increased levels 
of BCL-xL and p65 in RWPE-1 cells. (C) The expression of BCL-xL is observed at successive stages of Cd exposure during the transformation of RWPE-1 cells. (D) Silencing 
BCL-xL expression abolishes the PLAC8-mediated autophagy signaling in CTPE cells. (E) Ectopic expression of BCL-xL results in up-regulating PLAC8 and p65 in RWPE-1 
cells. (F) In CTPE cells, cotransfection with sh-PLAC8 and the pCMV p65 overexpression plasmid demonstrated PLAC8, p65, and BCL-xL protein levels through Western blot 
analysis. (G) A luciferase assay showing increased BCL-xL promoter activity in CTPE cells compared to RWPE-1 cells. All error bars represent means ± SD, with statistical 
significance at *P < 0.05.
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contributes to defects in the autophagosome-lysosome fusion 
mechanism, allowing Cd-exposed cells to continue proliferating. 
PLAC8 promotes cell survival which was confirmed in an in vivo 
model, where xenografts from Cd-transformed PLAC8 knock-
down cells exhibited a lower tumor burden than Cd-transformed 
cell xenografts.

The extensive pathogenicity of Cd likely arises from its capacity 
to produce oxidative stress and inflammation (16, 17). Notably, 
underlying inflammation activates NF-κB during malignant pro-
gression, which up-regulates tumor-promoting cytokines [e.g., in-
terleukin-6 (IL-6) and TNF-α] and survival genes like BCL-xL (18). 
Conversely, PLAC8 can suppress the production of proinflammatory 
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cytokines IL-1β and IL-18 by enhancing autophagy (35). NF-κB thus 
establishes a crucial link between inflammation and cancer. NF-κB 
activation can also stimulate the autophagy pathway (36), but the 
effects of NF-κB on autophagy can vary depending on the cellular 
context and the duration and intensity of its activity; it can act either 
as an autophagy inhibitor or an activator (37). Thus, tight regulation 
of the NF-κB pathway and the autophagy process is vital for main-
taining cellular homeostasis. We found that NF-κB and BCL-xL ex-
pression increased in Cd-exposed RWPE-1 (transforming) cells; that 
NF-κB accumulates in the nucleus; and that NF-κB and PLAC8 co-
localize in the nuclei of transforming cells. We then identified two 
NF-κB binding sites in the PLAC8 promoter and mutating these sites 
diminished PLAC8 function. A ChIP-qPCR assay confirmed direct 
binding between NF-κB and PLAC8 in Cd-transformed cells but not 
in control RWPE-1 cells. We confirmed that PLAC8-mediated ex-
pression of crucial autophagy markers relies on NF-κB activation by 
knocking down NF-κB (p65) in Cd-transformed cells and showing 
that xenografts with p65 knockdown had substantially reduced au-
tophagy marker expression and tumor burden. Thus, NF-κB is a pri-
mary driver of autophagy signaling in Cd-transformed prostate 
epithelial cells.

When we overexpressed PLAC8 in RWPE-1 cells, we also saw 
increased BCL-xL levels. Previous studies have established that 
induction of BCL-xL expression governs cell survival under onco-
genic stress in different cancer cell types (38). While it is known 
that NF-κB regulates BCL-xL (39), our findings reveal a reciprocal 
relationship: BCL-xL also influences NF-κB expression. Acute Cd 
exposure leads to oxidative stress and DNA damage, frequently 
resulting in apoptosis. However, Cd-transformed cells are more 
likely to accumulate genetic alterations that enable them to with-
stand various stresses. In addition, BCL-xL–mediated survival 

signaling helps these cells evade apoptosis, potentially leading to 
survival of malignant cells. Studies have demonstrated that BCL-
xL can delay the onset of lead-induced apoptosis (40, 41). Our re-
search has observed a concurrent induction of BCL-xL and 
PLAC8 in Cd-transformed cells, suggesting that BCL-xL may 
confer a survival advantage since there was no change in the ex-
pression of other prosurvival markers, such as BCL2. In addition, 
the ectopic expression of PLAC8 in normal prostate cells induced 
BCL-xL, indicating a molecular interplay between these two proteins. 
Moreover, the regulation of BCL-xL by PLAC8 was confirmed in 
Cd-transformed cells and normal prostate epithelial cells ectopi-
cally overexpressing PLAC8. While these studies strongly sup-
port the interaction between PLAC8 and BCL-xL, we cannot 
dismiss the potential involvement of additional mechanisms in 
regulating BCL-xL. For instance, PLAC8 activates CCAAT/enhancer 
binding protein (C/EBP) transcription factors (42), which may 
also enhance BCL-xL expression (43), and we observed an up-
regulation of C/EBP in transformed cells and those overexpress-
ing PLAC8. This finding suggests that PLAC8 may directly or 
indirectly activate BCL-xL through C/EBP, thus warranting further 
investigation.

Our in  vitro and in  vivo results were corroborated in patient 
prostate tumors, in that prostate tumors with high Cd levels exhib-
ited increased expression of NF-κB, PLAC8, and BCL-xL relative to 
those tumors with low Cd levels. Although the clinical sample size 
was relatively small, these findings align with other studies indicat-
ing that Cd exposure induces oxidative stress and activate signaling 
pathways associated with cancer progression (44). In summary, then, 
we offer experimental and preclinical evidence for how autophagy 
and survival mechanisms are regulated in Cd-transformed prostate 
epithelial cells and tumors. Our findings indicate that Cd up-regulates 
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NF-κB, which, in turn, up-regulates PLAC8 and stabilizes PLAC8 in 
the cytoplasm. PLAC8 substitutes for LAMP1 and inhibits the fu-
sion of autophagosomes with lysosomes. The interactions between 
NF-κB and PLAC8 alter the expression of downstream, autophagy-
related genes (i.e., BCL-xL). Knocking down NF-κB in transformed 
cells replicated the effects seen with PLAC8 knockdown, eliminating 
the survival advantage conferred by BCL-xL. NF-κB knockdown 
triggered programmed cell death pathways (including autoph-
agy and apoptosis), ultimately leading to cell death and tumor regres-
sion. Disrupting any of these molecules counteracts these effects 
in vitro and in vivo. We have therefore uncovered an oncogenic axis 
linking NF-κB, PLAC8, and BCL-xL, which should encourage 
further collaboration and discussion to identify new prostate can-
cer therapies.

MATERIALS AND METHODS
Cell lines and reagents
Human normal prostate epithelial (RWPE-1) cells were purchased 
from the American Type Culture Collection (VA, USA) and subcul-
tured with the recommended protocol. Cd chloride hydrate (0.1 M) 
was purchased from Hampton Research (USA), CHX was pur-
chased from Sigma-Aldrich (St. Louis, USA), BD Matrigel was pur-
chased from Corning (NY, USA), A-1331852 (BCLxL inhibitor) was 
purchased from MedChemExpress (NJ, USA), and LPS was pur-
chased from Sigma-Aldrich (St. Louis, USA).

shRNA/small interfering RNA/pCMV transfections
Cd-transformed RWPE-1 cells with stable PLAC8 (TL302451, Origene), 
NF-κB (TL302038, Origene), or BCL-xL (TR320077, Origene) knock-
down were generated by shRNA and antibiotic selection. BCL-xL 
(6362, Cell Signaling) or a control small interfering RNA was used 
for transient transfection. For overexpression studies, RWPE-1 cells 
were transiently transfected with a PLAC8 (RC212588, Origene), 
NF-κB (RC220780, Origene), or BCL-xL (RC201314, Origene) 
expression plasmid, using Lipofectamine 2000 (Thermo Fisher 
Scientific, USA) as transfection reagent according to the manufac-
turer’s instructions. Immunoblotting was performed to confirm the 
knockdown or overexpression.

Protein extraction and Western blots
RWPE-1 and CTPE cells were seeded in six-well plates, incubated 
for 24 hours, and then treated with Cd (10 μM) for up to 72 hours. 
Lysates were prepared using radioimmunoprecipitation assay buffer 
(Sigma-Aldrich, supplemented with protease and phosphatase in-
hibitor cocktail (Thermo Fisher Scientific, USA). Protein concentra-
tions were quantified using a Pierce BCL Protein Assay Kit (Thermo 
Fisher Scientific, USA). Western blots were performed using anti-
bodies against PLAC8 (ab122652, Abcam), NF-κB (8242, Cell sig-
naling), LC3B (ab51520, abcam), LAMP1 (9091, Cell Signaling), 
BCL-xL (2764, Cell Signaling), BCL-2 (2872, Cell Signaling), and 
β-actin (5125, Cell Signaling). Protein-antibody complexes were vi-
sualized using a ChemiDOC MP (Bio-Rad, USA).

Cyclohexamide treatment
After transfecting cells with shNF-κB and confirming knockdown 
by Western blot, cells were treated with 50 μM CHX for 0, 3, 6, 
and 12 hours. After treatment, cell lysates were prepared for immuno
blotting, as described before (45).

Nuclear and cytoplasmic extractions
Nuclear and cytoplasmic fractions of successive stages of transform-
ing cells were extracted with a NE-PER Nuclear and Cytoplasmic 
Extraction Reagent according to the manufacturer’s instructions 
(Thermo Fisher Scientific, USA).

Immunoprecipitation
Immunoprecipitation experiments were performed with Pierce Pro-
tein A/G Plus agarose (Thermo Fisher Scientific, USA), which was 
incubated with 50 μg of cell lysate and anti-NF-κB antibody (8242, 
Cell Signaling) overnight at 40°C. Proteins were resolved by SDS–
polyacrylamide gel electrophoresis (Bio-Rad, USA) and detected by 
Western blot.

NF-κB activity
The DNA binding activity of NF-κB was analyzed by the NF-κB p65 
Transcription Factor Assay Kit (ab133112, Abcam), and NF-κB nu-
clear translocation was determined by Western blot. All experi-
ments were performed in three technical replicates.

Immunofluorescence analysis
RWPE-1 and CTPE cells were seeded on Falcon eight-well culture 
slides (Corning, USA) and grown to ~60% confluence, as previously 
described (15). After treating cells with vehicle or Cd for 24 hours, 
cells were washed and then incubated with PLAC8 (ab122652, Ab-
cam), NF-κB (8242, Cell Signaling), LC3b (ab243506 and ab51520, 
Abcam), and/or LAMP1 (ab25630, Abcam) antibodies, followed by 
secondary antibodies conjugated to Alexa Fluor 488 (Green), Alexa 
Fluor 594, and Alexa Fluor 647 (Thermo Fisher Scientific, USA), 
respectively. The location of the antigen-antibody complexes was 
visualized using a Keyence BZ-X8000 microscope (IL, USA). To 
colocate proteins within individual cells, we used conjugated anti-
bodies for LC3B (ab225383 and ab225382), LAMP1 (ab302684), 
and NF-κB (ab190589 and ab214846) from Abcam, USA and a 
PLAC8 antibody (CSB-CSB-PA873705LC01HU) from CUSABIO, 
USA. Confocal images were captured with a Luminosa microscope 
(PicoQuant; Berlin, Germany), and Pearson coefficients were calcu-
lated using ImageJ and the JACoP plugin (46).

Transmission electron microscopy
Cells were fixed in 2.5% glutaraldehyde and 0.1 M sodium cacodyl-
ate buffer (pH 7.4) for 1 hour at room temperature and stored at 
4°C. They were subsequently washed in 0.15 M sodium phosphate 
buffer, treated with reduced osmium tetroxide for 1 hour, washed 
with deionized water, and dehydrated in graded ethanol and propyl-
ene oxide. Samples were infiltrated with propylene oxide 812 epoxy 
resin, cured at 60°C, and sectioned at 80 nm. Sections on copper 
grids were stained with 4% uranyl acetate and Reynold’s lead citrate 
as described before (47). Samples were viewed using a JEOL JEM-
1230 transmission electron microscope operating at 80 kV (JEOL 
USA Inc., Peabody, MA), and images were obtained using a Gatan 
Orius SC1000 charge-coupled device digital camera and Gatan Mi-
croscopy Suite 3.0 software (Gatan Inc., Pleasanton, CA). Resulting 
images were analyzed in ImageJ as described elsewhere (48), with 
the autophagic compartments identified as indicated in (49, 50).

Dual luciferase assay
Interactions between p65 and the PLAC8 promoter were detected 
using a dual-luciferase reporter assay. The Gaussia luciferase vector 
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(Gluc) plasmid containing wild-type PLAC8, mutant (Δ) PLAC8, or 
wild-type BCL-xL promoter sequences was constructed by Gene-
Copoeia (USA). Plasmids were then transfected into RWPE-1 or 
CTPE cells. LPS (1 μg/ml) was used to induce NF-κB expres-
sion, as described before (51). The relative luciferase activity was 
quantified using the Secrete-pair Dual Luminescence Assay Kit 
(GeneCopoeia, USA).

Clinical samples
Nine prostate cancer tissue samples were obtained from the Univer-
sity of Louisville and Robley Rex Department of Veterans Affairs 
Medical Center with the approval of the Committee for the Protec-
tion of Human Subjects in Research. Every participant in the study 
was interviewed, and prostate tissues were taken with their consent.

Real-time quantitative PCR
Total RNA was isolated from cell lines and clinical specimens us-
ing the Qiagen’s RNeasy Kit (Hilden, Germany) and then treated 
with deoxyribonuclease I (Thermo Fisher Scientific, USA). RNA 
was reverse transcribed using the iScript Reverse Transcription 
Supermix (Bio-Rad, USA), and qPCR was performed using the 
primers in table S1 and the SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad, USA). The expression level of each gene was 
calculated after normalizing with β-actin gene expression. ChIP-
qPCR was performed with the NF-κB antibody (8242, Cell Signal-
ing) and the high-sensitivity ChiP Kit (Abcam, UK) according 
to the manufacturer’s protocol, using ChIP-qPCR primers listed 
in table S1. All experiments were performed in three technical 
replicates.

Cell viability, apoptosis, and soft agar colony 
formation assays
Cells were first transfected with p65, BCL-xL, or scrambled shRNAs. 
Alamar blue (Thermo Fisher Scientific, USA) and EdU cell prolif-
eration (Sigma-Aldrich, USA) assays were then performed per the 
manufacturer’s instructions. We used an annexin V–FITC Apopto-
sis Kit-I (BD Pharmingen, San Diego, CA) for apoptosis assays, as 
described previously (15). Colony formation assays used the Cyto
Select 96-Well In Vitro Tumor Sensitivity Assay Kit (Cell Biolabs 
Inc., USA), as previously described (15).

Xenograft studies and in vivo treatments
PLAC8, NF-κB, and BCL-xL shRNA-transfected cells (~1.5 × 106 
cells in 1:1 Matrigel) were subcutaneously injected into separate 
flanks of 6- to 8-week-old BALB/c athymic nude mice (the Jackson 
Laboratory, strain no. 002019). The study was approved by the 
University Laboratory Animal Care Committee of University of 
Louisville and Texas A&M University [animal use protocol (AUP): 
Institutional Animal Care and use committee (IACUC)]. Animals 
were monitored daily, and tumor size was measured twice per week 
as previously described (15). After 4 weeks, mice were euthanized, 
and the tumor xenografts were collected for subsequent experi-
ments. For the pharmacological experiment, ~1.5 × 106 Cd-
transformed RWPE-1 cells (in 1:1 Matrigel) were subcutaneously 
injected into nude mice, and tumor growth was measured every 
2 days. When the tumor volumes reached >100 mm3, mice were ran-
domized into two groups. One group was injected subcutaneously 
with vehicle [10% dimethyl sulfoxide (DMSO)/90% saline], and the 

other group was injected with A-1331852 (10 mg/kg) in 10% 
DMSO/90% saline. Animals were treated with vehicle or A-1331852 
twice per week for 4 weeks. When tumors in the control group 
reached 1000 to 1200 mm3, all animals were euthanized, and the 
tumors were harvested for subsequent experiments.

Immunohistochemistry
Xenograft tumors were fixed in 10% formalin and processed for im-
munohistochemistry (IHC) as described previously (36764624), 
using PLAC8 (ab122652, Abcam), NF-κB (8242, Cell Signaling), 
BCL-xL (2764, Cell Signaling), LC3B (ab51520, Abcam), LAMP1 
(9091, Cell signaling), and Ki67 (ab15580, Abcam) antibodies. 
Images (40×) were captured with an Olympus BX43 microscope 
(Olympus America, Center Valley, PA), and protein expression was 
quantified with the ImageJ software and the DeConvolution 2 plu-
gin as described elsewhere (52).

RNA sequencing
Total RNA was isolated from xenograft tumors (n = 2) using a SV 
Total RNA Isolation System (Promega, USA). Isolated RNA was en-
riched for mRNA using a QuantSeq 3′ mRNA-seq library prep kit 
(Lexogen, Austria), followed by cDNA conversion and library prep-
aration. The sequencing was performed using an Illumina Next-
Seq500 platform (CA, USA). Library preparation and sequencing 
were performed by Lexogen NGS services (Vienna, Austria).

TCGA data and bioinformatic analysis
Reads were aligned to a reference genome using STAR (53), with 
quality metrics obtained from the RSeQC quality control package 
(54). We use DeSeq2 (55) for differential gene expression analysis. 
Up-regulated genes were defined by log2(FC) > 1 with P < 0.05, and 
down-regulated genes were defined by log2(FC) ≤1 and P < 0.05. To 
investigate the expression levels of PLAC8, NF-κB, and BCL-xL in 
patients with prostate cancer, we retrieved data from TCGA Pro-
gram datasets using cBioPortal (56) and extracted gene expression 
values from OncoDB (57).

Functional enrichment analysis
To functionally annotate the list of genes and calculate the normal-
ized enrichment score, GSEA was performed (58). The volcano plot 
was generated using SRplot (59).

Cd measurement method
Twenty milligrams of dry prostate tissue was digested with nitric 
acid for 30 min at 90°C. After digestion, the tissue samples were left 
to dry at 50°C overnight. Once cooled to room temperature, the 
samples were diluted with Milli-Q water to ascertain their metal 
concentration, as previously demonstrated by Neslund-Dudas et al. 
(17) and Tyagi et al. (23). The analysis was carried out using a Perki-
nElmer NexION 200C (Waltham, MA). Concentrations were ex-
pressed as nanograms per gram of dry tissue weight.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 6.0a soft-
ware (GraphPad Software Inc., La Jolla, CA). Results are expressed 
as means ± SEM. Datasets were compared using a two-tailed un-
paired Student’s t test. Statistical significance was set at P < 0.05. All 
experiments were performed in two biological replicates.
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