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ABSTRACT

PCB118, a 2,30,4,40,5-pentachlorobiphenyl, has been shown to destroy thyroidal ultrastructure and induce thyrocyte
autophagy. Previously, we reported that PCB118 promoted autophagosome formation in vivo and in vitro, but more details
remain to be revealed. To explore the underlying mechanism by which PCB118 regulates thyrocyte autophagy, Fischer rat
thyroid cell line-5 (FRTL-5) cells were exposed to different doses of PCB118 at 0, 0.25, 2.5, and 25 nM for 0–48 h. Western blot
analysis of autophagy-related proteins P62, BECLIN1, and LC3 demonstrated that PCB118 induced autophagy formation in
dose- and time-dependent manner. Moreover, laser scanning confocal microscopy and flow cytometry showed PCB118
treatment led to time- and dose-dependent increase in intracellular calcium concentration ([Ca2þ]i). Additionally, PCB118
promoted store-operated Ca2þ entry (SOCE) channel followed by significant increase of ORAI1 and STIM1 protein levels.
On the other hand, PCB118 induced thyroidal autophagy via class III b-tubulin (TUBB3)/death-associated protein kinase
2 (DAPK2)/myosin regulatory light chain (MRLC)/autophagy-related 9A (ATG9A) pathway in FRTL-5 cells. Pretreatment with
SOCE inhibitor SKF96365 reduced cytosolic Ca2þ, ORAI1, STIM1, and BECLIN1 levels as well as LC3 II/LC3 I ratio, while
increased P62 expression. SKF96365 also inhibited TUBB3/DAPK2/MRLC/ATG9A pathway in FRTL-5 cells treated by PCB118.
Our results provide evidence that PCB118 may induce thyroidal autophagy through TUBB3-related signaling pathway, and
these effects are likely to be regulated by calcium influx via SOCE channel.

Key words: PCB118; thyroid; autophagy; calcium influx; SOCE.

Polychlorinated biphenyls (PCBs) are a broad series of environ-
mental organic contaminants with wide applications
(Grossman, 2013). PCBs could enter human or animal bodies
through food chain due to the characteristics of bio-persistence
and lipophilicity (Harmouche-Karaki et al., 2019; Takaguchi
et al., 2019). PCBs are toxic to many systems in human body, in-
cluding immune, nervous, reproductive, and endocrine systems
(Coulter et al., 2019; Gaum et al., 2019; Spector et al., 2014).

Exposure to PCBs such as PCB118 could cause structural dam-
age and dysfunction of the thyroid. PCBs have been shown to

interfere with thyroidal-related gene expression and thyroid hor-
mone function (Duntas and Stathatos, 2015; Katarzy�nska et al.,
2015). Fischer rat thyroid cell line-5 (FRTL-5) cells have been con-
firmed as functional clone cells and behave in a manner similar to
normal thyrocytes in vitro. FRTL-5 cell line is the most frequent
and optimum cell line model used for studying thyrocytes func-
tions related to human pathophysiology due to its accessibility,
simplicity, and characteristics of allowing permanent transfec-
tions (Medina and Santisteban, 2000; Wen et al., 2017). Therefore,
we selected FRTL-5 cell line as the cell model in this study.

VC The Author(s) 2020. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

483

TOXICOLOGICAL SCIENCES, 177(2), 2020, 483–493

doi: 10.1093/toxsci/kfaa116
Advance Access Publication Date: 16 July 2020
Research Article

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/177/2/483/5872536 by guest on 23 April 2024

http://orcid.org/0000-0003-0427-9945
http://orcid.org/0000-0002-0035-5915
https://academic.oup.com/


As the basic unit of microtubule, Tubulin plays a pivotal role
to compose cytoskeleton and sustain cell shape and structure.
Tubb3, an essential component of Tubulin gene family, endows
microtubule with the dynamic characteristics required for rapid
responses to extracellular guidance signals. Mutations in Tubb3
would lead to the reduction of Tubulin, destruction of cytoskele-
ton and alteration of biochemical properties (Tischfield and
Engle, 2010). Death-associated protein kinase 2 (DAPK2) is in-
volved in the formation of autophagosomal structures and reg-
ulates the initiation step of autophagy (Geering, 2015). Our
recent study showed that low dose PCB118 induced thyroid
autophagy by DAPK2 binding to TUBB3, and triggering DAPK2/
PKD/VPS34 bypath pathway (Zhou et al., 2019). It is known that
DAPK2 could phosphorylate the myosin regulatory light chain
(MRLC), the activation state of Myosin II, to promote myosin-
dependent trafficking of ATG9-containg vesicles and induce
membrane fusion and autophagy (Geering, 2015; Levin-
Salomon et al., 2014). However, the link between TUBB3/DAPK2/
MRLC/ATG9A pathway and PCB118-induced thyroid autophagy
remains to be further investigated.

Importantly, growing evidence has indicated that toxicological
mechanism of PCBs is associated with calcium signaling and other
ion channels (Pessah et al., 2010). Ca2þ plays an essential role in vari-
ous pathological processes after PCBs exposure (Garcia et al., 2006).
Store-operated Ca2þ entry (SOCE) channel is a ubiquitous calcium
influx pathway in both excitable and non-excitable cells, and
includes 2 principal players ORAI1 and STIM1 (Gratschev et al.,
2004). Some studies have shown that the perturbation of SOCE
channel is a significant toxic mechanism in several cell types (Choi
et al., 2016; Lee et al., 2017). However, it also remains unclear
whether PCB118 has influence on SOCE channel in FRTL-5 cells,
even more the potential role of SOCE in PCB118-induced autophagy.

Therefore, this study aimed to identify the relationship
among PCB118, SOCE channel and thyrocyte autophagy, and
disclosing the mechanism of PCB118-induced autophagy in thy-
roid FRTL-5 cells.

MATERIALS AND METHODS

Reagents. PCB118 (purity of 100%; CAS no. 31508-00-6) was obtained
from Accu Standard (USA). Fluo-3/AM was acquired from Beyotime
(China). SKF96365 was obtained from Apexbio Technology (USA)
and the final working dose of SKF96365 was 10lM which did not
affect cellular growth by viability tests (data not shown).

Cell culture and treatment. FRTL-5 cells were incubated in modi-
fied Ham’s F12 medium (including 0.1245 g/l calcium chloride),
and exposed to low-dose PCB118 (0–25 nM), which did not influ-
ence cell viability and apoptosis according to previous report
(Yang et al., 2015).

Western blot analysis. Western blot analysis was conducted fol-
lowing previously described protocol (Yang et al., 2015). The pri-
mary antibodies were against GAPDH, P62, LC3, BECLIN1,
TUBB3, MRLC, phospho-MRLC (P-MRLC), ATG9A, STIM1 (all from
CST, USA), ORAI1 (Absin, China), and DAPK2 (Biorbyt, UK). The
secondary antibodies were purchased from Vector Laboratories
(USA). The protein bands were visualized by chemilumines-
cence reagent (ThermoFisher Scientific, USA) and qualified us-
ing Image-J software (National Institute of Health, USA).

Quantitative real-time PCR. Total RNA was isolated from thyrocyte
using RNAiso Plus (Takara, Japan), and cDNA was synthesized us-
ing PrimeScript RT Master Mix Kit (Takara). Quantitative real-time

PCR was performed using SYBR-Green kit on StepOnePlus system
(Applied Biosystems, USA). Primer sequences of Tubb3, Dapk2,
non-muscle myosin heavy chain IIA (NMMHC-IIA), Atg9a and
b-actin were listed in Supplementary Table 1. Relative mRNA
levels were calculated using 2�DDCT method.

Intracellular calcium level measurement. Total cytosolic calcium
levels were detected with Fluo-3/AM probe. Cells were inocu-
lated in 6-well plates and treated by PCB118. The cells were then
incubated with 2 lM Fluo-3/AM in serum-free medium at 37�C
for 0.5 h, washed with calcium-free PBS 3 times, and detected by
flow cytometer (BD Biosciences). Ca2þ levels were quantified us-
ing Flow-Jo V10 software (Tree Star, USA).

In addition, the cells were incubated for 30 min with
calcium-free PBS containing 5 lM Fluo-3/AM, washed with
calcium-free PBS and then stained by Hoechst 33342 (Beyotime,
China) for 20 min. Next, cells were observed under laser scan-
ning confocal microscopy (LSCM). Cytosolic Ca2þ levels were
quantified using Image-J.

Small-interfering RNA. Tubb3-, Dapk2-, NMMHC-IIA-targeting
small-interfering RNAs (siRNAs), and negative control (NC)
siRNA were designed with the sequences listed in
Supplementary Table 2, and transfected into FRTL-5 cells using
Lipofectamine 2000 (Invitrogen, USA). Then, cells were exposed
to 25 nM PCB118 for 24 h.

Lentiviral vector. Lentiviral vector Lv-Tubb3 for Tubb3 overexpres-
sion was constructed by GenePharma (Shanghai, China). The
cells were infected with Lv-Tubb3 or NC lentivirus at multiplic-
ity of infection (MOI) of 100 for 72 h, and then treated with 25 nM
PCB118 for 24 h.

Statistics. All results from at least triplicate experiments were
shown as mean 6 SEM, and analyzed by 1-way analysis of vari-
ance (ANOVA) or t test, Sidak’s multiple comparisons test was
used for post-hoc analysis after ANOVA, and p< .05 indicated
statistical significance.

RESULTS

Pcb118-Induced Thyrocyte Autophagy in Dose- and Time-Dependent
Manner
To investigate how PCB118 induced thyrocyte autophagy, we
treated FRTL-5 cells with PCB118 at the range of 0.25, 2.5, and
25 nM. The expression of autophagy markers BECLIN1, LC3 and
P62 were analyzed by Western blot analysis. After exposure to
PCB118, LC3 II/LC3 I ratio, and BECLIN1 level significantly en-
hanced, whereas P62 protein expression significantly attenu-
ated dose-dependently (p<.01, Figure 1a).

Furthermore, 0–48 h of exposure to 25 nM PCB118 showed
that BECLIN1 level and LC3 II/LC3 I ratio significantly increased
over the first 36 h but decreased in the 48 h group after PCB118
exposure (Figure 1b). Meanwhile, P62 protein expression
showed significant decrease from 6 to 36 h (p<.01), minimized
at 36 h, and then slightly increased at 48 h (p<.01, Figure 1b).
These data suggested that PCB118 enhanced autophagy in con-
centration- and time-dependent manner in FRTL-5 cells.

Pcb118-Elevated Intracellular Calcium in Dose- and Time-Dependent
Manner
To demonstrate the effects of PCB118 on cytosolic calcium lev-
els, we employed flow cytometry to detect Ca2þ-sensitive dye

484 | 2,30,4,40,5-PENTACHLOROBIPHENYL, THYROCYTE AUTOPHAGY, AND CALCIUM INFLUX

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/177/2/483/5872536 by guest on 23 April 2024



Fluo-3/AM. The results indicated that PCB118 increased [Ca2þ]i
in a dose-dependent manner, and showed significant difference
in 25 nM group compared with the control group (p< .01, Figs. 2a
and 2b). Furthermore, in cells exposed to 25 nM PCB118, Ca2þ

levels enhanced at the first 24 h while declined at 36 and 48 h,
with significant difference from 6 to 36 h compared with 0 h
group (p< .01, Figs. 2c and 2d). These data indicated that PCB118
increased intracellular Ca2þ levels in dose- and time-dependent
manner.

To further corroborate such findings, we utilized Fluo-3/AM
probe to monitor intracellular Ca2þ under confocal microscope.
We found that cytosolic Ca2þ levels significantly enhanced in all
PCB118-treated groups, and showed significant difference be-
tween 0.25 nM group and 2.5, 25 nM group, respectively (p< .01,
Figs. 2e and 2f). For cells incubated with 25 nM PCB118, [Ca2þ]i
levels increased over the first 24 h and then gradually declined,
with statistical difference in 6, 12, 24, 36, and 48 h group (p< .01,
Figs. 2g and 2h). Collectively, [Ca2þ]i showed dose- and time-
dependent change in FRTL-5 cells after PCB118 stimulation.

Pcb118-Promoted Calcium Influx via SOCE Channel in FRTL-5 Cells
In order to determine the role of SOCE channel, we performed
Western blot analysis of ORAI1 and STIM1. Compared with con-
trol group, ORAI1 and STIM1 protein levels were significantly
enhanced by 24 h treatment with 25 nM PCB118 (p< .01,
Figs. 3a–c). However, pretreatment with SKF96365, the inhibitor
of SOCE, significantly reduced the expression of ORAI1 and
STIM1 (p< .01, Figs. 3d–f). Additionally, PCB118-induced in-
crease of cytosolic Ca2þ levels was attenuated by SKF96365
(p< .01, Figs. 3g and 3h). In summary, these results indicated
that SOCE channel may play a significant role in PCB118-
induced calcium influx.

Pcb118-Activated Autophagy-Related Pathway in FRTL-5 Cells
Tubb3 mRNA and protein levels reduced significantly in PCB118-
treated cells (p<.01, Figure 4). Dapk2 mRNA and protein levels
exhibited dose-dependent increase in 0.25 and 2.5 nM groups,
and reduced slightly in 25 nM group (p<.01, Figure 4). In
addition, NMMHC-IIA mRNA level, which represents gene

expression of MRLC, gradually increased in 0.25 and 2.5 nM
groups and decreased slightly in 25 nM group (Figure 4a).
Elevated P-MRLC/MRLC ratio was significantly correlated with
higher concentrations of PCB118, and showed significant in-
crease in 25 nM group compared with control (p<.05, Figure 4b).
Moreover, both Atg9a mRNA and protein levels significantly in-
creased in 2.5 and 25 nM groups compared with control (p<.01,
Figure 4).

To confirm the function of these molecules in autophagy of
FRTL-5 cells, we employed siRNAs or lentivirus vector for gene
knockdown or overexpress. siTubb3 could inhibit PCB118-
induced phosphorylation/activation of MRLC and upregulation
of DAPK2 and ATG9A (p<.05, Figs. 5a–c). Similarly, siDapk2 sig-
nificantly decreased the phosphorylation of MRLC and the ex-
pression of ATG9A in FRTL-5 cells exposed to PCB118 (p<.01,
Figs. 5b and 5c). Moreover, ATG9A protein expression was sig-
nificantly inhibited after knockdown of NMMHC-IIA compared
with PCB118-NC group (p<.01, Figure 5c).

Consistently, Lv-Tubb3-mediated Tubb3 overexpression
could enhance PCB118-induced DAPK2 upregulation (p<.01,
Figure 5d). Furthermore, Tubb3 overexpression increased
P-MRLC/MRLC ratio and ATG9A protein levels compared with
PCB118-NC group (p<.01, Figs. 5e and 5f). Taken together, these
data demonstrated that PCB118-activated TUBB3/DAPK2/MRLC/
ATG9A pathway in FRTL-5 cells.

Activation of Thyrocyte Autophagy by PCB118 Is SOCE Dependent
We wondered whether SOCE mediated calcium influx could be
responsible for thyrocyte autophagy. Pretreated cells with
SKF96365 could reduce the level of BECLIN1 and LC3 II/LC3 I ratio
compared with 25 nM PCB118 alone group (p< .01, Figs. 6a–c).
Under the same treated condition, P62 protein was significantly
enhanced and statistical difference was found between PCB118
with SKF96365 group and PCB118 control group (p< .05, Figs. 6a
and 6d).

Next, we detected the effects of SOCE channel on
autophagy-related pathway. Western blot analysis showed that
protein levels of TUBB3, DAPK2, and ATG9A as well as P-MRLC/
MRLC ratio significantly reduced in FRTL-5 cells pretreated with

Figure 1. PCB118 promoted autophagy formation in FRTL-5 cells in dose- and time-dependent manner. The cells were exposed to 0–25 nM PCB118 for 24 h (a) and 25 nM

PCB118 for 0–48 h (b). Representative protein bands (left) and densitometric analysis of P62, BECLIN1 and LC3 protein levels (right). Results are shown as mean 6 SEM

(n¼3–6). **p<.01 versus vehicle, #p<.05, ##p<.01 versus 0.25 nM group, @@p<.01 versus 2.5 nM group (a); *p<.05, **p<.01 versus 0 h control group (b), 1-way ANOVA fol-

lowed by Sidak’s multiple comparisons test. GAPDH was loading control.
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Figure 2. Intracellular calcium levels in cells following PCB118 exposure. FRTL-5 cells were treated with PCB118 (0–25 nM) for 24 h (a, b, e, f) or 25 nM PCB118 for 0–48 h

(c, d, g, h) and then analyzed with Flow-3/AM via flow cytometry (a–d) or LSCM (e–h). (e, g) Confocal images. Flow-3/AM was indicator of cytosolic Ca2þ (green). Hoechst

33342 was used for nuclear staining (blue). Scale bar, 20 lm. (b, d, f, h) Relative mean fluorescent intensity (MFI). Data are presented as mean 6 SEM (n¼3–6). **p< .01

versus control group, ##p< .01 versus 0.25 nM group, @@p< .01 versus 2.5 nM group (b, f); **p< .01 versus 0 h control group (d, h), 1-way ANOVA followed by Sidak’s mul-

tiple comparisons test.

486 | 2,30,4,40,5-PENTACHLOROBIPHENYL, THYROCYTE AUTOPHAGY, AND CALCIUM INFLUX

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/177/2/483/5872536 by guest on 23 April 2024



SKF96365 compared with FRTL-5 cells treated with PCB118 alone
(Figs. 6e–i).

DISCUSSION

As a group of widespread endocrine-disrupting compounds
(EDCs), PCBs have been investigated for their toxic effects in
many aspects in endocrine system (Maqbool et al., 2016). PCB118

is one of the most persistent PCBs congeners and has been
detected in human breast milk and human tissues (Tarkowski,
1996). PCB118 is also one of the 9 PCB congeners most closely re-
lated to thyroid dysfunction (Bloom et al., 2003), and its pollution
is widespread in soil, water, and the aquatic organisms of the
Yangtze River Delta region of China (Zhao et al., 2009). PCB118
could be used as the typical and direct indicator of total PCBs in
the environment (Kang et al., 2008; Rudge et al., 2012).

Figure 3. PCB118 induced calcium influx via SOCE channel in FRTL-5 cells. Cells were stimulated with 25 nM PCB118 for 24 h and ORAI1 and STIM1 were detected by

Western blot analysis (a–c). Cells were pretreated with 10 lM SKF96365 for 1 h and then stimulated with 25 nM PCB118 for 24 h for Western blot (d–f) and flow cytometry

analysis (g, h). (a, d) Representative protein bands. (b, c, e, f) Quantification of protein bands. (h) Quantification of MFI by Flow-3/AM (2 lM). Mean 6 SEM (n¼3–6).

**p<.01 versus vehicle; ##p<.01 versus 25 nM PCB118 group, student’s t test (b, c) and 1-way ANOVA followed by Sidak’s multiple comparisons test (e, f, h).
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Importantly, the thyroid gland is highly susceptible to the ef-
fect of PCBs. Our previous studies in vivo revealed that PCB118
could damage thyroid structure even at a minimal concentra-
tion of 10 lg/kg/day, and no clinical symptoms or behavioral
disturbances occurred in Wistar rats with chronic low-dose ex-
posure to PCB118 (10, 100, and 1000 lg/kg/day for 13 weeks)
(Tang et al., 2013; Xu et al., 2016). On the other hand, the concen-
tration of PCB118 we selected from 0.25 to 25 nM in the study
did not affect cell viability or apoptosis (Yang et al., 2015), and
was lower than the doses used in other studies on the effects of
PCBs on nervous and endocrine system dysfunction (Dickerson
et al., 2009; Merritt and Foran, 2007; S�anchez-Alonso et al., 2003).
A general regional investigation had been detected that the me-
dian dose of PCB118 was 45 pg/ml (1.38 nM) and ranged between
120 and 1580 pg/ml (0.38–4.84 nM) in maternal blood collected
from 44 women living in Belgium (Covaci et al., 2002), and the
doses were similar to the doses used in our experiment (0.25,
2.5, and 25 nM) in vitro. Besides, a polluted regional investigation
showed that circulating concentration of PCBs reached to
3� 103 nM in people exposed to PCBs (Wassermann et al., 1979)
and the dose much higher than that in thyroid FRTL-5 cells in
this study. In previous studies, such low dose of PCB118 could
interfere serum thyroid hormones and decrease sodium/iodide
symporter (NIS) and thyroglobulin (TG) gene expression both in
rat thyroid (FRTL-5) cells and human thyroidal epithelial cells
(HETCs) (Guo et al., 2015; Yang et al., 2015). However, few investi-
gations on PCBs-related autophagy in the thyroid have been
reported.

As a conserved catabolic degradation/recycling process,
autophagy is essential to cellular homeostasis (Klionsky, 2007).
In a recent study, we found that the quantity of

autophagosomes significantly increased in rat thyroid tissues
with PCB118 exposure in a dose-dependent manner.
Additionally, it was also found that red fluorescent spot which
labeled LC3 II antibody was gradually stained and becoming
strongly in dose-related pattern in FRTL-5 cells exposed to
PCB118. Such results disclosed that PCB118-induced thyroidal
autophagy may be mediated by an alternative pathway in vivo
and in vitro (Zhou et al., 2019). However, the dominant thyroidal
autophagy-related approach PCB118 related is still unclear, and
furthermore its key regulator mediated such autophagosome
formation remains elusive.

LC3 conversion (LC3 I to LC3 II) reflects autophagic activity,
whereas BECLIN1 participates in the regulation of autophago-
some formation and maturation by interacting with VPS34
(Maejima et al., 2016; Mizushima and Yoshimori, 2007).
Therefore, we detected the changes of autophagy-associated
markers including BECLIN1, LC3 in thyroid FRTL-5 cells after
PCB118 exposure. Our results showed that BECLIN1 level and
LC3 II/LC3 I ratio increased dose- and time-dependently, and
maximized in FRTL-5 cells treated with 25 nM PCB118 for 36 h.
P62 protein could regulate autophagy influx and autolysosomal
lytic activity by linking polyubiquitinated proteins with auto-
phagic machinery, and its level would be reduced during
autophagy (Bjorkoy et al., 2005). Consistently, we found that
PCB118 decreased P62 level in FRTL-5 cells. Taken together,
these findings confirmed distinct autophagy phenomena were
occurred in the highest dose group at the time of 36 h in FRTL-5
cells when PCB118 stimulated.

The association between calcium and autophagy has been
extensively investigated. The changes in [Ca2þ]i affect a large
range of cellular processes, such as cell motility, DNA synthesis,

Figure 4. PCB118 regulated DAPK2, TUBB3, MRLC, and ATG9A expression in FRTL-5 cells. a, mRNA levels were detected by PCR. *p<.05, **p<.01 versus vehicle, ##p<.01

versus 0.25 nM group, @@p<.01 versus 2.5 nM group. b, Western blot analysis of DAPK2, TUBB3, MRLC, P-MRLC and ATG9A protein levels. Representative protein bands

(left) and densitometric analysis of protein bands (right). Mean 6 SEM (n¼3–6). *p<.05, **p<.01 versus vehicle; #p<.05, ##p<.01 versus 0.25 nM group, 1-way ANOVA fol-

lowed by Sidak’s multiple comparisons test.
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gene transcription, apoptosis, and autophagy (Becchetti and
Arcangeli, 2010; Bootman et al., 2018; Orrenius et al., 2003). In our
study, both laser scanning confocal microscopy and flow cy-
tometry analysis showed that PCB118 increased intracellular
calcium levels in time- and dose-dependent way, and [Ca2þ]i
maximized in 25 nM group with 24 h treatment. Interestingly,
PCB118-induced [Ca2þ]i and autophagy seemed to display a co-
incident pace from 6 to 24 h, suggesting some intimate relation-
ship between Ca2þ influx and autophagosome in FRTL-5 cells
exposed to PCB118.

It was postulated that SOCE channel plays an essential role
in regulating calcium homeostasis in rat thyroid FRTL-5 cells
(Tornquist et al., 2002). SOCE includes the major regulator STIM1
and the main pore-forming Ca2þ channel subunit ORAI1
(Ambudkar et al., 2017). In this study, we found that PCB118
upregulated ORAI1 and STIM1 protein expression in FRTL-5
cells. In addition, pretreatment with SOCE inhibitor SKF96365
could significantly suppress the expression of STIM1and ORAI1
and synchronously inhibit intracellular Ca2þ levels. It was
reported that the activation of SOCE was initiated by IP3 binding

Figure 5. TUBB3 regulated DAPK2-MRLC-ATG9A pathway in FRTL-5 cells. DAPK2, P-MRLC/MRLC, and ATG9A protein levels in cells exposed to PCB118 after treatment

with siRNAs (a–c) or Lv-Tubb3 (d–f). Mean 6 SEM (n¼3–6). (a–c) NC, negative control, non-targeting siRNA, *p<.05, **p<.01, versus NC group, #p<.05, ##p<.01, versus

PCB118-NC group; (d–f) NC, negative control, blank lentivirus-vector, *p<.05, **p<.01 versus NC group, ##p<.01 versus PCB118-NC group, 1-way ANOVA followed by

Sidak’s multiple comparisons test.
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to its receptor in cytosolic Ca2þ pools, which then induced Ca2þ

release and profound entry of extracellular Ca2þ influx via acti-
vated SOCE channel (Abdelazeem et al., 2019). In addition, simi-
lar investigations confirmed that PCBs could influence Ca2þ

signaling and Ca2þ entry (Lee et al., 2017). Our results revealed
that PCB118-induced [Ca2þ]i in FRTL-5 cells was primarily
caused by activated SOCE channel.

Previously, we reported that PCB118-induced thyroidal auto-
phagosome was mediated by TUBB3/DAPK2/PKD/VPS34 cascade
in vivo and in vitro (Zhou et al., 2019). However, in that study, the
phosphorylation of VPS34 was suppressed only by siPkd, suggest-
ing that such pathway may play a partial role in thyroidal autoph-
agy. b-Tubulin, a family of cytoskeleton genes, including TUBB3
has been identified as a novel DAPK2-interacting partner (Isshiki
et al., 2015; Zhou et al., 2019). DAPK2 belongs to CaM-regulated
serine/threonine (Ser/Thr) kinases family and mediates diverse
cellular activities, such as membrane blebbing, inflammation,

apoptosis, and autophagy (Geering, 2015). In this study, we found
that DAPK2 was upregulated by PCB118, and NMMHC-IIA, phos-
phorylated MRLC, and ATG9A levels consistently increased in cells
with PCB118 exposure. Furthermore, in the verification of the
pathway, we found that siTubb3, siDapk2, and siNMMHC-IIA could
ordinally inhibit the downstream targets and block the pathway
in FRTL-5 cells, whereas overexpression of Tubb3 would succes-
sively promote DAPK2, phosphorylation of MRLC, and ATG9A lev-
els. Similar studies confirmed that the activation of DAPK
contributed to autophagy formation and induced membrane bleb-
bing by phosphorylating MRLC and tracking ATG9-containing
vesicles to the autophagosome formation sites (Bialik et al., 2011;
Gilad et al., 2014; Inbal et al., 2002; Tang and Chen, 2011). Our inves-
tigations demonstrated that exposure to PCB118 caused abnormal
expression of TUBB3, DAPK2, MRLC, and ATG9A, and TUBB3/
DAPK2/MRLC/ATG9A pathway could be the principal pathway
that mediates PCB118-induced autophagy in FRTL-5 cells.

Figure 6. PCB118-induced autophagy and autophagy-related pathway were inhibited by SKF96365. Cells were pretreated with SKF96365 (10 lM) for 1 h and then stimu-

lated with 25 nM PCB118 for 24 h. P62, BECLIN1, LC3, DAPK2, TUBB3, P-MRLC, MRLC, and ATG9A levels were detected by Western blot analysis (a–i). Representative pro-

tein bands (a, e) and quantification of protein bands (b–d and f–i). Mean 6 SEM (n¼3–6). *p< .05, **p< .01 versus control group; #p< .05, ##p< .01 versus 25 nM PCB118

group, 1-way ANOVA followed by Sidak’s multiple comparisons test.
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SOCE-mediated [Ca2þ]i was associated with various signaling
pathways regulating autophagy (Ali et al., 2017; Yang et al., 2017;
Zhu et al., 2018). In this study, we showed that pretreatment
with SKF96365 reduced the expression of BECLIN1 and the ratio
of LC3 II to LC3 I and enhanced P62 protein level, whereas
TUBB3, DAPK2, phosphorylated MRLC, and ATG9A levels were
significantly suppressed in cells exposed to PCB118. These
results suggested that SOCE may contribute to PCB118-induced
autophagy through regulating TUBB3-related pathway in FRTL-5
cells (Figure 7). As for details how PCB118 is internalized in thyro-
cyte and regulates SOCE need further investigations.

In summary, our results provide evidence that exposure to
PCB118 promotes calcium influx via SOCE channel, which then
triggers TUBB3-related pathway to initiate thyrocyte autophagy.
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