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ABSTRACT The cytolethal distending toxin B subunit (CdtB) induces significant cyto-
toxicity and inflammation in many cell types that are involved in the pathogenesis of
postinfectious irritable bowel syndrome (PI-IBS). However, the underlying mechanisms
remain unclear. This study tested the potential role of Rab small GTPase 5a (Rab5a) in
the process. We tested mRNA and protein expression of proinflammatory cytokines
(interleukin-1� [IL-1�] and IL-6) in THP-1 macrophages by quantitative PCR (qPCR) and
enzyme-linked immunosorbent assays (ELISAs), respectively. In the primary colonic epi-
thelial cells, Cdt treatment induced a CdtB-Rab5a-cellugyrin association. Rab5a silencing,
by target small hairpin RNAs (shRNAs), largely inhibited CdtB-induced cytotoxicity and
apoptosis in colon epithelial cells. CRISPR/Cas9-mediated Rab5a knockout also attenu-
ated CdtB-induced colon epithelial cell death. Conversely, forced overexpression of
Rab5a intensified CdtB-induced cytotoxicity. In THP-1 human macrophages, Rab5a
shRNA or knockout significantly inhibited CdtB-induced mRNA expression and pro-
duction of proinflammatory cytokines (IL-1� and IL-6). Rab5a depletion inhibited ac-
tivation of nuclear factor-�B (NF-�B) and Jun N-terminal protein kinase (JNK) signal-
ing in CdtB-treated THP-1 macrophages. Rab5a appears essential for CdtB-induced
cytotoxicity in colonic epithelial cells and proinflammatory responses in THP-1 mac-
rophages.
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Epidemiological studies have shown that a significant number of patients develop
irritable bowel syndrome (IBS) after a bout of infectious gastroenteritis (IGE), a

condition known as postinfectious IBS (PI-IBS) (1, 2). Months, or even years, after
IGE, patients with PI-IBS may present with typical IBS symptoms, including persis-
tent diarrhea, abdominal pain, cramping, abnormal laboratory values, weight loss,
or particular endoscopic findings (1–4). Gut microbiota dysregulation and dysbiosis
are involved in PI-IBS pathogenesis. A dysbiotic microbiota produces substances
and antigenic products, which promote infiltration and activation of neutrophils
and lymphocytes, causing an increased production of multiple proinflammatory
cytokines, including interleukin-1� (IL-1�) and IL-6, among others (1, 3, 4). The
detailed pathological mechanisms of PI-IBS are unclear (1, 3, 4).

A significant element in the dysbiotic microbiota involved in the PI-IBS pathogenesis
is a cytolethal distending toxin (Cdt) (1, 5, 6). Cdt is produced by Campylobacter jejuni
and other Gram-negative bacteria (7), causing genotoxic stress to the cell. This stress
leads to growth arrest and eventual apoptotic cell death, perturbing the innate immune
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responses (8). Cdt is composed of three subunits, CdtA, CdtB, and CdtC (7). Patients
with PI-IBS have increased levels of anti-CdtB antibodies (1, 5, 6). CdtA and CdtC bind
to the cell surface, a mechanism responsible for the subsequent delivery of the active
subunit CdtB to intracellular compartments (9, 10). Cdt membrane binding occurs in
the context of cholesterol/sphingomyelin-rich membrane microdomains, also called
lipid rafts (9, 10). In the CdtB endocytosis process, several targets, including fucose
moieties and glycosphingolipids, will bind to CdtB, a process essential for mediating its
cytotoxic and proinflammatory activity (9, 10). CdtB can induce significant cytotoxicity
and inflammatory responses in several cell types (7, 10–13). However, the underlying
mechanisms remain unknown.

Rab small GTPase (Rab) family proteins interact with various adaptor and effector
proteins, regulating several different cellular behaviors, including cell growth, devel-
opment, and membrane trafficking (14, 15). Of these behaviors, Rab5a is essential for
endolysosomal system biogenesis (16, 17). Studies have shown that Rab5a silencing
inhibits the formation of early endosomes, late endosomes, and lysosomes (16, 17).
Furthermore, Rab5a is required for the progression of early and late endosomes (16, 17).
Considering the critical role of Rab5a in membrane trafficking, we tested the potential
involvement of Rab5a in CdtB-induced actions in primary human colonic epithelial cells
and THP-1 human macrophages.

RESULTS
Cdt holotoxin treatment induces CdtB-Rab5a-cellugyrin association in human

colonic epithelial cells. Cdt binds to the cell surface, leading to the subsequent
delivery of the active subunit CdtB into intracellular compartments (9, 10). The present
study aimed to test the potential role of Rab5a in this process, using the coimmuno-
precipitation (co-IP) assay. The primary cultured human colonic epithelial cells were
treated with Cdt holotoxin. Since CdtB is the active subunit, we referred to this
treatment as “CdtB” treatment (same for all in vitro studies). As shown, following
treatment, CdtB immunoprecipitated with Rab5a (Fig. 1, IP), indicating a CdtB-Rab5a
association. Cellugyrin (or synaptogyrin-2) plays an essential role in the internalization
and traffic of CdtB to the intracellular target sites, mediating its functions (11). The co-IP
assay results revealed that cellugyrin is in the CdtB-Rab5a complex (Fig. 1, IP), suggest-
ing a potential role of Rab5a in CdtB internalization and traffic. CdtB treatment did not
affect the expression of Rab5a and cellugyrin in colonic epithelial cells (Fig. 1, input).
Thus, Cdt holotoxin treatment induces a CdtB-Rab5a-cellugyrin association in human
colonic epithelial cells.

Rab5a shRNA inhibits CdtB-induced cytotoxicity and apoptosis in human co-
lonic epithelial cells. We used the small hairpin RNA (shRNA) strategy to silence Rab5a

FIG 1 Cdt holotoxin treatment induces a CdtB-Rab5a-cellugyrin association in human colonic epithelial
cells. Primary human colonic epithelial cells were treated with Cdt holotoxin (labeled as “CdtB,” 2 �g/ml,
same for all figures) for 1 h, and CdtB-Rab5a-cellugyrin association (“IP”) and expression (“input”) were
tested by the coimmunoprecipitation (co-IP) assay and the Western blotting assay, respectively. “IP:
IgA/G” is the control for the co-IP assay. The experiments shown were repeated three times, and similar
results were obtained.
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so we could study the potential function of Rab5a in CdtB-induced cytotoxicity. As
described, a set of two different lentiviral Rab5a shRNAs, with nonoverlapping se-
quences (“S1/S2”), were individually transfected into primary human colonic epithelial
cells. Stable cells were established by puromycin selection. An analysis of Rab5a mRNA
levels by qPCR assay showed that Rab5a mRNA was significantly downregulated in
the Rab5a shRNA-expressing stable cells (Fig. 2A), with more than 90% Rab5a mRNA
reduction compared with the control cells (Fig. 2A, scrambled shRNA [sc-shRNA]).
Rab5a mRNA expression remained unaffected by CdtB treatment (Fig. 2A). Western
blotting assay results further confirmed a more than 90% to 95% knockdown of the
Rab5a protein in the stable cells with Rab5a shRNA (Fig. 2B). Meanwhile, cellugyrin

FIG 2 Rab5a shRNA inhibits CdtB-induced cytotoxicity and apoptosis in human colonic epithelial cells. Stable primary human colonic epithelial cells, with Rab5a
shRNA (“S1/S2,” two different sequences) or the scrambled shRNA (sc-shRNA), were either left untreated (“Ctrl,” same for all figures) or treated with Cdt holotoxin
(2 �g/ml) for the applied time, and the expression of the listed genes was tested by qPCR (A) and Western blotting (B); cell viability and cell death were tested
by an MTT assay (C) and an LDH medium release assay (D), respectively. Caspase-3/-9 activation (E and F) and cell apoptosis (G) were tested by the assays
mentioned in the text. Rab5a mRNA was normalized to GAPDH mRNA (same for all figures). Rab5a and cellugyrin protein expression were normalized to the
loading control GAPDH/tubulin (B and F). Cell apoptosis was tested by the annexin V-FACS assay (H and I). Bars represent means � SD (same for all figures).
*, P � 0.05 versus Ctrl treatment of sc-shRNA cells. #, P � 0.05 versus CdtB treatment of sc-shRNA cells. The experiments reflected in this figure were repeated
three times, and similar results were obtained.
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expression was not affected by Rab5a shRNA (Fig. 2B). In control (sc-shRNA) epithelial
cells, CdtB treatment induced significant cytotoxicity, as evidenced by 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) optical density (OD) reduction
(Fig. 2C) and medium lactate dehydrogenase (LDH) release (Fig. 2D). Importantly,
CdtB-induced cytotoxicity was attenuated significantly in Rab5a shRNA-expressing
stable cells (Fig. 2C and D). These results indicate that Rab5a is necessary for CdtB-
induced cytotoxicity against the epithelial cells.

Our further studies of control colonic epithelial cells revealed significant CdtB-
induced apoptosis activation, as evidenced by the caspase-3 activation (Fig. 2E),
caspase-3/caspase-9 cleavages (Fig. 2F), single-stranded DNA (ssDNA) accumulation
(Fig. 2G), and increased annexin V-positive cells (Fig. 2H and I). Notably, CdtB-induced
apoptosis activation was attenuated significantly in Rab5a-silenced cells (Fig. 2E to I).
Rab5a shRNA did not affect the functions of colonic epithelial cells (Fig. 2C to I).
Together, these results show that Rab5a shRNA significantly inhibits CdtB-induced
cytotoxicity and apoptosis in human colonic epithelial cells.

Rab5a knockout inhibits CdtB-induced cytotoxicity and apoptosis in human
colonic epithelial cells. To exclude the potential off-target effect of the Rab5a shRNAs,
we used the CRISPR/Cas9 gene-editing method to knock out Rab5a. As described, the
lenti-CRISPR/Cas9-GFP construct with Rab5a sgRNA (see the Methods section) was
transfected into the colonic epithelial cells. Puromycin was added to select the stable
(Rab 5a knockout [“Rab5a-KO”]) cells. Using qPCR and Western blotting, we confirmed
that Rab5a mRNA (Fig. 3A) and protein (Fig. 3B) were depleted entirely in Rab5a-KO
cells, with cellugyrin remaining unaffected (Fig. 3B). In line with the shRNA results,
compared with the control cells, Rab5a-KO cells were resistant to CdtB, showing
significantly decreased viability reduction (Fig. 3C), cell death (Fig. 3D), and apoptosis
(Fig. 3E). Rab5a-KO alone was ineffective (Fig. 3C to E). This evidence further added
support to the hypothesis that Rab5a is required for CdtB-induced cytotoxicity in
human colonic epithelial cells.

Rab5a overexpression enhances CdtB-induced cytotoxicity in human colonic
epithelial cells. The above results show that Rab5a silencing (Fig. 2) or knock out (Fig.
3) potently inhibited CdtB-induced cytotoxicity in human colonic epithelial cells. There-
fore, we hypothesized that forced Rab5a overexpression might further enhance CdtB-
induced cytotoxicity. To test this hypothesis, we added the adenovirus-encoding Rab5a
cDNA (“Ad-Rab5a”) to the human colonic epithelial cells. Two stable cell lines were
established by puromycin selection, namely, “Rab5a-OE (L1/L2).” The qPCR assay results
confirmed that Rab5a mRNA levels increased more than 3-fold in the Rab5a-OE cells
(Fig. 4A), regardless of CdtB treatment (Fig. 4A). Rab5a protein expression, tested by a
Western blotting assay, was also significantly increased (Fig. 4B). Importantly, compared

FIG 3 Rab5a knockout inhibits CdtB-induced cytotoxicity and apoptosis in human colonic epithelial cells. Stable primary human colonic epithelial cells, with
the lenti-CRISPR/Cas9-GFP Rab5a-KO construct (“Rab5a-KO” cells) or the empty vector (“CRISPR-C”) were treated with Cdt holotoxin (2 �g/ml) for the applied
time; the expression of the listed genes was tested by qPCR (A) and Western blotting (B); cell viability and cell death were tested by an MTT assay (C) and an
LDH medium release assay (D), respectively; cell apoptosis was quantitatively analyzed by the annexin V-FACS assay (E). *, P � 0.05 versus Ctrl treatment of
CRISPR-C cells. #, P � 0.05 versus CdtB treatment of CRISPR-C cells. The experiments reflected in this figure were repeated three times, and similar results were
obtained.
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with control cells (with empty vector), CdtB-induced viability (MTT OD) reduction
(Fig. 4C), cell death (LDH medium release) (Fig. 4D), and apoptosis (annexin V assay)
(Fig. 4E and F) were significantly enhanced in Rab5a-OE (L1/L2) cells. Rab5a overex-
pression by itself was ineffective in colonic epithelial cell functions (Fig. 4C to F). The
results confirmed that forced Rab5a overexpression potentiated CdtB-induced cytotox-
icity in human colonic epithelial cells, further verifying the essential role of Rab5a in
mediating CdtB functions.

Rab5a is necessary for CdtB-induced proinflammatory responses in THP-1 human
macrophages. Macrophages exposed to CdtB can be activated to produce proinflam-
matory cytokines, including IL-1� and IL-6 (13). To test the possible role played by
Rab5a in the process, genetic methods were again employed in THP-1 human macro-
phages. The lentiviral CdtB shRNA (Fig. 2, S2) or the lenti-CRISPR/Cas9-GFP Rab5a-KO
construct (Fig. 3) were transfected into THP-1 macrophages, and stable cells were
established via puromycin selection. As shown, Rab5 mRNA and protein levels were
significantly downregulated in THP-1 macrophages with the Rab5a shRNA or Rab5a-KO
construct (Fig. 5A and B). Unlike the human colonic epithelial cells, treatment with CdtB
failed to induce significant cytotoxicity to THP-1 macrophages, as cell viability remained
unchanged (Fig. 5C).

In line with a previous study (13), CdtB treatment in THP-1 macrophages induced
significant mRNA expression of IL-1� (Fig. 5D) and IL-6 (Fig. 5E). Furthermore, the ELISA
results showed that CdtB induced the production of IL-1� (Fig. 5F) and IL-6 (Fig. 5G). Of
note, in THP-1 macrophages, Rab5a shRNA or Rab5a-KO inhibited CdtB-induced mRNA
expression (Fig. 5D and E) and secretion (Fig. 5F and G) of IL-1� and IL-6. Thus, Rab5a
is also necessary for CdtB-induced proinflammatory actions. For the mechanism study,
in THP-1 macrophages, CdtB-induced activation of NF-�B and Jun N-terminal protein

FIG 4 Rab5a overexpression enhances CdtB-induced cytotoxicity in human colonic epithelial cells. Stable primary human colonic epithelial cells, with Rab5a
cDNA adenovirus or “Rab5-OE (L1/L2),” as well as vector control cells (“Vec”), were treated with Cdt holotoxin (2 �g/ml) for the applied time, and the expression
of the listed genes was tested by qPCR (A) and Western blotting (B); cell viability and cell death were tested by an MTT assay (C) and an LDH medium release
assay (D), respectively; cell apoptosis was tested by the annexin V-FACS assay (E and F). *, P � 0.05 versus Ctrl treatment of Vec cells. #, P � 0.05 versus CdtB
treatment of Vec cells. The experiments reflected in this figure were repeated four times, and similar results were obtained.
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kinase (JNK) signaling was significantly inhibited by Rab5a shRNA or Rab5a-KO (Fig. 5H
and I). The increased NF-�B (p65) DNA-binding activity (Fig. 5H) and p65 phosphory-
lation (Fig. 5I) led to NF-�B activation. Collectively, Rab5a is also important for CdtB-
induced NF-�B-JNK signaling activation and proinflammatory cytokine production in
THP-1 human macrophages.

DISCUSSION

Cdt is produced by Gram-negative bacteria implicated in the pathogenesis of PI-IBS
(18). CdtB can induce significant cytotoxicity and inflammatory responses in many cell
types (7, 10–13). CdtB traffic is vital for its functions (18). The underlying mechanisms
of cellular uptake and delivery of CdtB in host cells, as well as the translocation of
CdtB to the cell organelles, are only partially understood (18). Rab5a is a key protein
regulating membrane traffic and endocytosis (16, 17, 19). The results of the current
study suggest that Rab5a could be a pivotal player in mediating CdtB-induced actions.
Following Cdt stimulation, Rab5a associated with CdtB and its interaction protein,
cellugyrin (11), in primary human colonic epithelial cells. Noticeably, Rab5 silencing, by

FIG 5 Rab5a is required for CdtB-induced proinflammatory responses in THP-1 human macrophages. Stable THP-1 human macrophages, with Rab5a shRNA
(“S2”) or the lenti-CRISPR/Cas9 Rab5a knockout construct (Rab5a-KO cells), as well as the parental control THP-1 macrophages (“C”), were treated with Cdt
holotoxin (2 �g/ml) for the applied time; the expression of the listed genes was tested by qPCR (A, D, and E) and Western blotting (B and I); cell viability was
tested by an MTT assay (C); the production of listed cytokines in the medium supernatants was tested by ELISA (F and G); p65 DNA-binding activity was tested
as well (H). *, P � 0.05 versus Ctrl treatment of C cells. #, P � 0.05 versus CdtB treatment of C cells. The experiments reflected in this figure were repeated three
times, and similar results were obtained.
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targeted shRNAs, largely attenuated CdtB-induced cytotoxicity and apoptosis in the
colonic epithelial cells. Moreover, CRISPR/Cas9-induced Rab5a knockout inhibited CdtB-
induced colonic epithelial cell death and apoptosis. Conversely, using an adenovirus
construct, Rab5a overexpression further exacerbated CdtB-induced cytotoxicity. There-
fore, Rab5a might participate in CdtB cell uptake and traffic, mediating CdtB-induced
cytotoxicity against human colonic epithelial cells.

It is known that CdtB, the active subunit of Cdt, can function as a lipid phosphatase
to degrade the signaling lipid phosphatidylinositol-3, 4, 5-triphosphate (PIP3), thereby
blocking the prosurvival phosphatidylinositol 3-kinase (PI3K)-AKT-mammalian target of
rapamycin (mTOR) signaling to trigger cell death and apoptosis (9, 10, 13, 18). Existing
studies have proposed that CdtB could function as a DNase to cause double-strand
breaks (DSBs), resulting in cell apoptosis as well (9, 10, 13). Other mechanisms of
mediating CdtB-induced cytotoxicity have also been proposed (9, 10, 13). Therefore,
further studies are necessary to test the link between Rab5a and these proposed
mechanisms by CdtB.

CdtB could also provoke significant inflammatory responses, serving as another
important contributor of PI-IBS and other inflammatory diseases (9, 10, 18). Increased
inflammation may lead to the overproduction of 5-hydroxytryptamine (5-HT), neuronal
growth factors, and cytokines, eventually resulting in increased colonic motility and
diarrhea (9, 10, 18). Adding CdtB to macrophages and other immune cells can provoke
significant proinflammatory responses (13). The results of the present study suggest
that Rab5a is important for mediating CdtB-induced proinflammation activity in cul-
tured macrophages. In THP-1 cells, Rab5a depletion inhibited CdtB-induced mRNA
expression and the production of proinflammatory cytokines (IL-1� and IL-6). At the
molecular level, Rab5a shRNA or Rab5a-KO inhibited CdtB-induced activation of NF-
�B-JNK cascades. Thus, Rab5a could mediate CdtB-induced NF-�B and JNK activation to
induce proinflammatory cytokine production, causing a profound inflammation re-
sponse. The underlying mechanisms may warrant further characterization.

Although CdtB induces NF-�B and JNK activation, it is not sufficient to induce IL-1�

maturation and release by itself. Thus, we propose that a second signal may be
required, potentially involving the activation of the inflammasome. Previous studies
have shown that Cdt activates the NLRP3/caspase-1 inflammasome, leading to the
upregulation of IL-1� (20, 21). A recent study has demonstrated that Cdt can also
induce the release of IL-1� via the noncanonical (caspase-4) inflammasomes (22).
Additionally, it has revealed that a whole range of cytokines appear to be regulated by
Cdt-induced macrophages, beyond IL-1� and IL-6, such as tumor necrosis factor alpha
(TNF-�), IL-18, IL-10, and IL-12 (21, 23). Therefore, the involvement of the inflammasome
in cytokine regulation by CdtB requires further confirmation.

Heterogeneity in outcome measures, as well as a low strength of evidence, have
precluded recommendations on the optimal treatment of PI-IBS by a single specific
agent (24). Indeed, there are no management guidelines or expert recommendations
for unified PI-IBS management thus far (24). The results here show that Rab5a is
essential for CdtB-induced cytotoxicity and proinflammatory responses, suggesting that
Rab5a could be a novel and important therapeutic target for CdtB-associated PI-IBS.

MATERIALS AND METHODS
Research ethics. The study protocols adhered to the principles of the Declaration of Helsinki. The

ethical review boards of the authors’ institutions approved the study protocol.
Chemicals and reagents. Using a previously described protocol (13), Cdt holotoxin was synthesized

by Genechem (Shanghai, China). The isolated toxin was tested by SDS-PAGE, and it contained all three
Cdt subunits, namely, CdtA (18 kDa), CdtB (32 kDa), and CdtC (20 kDa). Puromycin and MTT were
obtained from Sigma-Aldrich (St. Louis, MO). Cell culture reagents were purchased from HyClone Co.
(Logan, UT). All antibodies were purchased from Abcam (Shanghai, China) and Cell Signaling Technology
(Shanghai, China).

Cell culture. The THP-1 human macrophages (25) were purchased from the Cell Bank of Shanghai
Institute of Biological Science (Shanghai, China). The macrophages were maintained in RPMI 1640
medium with 10% fetal bovine serum (FBS), under standard conditions (13). The primary human colonic
epithelial cells were provided by Lu and colleagues (26–28) and cultured, as described previously (26–28).
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Cell death assay. Lactate dehydrogenase (LDH) medium release was examined to quantitatively
measure cell death intensity, using a two-step LDH assay kit (TaKaRa, Tokyo, Japan) (29).

Cell viability assay. A routine MTT assay was used to examine cell viability. Cells (5 � 103 cells per
well) were seeded in 96-well tissue culture plates. Following the applied treatments, MTT optical density
(OD) values were recorded at a wavelength of 490 nm.

Western blotting and co-IP assays. The detailed protocol for the Western blotting assay was
previously described (30). The same set of lysates was run in parallel (“sister”) gels to test different
proteins. The band intensity (total gray value) was quantified using the ImageJ software (NIH). For the
co-IP assay, total cell lysates (1,000 �g per treatment) were precleared by adding protein A/G Sepharose
beads (Biyuntian, Wuxi, China). The cleared lysate samples were incubated with anti-CdtB or anti-Rab5a
antibody for 12 h. Afterward, the Sepharose beads were added back to the lysates for another 3 to 4 h.
The CdtB-Rab5a-cellugyrin association was tested using the Western blotting assay.

Rab5 shRNA. The shRNA sequences 5=-AAACTAGTACTTCTGGGAGAGTC-3= (S1) and 5=-AATTTCAAG
AGAGTACCATTGGG-3= (S2) targeting human Rab5a were subcloned in a lentiviral GV248 construct
(Genechem, Shanghai, China). The lentivirus was filtered, enriched, and added to cultured cells for 12 h.
Next, a fresh renewed medium was added. We incubated the plates for another 12 h. Stable cells were
selected by puromycin (3.0 �g/ml) for 4 more days. Control cells were infected with scrambled control
shRNA lentiviral particles (sc-108080; Santa Cruz Biotech).

Rab5 knockout. The Rab5a small guide RNA (sgRNA), with the targeted DNA sequence 5=-AAGAC
CCAACGGGCCAAATA-3=, was inserted into the lenti-CRISPR-GFP plasmid (31). The latter was then
transfected into colonic epithelial cells. Next, the GFP-positive cells were sorted by fluorescence-
activated cell sorting (FACS). Thereafter, a fresh renewed medium was added, and plates were incubated
for another 12 h. Stable cells were selected by puromycin (3.0 �g/ml) for 4 more days, followed by Rab5a
knockout screening for stable Rab5 knockout (“Rab5-KO”) cells.

Rab5a overexpression. The Rab5a cDNA was cloned from the human colonic epithelial cells and
inserted into the pDC315 construct (Genechem). HEK-293 cells were transfected with the construct along
with the pBHG lox ΔE1,3 Cre plasmid (Genechem) (32) to generate the Rab5a expression adenovirus
Ad-Rab5a. The virus was then filtered, enriched, and added to cultured cells for 12 h. Thereafter, a fresh
renewed medium was added, and the plates were incubated for another 12 h. The stable cells were
selected by puromycin (3.0 �g/ml) for 4 more days. Rab5a overexpression was confirmed by Western
blotting and quantitative real-time PCR.

Caspase-3 activity assay. Caspase-3 activity was tested using a previously described protocol (33).
Briefly, for each treatment, 20-�g cytosolic proteins were incubated with the caspase-3 assay buffer (33)
together with the caspase-3 substrate. After incubation, the caspase-3 activity was quantified and
normalized to the control.

ssDNA ELISA. Cells were seeded in 96-well tissue culture plates (3 � 103 cells per well). The cellular
levels of ssDNA were examined by the ApoStrand ELISA apoptosis detection kit (Biomol, Plymouth
Meeting, PA) (34). ssDNA ELISA OD values were recorded at a wavelength of 405 nm.

Annexin V assay. In brief, cells were harvested, washed, and incubated with annexin V and
propidium iodide (PI) (each at 5 �g/ml). Afterward, the cells were subjected to FACS analysis (BD,
Shanghai, China). Annexin V ratios were recorded.

qPCR assay. Following the indicated treatment, TRIzol (Sigma) was added to extract total cellular
RNA. After RNA quantification, 500 ng RNA of each treatment was mixed with SYBR green PCR master mix
(Applied Biosystems) along with 100 nM primers. The ABI Prism 7600H Fast real-time PCR system was
employed for the qPCR, using the cycle threshold (ΔΔCT) method for the quantification of targeted
mRNAs, and GAPDH mRNA was used as the internal control. All the mRNA primers were purchased from
Genechem (Shanghai, China). Primer sequences used in this study are listed in Table 1.

NF-�B activity assay. As described in previous studies (35–37), NF-�B (p65) DNA-binding activity
was examined using the TransAM ELISA kit (Active Motif, Carlsbad, CA), analyzing 1.0 �g of the nuclear
protein extracts per treatment. The OD value of each treatment group was always normalized to the
control.

ELISA of cytokines. THP-1 cells were seeded in 24-well tissue culture plates at a density of 2 � 104

cells per well. Cytokine concentrations in the medium supernatant were measured using the IL-1� and
IL-6 BD OptEIA ELISA kits (BD Biosciences, San Jose, CA). In each instance, the amount of cytokine was
determined by using a standard curve.

Statistical analysis. Means � standard deviations (SDs) were calculated for replicate experiments.
Data were analyzed by one-way analysis of variance (ANOVA) followed by a Scheffe’s f-test using the
SPSS 18.0 software (SPSS Inc., Chicago, IL). The two-tailed unpaired t test (Excel 2017) was used to identify
statistically significant differences between the two groups. A probability (P) value of �0.05 was
considered statistically significant.

TABLE 1 Primer sequences utilized in the study

Human gene Forward sequence (5=–3=) Reverse sequence (5=–3=)
Rab5a ACTTCTGGGAGAGTCCGCTGTT GTGTCATCAAGACATACAGTTTGG
IL-6 AAGCCAGAGCTGTGCAGATGAGTA CTTGGTCACCGACGTCCTGT
IL-1� CCGACCACCACTACAGCAAG GGGCAGGGAACCAGCATCTT
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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