
Turkish Journal of Zoology Turkish Journal of Zoology 

Volume 44 Number 2 Article 12 

1-1-2020 

mir-331 negatively regulates thyroglobulin secretion via ERp29 mir-331 negatively regulates thyroglobulin secretion via ERp29 

KYUNGMIN MOON 

EUN RYEONG LEE 

JUNGHAE KIM 

KISANG KWON 

OYU KWON 

Follow this and additional works at: https://journals.tubitak.gov.tr/zoology 

 Part of the Zoology Commons 

Recommended Citation Recommended Citation 
MOON, KYUNGMIN; LEE, EUN RYEONG; KIM, JUNGHAE; KWON, KISANG; and KWON, OYU (2020) "mir-331 
negatively regulates thyroglobulin secretion via ERp29," Turkish Journal of Zoology: Vol. 44: No. 2, Article 
12. https://doi.org/10.3906/zoo-1908-46 
Available at: https://journals.tubitak.gov.tr/zoology/vol44/iss2/12 

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for 
inclusion in Turkish Journal of Zoology by an authorized editor of TÜBİTAK Academic Journals. For more 
information, please contact academic.publications@tubitak.gov.tr. 

https://journals.tubitak.gov.tr/zoology
https://journals.tubitak.gov.tr/zoology/vol44
https://journals.tubitak.gov.tr/zoology/vol44/iss2
https://journals.tubitak.gov.tr/zoology/vol44/iss2/12
https://journals.tubitak.gov.tr/zoology?utm_source=journals.tubitak.gov.tr%2Fzoology%2Fvol44%2Fiss2%2F12&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/81?utm_source=journals.tubitak.gov.tr%2Fzoology%2Fvol44%2Fiss2%2F12&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.3906/zoo-1908-46
https://journals.tubitak.gov.tr/zoology/vol44/iss2/12?utm_source=journals.tubitak.gov.tr%2Fzoology%2Fvol44%2Fiss2%2F12&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:academic.publications@tubitak.gov.tr


189

http://journals.tubitak.gov.tr/zoology/

Turkish Journal of Zoology Turk J Zool
(2020) 44: 189-194
© TÜBİTAK
doi:10.3906/zoo-1908-46

mir-331 negatively regulates thyroglobulin secretion via ERp29

Kyoungmin MOON1
, Eun-Ryeong LEE2

, Junghae KIM3
, Kisang KWON3

, O-Yu KWON3,*
1Respiratory Department, GangNeung Asan Hospital, Gangwon-do, Korea

2Department of Biomedical Laboratory Science, College of Health & Welfare, Kyungwoon University, Kyungpook, Korea
3Department of Anatomy & Cell Biology, College of Medicine, Chungnam National University, Daejeon, Korea

*	Correspondence: oykwon@cnu.ac.kr

The major biological function of the endoplasmic 
reticulum (ER), an intracellular organelle found in all 
eukaryotic cells, is posttranslational modification of 
secretory proteins (Braakman and Bulleid, 2011). The 
ER has a complex signal-transducing system that senses 
and responds to pathophysiological changes to maintain 
cellular homeostasis (Ron and Harding, 2012). During 
adaption and survival of cells and/or tissues, ER stress 
is induced by the unfolded protein response (UPR) via 
expression of chaperones in the ER, including binding 
immunoglobulin protein (BiP), glucose-regulated 
protein 94, calnexin, protein disulfide isomerase (PDI), 
and ER protein 29 (ERp29) (Adams et al., 2019). Such 
factors directly or indirectly mediate multiple molecular 
biological processes via 3 kinds of ER stress sensors: 
inositol-requiring enzyme 1 (IRE1), protein kinase-like 
ER kinase (PERK), and activating transcription factor 6 
(ATF6) (Back and Kaufman, 2012). The ER stress response 
in mammalian cells is triggered by the dissociation of 
BiP from transducers such as PERK, ATF6, and IRE1. 
BiP binds to unfolded proteins present in the ER lumen 
and activates the ER stress response (Gardner et al., 2013; 
Frakes and Dillin, 2017).

Several types of ER chaperones are involved in nascent 
polypeptide folding and maturation, including ERp29, 

the full-length cDNA (encoding a 29-kDa protein) of 
which was first isolated in 1997 (Demmer, 1997). ERp29 
is expressed ubiquitously and abundantly, and it is 
localized mainly in the ER lumen. It belongs to the PDI 
protein family, although it lacks an active thioredoxin 
motif, suggesting that this protein might not be a disulfide 
isomerase (Rainey-Barger et al., 2007). ERp29 may have 
a variety of functions, as its expression is induced by 
radiation and thyroid-stimulating hormone (TSH), and 
it has high expression in several cancers and in dental 
enamel cells (Kwon et al., 2000; Frakes and Dillin, 2017). 
Although ERp29 deficiency does not alter thyroglobulin 
(Tg) expression levels (Park et al., 2005), ERp29 has been 
shown to play an important role in the folding and assembly 
of secretory proteins of Tg (Baryshev et al., 2006) in FRTL-
5 Fisher rat thyrocytes. Further studies on ERp29 function 
are required to determine the most important biological 
functions of ERp29. This study investigated the effect 
of ERp29 on Tg secretion and its negative regulation by 
microRNAs (miRNAs) to provide a better understanding 
of ERp29 function.

The rat thyroid cell line PCCL3 (RRID: CVCL_6712) 
was cultured in Coon’s medium in a humidified atmosphere 
containing 5% CO2 (Park et al., 2005). For each individual 
experiment, the PCCL3 cells were washed 3 times with 
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cold phosphate-buffered saline to completely remove the 
hormones, and then incubated in growth medium without 
hormones for 48 h. PCCL3 cells were scraped, lysed, and 
separated by adding sodium dodecyl sulfate sample buffer, 
followed by polyacrylamide gel electrophoresis (SDS-
PAGE). Each sample (10 µg/μL) was loaded into each well 
of the gel. The process of western blotting has previously 
been described (Park et al., 2005). Rabbit antieukaryotic 
initiation factor (eIF) 2 antibody, phosphorylated eIF2 
antibody, and goat antiactin antibody were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Tg secretion in cell medium was analyzed by western 
blotting using an anti-Tg antibody.  

Reverse-transcription polymerase chain reaction 
(RT-PCR) was performed with total RNA using forward 
and reverse primers (Bioneer Co., Daejeon, Korea) 
specific to IRE1 (5′-ACCACCAGTCCATCGCCATT-3′ 
and 5′-CCACCCTGGACGGAAGTTTG-3′), 
BiP (5′-AGTGGTGGCCACTAATGGAG-3′ 
and 5′-TCTTTTGTCAGGGGTCGTTC-3′), 
ATF6 (5′-CTAGGCCTGGAGGCCAGGTT-3′ 
and 5′-ACCCTGGAGTATGCGGGTTT-3′), 
PDI (5′-ATCGAGTTCACCGAGCAGAC-3′ 
and 5′-TCACAGCTTTCTGGTCATCG-3′), 
PERK (5′-GGTCTGGTTCCTTGGTTTCA-3′ 
and 5′-TTCGCTGGCTGTGTAACTTG-3′), 
GAPDH (5′-ACATCAAATGGGGTGATGCT-3′ 
and 5′-AGGAGACAACCTGGTCCTCA-3′), 
and X-box DNA-binding protein 1 (XBP1) 
(5′-AAACAGAGTAGCAGCTCAGACTGC-3′ and 
5 ′ - T C C T T C T G G G TAG AC C T C T G G G AG - 3 ′ ) , 
respectively. RT-PCR conditions have previously been 
described (Kwon et al., 2007). All other chemicals were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). For 
XBP1 splicing, total RNA was reverse-transcribed into cDNA. 
Double-stranded cDNA was synthesized by PCR using 
sense (5′-AAACAGAGTAGCAGCGCAGACTGC-3′) and 
antisense (5′-TCCTTCTGGGTAGACCTCTGGGAG-3′) 
primers specific to XBP1. Amplified cDNA was treated with 
PstI. The resulting product was analyzed by electrophoresis 
using a 2% agarose gel. For RNA interference, rat ERp29 
small interfering RNA (siRNA) and mir-331 were 
obtained from Bioneer Co. (Daejeon, Korea). Transfection 
was conducted using Lipofectin reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s 
protocols. Briefly, siRNA (20 µM) was diluted in 100 µL 
of Opti-MEM I reduced serum medium (Invitrogen) and 
mixed with 3 µL of each transfection reagent (Invitrogen) 
prediluted in 97 µL of Opti-MEM. PCCL3 cells were 
transfected with siRNA using Opti-MEM for 24 h. PCCL3 
cells transfected with a nontarget control siRNA were used 
as controls. The pcDNA 3.1(+) vector (Invitrogen) was used 
for overexpression experiments.

Tg, a large soluble protein with a molecular weight of 
660 kDa, is present in the colloid of the thyroid follicle, 
where iodine is synthesized into 2 types of thyroid 
hormones: triiodothyronine (T3) and tetraiodothyronine 
(T4). T3 and T4 are critical for development, growth, and 
metabolism, exerting the most prominent effects during 
fetal development and early childhood (Citterio et al., 
2019). Deficiency in the production or activity of thyroid 
hormones can lead to hypothyroidism, one of the most 
frequent hormone diseases (Mendoza and Hollenberg, 
2017). Hypothyroid individuals exhibit various 
physiological changes, including impaired endothelial 
function, left ventricular systolic and diastolic dysfunction, 
and dyslipidemia with elevated total cholesterol and 
low-density lipoprotein cholesterol levels and decreased 
high-density lipoprotein cholesterol (Schübel, 2017). 
Numerous molecular studies have been conducted 
on hypothyroidism. We have previously reported that 
congenital hypothyroidism is caused by an ER storage 
abnormality due to a single amino acid substitution in the 
acetylcholinesterase-like domain of Tg (Kim et al., 1996). 
Growth, proliferation, and Tg secretion from FRTL-5 cells 
are dependent on TSH (Kim et al., 1998). We showed that 
ERp29 promotes Tg secretion induced by TSH to overcome 
hypothyroidism (Park et al., 2015). ERp29 interacts with 
BiP under ER stress and is considered a crucial player in 
the ER stress response. 

This study investigated the mechanism of Tg secretion 
induced by ERp29 overexpression on the gene expression 
of ER chaperones and ER stress sensors in PCCL3 cells. 
Although the expression of ERp29 was elevated by ERp29 
overexpression, transcript levels of other genes, including 
Tg, were unchanged (Figure 1A). However, translation 
levels of ER chaperones were upregulated by ERp29 
overexpression (Figure 1B). These results suggest that 
ERp29 is associated with the regulation of ER chaperones 
in the ER lumen at the protein biosynthesis rather than 
transcription level. Next, we investigated the effect of 
ERp29 overexpression on Tg secretion by PCCL3 cells. 
Interestingly, Tg secretion was promoted by ERp29 
overexpression (Figure 1C). Although ERp29 expression 
was involved in promoting Tg secretion (Figure 1C), 
ER stress treated by tunicamycin inhibited extracellular 
secretion of Tg (Figure 1D). These results suggest that 
ERp29 participates as an ER chaperone in ER quality 
control (ERQC), potentially aiding secretory protein 
folding in the ER lumen, but not gene transcription 
control.

We investigated the effect of ERp29 overexpression on 
the regulation of ER stress sensors. Three distinct ER stress 
sensors (IRE1, PERK, and ATF6) participate in the UPR in 
mammalian cells. These ER stress sensors are downstream 
effectors of ER chaperone activity and they transmit 
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signals from the ER to the nucleus in response to chaotic 
protein fold processing in the ER lumen. Activation 
(autophosphorylation and dimerization) of IRE1 promotes 
the endonuclease domains, which cleave XBP1 mRNA, 
generating an activated form of XBP1. PERK activation 
also results in phosphorylation of a subunit of eIF-2, 
thereby inhibiting translation initiation. ATF6 is cleaved at 
the cytosolic face of the membrane in response to ER stress, 
and its N-terminal cytoplasmic domain, which contains 
DNA-binding, dimerization, and transactivation domains, 
is translocated to the nucleus. Subsequently, binding to 
both the ER stress response elements and ATF6-binding 
sites of ER chaperone genes enhances their expression 
(Back and Kaufman, 2012). As shown in Figure 2A, ERp29 
overexpression promotes cleavage of the N-terminus of 
ATF6, upregulation of IRE1, and phosphorylation of eIF2 
alpha. In addition, ERp29 overexpression promoted XBP1 

mRNA splicing downstream of IRE1 (Figure 2B). These 
results demonstrate that ERp29 overexpression activated 
an ER chaperone, which in turn was transmitted to activate 
ER stress sensors located on the ER membrane.

In this study, miRNA and siRNA were used to inhibit 
the expression of ERp29. miRNAs, small noncoding RNAs 
consisting of approximately 22 nucleotides, function 
in posttranscriptional regulation of gene expression, 
including RNA silencing (Liu et al., 2017). Although 
they exhibit only partial complementation with their 
target mRNAs and cannot cleave mRNAs, they inhibit 
the conversion of mRNA into proteins. siRNA, a double-
stranded RNA consisting of 20–25 base pairs, is the most 
common RNA interference method for silencing specific 
genes. We examined whether an siRNA targeting ERp29 
(siERp29) and miRNA-331 (mir-331) modulates ERp29 
expression in PCCL3 cells. mir-331 was among the most 

Figure 1. Gene expression of endoplasmic reticulum (ER) chaperones and Tg secretion by ERp29 overexpression. (A) In PCCL3 
and ERp29over PCCL3 cells, gene expression was estimated for both ER chaperones and ER stress sensors using reverse-transcription 
polymerase chain reaction (RT-PCR). (B) ER chaperone protein expression was measured using western blotting. (C) Tg secretion by 
ER29 was measured using western blotting. (D) Tg secretion was measured using tunicamycin treatment followed by western blotting. 
All experimental conditions are described in detail in the text. Data represent means of at least 3 independent experiments.
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Figure 2. Regulation of ER stress sensors by ERp29 overexpression. (A) Results of western blotting in PCCL3 and ERp29over PCCL3 cells, 
showing full-length ATF6 (*), partial-length ATF6 (**), IRE1 (←), and phosphorylated eIF2 alpha (←). (B) RT-PCR analysis showed the 
expression of 2 isoforms: spliced (XBP1S) and unspliced (XBP1U) xbp1 transcripts. All experimental conditions are described in detail 
in the text. Data represent means of at least 3 independent experiments.

Figure 3. Regulation of Tg expression and secretion by small interfering RNAs. (A) Regulation of ERp29 and ThrB expression using 
siERp29 and miRNA-331, respectively. (B) Regulation of Tg gene expression by siERp29 and miRNA-331. (C) Regulation of Tg secretion 
by siERp29 and miRNA-331. All experimental conditions in Figure 1 are described in the text. Data represent means ± standard deviation 
(SD) of at least 3 independent experiments. Statistical significance between multiple groups: one-way analysis of variance (ANOVA) 
test. GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA). *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.
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abundant miRNAs detected in PCCL3 cells overexpressing 
ERp29. One target gene of mir-331 is thyroid hormone 
receptor beta (ThrB) (GenBank accession no.: NM 
001270854) (Jazdzewski, 2011). ERp29 expression was 
downregulated in cells treated with siERp29 (Figure 
3A), whereas no significant difference in expression was 
detected following miRNA-331 treatment (Figure 3A, left). 
However, mir-331 treatment reduced ThrB expression by 
about 20%, and ERp29 overexpression decreased ThrB 
expression by about 30% (Figure 3A, right). These results 
suggest that siRNA-mediated knockdown inhibits the 
expression of ERp29 mRNA, and that the expressions of 
ERp29 and Tg are functionally similar. We also assessed 
the effects of siERp29 and mir-331 on Tg expression under 
the same experimental conditions (Figure 3B). siERp29 
treatment strongly reduced Tg expression, to a slightly 
greater extent than mir-331. Tg secretion levels showed 
nearly the same pattern as Tg expression (Figure 3C). When 
ERp29 overexpression was used as a control, Tg secretion 
increased by about 1.7-fold, whereas Tg secretion decreased 
in cells treated with siERp29 and mir-331 by 40% and 30%, 

respectively. These results suggest that Tg secretion from 
PCCL3 cells is positively related to ERp29 gene expression, 
whereas mir-331 negatively regulates Tg expression and 
secretion through ThrB expression regulation.

In summary, ERp29 overexpression upregulated Tg 
expression during translation (including Tg secretion 
in PCCL3 cells) via ER stress signal sensors: ATF6 
fragmentation, XBP1 mRNA splicing by IRE1 activation, 
and eIF2 alpha phosphorylation. The most significant 
result of this study is that mir-331 inhibited both Tg 
expression and secretion compared with the control. 
Thus, to overcome hyperthyroidism, further studies of the 
regulation of ERp29 associated with mir-331 are required. 

 
Acknowledgment 
This study was supported by a grant from the Agenda 
Program (PJ010864), Rural Development Administration, 
Republic of Korea. 

Conflict of interest: The authors state no conflict of 
interest.

References

Adams  CJ,  Kopp MC,  Larburu N,  Nowak PR,  Ali MMU (2019). 
Structure and molecular mechanism of ER stress signaling by 
the unfolded protein response signal activator IRE1. Frontiers 
in Molecular Biosciences 6: 11. 

Back SH, Kaufman RJ (2012). Endoplasmic reticulum stress and type 
2 diabetes. Annual Review of Biochemistry 81: 767-793.

Baryshev M, Sargsyan E, Mkrtchian S (2006). ERp29  is an 
essential endoplasmic reticulum factor regulating secretion 
of  thyroglobulin. Biochemical and Biophysical Research 
Communications 340: 617-624.

Braakman I, Bulleid NJ (2011). Protein folding and modification in 
the mammalian endoplasmic reticulum. Annual Review of 
Biochemistry 80: 71-99.

Chen S, Zhang D (2015). Friend or foe: Endoplasmic reticulum 
protein 29 (ERp29) in epithelial cancer. Federation of European 
Biochemical Societies Open Biology 5: 91-98.

Citterio CE, Targovnik HM, Arvan P (2019).The role of thyroglobulin 
in thyroid hormonogenesis. Nature Reviews Endocrinology 15: 
323-338. 

Demmer J, Zhou C, Hubbard MJ (1997). Molecular cloning of ERp29, 
a novel and widely expressed resident of the endoplasmic 
reticulum. Federation of European Biochemical Societies 
Letters 402: 145-150. 

Frakes AE, Dillin A (2017). The UPRER: Sensor and coordinator of 
organismal homeostasis. Molecular Cell 66: 761-771. 

Gardner BM, Pincus D, Gotthardt K, Gallagher CM, Walter P (2013). 
Endoplasmic reticulum stress sensing in the unfolded protein 
response. Cold  Spring  Harbor Perspectives in Biology 5: 
a013169.

Jazdzewski K, Boguslawska J, Jendrzejewski J, Liyanarachchi S, 
Pachucki J et al. (2011). Thyroid hormone receptor beta 
(THRB) is a major target gene for microRNAs deregulated 
in papillary thyroid carcinoma (PTC). Journal of Clinical 
Endocrinology and Metabolism 96: E546-553.

Kim PS, Hossain SA, Park YN, Lee I, Yoo SE et al. (1998). A single 
amino acid change in the acetylcholinesterase-like domain of 
thyroglobulin causes congenital goiter with hypothyroidism in 
the cog/cog mouse: a model of human endoplasmic reticulum 
storage diseases. Proceedings of the National Academy of 
Sciences of the United States of America 95: 9909-9913.

Kim PS,  Kwon OY,  Arvan P (1996). An endoplasmic reticulum 
storage disease causing congenital goiter with hypothyroidism. 
Journal of Cell Biology 133: 517-527.

Kwon K, Kwon YS, Kim SW, Yu K, Lee KH et al. (2017). Luteolin-
induced apoptosis through activation of endoplasmic reticulum 
stress sensors in pheochromocytoma cells. Molecular Medicine 
Reports 16: 380-386. 

Kwon OY, Park S, Lee W, You KH, Kim H et al. (2000). TSH regulates 
a gene expression encoding ERp29, an endoplasmic reticulum 
stress protein, in the thyrocytes of FRTL-5 cells. Federation of 
European Biochemical Societies Letters 475: 27-30.

Liu W, Ma R, Yuan Y (2017) Post-transcriptional  regulation  of 
genes related to biological behaviors of gastric cancer by long 
noncoding RNAs and microRNAs. Journal of Cancer 8: 4141-
4154.

Mendoza A, Hollenberg AN (2017). New insights into  thyroid 
hormone  action. Pharmacology and Therapeutics 173: 135-
145.



MOON et al. / Turk J Zool

194

Park S, You KH, Shong M, Goo TW, Yun EY et al. (2005). 
Overexpression of  ERp29  in the thyrocytes of FRTL-5 cells. 
Molecular Biology Reports 32: 7-13. 

Rainey-Barger  EK, Mkrtchian S, Tsai B (2007). Dimerization of 
ERp29, a PDI-like protein, is essential for its diverse functions. 
Molecular Biology of the Cell 18: 1253-1260.

Ron  D,  Harding  HP (2012). Protein-folding homeostasis in 
the endoplasmic reticulum and nutritional regulation. 
Cold Spring Harbor Perspectives in Biology 4: a013177.

Schübel J, Feldkamp J, Bergmann A, Drossard W, Voigt K (2017). 
Latent hypothyroidism in adults. Deutsches Ärzteblatt 
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