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CircPHGDH downregulation decreases 2

papillary thyroid cancer progression through
miR-122-5p/PKM2 axis
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Abstract

Background Although papillary thyroid carcinoma (PTC) has a favorable prognosis, it could affect patient life quality
and become a serious threat because of invasion and metastasis. Many investigations have suggested that circular
RNAs (circRNAs) are involved in different cancer regulations. Nevertheless, circRNAs role in invasive PTC remains
unclear.

Methods In the present investigation, next-generation sequencing was applied to explore abnormal circRNA
expression. The expression of circRNA phosphoglycerate dehydrogenase (circPHGDH) in PTC cell lines and

tissues were examined. Then, we investigated regulatory mechanism and circPHGDH downstream targets using
bioinformatics analysis and luciferase reporting analysis. Then transwell migration, Cell Counting Kit-8 (CCK8) and
5-ethynyl-2"-deoxyuridine (EdU) assays were used for cells migration and proliferation analysis. In vivo metastasis and
tumorigenesis assays were also employed to evaluate the circPHGDH role in PTC.

Results The data showcased that circPHGDH expression increased in both PTC cell lines and tissues, which
suggested that circPHGDH functions in PTC progression. circPHGDH downregulation suppressed PTC invasion and
proliferation in both in vivo and in vitro experiments. Bioinformatics and luciferase reporter results confirmed that
both microRNA (miR)-122-5p and pyruvate kinase M2 subtype (PKM?2) were downstream targets of circPHGDH. PKM2
overexpression or miR-122-5p suppression reversed PTC cell invasion and proliferation post silencing circPHGDH by
restoring aerobic glycolysis.

Conclusion Taken together, our research found that circPHGDH downregulation reduced PTC progression via miR-
122-5p/PKM2 axis regulation mediated by aerobic glycolysis.
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Introduction

Papillary thyroid carcinoma (PTC) is among the most
popular malignant tumors, which results in ~85% all
thyroid cancers [1]. Although 10-year survival rates for
PTC patients may reach over 90% due to good postopera-
tive prognosis and slow tumor growth [2-3], many PTC
patients have poor prognosis because of lymph node as
well as distant metastasis [4]. Therefore, it is very impor-
tant to improve our knowledge of PTC pathogenesis in
order to find novel therapeutic PTC targets.

CircRNA is non-coding RNA that newly discovered.
Studies have revealed that circRNAs play important roles
as regulators of tumorigenesis because of their covalently
closed circular structure, without 5" cap or 3’ poly A
tail [5]. It has also been discovered that many circRNAs
take part in PTC progression, such as circ-0062389,
hsa_circ_0039411, hsa_circ_0001666, circ-0058124 and
circ-ITCH [6-10]. In addition, circRNAs can regulate the
downstream target mRNA translations by sponging miR-
NAs [11-13].

Investigations also showcased that tumor cells have
higher glucose consumption and increased lactate pro-
duction rates in a low oxygen microenvironment com-
pared with normal conditions [14]. More research have
discovered that aerobic glycolysis in solid tumors pro-
motes malignant progression, including that of PTC
[15, 16]. Aerobic glycolysis is a promising cancer thera-
peutic intervention because it provides cancer cells with
sufficient biomass energy, the building material for cell
growth and proliferation, as well as the advantage of
adapting to a high-oxidation microenvironment for bet-
ter survival [17]. Whether circRNAs can regulate PTC
progression by influencing aerobic glycolysis is still
unclear.

This study found that the circRNA regulating phos-
phoglycerate dehydrogenase (circPHGDH) in PTC
was highly expressed. Downregulation of circPHGDH
decreased PTC cell proliferation and migration. Our
investigations also confirmed that circPHGDH expres-
sion enhanced aggressive PTC cell progression via miR-
122-5p/pyruvate kinase M2 subtype (PKM2)-mediated
glycolysis regulation. Our data reveals a new insight into
the involvement and molecular mechanisms underlying
the circPHGDH actions in PTC.

Materials & methods

Patients and specimens

Our lab harvested PTC samples and matched noncancer-
ous samples (#=10) from PTC patients diagnosed at Ton-
gren Hospital, Shanghai Jiao Tong University School of
Medicine. No patients had undergone chemotherapy or
radiotherapy in prior surgeries. The study was approved
by the Ethics Committee Board of Tongren Hospital,
Shanghai Jiao Tong University School of Medicine. All
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study subjects gave written informed consent for this
study.

Fluorescence in situ hybridization

We designed a specific probe to circPHGDH (Dig-5'-G
TAAGCTGGGCACAGACTGTGAAGGCC-3'-Dig)
which was manufactured by Geneseed Biotech, Guang-
zhou, China. The signals were obtained by Cy3-conju-
gated anti-biotin antibodies (Jackson ImmunoResearch
Inc., West Grove, PA, USA). Cell nuclei were counter-
stained using 4,6-diamidino-2-phenylindole (DAPI,
#28718-90-3, Sigma-Aldrich, St. Louis, MO, USA).

Cell culture

Human thyroid epithelial cell line Nthy-ori 3—1 and PTC
cell lines including SW579, TPC-1, K1 and FTC-133 were
purchased from Chinese Academy of Sciences (Shang-
hai, China). We cultured cells at 37 °C in 5% CO, atmo-
sphere using DMEM containing 10% fetal bovine serum
(#Sv30087.01, HyClone Laboratories Inc., USA).

siRNA and miRNA mimic

Our team designed miR-122-5p mimics and circPH-
GDH silencing (si)RNA that was then manufactured by
Genepharma (Suzhou, China). The PKM2 overexpression
vector was constructed by inserting cDNA from PKM2
into the pcDNA3.1 vector. Lipofectamine 2000 was used
for transfection following instructions of the manufac-
turer (#11,668, Invitrogen, Carlsbad, CA, USA).

Cell proliferation assay

We seeded a total of 2x10% TPC-1 or SW579 cells per
well. At established times, every sample absorbance
at 450 nm was captured utilizing Cell Counting Kit-8
(CCK8) assays (#40203ES60, Yeasen Biotech Co., Ltd,
Shanghai, China). The viability curves of the cells were
then plotted and analyzed.

5-ethynyl-2’-deoxyuridine (EdU) assay

EdU assay kits (#C00003, RiboBio, Guangzhou, China)
were employed to investigate cell DNA synthesis and
proliferation. A total of 10,000 SW579 or TPC-1 cells
were seeded in 96-well plates and incubated over the
night. EAU solution (25 M) was added to plates, which
were incubated for another 1 d. Cells were fixed in 4%
formalin for 2 h at room temperature. We then permea-
bilized cells in 0.5% Triton X-100 for 10 min, followed by
addition of 200 puL Apollo reaction solution to stain the
EdU-labeled DNA and 200 puL DAPI to stain cell nuclei.
Cell proliferation and DNA synthesis were quantified
using Nikon microscope (Nikon, Tokyo, Japan).
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Transwell migration assay

Our lab adjusted transfected cells for 48 h to with
2.0x10°/mL dose. Briefly, we applied 200 pL/well
cell suspension to upper wells of Transwell chambers
(#P18P01250, Millipore, Billerica, MA, USA). Mean-
while, 500 puL of medium including 10% FBS was put to
lower wells. After a 1-day incubation, we fixed invasive
cells on the bottom side of the upper wells with methanol
for a quarter to stain them with crystal violet for 20 min.
We observed penetrating cells using a microscope and
counted the invading cell numbers in five randomly cho-
sen fields of view for every sample.

Quantitative reverse transcription-PCR (qRT-PCR) analysis
Our lab extracted total RNA from tumor tissues or cells
utilizing TRIzol Reagent (#15,596,026, Invitrogen, Carls-
bad, CA, USA) before using PrimeScript™ RT Reagent kit
(#RR037Q, Takara Bio, Inc. Japan) for cDNA synthesis.
The cDNAs were then subjected to qRT-PCR detection
with U6 and GAPDH primers applied as internal con-
trols utilizing 27224 method. Primers applied to assay
circPHGDH expression contained forward, 5-GCTTG
GGGTCTAGGTAAG-3' and reverse, 5'-GTGGCAGAG
CGAACAATAAG-3'. miR-122-5p primers were forward,
5"-TATTCGCACTGGATACGACACAAAC-3’; reverse:
5-GCCCGTGGAGTGTGACAATGGT-3'. PKM2 prim-
ers were forward, 5'-ATTATTTGAGGAACTCCGCCG
CCT-3’ and reverse, 5'-ATTCCGGGTCACAGCAATGA
TGG-3'; U6 primers were forward, 5'-CTCGCTTCGGC
AGCACA-3'; reverse: 5'-AACGCTTCACGAATTTGCG
T-3'; GAPDH primers were forward, 5'-AATGGGCAGC
CGTTAGGAAA-3'; reverse: 5'-TGAAGGGGTCATTGA
TGGCA-3'.
circPHGDH, miR-122-5p and PKM2.

Glucose consumption and lactate production assay

Our team employed lactate assay kits (#MAKO065, Sigma,
St. Louis, MO, USA) and glucose assay kits (#GAHK-20,
Sigma, St. Louis, MO, USA) for lactate production and
glucose consumption detection, as previously described
[18].

Target prediction and dual luciferase reporter test

Our team predicted interactions among circPHGDH,
miR-122-5p and PKM2 utilizing Starbase database. Frag-
ment sequences containing potential binding sites were
inserted into pmirGLO vector (#E2261, Promega, Madi-
son, WI, USA). Then, miR-122-5p mimics/negative con-
trol (NC) and pmirGLO vector were transfected into
cells utilizing Lipofectomine 2000. We measured lucif-
erase intensity employing a Dual Luciferase Assay Kit
(#11402ES60, Promega, Madison, W1, USA).
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In vivo experiments

Four-week-old BALB/c nude mice weighing 15-20 g
(SLARC, Shanghai, China) were used. All animal experi-
ments were approved by the Ethics Committee of Ton-
gren Hospital, Shanghai Jiao Tong University School of
Medicine. To establish a nude mouse model, we injected
short hairpin (sh)-NC or sh-circPHGDH TPC-1 cells
(2x10° in 100 pl PBS) expressing into nude mice flanks.
Both tumor volumes and weights were calculated. All
mice were sacrificed by neck dislocation.

For tumor metastasis analysis, we tail intravenous
injected luminescence-labeled TPC-1 cells (luc-TPC-1)
(2x10° in 100 pl PBS) stably transfected with sh-circPH-
GDH or sh-NC into nude mice tail veins. After 4 weeks,
lung metastasis was evaluated using a bioluminescence
imaging system. We utilized Hematoxylin/eosin (H/E)
staining to capture metastatic foci in lung tissues. All
mice were sacrificed by neck dislocation.

Immunohistochemistry

We fixed tumor tissues in 4% formaldehyde, which we
embedded in paraffin to cut into 4-um thick sections.
Ki67 (1:1000) was utilized as primary antibody before
application of secondary antibody (1:2000). Technician
used DAPI to counterstain nuclei. We evaluated sections
via optical microscopy. For H/E staining, we stained fixed
lung tissue sections by H/E dye solution.

Statistical analysis

A statistician performed analyses applying GraphPad
Prism (La Jolla, CA, USA). Tukey’s multiple comparison
and one-way variance analysis tests were applied for mul-
tiple group comparisons. P-value<0.05 was considered
as statistical significance.

Results

CircPHGDH expression level in PTC tissues and cell lines
Next-generation sequencing showcased abnormal cir-
cPHGDH expression comparing with PTC tissues and
paired non-cancerous tissues. Differential expression
of circPHGDH was observed in PTC tissues (Fig. 1A).
qRT-PCR data indicated that circPHGDH expression
significantly incremented in PTC tissues comparing
with paired non-cancerous tissue (Fig. 1B). Fluorescence
in situ hybridization results also demonstrated that cir-
cPHGDH expression increased in PTC tissues compar-
ing with paired non-cancerous tissue. Meanwhile, the
data showcased that circPHGDH was mainly distributed
in cytoplasm (Fig. 1C). Furthermore, significantly higher
circPHGDH expression was observed in PTC cells lines
including K1, FTC-133, SW579 and TPC-1 when com-
pared to normal human thyroid epithelial cell line Nthy-
ori 3—1. In particular, both TPC-1 and SW579 cells
showed the highest circPHGDH expression, which we
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Fig. 1 Relative expression of circPHGDH in PTC tissues and cell lines. (A) High-throughput sequencing detected show the abnormal expression of cir-
CcRNA between PTC tissue and paired non-cancerous tissue. (B) RT-gPCR detection show the expression of circPHGDH (hsa_circ_0013768) in ten pair of
PTC tissue and paired non-cancerous tissue. Data are presented as means+SD.” P <0.001 vs. Normal. (C) FISH detection show the expression and subcel-
lular distribution of circPHGDH in PTC tissue and paired non-cancerous tissue. Scale bar, 50 um. (D) RT-gPCR detection show the expression of circPHGDH
in PTC cell line FTC-133, SW579, K1, TPC-1 and a human thyroid epithelial cell line Nthy-ori 3—1. Data are presented as means =+ SD. "P<0.001 vs. Nthy-ori

3—1.(E) The genomic loci of the PHGDH gene and circPHGDH.

selected for further study (Fig. 1D). Bioinformatics analy-
sis revealed that circPHGDH was derived by cyclizing six
exons from PHGDH gene located at chrl:120263792—
120,277,604. PHGDH was 13,812 bp and spliced mature
circRNA was 720 bp (Fig. 1E). The circRNA contained
the same sequence as hsa_circ_0013768 and was conse-
quently relabeled circPHGDH.

CircPHGDH downregulation suppressed tumor growth and
PTC proliferation in both in vitro and in vivo experiments

To investigate circPHGDH functions during PTC pro-
gression, we synthesized siRNAs targeting the cir-
cPHGDH back-spliced site to suppress circPHGDH

expression. qRT-PCR detection showed that circPHGDH
expression decreased significantly in TPC-1 and SW579
cells after transfection with siRNA against circPHGDH
(Fig. 2A). CCK8 (Fig. 2B and C) and EdU (Fig. 2D and E)
assays indicated that downregulation of circPHGDH sup-
pressed PTC cell proliferation. In vivo tumorigenesis in
xenografts of nude mice using TPC-1 cells showed that
circPHGDH silencing significantly decreased tumor
growth in both weight and volume (Fig. 2F-H). Immu-
nohistochemical staining for Ki67 also confirmed that
circPHGDH silencing inhibited Ki67 expression in tumor
tissues (Fig. 2I and J), demonstrating that downregulation
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Fig. 2 Downregulation circPHGDH suppressed PTC proliferation and tumor growth in both in vitro and in vivo experiment. (A) RT-gPCR detection
show the expression of circPHGDH in both SW579 and TPC-1 cells after transfected with NC or si-circPHGDH. The data are expressed as the mean + SD.
"p<0.001 vs.NC. (B and C) CCK8 detection show the proliferation ability of SW579 and TPC-1 cells. The data are expressed as the mean+SD.p <0.001

vs. NC. (D and E) EAU assay show the proliferation of both SW579 and TPC-

1 cells after transfected with NC or si-circPHGDH. The data are expressed as the

mean+SD. p <0.001 vs.NC. Scale bar, 50 um. (F) Representative photographs of TPC-1 tumor formation in the xenografts of nude mice. (G) Summary of
the tumor volume in mice that were measured every five days. Data are presented as the mean+SD. ”'p <0.001 vs. NC. (H) Tumor weight was measured
at 25 days post-injection. Data are presented as the mean+SD. ~ p<0.001 vs. NC. (I and J) Immunohistochemical analysis showing the percentage of
Ki67-positive cells. Data are presented as the mean+SD. p <0.001 vs. NC. Scale bar, 50 pm

of circPHGDH inhibited PTC proliferation and tumor
growth in in vitro and in vivo experiments.

Downregulation of circPHGDH suppressed PTC cell
migration and pulmonary metastasis

Transwell assays for migration showed that circPHGDH
silencing inhibited migration of both TPC-1 and SW579
cells (Fig. 3A-B). Live imaging detection showed the
pulmonary metastasis of luc-TPC-1 cells and revealed
that circPHGDH silencing reduced pulmonary metas-
tasis by decreasing the metastatic foci numbers in lung
tissues, as was also shown by H/E staining analyses
(Fig. 3C-E). These results suggested that downregulating

circPHGDH suppressed PTC cell migration and pulmo-
nary metastasis.

Mir-122-5p and PKM2 were circPHGDH downstream
targets

Bioinformatics analyses found that circPHGDH can
interact with a bunch of miRNAs. We then constructed
luciferase reporter vector containing circPHGDH
sequence and used it to confirm that miR-122-5p sup-
pressed luciferase activity in wild-type (WT) yet not
mutated (MUT) cell lines (Fig. 4A and B) saying that
miR-122-5p was circPHGDH target. Bioinformatics data
also indicated that PKM2 was miR-122-5p downstream
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target. To better validate the correlation between miR-
122-5p and PKM2, we constructed MUT or WT 3'UTR-
PKM2 sequences such like miR-122-5p binding sequence
into luciferase reporter vectors (Fig. 4C). We transfected
these luciferase reporter vectors into HEK293 cells with
or not miR-122-5p mimic. Luciferase reporter analyses
demonstrated that miR-122-5p suppressed luciferase
activity in WT while not MUT cell lines (Fig. 4D) telling
that PKM2 was miR-122-5p target.

PKM2 overexpression or mir-122-5p suppression reversed
PTC cell migration and proliferation after silencing
circPHGDH

qRT-PCR data showcased that circPHGDH expression
decreased post transfection with circPHGDH silencing
vector. And miR-122-5p inhibitor treatment or PKM2
overexpression did not affect circPHGDH expression

in SW579 and TPC-1 cells (Fig. 5A-B), saying that miR-
122-5p and PKM2 were circPHGDH downstream tar-
gets. qQRT-PCR data indicated that circPHGDH silencing
increased miR-122-5p expression; however, PKM2 over-
expression had no effect on si-circPHGDH-silenced
miR-122-5p expression (Fig. 5C and D), indicating that
the miR-122-5p effect was downstream from circPH-
GDH. Data also showcased that circPHGDH silencing
decreased PKM2 expression, while miR-122-5p down-
regulation reversed si-circPHGDH inhibitory effect upon
PKM2 expression. Post transfection with PKM2 overex-
pression vector, PKM2 expression incremented signifi-
cantly, (Fig. 5E-F), advising that circPHGDH enhanced
PKM?2 expression via sponging miR-122-5p.

CCK8 (Fig. 5G and H) and EdU (Fig. 5I-K) assays
showed that PKM2 overexpression or miR-122-5p sup-
pression reversed cell proliferation of both SW579 and
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TPC-1 cells after silencing circPHGDH. Transwell assays
to detect migration illustrated that PKM2 overexpres-
sion or miR-122-5p inhibition reversed GC cell migration
regarding TPC-1 and SW579 cells post silencing circPH-
GDH (Fig. 5L and N).

PKM2 overexpression or mir-122-5p suppression reversed
glycolysis of PTC cells after silencing circPHGDH
Accumulation studies confirmed that glycolysis play
an important role in regulation the malignant progres-
sion of cancer [18]. To define the effects of circPHGDH
on glucose consumption as well as lactate production
in PTC cells, we analyzed both SW579 and TPC-1 cells
and discovered that both lactate production and glucose
consumption were significantly decreased after silenc-
ing circPHGDH compared with control cells. However,
PKM?2 overexpression or inhibiting miR-122-5p reversed
the decrease in PTC cell glycolysis by partly restoring
glucose consumption and lactate production after silenc-
ing circPHGDH in TPC-1 and SW579 cells (Fig. 6A-D).

Discussion

PTC incidence incremented steadily in last several
decades. Although PTC patients generally have a favor-
able prognosis, tumor metastasis and invasion are main
risk factors for poor prognosis [2, 19]. The Warburg effect
that defined as increase in the rate of glucose uptake and
preferential production of lactate, is a hallmark of cancer
and provides a promising target for therapy and diagno-
sis. A good amount of investigations have suggested that
circRNAs function importantly to regulate aerobic gly-
colysis in tumor progression [16, 20], but the regulatory
mechanism underlying circRNAs and glycolysis in PTC
are still poorly understood.

The current investigation showed that circPHGDH
expression was increased in PTC tissues and cell lines.
Furthermore, circPHGDH downregulation suppressed
PTC proliferation, tumor growth, migration along with
pulmonary metastasis in in vivo and in vitro experiments
saying that circPHGDH functions in PTC progress.

Bioinformatics analysis found that miR-122-5p and
PKM2 were circPHGDH downstream targets, which we
confirmed through luciferase reporter assays. circPH-
GDH downregulation promotes miR-122-5p expres-
sion. Altered miR-122-5p expression is involved in
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Fig. 5 Overexpression of PKM2 or inhibit miR-122-5p reversed PTC cells proliferaion and migration after silence circPHGDH. (A-F) RT-gPCR detec-
tion showing the expression of circPHGDH, miR-122-5p and PKM2 in both HGC-27 and AGS cells. Data are presented as mean+SD; "P<0.001 vs. NG;
#p < 0.001, *P<0.05 vs. si-circPHGDH. (G and H) CCK8 detection show the proliferation ability of SW579 and TPC-1 cells. The data are expressed as the
mean+SD. " p<0.001 vs. NC. (IFK) EdU detection show the proliferation ability of SW579 and TPC-1 cells. The data are expressed as the mean = SD.

*

The data are expressed as the mean+5D. "p<0.001 vs. NC. #¥P <0.001 vs. si-circPHGDH. Scale bar, 50 pm

“p<0.001 vs. NC. " P <0.001 vs. si-circPHGDH. Scale bar, 50 um. (L-N) Transwell detection show the invasion and migration of SW579 and TPC-1 cells.
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Fig. 6 Overexpression of PKM2 or inhibit miR-122-5p reversed PTC cells glycolysis after silence circPHGDH. (A and B) Glucose consumption detection.
The data are expressed as the mean+5D."p <0.001 vs. NC. ## P < 0.001 vs. si-circPHGDH. (C and D) Lactate production were measure in both SW579 and
TPC-1 cells. The data are expressed as the mean+SD. "p <0.001 vs. NC. ##P<0.001 vs. si-circPHGDH.

tumorigenesis, which has been reported to function as
antioncogene in gastric cancer, prostate cancer, breast
cancer, NSCLC, pancreatic cancer, cervical cancer
and colorectal cancer [21-25]. Previous investigations

confirmed that miR-122-5p expressed at low levels in
PTC, and low miR-122-5p expression promotes the
PTC cell growth [26]. In the present study, our results
showcased that miR-122-5p downregulation reversed
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inhibitory effects regarding si-circPHGDH upon PTC
migration and proliferation, indicating that circPHGDH
silencing inhibits PTC progression by promoting miR-
122-5p expression.

Further study showed that PKM2 was an miR-122-5p
downstream target, which we validated through lucif-
erase reporter assays. circPHGDH downregulation
inhibited PKM2 expression, but miR-122-5p suppres-
sion reversed inhibitory effects regarding si-circPHGDH
upon PKM2 expression. Pyruvate kinase catalyzes last
reactions in glycolysis via transferring high-energy phos-
phate from phosphoenolpyruvate to ADP, which pro-
duces pyruvate and ATP. PKM2 is dominant kinase type
in proliferating and cancer cells [27]. Heterogeneity and
microenvironmental influence upon cancer cells lead to
different cell populations even within one simple tumor
[28]. Glycolytic phenotypes do not homogeneously
develop in tumors due to various PKM2 expression,
which increases the glycolytic rate. Most glucose is con-
verted to lactate with rapid ATP production [29, 30].
In present study, our lab discovered that PKM2 overex-
pression restored the si-circPHGDH inhibitory effects
upon PTC migration and proliferation. Meanwhile, our
research also found that PKM2 overexpression or inhibit-
ing miR-122-5p reversed PTC cell glycolysis after silenc-
ing circPHGDH, partly by restoring glucose consumption
and lactate production. Thus, circPHGDH silencing may
inhibit PTC progression by promoting miR-122-5p and
inhibiting PKM2-mediated glycolysis.

In summary, our study supports the hypothesis that
downregulation of circPHGDH levels decreases PTC
proliferation and invasion by target miR-122-5p/PKM2
signaling pathway regulations. These data suggest that
circPHGDH is a candidate marker for PTC diagnostics
and may have a promising role in PTC treatment.
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