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ABSTRACT

PCK2, which encodes mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M), is upregulated in
various cancers. We demonstrated high expression of PEPCK-M in approximately half of triple-negative
breast cancers (TNBCs) previously. TNBC is associated with an aggressive phenotype and a high metas-
tasis rate. In this study, we investigated the role of PCK2 in TNBC. PCK2 knockdown suppressed prolifera-
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tion and mTOR signaling in TNBC cells. In addition, cell invasion/migration ability and the expression of
epithelial-to-mesenchymal transition (EMT) markers were positively correlated with PCK2 expression in
TNBC cells via regulation of transforming growth factor-f (TGF-3)/SMAD3 signaling. SMAD3 was posi-
tively regulated by PCK2 in TNBC cells. Knockdown of SMAD3 in PCK2-overexpressing TNBC cells reduced
the expression levels of EMT markers, Snail and Slug, and suppressed cell invasion/migration. In addition,
PCK2 knockdown attenuated the stimulatory effect of TGF- on SMAD3 phosphorylation in TNBC cells.
PEPCK-M promotes the protein and mRNA expression of SMAD3 via competitive binding to tripartite
motif-containing 67 (TRIM67), an E3 ubiquitin ligase, to reduce SMAD3 ubiquitination, which leads to
promoting nuclear translocation of SMAD3 and autoregulation of SMAD3 transcription. Moreover, high
PCK2 mRNA expression was significantly associated with poor survival in TNBC patients. In conclusion, our
study revealed for the first time that PCK2 activates TGF-3/SMAD3 signaling by regulating the expression
and phosphorylation of SMAD3 by inhibiting TRIM67-mediated SMAD3 ubiquitination and promoting
the stimulatory effect of TGF-f to promote TNBC invasion. The regulatory effect of PCK2 on mTOR and
TGF-B/SMAD3 signaling suggests that PCK2 is a potential therapeutic target for suppressing TNBC
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progression.

Background

Breast cancer is the most commonly diagnosed cancer and the
leading cause of cancer-related deaths in women, with an
estimated 2.3 million new cases and 0.7 million related deaths
in 2020." The prognosis of patients with breast cancer differs
according to molecular subtype and stage, with the worst out-
comes in patients with triple-negative breast cancer (TNBC)
and stage IV disease.” TNBC is characterized by the absence of
the estrogen receptor (ER) and progesterone receptor (PR) and
a lack of human epidermal growth factor 2 (HER2) gene
amplification and accounts for approximately 15% of breast
cancers. TNBC is associated with an aggressive phenotype and
a high rate of metastasis.” Cancer metastasis often involves
the induction of epithelial-to-mesenchymal transition (EMT),
which leads to the development of an invasive cell phenotype.

Several signaling pathways, such as the Hedgehog, Wnt,
Notch, or transforming growth factor (TGF)-p pathways
have been reported to participate in EMT induction™® and
many targeted agents are under development to treat TNBC.”
Among these oncogenic signaling pathways, TGF-P signaling
confers metastatic potential in breast cancer cells through
EMT induction.®’

Recently, alterations in metabolic enzyme expression have
been found in various cancers and have been shown to cause
metabolic reprogramming and tumor progression.'®"!
Therefore, cancer-specific metabolic enzymes are potential
targets for cancer treatment. Phosphoenolpyruvate carboxyki-
nase (PEPCK) catalyzes the conversion of oxaloacetate to
phosphoenolpyruvate and links the tricarboxylic acid cycle to
glycolysis/gluconeogenesis.'> Cytosolic PEPCK (PEPCK-C)
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and mitochondrial PEPCK (PEPCK-M) are two isoenzymes of
PEPCK and are encoded by PCK1 and PCK2, respectively.'>"?
PEPCK-M has been demonstrated to promote cell prolifera-
tion and metabolic adaptation in certain types of cancers.'* '®
PCK2 overexpression has been observed in breast cancer
according to The Cancer Genome Atlas (TCGA) analysis.'®
Recently, we found that PEPCK-M is differentially expressed
in different subtypes of breast cancer. High expression of
PEPCK-M has been identified in 46% of TNBC tumors.'” In
addition, we demonstrated that PEPCK-M promotes the pro-
liferation and cell cycle progression of ER" breast cancer cells
via upregulation of the mTOR pathway.'” The function of
PCK2 in TNBC is not well understood. In this study, we
explored the function of PCK2 in TNBC and demonstrated
that PCK2 promotes TNBC cell invasion and EMT via the
upregulation of TGF-B/SMAD3 signaling through the inhibi-
tion of tripartite motif-containing 67 (TRMI67)-mediated
SMAD3 ubiquitination and the promotion of SMAD3 tran-
scription autoregulation.

Materials and methods
Cell lines, plasmids, and reagents

MDA-MB-231 cells were kindly provided by Dr. Wen-Chun
Hung (National Institute of Cancer Research, National Health
Research Institutes, Tainan, Taiwan). Hs578T cells were pur-
chased from the Bioresource Collection and Research Center
(BCRC, Hsinchu, Taiwan). MDA-MB-468 cells were pur-
chased from American Type Culture Collection (ATCC,
Manassas, VA, USA). MDA-MB-231 and MDA-MB-468 cells
were cultured in Leibovitz’s L-15 medium supplemented with
2mm L-glutamine, 10% fetal bovine serum, and antibiotics.
Hs578T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 0.01 mg/mL human insulin, 10%
fetal bovine serum, and antibiotics. The incubator was main-
tained at 37°C with 5% CO,. The shRNA sequences targeting
PCK2, SMAD3 and pLKO.1-null-T (vector control) were pur-
chased from the National RNAi Core Facility of Academia
Sinica. The plasmids for PCK2 overexpression and the vector
control (EX-Z2611-Lv157, pEZ-Lv157) were obtained from
GeneCopoeia (Rockville, MD, USA). Recombinant human
TGEF-P protein was purchased from PeproTech (Rocky Hill,
NJ, USA). MG132 was purchased from MedChemExpress
(Monmouth Junction, NJ, USA).

Establishment of stable cell clones

We used a lentiviral transduction approach to knock down or
overexpress PCK2 and SMAD3 in cell lines. We followed the
instructions provided by the National RNAi Core Facility of
Academic Sinica. PEPCK-M and SMAD3 expression in stable
cell clones was confirmed using western blotting.

Cell proliferation assay

MDA-MB-468 (2 x 10*), MDA-MB-231 (1 x 10*), and Hs578T
(2x10% cells with or without PCK2 knockdown or overex-
pression were seeded in 24-well culture plates. Cell

proliferation under each indicated condition was assessed
using the methylene blue colorimetric assay. Details of the
methylene blue colorimetric assay are described in our pre-
vious paper.'® The cell proliferation rate on Day 0 was set to 1
(100%) as the reference, and the proliferation rate of the cells
from Days 1 to 4 was calculated by dividing the absorbance at
595 nm each day by the absorbance at 595 nm on Day 0. Each
data point was measured in triplicate, and the results are
presented as the mean + standard error.

Western blotting

The details of the western blot analysis are described in our
previous paper.'® Antibodies against PEPCK-M (GTX114919)
were purchased from GeneTex (Irvine, CA, USA). Antibodies
against GAPDH (sc -32,233) were purchased from Santa Cruz
Biotechnology (Dallas, Texas, USA). Antibodies against
E-cadherin (Cat No. 610182) and N-cadherin (Cat
No. 610921) were purchased from BD Transduction
Laboratories (Franklin Lakes, NJ, USA). Antibodies against
p-SMAD3  (ab52903) were purchased from Abcam
(Cambridge, MA, USA). Antibodies against SMAD3 (#9523),
Snail (#3879), Slug (#9585), and Vimentin (#5741) were pur-
chased from Cell Signaling Technology (Danvers, MA, USA).

Preparation of nuclear and cytosolic proteins

Cells were lysed with lysis buffer (10 mm Tris, pH 7.5, 10 mm
NaCl, 3 mm MgCl,, 0.05% NP40, 1 mm EGTA) for 10 minutes
at 4°C. The lysate was separated into a supernatant and a pellet
by centrifugation at 14,000 rpm for 10 minutes at 4°C. The
supernatant was collected and centrifuged at 14,000 rpm for
15 min at 4°C to obtain cytosolic protein. The pellet containing
nuclei was washed with wash buffer (10 mm PIPES, pH 6.8,
300 mm sucrose, 3 mm MgCl,, 1 mm EGTA, 25 mm NaCl)
twice and then resuspended in wash buffer. The resuspended
pellet was layered over 1 M sucrose buffer and then centrifuged
at 14,000 rpm for 10 min at 4°C to remove nonsedimented
cellular debris. The pellet was washed with wash buffer twice,
and nuclear extraction buffer (20 mm HEPES, pH 7.9, 300 mm
NaCl, 1.5 mm MgCl,, 0.2 mm EDTA) was added. The sample
was incubated on ice for 30 min and then centrifuged at
14,000 rpm for 15 min at 4°C to obtain the supernatant,
which contained the nuclear protein. Equal amounts of
nuclear and cytosolic proteins were fractionated by SDS—
PAGE for western blot analysis.

Immunoprecipitation and ubiquitination assay

Immunoprecipitation was performed as described
previously.”® Cells were lysed with RIPA buffer, and equal
amounts (1 mg) of cellular proteins were incubated with anti-
PEPCK-M (GTX114919, GeneTex), anti-TRIM67 (24369--
1-AP, Proteintech) or anti-rabbit IgG antibodies (sc-2762,
Santa Cruz Biotechnology) overnight at 4°C. The immune
complexes were then precipitated with protein A-Sepharose
beads at 4°C for an additional 2 hours. The immunocomplexes
were then collected and washed with RIPA buffer before
immunoblotting. Western blotting was performed by probing



the membranes with anti-PEPCK-M or anti-SMAD3 antibo-
dies to detect the interaction of TRIM67 with PEPCK-M or
SMAD3. For the ubiquitination assay, cells were treated with
20 uM MGI132 for 4 hours and washed with PBS. Then, RIPA
lysis buffer was used to harvest the cells, and the cellular
protein was extracted after centrifugation at 13,000 rpm for
15 minutes at 4°C. Equal amounts (1 mg) of cellular proteins
were incubated with anti-SMAD3 (#9523) or anti-rabbit IgG
(sc-2762, Santa Cruz Biotechnology) antibodies overnight at
4°C, followed by the addition of protein A-Sepharose beads
and incubation for 2 hours. The immunocomplexes were
washed and eluted for subsequent western blotting to visualize
polyubiquitylated protein bands with an anti-ubiquitin anti-
body (GTX630148, GeneTex).

Expression array and gene set enrichment analysis (GSEA)

We performed a gene expression microarray analysis of
shPCK2-transduced and vector-control-transduced MDA-
MB-468 cells. Gene sets or molecular pathways enriched with
differentially expressed genes were analyzed by GSEA accord-
ing to a previously described protocol.”"*?

Quantitative RT-PCR

RNA was extracted using TriPure Isolation Reagent (Roche,
Mannheim, Germany) according to the manufacturer’s
instructions. RNA was quantified using a NanoDrop 2000
(Thermo Scientific, Wilmington, USA) spectrophotometer.
Two micrograms of total RNA was reverse transcribed using
a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Quantitative RT-PCR
was performed using Fast SYBR Green Master Mix (Applied
Biosystems) with an ABI 7500 Fast system (Applied
Biosystems) with the cycle threshold (Ct) determined.
Melting curve was performed to test the primer specificity.
The concentration of the primers was 300 nM. The mRNA
expression level of SMAD3 was normalized with the mRNA
expression level of internal control, GAPDH, and calculated
with the value of 274" (ACt = Ct*MAP3_CtSAPPH) The relative
expression level of SMAD?3 in each condition relative to con-
trol, shCtrl or vector control, was calculated with the value of
Z—AACt (AACtZ ACTtest sample ACTcontrol sample)' The
sequences of the primers used were as follows: SMAD3-
forward, 5-GCATGGACGCAGGTTCTCC-3; SMAD3-
reverse, 5-GGCTC-GCAGTAGGTAACTGG-3’; GAPDH-
forward, 5-ACGTGATGCAGAACCACC-TACTG-3’; and
GAPDH-reverse, 5-ACGACGGCTGCAAAAGTGGCG-3’.

In vitro cell invasion and migration assays

In vitro cell invasion and migration assays were performed as
described previously.”® For the invasion assay, MDA-MB-468
(1.5x10* cells/well in 100 pl of serum-free medium), MDA-MB
-231, and Hs578T (1x10* cells/well in 100 ul of serum-free
medium) cells with or without PCK2 knockdown were seeded
in the upper compartment of a 24-well Transwell (Corning,
NY, USA) with a polycarbonate filter (8 um pore size) coated
with Matrigel (Corning, NY, USA). Medium containing 10%
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FBS with or without the addition of 5ng/mL TGEF-p to the
lower compartment served as a chemoattractant. The proce-
dures for the migration assay were the same as those used for
the invasion assay, but the polycarbonate filters were not
coated with Matrigel. Noninvasive or nonmigrating cells on
the surface of the filter were removed using cotton swabs
16-18 hours later. Invading or migrating cells were stained
with 0.5% Coomassie Brilliant Blue solution and counted
under a microscope.

Evaluation of the prognostic value of PCK2 in TNBC
patients

Two online databases, the Kaplan - Meier plotter (www.
kmplot.com.) and the Breast Cancer Integrative Platform
(BCIP) database (http://www.omicsnet.org/bcancer/.), were
used to evaluate the prognostic value of PCK2 in TNBC
patients. The correlation of the PCK2 mRNA expression status
with relapse-free survival (RFS), overall survival (OS) and
distant metastasis-free survival (DMFS) was assessed in 534,
201 and 424 TNBC patients, respectively, based on the
Kaplan - Meier plotter database, an online tool containing
gene expression profiles and the survival status of patients
from the GEO, EGA and TCGA datasets.”> The correlation
of the PCK2 mRNA expression status of tumors with RFS, OS
and DMFS was analyzed in 24, 49 and 49 TNBC patients,
respectively, based on the BCIP database, an integrative plat-
form containing gene expression profiles and clinical informa-
tion of breast cancer from the METABRIC, TCGA, and GEO
datasets.”*

Statistical analysis

The Wilcoxon rank-sum test was used to compare the relative
migration and invasion rates between TNBC cells under the
indicated conditions using SigmaPlot version 14.0 (SYSTAT
Software Inc., USA). The threshold for statistical significance
was set at p <.05. The hazard ratio (HR) and the log-rank
p value were calculated automatically via a website tool and
used to assess the prognostic value of the PCK2 mRNA expres-
sion status in TNBC.

Results

PCK2 promotes cell proliferation and the mTOR pathway
in TNBC cells

We evaluated the function of PCK2 in TNBC cell line prolif-
eration. The proliferation rates of all three TNBC cell lines
(MDA-MB-468, Hs578T, and MDA-MB-231) were decreased
by PCK2 knockdown (Figure la—c). In contrast, the overex-
pression of PCK2 in MDA-MB-231 cells, which have relatively
lower expression of PEPCK-M, promoted proliferation com-
pared to that in cells infected with the vector control plasmid
(Figure 1d). Since we previously showed that PCK2 upregu-
lates the mTOR pathway in ER" breast cancer,'” we evaluated
whether this effect could also be observed in TNBC. We found
that the levels of mTOR and its downstream signals (S6K and
4EBP-1) and their phosphorylated forms were reduced in
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Figure 1. The effect of PCK2 on the proliferation of TNBC cells. (a) The relative proliferation rates of MDA-MB-468 cells with or without knockdown of PCK2. The
difference on proliferation rate between shCtrl and shPCK2#1: day 1, p =.029; day 2, p=.029; day 3, p =.029; day 4, p =.029. The difference of proliferation rate
between shCtrl and shPCK2#2: day 1, p=.057; day 2, p=.029; day 3, p=.029; day 4, p=.029. (b) The relative proliferation rates of Hs578T cells with or without
knockdown of PCK2. The difference on proliferation rate between shCtrl and shPCK2#1: day 1, p = .057; day 2, p =.029; day 3, p =.029; day 4, p = .029. The difference of
proliferation rate between shCtrl and shPCK2#2: day 1, p =.029; day 2, p =.029; day 3, p =.029; day 4, p = .029. (c) The relative proliferation rates of MDA-MB-231 cells
with or without knockdown of PCK2. The difference on proliferation rate between shCtrl and shPCK2#1: day 1, p = .686; day 2, p =.200; day 3, p =.029; day 4, p = .029.
The difference of proliferation rate between shCtrl and shPCK2#2: day 1, p = .486; day 2, p =.343; day 3, p =.029; day 4, p =.029. (d) The relative proliferation rates of
MDA-MB-231 cells with or without overexpression of PCK2. The difference on proliferation rate between vector control and PCK2 overexpression: day 1, p =.200; day 2,
p =.686; day 3, p =.029; day 4, p =.029. Each proliferation rate was replicated 4 times with 4 wells of cells for each condition. The data were shown as mean + standard
error (error bar). Wilcoxon rank-sum test was used for statistical analysis on the difference of proliferation rate.

TNBC cell lines with PCK2 knockdown (Supplementary
Figure S1A). In contrast, mTOR pathway signaling was pro-
moted by PCK2 overexpression in TNBC cell lines
(Supplementary Figure S1B). These results are consistent
with those observed in ER" breast cancer cells.'”

PCK2 promotes the invasiveness of TNBC cells

To determine whether PCK2 expression is correlated with
cell invasion and EMT, we next performed invasion and
migration assays to evaluate the effects of PCK2 on invasion
and EMT in these cell lines. The invasion assay was per-
formed using transwell units with polycarbonate filters
coated with matrigel on the upper surface. The migration
assay was performed using transwell units with polycarbo-
nate filters not coated with matrigel on the upper surface.
The invaded and migrated cells were counted. The invasion
and migration abilities were calculated by the cell count in
each condition (shPCK2 or PCK2 overexpression) divided
the cell count in the control condition (shCtrl or VC). The
invasion and migration abilities of all three TNBC cell lines
were significantly attenuated by PCK2 knockdown but pro-
moted by PCK2 overexpression (Figure 2). The expression
levels of the EMT markers N-cadherin and/or Vimentin
were decreased by the knockdown of PCK2 but increased
by the overexpression of PCK2 in the three TNBC cell lines

(Figure 2). In contrast, the expression level of the mesench-
ymal-to-epithelial transition (MET) marker E-cadherin was
increased by PCK2 knockdown but decreased by PCK2 over-
expression in MDA-MB-468 cells (Figure 2a). These results
indicate that PCK2 promotes the invasion and EMT of
TNBC cells.

PCK2 promotes TNBC cell invasion and EMT via the
regulation of TGF-B/SMAD3 signaling

To understand the signaling pathways regulated by PCK2 in
TNBC cells, we performed gene expression microarray ana-
lysis to obtain differential gene expression profiles between
MDA-MB-468 cells transduced with shPCK2 and those
transduced with the vector control. GSEA revealed that the
TGEF-B signaling gene set was negatively enriched (down-
regulated) in MDA-MB-468 cells with PCK2 knockdown
compared to cells transduced with the vector control
(Figure 3a). TGF-B/SMAD3 signaling plays a key role in
regulating EMT and cancer metastasis.”® Decreased expres-
sion of SMAD3, a crucial regulator of TGF-f signaling, was
found in this gene set. To validate the results of the array
data, we performed qualitative and quantitative RT-PCR
and western blotting for SMAD3 in three TNBC cell lines
with or without PCK2 knockdown or overexpression. The
knockdown of PCK2 reduced the mRNA (Figure 3b) and
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Figure 2. The effect of PCK2 on cell invasion and the expression of EMT markers of TNBC cells. (a) The relative migration/invasion abilities, expression of EMT markers
(N-cadherin and Vimentin) and expression of MET marker (E-cadherin) in MDA-MB-468 cells with or without knockdown or overexpression of PCK2. (b) The relative
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condition. The data were shown as mean + standard error (error bar). Wilcoxon rank-sum test was used for statistical analysis on the difference of invasion and

migration rate.

protein (Figure 3c) expression levels of SMAD3 in all three
TNBC cell lines. In contrast, overexpression of PCK2
increased the mRNA (Figure 3b) and protein (Figure 3c)
levels of SMAD3 in all three TNBC cell lines. These results
indicated that PCK2 upregulates SMAD3 in TNBC cells at
the transcriptional level.

Furthermore, we aimed to determine whether PCK2 promotes
cell invasion and EMT in TNBC through the regulation of TGF-/
SMAD?3 signaling. We assessed the levels of the phosphorylated
form of SMAD3 and downstream targets of TGF-B/SMAD3
signaling, Snail and Slug, in three TNBC cell lines with or without
PCK2 knockdown or overexpression. Snail and Slug are transcrip-
tion factors that contribute to EMT.** PCK2 knockdown reduced
the expression of phosphorylated SMAD3, Snail, and Slug in all
three TNBC cell lines (Figure 4a). In contrast, PCK2 overexpres-
sion increased the expression of phosphorylated SMAD3, Snail,
and Slug in these cell lines (Figure 4a). To confirm the association
of invasion and the EMT phenotype with PCK2 and TGF-p/
SMAD?3 signaling, we evaluated the expression levels of TGF-p/
SMAD3 effector downstream targets and EMT markers and per-
formed invasion and migration assays in TNBC cells with PCK2
overexpression and SMAD3 knockdown. The increased expres-
sion of phosphorylated SMAD?3, Snail, Slug, and EMT markers
(N-cadherin and/or Vimentin) in TNBC cell lines overexpressing
PCK2 was attenuated by SMAD3 knockdown (Figure 4b). The

promotion of TNBC cell invasion and migration induced by
PCK2 overexpression was attenuated by SMAD3 knockdown
(Figure 4c). Taken together, these results demonstrate that PCK2
promotes the invasion and EMT of TNBC cells via upregulation of
the TGF-B/SMAD?3 signaling pathway.

PCK2 promotes TNBC cell invasiveness by regulating the
stimulatory effect of TGF-8 on SMAD3 phosphorylation

To understand the effect of PCK2 on the TGF-P signaling
pathway, we added TGF-P or vehicle (control) to the
culture medium of TNBC cells with or without PCK2
knockdown and assessed the phosphorylation status of
SMAD3 and the invasion/migration ability of the cells.
The addition of TGF-p significantly promoted the phos-
phorylation of SMAD3 (Figure 5a) and augmented the
invasion and migration abilities of TNBC cells transduced
with the vector control (shCtrl) (Figure 5b). However, the
stimulatory effect of TGF-p on SMAD3 phosphorylation
(Figure 5a) and invasion/migration (Figure 5b) was not
observed in TNBC cells with PCK2 knockdown. These
results demonstrated that PCK2 regulates the stimulatory
effect of TGF-p on TGF-p/SMAD?3 signaling-associated cell
invasiveness in TNBC cells.
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Figure 3. The regulation of SMAD3 by PCK2. (a)

TGF- signaling pathway gene sets were negatively enriched in MDA-MB-468 cells with PCK2 knockdown. (b) The mRNA

expression levels of SMAD3 in MDA-MD-468 (left), MDA-MD-231 (middle), and Hs578T (right) cells with or without knockdown or overexpression of PCK2. Each mRNA
expression was replicated 6 times with 6 samples for each condition. The data were shown as mean + standard error (error bar). Wilcoxon rank-sum test was used for
statistical analysis on the difference of mRNA expression. (c) The protein expression level of SMAD3 in MDA-MD-468 (left), MDA-MD-231 (middle), and Hs578T (right)

cells with or without knockdown or overexpression of PCK2.

PCK2 promotes SMAD3 expression through protein—
protein interactions with TRIM67 and the regulation of
TRIM67-mediated ubiquitination and proteasomal
degradation of SMAD3

We wanted to investigate how PCK2 regulates SMAD3 expres-
sion. A previous luciferase reporter gene assay revealed that
PEPCK-M is a candidate SMAD3-interacting protein.*’
Therefore, we hypothesized that PEPCK-M functions as
a nuclear transcription factor or co-factor to upregulate
SMAD3 transcription. We extracted nuclear and cytosolic
proteins from 3 TNBC cell lines with or without PCK2 over-
expression but did not detect PEPCK-M in the nucleus by
western blotting (Figure 6a). The protein expression of
SMAD3 in the nucleus was increased in the 3 TNBC cell
lines with PCK2 overexpression compared with that in the
control cells (Figure 6a). These results indicated that PEPCK-
M is not a nuclear transcription factor or co-factor of SMAD3.
Because nuclear SMAD3 protein expression is increased in
PCK2-overexpressing TNBC cells and because SMAD3 can
autoregulate SMAD3 expression,”® we hypothesized that
PEPCK-M interacts with SMAD3 indirectly to regulate
SMAD3 expression. We searched for proteins that can interact
with both PEPCK-M and SMAD3 by utilizing curated empiri-
cal interaction data from BioGRID (https://thebiogrid.org/).>

We identified 920 SMAD3-interacting proteins and 126
PEPCK-M-interacting proteins. Nine proteins were found to
interact with both SMAD3 and PEPCK-M (Figure 6b). Among
the nine proteins, we selected TRIM67 as the target because
TRIM67 is a class I member of the tripartite motif (TRIM)
family of E3 ubiquitin ligases.’>*" In addition, we found that
the ubiquitination level of SMAD3 was reduced in all 3 TNBC
cell lines overexpressing PCK2 (Figure 6¢). Furthermore, the
reduced protein expression of SMAD3 in TNBC cells with
PCK2 knockdown was partially reversed when the cells were
exposed to the proteasome inhibitor MGI132 (20 uM)
(Figure 6d). These results indicated that the PCK2-induced
increase in SMAD3 protein expression in TNBC cell lines
could occur via inhibition of ubiquitin-mediated SMAD3
degradation. Therefore, we hypothesized that PEPCK-M inhi-
bits TRIM67-mediated SMAD3 ubiquitination by competing
with SMAD3 for binding to TRIM67. We performed an
immunoprecipitation assay to evaluate whether PCK2 over-
expression disrupted the endogenous interaction between
TRIM67 and SMAD3 in TNBC cells. Figure 6e shows the
results of coimmunoprecipitation of TRIM67 with PEPCK-M
or SMAD3 in all 3 TNBC cell lines with or without PCK2
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Figure 4. The regulatory effect of PCK2 on tgf-B/SMAD3 signaling and invasiveness of TNBC cells. (a) The protein expression levels of SMAD3, phosphorylated SMAD3,
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overexpression. The overexpression of PCK2 suppressed the
colocalization of endogenous TRIM67 with SMAD3 in all 3
TNBC cell lines (Figure 6e). Moreover, increased SMAD3 nuclear
translocation was detected in TNBC cells overexpressing PCK2
(Figure 6a). Increased SMAD3 nuclear translocation may auto-
regulate SMAD3 transcription (Figure 3b). Taken together, these
results suggest that PEPCK-M protects SMAD3 against ubiquiti-
nation and promotes the nuclear translocation of SMAD3 by
competing with SMAD3 for binding to TRIM67.

High PCK2 expression is correlated with a poor prognosis
in TNBC patients

To evaluate the prognostic value of PCK2 in TNBC patients,
we performed a bioinformatics analysis to examine the asso-
ciation between PCK2 expression and survival in TNBC
patients. Kaplan-Meier Plotter database analysis revealed that
high PCK2 mRNA expression was significantly associated with
shorter RFS (HR = 1.5, log-rank p =.016), OS (HR =2.03, log-
rank p=.065) and DMFS (HR =146, log-rank p=.037)
(Figure 7a-c). The results from the BCIP database revealed
that a high expression level of PCK2 was correlated with
a poorer prognosis, as indicated by a shorter RFS (HR = 3.63,
log-rank p=.046), OS (HR =4.64, log-rank p=.017) and

DMEFS (HR=6.35, log-rank p=.006) in TNBC patients
(Figure 7d-f). Collectively, the above results indicated that
PCK2 is a marker of a poor prognosis in TNBC patients.

Discussion

In this study, we showed that PCK2 promotes the proliferation
and invasion of TNBC cells via the promotion of the mTOR and
TGF-B/SMAD3 signaling pathways. We found that PEPCK-M
competitively binds to TRIM67, which prevents the SMAD3-
TRIM67 interaction and inhibits TRIM67-mediated SMAD3
ubiquitination and proteasomal degradation.

The role of PCK2 in cancer development has mainly been
revealed in the context of promoting cell proliferation.'*'*"'%
PCK2 has been shown to be upregulated in response to
a glucose-deprived tumor microenvironment to support the
growth of non-small cell lung cancer (NSCLC).'® Inhibition of
PCK2 using siRNA/shRNA or pharmacological inhibitors can
efficiently suppress tumor growth in various cancers.'*'”'®*?
Recently, a compound, 3-(3,4-dihydroxyphenyl)-2-hydroxypro-
panoate, has been identified from in silico structural screen of
7 million compounds to exert inhibitory effect on PCK2 enzyme
activity and proliferation of TNBC cell lines in vitro.”> PCK2
upregulates the mTOR pathway and promotes cell proliferation
in pancreatic neuroendocrine tumors and ER' breast
cancer.'”'® PCK2 is critical for metabolic switching and
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Figure 5. The regulatory effect of PCK2 on the stimulatory effect of tgf-B on SMAD3 phosphorylation and cell invasiveness in TNBC. (a) The protein expression levels of
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maintenance of tumor-initiating cells in prostate cancer.”* In
our current study, the activation of the mTOR pathway and
promotion of cell proliferation by PCK2 in TNBC were consis-
tent with the results of our recent study on ER" breast cancer.'”
In addition, we showed that PCK2 transcriptionally upregulates
SMAD3, which leads to the upregulation of the downstream
targets Snail and Slug in TGF-B/SMAD3 signaling and the
promotion of EMT in TNBC cells. The expression and prog-
nostic significance of PCK2 have recently been demonstrated in
pancancer analysis through bioinformatic tools.”> However,
PCK2 has been shown to predict a good prognosis or a poor
prognosis in different cancer types.”’ The prognostic role of
PCK2 in TNBC has not been reported. According to our analy-
sis of two databases, a high PCK2 expression level is associated
with a poor prognosis in TNBC patients, which is consistent
with the effect of PCK2 on promoting the proliferation and
invasiveness of TNBC cell lines in our current study.

TGF-p signaling has been reported to exert tumor-
suppressive effects by inhibiting cell cycle progression and
promoting apoptosis. However, TGF-p also exerts a tumor-
promoting effect by increasing tumor invasiveness and
metastasis.’®*” The TGF-B signaling pathway is well known
for its function as an EMT inducer. Upon activation of the

canonical pathway, SMAD2 and SMAD3 are phosphorylated
by TGF-p receptors to form a complex with SMAD4. The
SMAD complex transcriptionally activates EMT drivers to
trigger cell invasion and metastatic potential.>> Loss of
SMAD3 results in TGF-p signaling impairment, suggesting
that SMAD3 is a key mediator of this pathway.’® In this
study, using an RNA microarray, we identified a TGF-p sig-
naling gene set that was negatively enriched in TNBC cells with
PCK2 knockdown and confirmed that PCK2 affects invasion/
migration and EMT by promoting TGF-B/SMAD?3 signaling in
TNBC cells.

The regulation of SMAD3 by mechanisms such as tran-
scriptional or posttranslational modifications and the
effects of SMAD3 on TGF-p signaling-associated EMT
and cancer metastasis have been thoroughly investigated.
Tong et al. demonstrated that myocardin directly interacts
with SMAD3 and stabilizes the SMAD3/SMAD4 complex
to facilitate TGF-B-induced EMT and metastasis in
NSCLC.*® Acetylation of SMAD3 by lysine acetyltransferase
6A (KAT6A) promotes SMAD3 association with the onco-
genic chromatin modifier tripartite motif-containing 24
(TRIM24) and increases SMAD3 activation, which
increases the metastatic potential of TNBC.** SMAD3
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methylation mediated by EZH2 promotes SMAD3 phos-
phorylation by TGF-p receptors and is correlated with
hyperactivation of TGF-B/SMAD3 signaling and promotion
of EMT and metastasis in breast cancer.*' Transcriptional
upregulation of SMAD3 has also been reported to be an
important mechanism for the activation of TGF-f signaling
in several studies. The transcription of SMAD3 has been
shown to be increased by homeobox Al and leads to the
promotion of cell proliferation and metastasis in bladder
cancer.*” miR-135-5p has been shown to negatively regu-
late the mRNA and protein expression of SMAD3 and
inhibit TGF-pB-mediated EMT and cell invasion by suppres-
sing the TGF-B/SMAD pathway.*’ ALKBH5, an RNA
demethylase, has also been shown to negatively regulate
TGF-p/SMAD signaling by removing
the m®A modification of TGFBR2, SMAD3 and SMADG6
mRNA in NSCLC.** In the present study, we demonstrated
that PCK2 transcriptionally upregulates SMAD3 and pro-
motes the invasion and EMT of TNBC cells. The enhanced
invasion/migration and EMT activities of TNBC cells over-
expressing PCK2 were suppressed by SMAD3 knockdown.
These results indicate that SMAD3 plays a crucial role in

the progression of TNBC via PCK2. Moreover, we eluci-
dated a novel mechanism underlying the effects of PCK2
on the regulation of SMAD3 expression through TRIM67-
mediated SMAD3 ubiquitination. The TRIM family plays
an important role in a variety of cellular signaling trans-
ductions and biological processes as well as in cancer
development, progression, and drug resistance and has
oncogenic or tumor-suppressive functions in different can-
cer types.”® Recently, TRIM67 was identified as a tumor
suppressor in colorectal cancer that binds directly to the
p53 protein and protects it from MDM2-mediated
ubiquitination.*” In contrast, TRIM67 has been shown to
act as a tumor promoter to induce Notch signaling in
NSCLC through increasing the ubiquitination of delta-like
noncanonical Notch ligand 1 (DLK1) via its RING
domain.”" In the present study, we found that PEPCK-M
directly binds to TRIM67 to prevent SMAD3 from inter-
acting with TRIM67, resulting in the inhibition of
TRIM67-mediated ubiquitination and proteasomal degra-
dation of SMAD3. In addition, increased nuclear transloca-
tion of SMAD3 may autoregulate the transcription of
SMAD3.”® Our results demonstrate a novel mechanism by
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which PCK2 increases the protein and mRNA expression of
SMAD3 in TNBC. This putative model is shown in
Figure 8. Furthermore, we showed that the knockdown of
PCK2 diminished the stimulatory effect of TGF-B on
SMAD3 phosphorylation and EMT in TNBC cells. This
result suggested that PCK2 regulates cell invasion and
EMT not only by upregulating SMAD3 expression but
also by sensitizing cells to TGF-p stimulation of TGEF-p/
SMAD?3 signaling. Although recent studies have linked
PCK2 to cell invasion and EMT, its regulatory mechanism
is not well understood.**™*® In our study, we found that
PCK2 promotes the invasion and EMT of TNBC cells via
the activation of TGF-B/SMAD3 signaling. However, this
has not been reported previously. The limitation of this
study is lack of clinical sample to demonstrate the correla-
tion of PEPCK-M with SMAD3

Conclusions

PCK2 promotes the proliferation and invasion of TNBC cells
via the activation of the mTOR and TGF-B/SMAD3 signaling
pathways. We discovered a novel connection between PCK2,
a metabolic enzyme, and the TGF-B/SMAD3 pathway, an
EMT signaling pathway. We identified PEPCK-M as
a positive regulator of TGF-B/SMAD?3 activation via the inhi-
bition of TRIM67-mediated SMAD3 degradation. Our find-
ings suggest that PCK2 is a potential therapeutic target for the
inhibition of TGF-B/SMAD3 signaling-dependent cancer
metastasis.
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Acknowledgments

We thank the National RNAi Core Facility at Academia Sinica in Taiwan
for providing shRNA reagents and related services.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Dr.Hui-Jen Tsai received funding from the National Science and
Technology Council (109-2314-B-400-032-MY2) and National Health
Research Institutes [CA-109-PP-18, CA-110-PP-18, and CA-111-PP-21].

CANCER BIOLOGY & THERAPY 1

ORCID

Hui-Jen Tsai ((2) http://orcid.org/0000-0001-5246-5748

Authors’ contributions

T.C., W.F, and H.T. wrote the main manuscript text. T.C., and K.
H. prepared Figures 1-5 and supplementary Figure S1. W.F. and H.
L. prepared Figures 6-8. S.J. prepared Figure 3. HH., P.C,, S.J., W.
H., T.C.,, W.F,, and H.T. performed data analysis. T.C. and W.
F. designed the experiments. H.H. was involved in proposing this
study. H.T. proposed, initiated and supervised the study. All authors
reviewed and approved the final manuscript.

Availability of data and materials

All data generated or analyzed during the current study are included in
this published article and its supplementary information files.

Ethics approval and consent to participate

The study was approved by the Institutional Review Board of the
National Health Research Institutes (NHRI) (EC1071201-E) and was
performed in accordance with the guidelines and regulations of the
NHRI

References

1. Sung H, Ferlay ], Siegel RL, Laversanne M, Soerjomataram I,
Jemal A, Bray F. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin. 2021;71(3):209-249. doi: 10.3322/
caac.21660.

2. Howlader N, Cronin KA, Kurian AW, Andridge R. Differences in
breast cancer survival by molecular subtypes in the United States.
Cancer Epidemiol Biomarker Prev. 2018;27(6):619-626. doi: 10.
1158/1055-9965.EP1-17-0627.

3. Harbeck N, Gnant M. Breast cancer. Lancet. 2017;389
(10074):1134-1150. doi: 10.1016/S0140-6736(16)31891-8.

4. Sun X, Wang M, Wang M, Yu X, Guo J, Sun T, Li X, Yao L,
Dong H, Xu Y. Metabolic reprogramming in triple-negative breast
cancer. Front Oncol. 2020;10:428. doi: 10.3389/fonc.2020.00428.

5. Kumar A, Golani A. EMT in breast cancer metastasis: an interplay
of microRnas, signaling pathways and circulating tumor cells.
Front Biosci (Landmark. 2020;25(5):979-1010. doi: 10.2741/4844.

6. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithe-
lial-mesenchymal transition. Nat Rev Mol Cell Biol. 2014;15
(3):178-196. doi: 10.1038/nrm3758.

7. Zhu S, Wu Y, Song B, Yi M, Yan Y, Mei Q, Wu K. Recent advances
in targeted strategies for triple-negative breast cancer. ] Hematol
Oncol. 2023;16(1):100. doi: 10.1186/s13045-023-01497-3.

8. Drabsch Y, ten Dijke P. TGF-P signaling in breast cancer cell
invasion and bone metastasis. ] Mammary Gland Biol Neoplasia.
2011;16(2):97-108. doi: 10.1007/s10911-011-9217-1.

9. Imamura T, Hikita A, Inoue Y. The roles of TGF-f signaling in
carcinogenesis and breast cancer metastasis. Breast Cancer.
2012;19(2):118-124. doi: 10.1007/s12282-011-0321-2.

10. Faubert B, Solmonson A, DeBerardinis RJ. Metabolic reprogram-
ming and cancer progression. Science. 2020;368(6487):eaaw5473.
doi: 10.1126/science.aaw5473.

11. Ohshima K, Morii E. Metabolic reprogramming of cancer cells
during tumor progression and metastasis. Metabolites. 2021;11
(1):28. doi: 10.3390/metabo11010028.

12. Grasmann G, Smolle E, Olschewski H, Leithner K.
Gluconeogenesis in cancer cells — repurposing of a starvation-
induced metabolic pathway? Biochim Biophys Acta Rev Cancer
1872. 2019;1872(1):24-36. doi: 10.1016/j.bbcan.2019.05.006.


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1158/1055-9965.EPI-17-0627
https://doi.org/10.1158/1055-9965.EPI-17-0627
https://doi.org/10.1016/S0140-6736(16)31891-8
https://doi.org/10.3389/fonc.2020.00428
https://doi.org/10.2741/4844
https://doi.org/10.1038/nrm3758
https://doi.org/10.1186/s13045-023-01497-3
https://doi.org/10.1007/s10911-011-9217-1
https://doi.org/10.1007/s12282-011-0321-2
https://doi.org/10.1126/science.aaw5473
https://doi.org/10.3390/metabo11010028
https://doi.org/10.1016/j.bbcan.2019.05.006

12 (&) T-M.CHANG ET AL.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Yu S, Meng S, Xiang M, Ma H. Phosphoenolpyruvate carboxyki-
nase in cell metabolism: roles and mechanisms beyond
gluconeogenesis. Mol Metab. 2021;53:101257. doi: 10.1016/j.mol
met.2021.101257.

Leithner K, Hrzenjak A, Trotzmuller M, Moustafa T, Kofeler HC,
Wohlkoenig C, Stacher E, Lindenmann J, Harris AL,
Olschewski A, et al. PCK2 activation mediates an adaptive
response to glucose depletion in lung cancer. Oncogene. 2015;34
(8):1044-1050. doi: 10.1038/0nc.2014.47.

Mendez-Lucas A, Hyrossova P, Novellasdemunt L, Vinals F,
Perales JC. Mitochondrial phosphoenolpyruvate carboxykinase
(PEPCK-M) is a pro-survival, endoplasmic reticulum (ER) stress
response gene involved in tumor cell adaptation to nutrient
availability. J Biol Chem. 2014;289(32):22090-22102. doi: 10.
1074/jbc.M114.566927.

Vincent EE, Sergushichev A, Griss T, Gingras MC, Samborska B,
Ntimbane T, Coelho PP, Blagih ], Raissi TC, Choiniere L, et al.
Mitochondrial phosphoenolpyruvate carboxykinase regulates
metabolic adaptation and enables glucose-independent tumor
growth. Mol Cell. 2015;60(2):195-207. doi: 10.1016/j.molcel.
2015.08.013.

Hsu HP, Chu PY, Chang TM, Huang KW, Hung WC, Jiang SS,
Lin HY, Tsai HJ. Mitochondrial phosphoenolpyruvate carboxyki-
nase promotes tumor growth in estrogen receptor-positive breast
cancer via regulation of the mTOR pathway. Cancer Med. 2023;12
(2):1588-1601. doi: 10.1002/cam4.4969.

Chu PY, Jiang SS, Shan YS, Hung WC, Chen MH, Lin HY,
Chen YL, Tsai HJ, Chen LT. Mitochondrial phosphoenolpyruvate
carboxykinase (PEPCK-M) regulates the cell metabolism of pan-
creatic neuroendocrine tumors (pNET) and de-sensitizes pNET to
mTOR inhibitors. Oncotarget. 2017;8(61):103613-103625. doi: 10.
18632/oncotarget.21665.

Tsai HJ, Shih NY, Kuo SH, Cheng AL, Lin HY, Chen TY,
Chang KC, Lin SF, Chang JS, Chen LT. AUY922 effectively targets
against activated B cell subtype of diffuse large B-cell lymphoma
and low-grade lymphoma cells harboring genetic alteration-
associated nuclear factor-xB activation. Leuk Lymphoma.
2015;56(9):2674-2682. doi: 10.3109/10428194.2014.995647.
Chang TM, Chu PY, Lin HY, Huang KW, Hung WC, Shan YS,
Chen LT, Tsai HJ. PTEN regulates invasiveness in pancreatic
neuroendocrine tumors through DUSP19-mediated VEGFR3
dephosphorylation. J Biomed Sci. 2022;29(1):92. doi: 10.1186/
$12929-022-00875-2.

Jiang SS, Fang WT, Hou YH, Huang SF, Yen BL, Chang JL, Li SM,
Liu HP, Liu YL, Huang CT, et al. Upregulation of SOX9 in lung
adenocarcinoma and its involvement in the regulation of cell
growth and tumorigenicity. Clin Cancer Res. 2010;16
(17):4363-4373. doi: 10.1158/1078-0432.CCR-10-0138.
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL,
Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al.
Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci
USA. 2005;102(43):15545-15550. doi: 10.1073/pnas.0506580102.
Gyorfty B. Survival analysis across the entire transcriptome iden-
tifies biomarkers with the highest prognostic power in breast
cancer. Comput Struct Biotechnol J. 2021;19:4101-4109. doi: 10.
1016/j.csbj.2021.07.014.

WuJ,HuS, ChenY, Li Z, Zhang ], Yuan H, Shi Q, Shao N, Ying X.
BCIP: a gene-centered platform for identifying potential regula-
tory genes in breast cancer. Sci Rep. 2017;7(1):45235. doi: 10.1038/
srep45235.

Hua W, Ten Dijke P, Kostidis S, Giera M, Hornsveld M. TGFp-
induced metabolic reprogramming during epithelial-to-
mesenchymal transition in cancer. Cell Mol Life Sci. 2020;77
(11):2103-2123. doi: 10.1007/s00018-019-03398-6.

Katsuno Y, Lamouille S, Derynck R. TGF- signaling and epithe-
lial-mesenchymal transition in cancer progression. Curr Opin
Oncol. 2013;25(1):76-84. doi: 10.1097/CCO.0b013e32835b6371.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wang ], Huo K, Ma L, Tang L, Li D, Huang X, Yuan Y, Li C,
Wang W, Guan W, et al. Toward an understanding of the protein
interaction network of the human liver. Mol Syst Biol. 2011;7
(1):536. doi: 10.1038/msb.2011.67.

Huang YT, Cheng AC, Tang HC, Huang GC, Cai L, Lin TH,
Wu KJ, Tseng PH, Wang GG, Chen WY. USP7 facilitates
SMAD3 autoregulation to repress cancer progression in
p53-deficient lung cancer. Cell Death Dis. 2021;12(10):880. doi:
10.1038/s41419-021-04176-8.

Oughtred R, Rust ], Chang C, Breitkreutz BJ, Stark C, Willems A,
Boucher L, Leung G, Kolas N, Zhang F, et al. The BioGRID
database: a comprehensive biomedical resource of curated protein,
genetic, and chemical interactions. Protein Sci. 2021;30
(1):187-200. doi: 10.1002/pro.3978.

Huang N, Sun X, Li P, Liu X, Zhang X, Chen Q, Xin H. TRIM
family contribute to tumorigenesis, cancer development, and drug
resistance. Exp Hematol & Oncol. 2022;11(1):75. doi: 10.1186/
540164-022-00322-w.

Jiang J, Dong X, Liu J, Liu T, Chen X, Bian X, Li M, Liu Y. TRIM67
promotes non-small cell lung cancer development by positively reg-
ulating the notch pathway through DLKI ubiquitination. ] Cancer.
2024;15(7):1870-1879. doi: 10.7150/jca.92723.

Bluemel G, Planque M, Madreiter-Sokolowski CT,
Haitzmann T, Hrzenjak A, Graier WF, Fendt SM,
Olschewski H, Leithner K. PCK2 opposes mitochondrial respira-
tion and maintains the redox balance in starved lung cancer
cells. Free Radic Biol Med. 2021;176:34-45. doi: 10.1016/j.free
radbiomed.2021.09.007.

Gunasekharan V, Lin HK, Marczyk M, Rios-Hoyo A, Campos GE,
Shan NL, Ahmed M, Umlauf S, Gareiss P, Raaisa R, et al.
Phosphoenolpyruvate carboxykinase-2 (PCK2) is a therapeutic
target in triple-negative breast cancer. Breast Cancer Res Treat.
2024;208(3):657-671. doi: 10.1007/s10549-024-07462-z.

Zhao ], Li ], Fan TWM, Hou SX. Glycolytic reprogramming
through PCK2 regulates tumor initiation of prostate cancer cells.
Oncotarget. 2017;8(48):83602-83618. doi: 10.18632/oncotarget.
18787.

Shang Z, Zhao H, Yang T, Xue X, Zhao B, Sun Y. Prognostic and
immunological significance of key gluconeogenesis regulators,
PCKI1 and PCK?2, in human cancers especially kidney renal clear
cell carcinoma: insights from pan-cancer analysis, PCKs signature
construction, and in vitro experiments. ] Radiat Res And Appl Sci.
2023;16(3):100614. doi: 10.1016/j.jrras.2023.100614.

Principe DR, Doll JA, Bauer ], Jung B, Munshi HG, Bartholin L,
Pasche B, Lee C, Grippo PJ. TGF-: duality of function between
tumor prevention and carcinogenesis. ] Natl Cancer Inst. 2014;106
(2):djt369. doi: 10.1093/jnci/djt369.

Syed V. TGF-P signaling in cancer. J Cell Biochem. 2016;117
(6):1279-1287. doi: 10.1002/jcb.25496.

Roberts AB, Tian F, Byfield SD, Stuelten C, Ooshima A, Saika §,
Flanders KC. Smad3 is key to TGF-B-mediated epithelial-to-
mesenchymal transition, fibrosis, tumor suppression and metas-
tasis. Cytokine Growth Factor Rev. 2006;17(1-2):19-27. doi: 10.
1016/j.cytogfr.2005.09.008.

Tong X, Wang S, Lei Z, Li C, Zhang C, Su Z, Liu X, Zhao J,
Zhang HT. MYOCD and SMAD3/SMAD4 form a positive feed-
back loop and drive TGF-pB-induced epithelial-mesenchymal tran-
sition in non-small cell lung cancer. Oncogene. 2020;39
(14):2890-2904. doi: 10.1038/541388-020-1189-4.

Yu B, Luo F, Sun B, Liu W, Shi Q, Cheng SY, Chen C, Chen G,
Li Y, Feng H. KAT6A acetylation of SMAD3 regulates
myeloid-derived suppressor cell recruitment, metastasis, and
immunotherapy in triple-negative breast cancer. Adv Sci
(Weinh). 2021;8(20):e2100014. doi: 10.1002/advs.202100014.
Huang C, Hu F, Song D, Sun X, Liu A, Wu Q, She X, Chen Y,
Chen L, Hu F, et al. EZH2-triggered methylation of SMAD3
promotes its activation and tumor metastasis. J Clin Invest.
2022;132(5):€152394. doi: 10.1172/JCI152394.


https://doi.org/10.1016/j.molmet.2021.101257
https://doi.org/10.1016/j.molmet.2021.101257
https://doi.org/10.1038/onc.2014.47
https://doi.org/10.1074/jbc.M114.566927
https://doi.org/10.1074/jbc.M114.566927
https://doi.org/10.1016/j.molcel.2015.08.013
https://doi.org/10.1016/j.molcel.2015.08.013
https://doi.org/10.1002/cam4.4969
https://doi.org/10.18632/oncotarget.21665
https://doi.org/10.18632/oncotarget.21665
https://doi.org/10.3109/10428194.2014.995647
https://doi.org/10.1186/s12929-022-00875-2
https://doi.org/10.1186/s12929-022-00875-2
https://doi.org/10.1158/1078-0432.CCR-10-0138
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.csbj.2021.07.014
https://doi.org/10.1016/j.csbj.2021.07.014
https://doi.org/10.1038/srep45235
https://doi.org/10.1038/srep45235
https://doi.org/10.1007/s00018-019-03398-6
https://doi.org/10.1097/CCO.0b013e32835b6371
https://doi.org/10.1038/msb.2011.67
https://doi.org/10.1038/s41419-021-04176-8
https://doi.org/10.1038/s41419-021-04176-8
https://doi.org/10.1002/pro.3978
https://doi.org/10.1186/s40164-022-00322-w
https://doi.org/10.1186/s40164-022-00322-w
https://doi.org/10.7150/jca.92723
https://doi.org/10.1016/j.freeradbiomed.2021.09.007
https://doi.org/10.1016/j.freeradbiomed.2021.09.007
https://doi.org/10.1007/s10549-024-07462-z
https://doi.org/10.18632/oncotarget.18787
https://doi.org/10.18632/oncotarget.18787
https://doi.org/10.1016/j.jrras.2023.100614
https://doi.org/10.1093/jnci/djt369
https://doi.org/10.1002/jcb.25496
https://doi.org/10.1016/j.cytogfr.2005.09.008
https://doi.org/10.1016/j.cytogfr.2005.09.008
https://doi.org/10.1038/s41388-020-1189-4
https://doi.org/10.1002/advs.202100014
https://doi.org/10.1172/JCI152394

42.

43.

44.

45.

Chen S, Shu G, Wang G, Ye ], Xu J, Huang C, Yang S. HOXA1
promotes proliferation and metastasis of bladder cancer by enhan-
cing SMAD3 transcription. Pathol Res Pract. 2022;239:154141.
doi: 10.1016/j.prp.2022.154141.

Yang W, Feng W, Wu F, Gao Y, Sun Q, Hu N, Lu W, Zhou J. MiR-
135-5p inhibits TGF-B-induced epithelial-mesenchymal transition
and metastasis by targeting SMAD3 in breast cancer. ] Cancer.
2020;11(21):6402-6412. doi: 10.7150/jca.47083.

Sun Z, SuZ, Zhou Z, Wang S, Wang Z, Tong X, Li C, Wang Y, Chen X,
Lei Z, et al. RNA demethylase ALKBHS5 inhibits tgf-B-induced EMT
by regulating TGF-p/SMAD signaling in non-small cell lung cancer.
FASEB J. 2022;36(5):€22283. doi: 10.1096/1j.202200005RR.

Wang S, Zhang Y, Huang J, Wong CC, Zhai J, Li C, Wei G, Zhao L,
Wang G, Wei H, et al. TRIM67 activates p53 to suppress colorectal

46.

47.

48.

CANCER BIOLOGY & THERAPY 13

cancer initiation and progression. Cancer Res. 2019;79
(16):4086-4098. doi: 10.1158/0008-5472.CAN-18-3614.

Hu Y, Deng K, Pan M, Liu S, Li W, Huang ], Yao J, Zuo J. Down-
regulation of PCK2 inhibits the invasion and metastasis of laryn-
geal carcinoma cells. Am J Transl Res. 2020;12(7):3842-3857.
MaX, GaoY, Liu ], Xu L, Liu W, Huna A, Wang X, Gong W. Low
expression of PCK2 in breast tumors contributes to better prog-
nosis by inducing senescence of cancer cells. IUBMB Life. 2022;74
(9):896-907. doi: 10.1002/iub.2651.

Wang H, Wu Y, Wang Z, Chen Y, Mo J, Guan W, Zhang Y, Yao H.
The LncRNA FEZF1-AS1 promotes tumor proliferation in colon
cancer by regulating the mitochondrial protein PCK2. Oncol Res.

2021;29(3):201-215. doi: 10.32604/0r.2022.03553.


https://doi.org/10.1016/j.prp.2022.154141
https://doi.org/10.7150/jca.47083
https://doi.org/10.1096/fj.202200005RR
https://doi.org/10.1158/0008-5472.CAN-18-3614
https://doi.org/10.1002/iub.2651
https://doi.org/10.32604/or.2022.03553

	Abstract
	Background
	Materials and methods
	Cell lines, plasmids, and reagents
	Establishment of stable cell clones
	Cell proliferation assay
	Western blotting
	Preparation of nuclear and cytosolic proteins
	Immunoprecipitation and ubiquitination assay
	Expression array and gene set enrichment analysis (GSEA)
	Quantitative RT<?A3B2 show [CSF char="2012"]?>‒<?A3B2 show [/CSF]?>PCR
	In vitro cell invasion and migration assays
	Evaluation of the prognostic value of PCK2 in TNBC patients
	Statistical analysis

	Results
	PCK2 promotes cell proliferation and the mTOR pathway in TNBC cells
	PCK2 promotes the invasiveness of TNBC cells
	PCK2 promotes TNBC cell invasion and EMT via the regulation of TGF-β/SMAD3 signaling
	PCK2 promotes TNBC cell invasiveness by regulating the stimulatory effect of TGF-β on SMAD3 phosphorylation
	PCK2 promotes SMAD3 expression through protein<?A3B2 show [CSF char="2012"]?>‒<?A3B2 show [/CSF]?>protein interactions with TRIM67 and the regulation of TRIM67-mediated ubiquitination and proteasomal degradation of SMAD3
	High PCK2 expression is correlated with a poor prognosis in TNBC patients

	Discussion
	Conclusions
	List of abbreviations
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Authors’ contributions
	Availability of data and materials
	Ethics approval and consent to participate
	References

