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Mitochondrial micropeptide STMP1
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The roles of micropeptides in cell cycle regulation and cancer
development remain largely unknown. Here we found that a
micropeptide STMP1 (small transmembrane protein 1) was
up-regulated in multiple malignancies including hepatocellu-
lar carcinoma (HCC), and its high level was associated with
short recurrence-free survival of HCC patients. Gain- and
loss-of-function analyses revealed that STMP1 accelerated
cell proliferation and clonogenicity in vitro and tumor growth
in vivo, and silencing STMP1 blocked G1/S transition. Mech-
anistically, STMP1 promoted the mRNA and protein levels of
CCNE2, CDK2, and E2F1. STMP1 was localized in the inner
membrane of mitochondria and interacted with mitochon-
drial complex IV and then enhanced its activity. Moreover,
treatment with the mitochondrial complex IV inhibitor tetra-
thiomolybdate dramatically abrogated the promoting effect of
STMP1 on cell proliferation and the expression of cyclin E2,
CDK2, and E2F1. These results suggest that STMP1 may pro-
mote G1/S transition and cell proliferation by enhancing
mitochondrial complex IV activity, which highlights STMP1
as a new regulator of the cell cycle and a potential target
for anti-cancer therapy.

INTRODUCTION

More and more small open reading frames have been identified in a
wide variety of genome transcripts, some of which have been proved
to encode micropeptides with less than 100 amino acids in length."
Growing evidence suggests that micropeptides play important roles
in physiological processes, including development,” differentiation,’
stress response,4 metabolism,” and cell survival.® Whether dysfunc-
tion of micropeptides contributes to the development of disease,
like cancer, remains largely unknown.

Loss of cell cycle control, especially at the G1/S transition, results
in uncontrolled cell proliferation and
development.”® The G1/S transition is tightly controlled by the
pRb-E2F1 pathway, which consists of proliferation-stimulatory
proteins (e.g., CDK4/6/2, cyclin D/E, E2F) and proliferation-inhib-
itory proteins (e.g., Rb, p15, p16, p21, p27).g Deregulation of the
pRb-E2F1 pathway is observed in multiple malignancies and tar-

consequent tumor
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geting the promoter of G1/S transition has been considered as a
promising strategy for cancer therapy.>'® To date, only two micro-
peptides have been identified to affect cell cycle progression, and
their deregulation results in abnormal cell proliferation. In
breast cancer, up-regulation of micropeptide CASIMO1 promotes
GO0/G1 transition and cell proliferation by interacting with
squalene epoxidase and subsequent modulation of lipid droplet
homeostasis.'' Micropeptide PINT87aa, which is down-regulated
in glioblastoma, interacts with polymerase-associated factor com-
plex to suppress oncogenic transcriptional elongation, thus block-
ing G1/S transition and cell proliferation. Obviously, extensive
investigations are required to find more micropeptides that play
key roles in G1/S transition.

Hepatocellular carcinoma (HCC) is a common malignancy with
rapid growth, early metastasis, and high mortality.'>'* The role of
micropeptide in the development of HCC has not been reported
yet. In an attempt to identify micropeptide that is associated with
cell cycle and HCC, we screened for the micropeptides that were
co-expressed with cell cycle regulators and deregulated in HCC.
STMP1 (small transmembrane protein 1) appeared as an attractive
candidate. STMP1 (also known as C7orf73, PL-5283, and Mm47)
was first identified from bovine heart mitochondria by tandem
mass spectrometry of protein ions.'* In zebrafish larvae, knockdown
of STMP1 resulted in severe dysfunction of ventilatory activities
upon exposure to hypoxia.” Knockout of STMP1 in mouse primary
macrophages impaired Nlrp3 inflammasome responses, leading to
reduced activation of caspase-1 and compromised interleukin-1b
'® However, whether STMP1 exists in human cells and
regulates human physiological and pathological processes remains
unknown.

secretion.
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Figure 1. Up-regulation of STMP1 is a frequent event in HCC tissues and is associated with a worse prognosis for HCC patients

(A) Up-regulation of STMP1 was associated with short recurrence-free survival of HCC patients. Left, the mRNA level of STMP1 was assessed in 30 paired HCC (T) and
adjacent nontumor liver tissues (N) by gPCR assay. U6 was used as an internal control. The mean value of adjacent noncancerous liver tissues was set as relative level
1. Right, a Kaplan-Meier survival analysis for HCC patients according to STMP1 level obtained from the GEPIA website. The median STMP1 level of 364 HCC tissues
was set as the cutoff point for separating the STMP1 high-level cohort (n = 182) and STMP1 low-level cohort (n = 182). (B) Detection of endogenous and exogenous

(legend continued on next page)
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In this study, we found that STMP1 was up-regulated in human HCC
tissues, and higher STMP1 level was associated with shorter recur-
rence-free survival of patients. Furthermore, STMPI1 accelerated
G1/S transition, cell proliferation, and clonogenicity of HCC cells
in vitro, and promoted tumor growth in vivo. Mechanism analyses re-
vealed that STMP1 increased the levels of G1/S promoters (cyclin E2,
CDK?2, and E2F1) by enhancing mitochondrial complex IV activity.
Our findings suggest the fundamental roles of STMPI in cell cycle
control and tumor development, and provide attractive molecular
target for HCC therapy.

RESULTS

STMP1 is up-regulated in HCC tissues and promotes tumor cell
growth in vitro and in vivo

To identify novel micropeptides that regulate cell cycle and HCC
development, we performed a bioinformatics analysis based on 753
reviewed putative coding genes from UniProt datasets and found
three candidate genes that satisfied the following criteria (Figure S1A):
(1) length of the predicted peptide less than 100 amino acids, (2) high
conservation across various vertebrate species, and (3) significant
expression alteration in HCC. Subsequent Gene Ontology analysis re-
vealed that C7orf73 (STMP1) was highly co-expressed with the cell
cycle regulators (Figure S1B), and it was therefore selected for further
exploration. Consistently, the RNA level of STMP1 was significantly
increased in the HCC tissues of our study cohort (Figure 1A, left
panel). Analysis on the transcriptome data from Gene Expression
Profiling Interactive Analysis (GEPIA) also revealed that STMP1
RNA was frequently up-regulated across a variety of cancer types
(Figure S1C), and its high level was associated with short recur-
rence-free survival of HCC patients (Figure 1A, right panel). More-
over, based on The Cancer Genome Atlas (TCGA) data, the
STMP1 level was much higher in HCC with higher TNM stage (Fig-
ure SID), and in HCC with poor histological differentiation
(Figure S1E).

Based on the information from NCBI, human STMPI transcript con-
tains 2461 bp (Figure S2) and is predicted to encode a 47-aa micro-
peptide which is highly conserved throughout vertebrate evolution
(Figure 1B, upper panel). To validate the coding capacity of STMPI
in human cells, a STMP1-Flag fusion construct (Figure S3A) was
delivered into the human hepatoma cells. A band with expected
size at 5 kDa was detected in the cells expressing STMP1-Flag fusion
protein by anti-Flag antibody (Figure S3B), and two unique peptide
fragments in the STMP1 peptide were further detected by mass spec-
trometry following immunoprecipitation using anti-Flag gel (Fig-
ure S4), indicating that the STMPI transcript encodes a bona fide
micropeptide.
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To detect the endogenous STMP1, a customized polyclonal antibody
against the C-terminal of STMP1 (anti-STMP1) was produced. As
shown, the STMP1-Flag fusion protein was detected by anti-
STMP1 antibody (Figure S3B). Moreover, anti-STMP1 detected a sig-
nificant decrease in the signal of STMP1-Flag fusion protein when
cells were transfected with siSTMP1-CDS, a small interfering RNA
(siRNA) targeting the coding sequence of STMP1 (Figures S3B and
S3C). Consistently, anti-STMP1 also detected a significant reduction
in the signal of cellular endogenous STMP1 when cells were infected
with shSTMP1 that targeted 3'UTR of STMP1 (Figure 1B, lower
panel). Using anti-STMP1 antibody, we found that compared with
their noncancerous liver tissues, the protein level of STMP1 was
markedly up-regulated in HCC tissues and 27 out of 45 (60%)
HCCs displayed more than 2-fold increase in the STMP1 protein level
(Figures 1C and S5), which was consistent with the alterations in
STMP1 RNA level (Figure 1A, left panel). These results confirm the
specificity of the anti-STMP1 antibody and the existence of the micro-
peptide STMP1 in human cells, and suggest that elevated STMP1
expression is a frequent event in human HCC and may be involved
in hepatocarcinogenesis.

We next evaluated whether STMP1 regulated cell growth, and found
that overexpression of STMP1 increased cell number and promoted
colony formation of hepatoma cells (Figures 2A, 2B, S6A, and S6B),
whereas silencing of STMP1 inhibited cell growth and clonogenicity
(Figures 2C, 2D, S6C, and S6D). Moreover, cell growth and colony
formation of hepatoma cells were promoted by overexpression of
5'UTR-ORFwt containing the 5UTR region and wild-type ORF of
human STMPI, but were not affected by overexpression of 5UTR-
ORFmut in which the start codon ATG was mutated to ATT
(Figures S3A and S7), indicating that the proliferation-stimulatory ef-
fect of STMP1 is mediated by its protein but not RNA. Further inves-
tigations using an in vivo mouse xenograft model showed significant
increase in the size of xenografts from STMP1-overexpressing hepa-
toma cells (Figures 2E and 2F), and obvious decrease in the size of xe-
nografts derived from STMP1-silencing hepatoma cells (Figures 2G
and 2H). These results suggest that STMP1 may function as an onco-
genic micropeptide to promote cell growth in vitro and in vivo.

STMP1 promotes G1/S transition by up-regulating CCNE2,
CDK2, and E2F1

We then explored whether STMP1 facilitated tumor cell growth by
accelerating cell cycle progression. As shown, silencing STMP1
caused marked accumulation of the G1 population in nocodazole-
synchronized models (Figure 3A). Consistently, serum starvation-
stimulation assays revealed that compared with NC transfectants,
the transition of siSTMP1 transfectants from G1l-phase to S-phase

STMP1 protein in tumor cells. Top, alignment for the amino acid sequences of STMP1 across vertebrate species. The transmembrane region and antibody epitope region are
indicated. Bottom, the STMP1 transcript encodes an ~5 kDa micropeptide. HepG2 and SK-Hep-1 cells were infected with the indicated lentiviruses for 72 h before western
blotting. GAPDH was used as an internal control. (C) The STMP1 protein level was significantly increased in HCC tissues. The levels of STMP1 were examined by western
blotting in 45 paired HCC and adjacent nontumor liver tissues. The intensity for each band, representing protein level, was densitometrically quantified. The STMP1 level was
normalized by the GAPDH level in each sample. The value under each pair of samples (T/N) indicates the fold change of STMP1 level in HCC, relative to that in adjacent
nontumor tissue. The data are presented as mean + SD (A); p values were assessed by paired Student’s t test (A, left), or log rank test (A, right) (***p < 0.001).
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Figure 2. STMP1 promotes tumor cell growth in vitro and in vivo

(A and B) Overexpression of STMP1 promoted cell growth (A) and clonogenicity (B). HepG2 or SK-Hep-1 cells were infected with the indicated lentiviruses for 72 h, then
performed the cell counting and colony formation assays. (C and D) Silencing of STMP1 inhibited cell growth (C) and clonogenicity (D). RNAIMAX, cells treated with Lipofect-
amine RNAIMAX without RNA duplexes. NC, cells transfected with negative control RNA duplex. siSTMP1-1 and siSTMP1-2, cells transfected with siRNA targeting different
sequences of STMP1. (E and F) STMP1 overexpression promoted xenograft growth in vivo. (G and H) Silencing of STMP1 suppressed tumor growth in vivo. For (E-H), SK-
Hep-1 stable cell lines were subcutaneously injected into NCG mice (n = 6 or 7 mice/group). Representative photographs of excised tumors (F, G) and the curve of tumor
growth (E, H) are shown. The data from at least three independent experiments are presented as mean + SD (A-D); p values were assessed by unpaired Student’s t test (A-D),

or two-way ANOVA (E, H) (*p < 0.05; *p < 0.01; **p < 0.001; ns, not significant).

was significantly delayed (Figure 3B), suggesting that STMP1 may
promote G1/S transition.

We next analyzed whether STMP1 affected the expression levels of
key components in the cyclin/CDK-pRb-E2F pathway, which is the
master controller of G1/S transition. We found that STMP1 knock-
down caused a prominent decrease in the protein levels of cyclin
E2, CDK2, E2F1, and phosphorylated pRB, but had no significant ef-
fect on other molecules examined (Figures 3C and S8A). Further-
more, silencing STMP1 also reduced the mRNA levels of CCNE2,
CDK2, and E2F1 (Figure 3D). Consistently, overexpressing STMP1
increased the mRNA and protein levels of CCNE2, CDK2, and
E2F1 (Figures 3E, 3F, and S8B). These results indicate that STMP1
may promote G1/S transition by up-regulating CCNE2, CDK2, and
E2F1, and in turn facilitate cell proliferation.

STMP1 interacts with mitochondrial complex IV and enhances
mitochondrial respiration

Identification of the subcellular localization of a micropeptides can
enable insight into its putative biological function. We found that
STMP1 was co-localized with mitochondrial-targeted DsRed (MT-
DsRed) or mitochondrial protein TOMM20 (translocase of outer
mitochondrial membrane 20) (Figures 4A and S9, upper panel), but
not endoplasmic reticulum (ER)-targeted DsRed (ER-DsRed) or ER
protein BiP (Figures 4B and S9, lower panel). The endogenously,
naturally expressed STMP1 peptide from the mitochondria of hepa-
toma cells was also identified by mass spectrometry (Figure S10), and
endogenous STMP1 was co-fractionated with the mitochondrial pro-
tein MTCO2 (mitochondrially encoded cytochrome ¢ oxidase II)
(Figure 4C), suggesting localization of STMP1 in mitochondria.
Notably, the proteinase K digestion pattern of STMP1 is similar to
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UQCRC2 (ubiquinol-cytochrome c reductase core protein 2), an in-
ner mitochondrial membrane (IMM) protein, implying that STMP1
is localized in the IMM of mitochondria (Figure 4D). We next
explored whether STMP1 may regulate the mitochondrial function.
Interestingly, the basal and maximal oxygen consumption rates and
ATP production were increased by overexpressing STMP1 (Fig-
ure 4E), but were decreased by silencing STMP1 in hepatoma cells
(Figure 4F). However, STMP1 knockdown had no discernible effect
on mitochondrial reactive oxygen species (ROS) level, mitochondrial
membrane potential, and mitochondrial DNA content (Figure S11).
These data indicate that STMP1 may enhance mitochondrial
respiration.

The mitochondrial electron-transfer chain is composed of four com-
plexes. We therefore explored whether STMP1 interacted with these
complexes. The blue native-PAGE (BN-PAGE) analysis showed that
STMP1 was detected in the low-molecular-weight (<232 kDa) com-
plex (Figures 5A and 5B, left panels), which is similar to the molecular
weight of mitochondrial complex IV. Consistently, MTCO2, a sub-
unit of mitochondrial complex IV, was detected at the same electro-
phoretic migration position as STMP1 (Figures 5A and 5B, right
panels), suggesting that STMP1 may associate with mitochondrial
complex IV. Subsequent immunoprecipitation assays revealed that
cellular MTCO2 was detected in the STMP1-precipitated complex
(Figure 5C), further confirming the interaction between STMP1
and complex IV. In addition, overexpressing STMP1 enhanced the
activity of complex IV (Figure 5D), whereas silencing STMP1 reduced
it (Figure 5E). However, overexpressing or silencing STMP1 did not
affect the levels of MTCO2 (Figures 5A and 5B), indicating that
STMP1 may not influence the assembly of mitochondrial complex
IV. These results imply that STMP1 may regulate mitochondrial
respiration by interacting with mitochondrial complex IV and then
increasing its activity.

STMP1 promotes CCNE2, CDK2, and E2F1 expression by
increasing mitochondrial complex IV activity

Complex IV of the mitochondrial respiratory chain is a copper-
dependent enzyme. Tetrathiomolybdate ((NH4),MoS,) is a copper
chelator that can inhibit the activity of mitochondrial complex IV.
As shown, hepatoma cells treated with (NH,4),MoS, showed signifi-
cant decrease in the complex IV activity (Figure S12) and in the
mRNA and protein levels of CCNE2, CDK2, and E2F1 (Figures 6A,
6B, and S13A). Consistently, (NH,4),MoS, treatment caused a marked
arrest of hepatoma cells at the G1-phase (Figure 6C). Furthermore,
the roles of STMP1 in enhancing the expression of CCNE2/CDK2/

E2F1 (Figures 6D, 6E, and S13B) and in promoting the growth of hep-
atoma cells (Figure 6F) were abrogated by (NH,),MoS, treatment.
These data suggest that STMP1 may promote CCNE2, CDK2, and
E2F1 expression and cell proliferation by increasing mitochondrial
complex IV activity.

Taken together, our findings suggest that STMP1, a mitochondria-
localized micropeptide, enhances the activity of mitochondrial com-
plex IV and then increases the expression levels of CCNE2, CDK2,
and E2F1, which in turn facilitates G1/S transition, consequently re-
sulting in cell proliferation and tumor growth.

DISCUSSION

It is well known that cell cycle progression is controlled by elaborate
regulatory networks. Deregulation of cell cycle, especially deficiency
in G1/S transition, is a key step during cancer development.” A large
number of proteins and non-coding RNAs have been characterized as
cell cycle regulators. As a class of newly identified small molecules, the
biological function of micropeptides in the cell cycle control is not
clear. In this study, we discovered an oncogenic micropeptide,
STMP1, which is frequently up-regulated in HCC tissues and acceler-
ates G1/S transition and tumor growth by up-regulating CCNE2,
CDK2, and E2F1 in a mitochondrial complex IV-dependent manner.

Cyclin E2, CDK2, and E2F1 are the key drivers of G1/S transition and
cell division. The cyclin E-CDK2 complex accelerates the phosphoryla-
tion of pRb and subsequent release of E2F, resulting in transcription of
S-phase genes and consequent G1/S transition and cell proliferation.'”
Therefore, the expression levels of CCNE2, CDK2, and E2F1 are
tightly controlled to guard against runaway proliferation. The expres-
sion of CCNE2 and CDK2 is regulated by transcription factors
such as c-Myc,'® and by microRNAs (miRNAs) like miR-150"" and
miR-34a.*" The level of E2F1 is controlled by transcription factors,
like c-Myc'® and KLF6,*' by the ubiquitin-proteasome system
including SCF-cyclin F??> and POH1,* by miRNAs, such as miR-
34a** and miR-20b-5p,” and by long non-coding RNAs (IncRNAs),
such as Inc-APUE.*® However, the roles of micropeptides in the pRb-
E2F1 pathway remain unknown. Herein, we showed that micropeptide
STMP1 up-regulated the expression of proteins both upstream (cyclin
E2 and CDK2) and downstream (E2F1) of Rb, suggesting STMP1 as a
new promoter of G1/S transition. These findings extend our under-
standing on the regulatory network of the cell cycle control.

Based on observations from human specimens as well as in vitro and
in vivo models, we identified the promoting function of STMP1 in cell

Figure 3. Silencing STMP1 inhibits G1/S transition and decreases CCNE2, CDK2, and E2F1 levels

(A) Inhibition of STMP1 induced a substantial increase in the G1 population. NC-transfected or siSTMP1-transfected cells were synchronized with nocodazole for 20 h before
FACS analysis. (B) Inhibition of STMP1 blocked S-phase entry upon serum stimulation. NC- or siSTMP1-transfectants were serum-deprived for 48 h, followed by serum re-
addition and then cell harvest at the indicated timepoints. The time point when serum was re-added was set as 0 h. (C) Knockdown of STMP1 reduced the protein levels of
cyclin E2, CDK2, E2F1, and phosphorylated pRB (p-pRb). (D) Knockdown of STMP1 reduced the mRNA levels of CCNE2, CDK2 and E2F1. (E) Overexpression of STMP1
increased the mRNA levels of CCNE2, CDK2, and E2F1. HepG2 or SK-Hep-1 cells were transfected with the indicated plasmids for 72 h prior to gPCR. (F) Overexpression of
STMP1 increased the protein levels of cyclin E2, CDK2, and E2F1. For (C) and (F), the level of target protein relative to GAPDH level is indicated under each band. The data
from at least three independent experiments are presented as mean + SD (A, D, E); p values were assessed by unpaired Student’s t test (**p < 0.01; ***p < 0.001).
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Figure 4. STMP1 is localized to mitochondria and enhances mitochondrial respiration

(A, B, and C) STMP1 was located in mitochondria. For (A) and (B), SK-Hep-1 cells that expressed STMP1-Flag were transfected with MT-DsRed (a marker of mitochondria)
(A) or ER-DsRed (a marker of ER) (B) plasmids for 36 h. Shown is immunofluorescence staining for Flag (green) and the nucleus (blue). Scale bar, 10 um. For (C), immuno-
blotting was performed for cellular endogenous STMP1, MTCO2, and GAPDH in the cytosol and mitochondrial fractions of SK-Hep-1 cells. (D) STMP1 was localized to the
IMM. Mitochondria isolated from HepG2 or SK-Hep-1 cells were subjected to proteinase K digestion in isotonic, hypotonic, or membrane perorated (1% Trion X-100) buffer,
then the pellet collected by centrifugation before western blotting. TOMM20, AK2, and UQCRC2 were used as the markers for the outer mitochondrial membrane, the inter-
membrane space, and the IMM, respectively. (E and F) STMP1 enhanced mitochondrial respiration. Hepatoma cells were infected with the indicated lentiviruses for 72 h
before detection for oxygen consumption rate (OCR). The basal and maximal respiration and ATP production of mitochondria were calculated based on the OCR detected
by Seahorse XFe24 analyzer. The data from at least three independent experiments are presented as mean + SD (E and F); p values were assessed by unpaired Student’s t

test (*p < 0.05; **p < 0.001).
proliferation. STMP1 was frequently up-regulated in different cancer ~ ation of HCC patients. Both gain- and loss-of-function studies

types, including HCC, and higher STMP1 level was associated with ~ showed that STMP1 promoted cell proliferation and clonogenicity
worse prognosis, higher TNM stage, and poor histological differenti- ~ of HCC cells in vitro and tumor growth in vivo. These findings
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Figure 5. STMP1 interacts with mitochondrial
complex IV and enhances its activity

(A and B) STMP1 interacted with mitochondrial complex IV.
SK-Hep-1 cells were infected with the indicated lentiviruses
for 72 h, then were passed and cultured for 4 days before
harvesting. The mitochondria were isolated from the cells,
suspended in solution buffer, then the mitochondrial respi-
ratory chain complexes were separated by BN-PAGE.
MTCO2 was used to indicate the mitochondrial complex
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IV. Arrowheads indicate the protein band of STMP1 or
MTCO2. (C) HEK293T cells were transfected with the MT-
3xFlag or STMP1-Flag plasmid for 48 h, followed by immu-
noprecipitation using anti-Flag gel and then western blotting
using anti-Flag or anti-MTCO2 antibody. (D and E) STMP1
] enhanced the activity of mitochondrial complex IV. HepG2
1.0 and SK-Hep-1 cells were infected with the indicated lentivi-
ruses for 72 h before detection for respiratory complex IV
0.5 activity. The complex IV activity was determined by calcu-
lating the absorbance decrease rate at 550 nm. Change
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highlight the fundamental role of STMP1 in regulating cancer growth
and the potential to target STMP1 as an anti-cancer strategy.

Otto Warburg described the dependence of cancer cells on aerobic
glycolysis for their growth and proliferation,”” which led many to
the assumption that cancer cells had mitochondrial defects and oxida-
tive phosphorylation (OXPHOS) was down-regulated. However,
recent studies have shown that mitochondrial bioenergetics, biosyn-
thesis, and signaling are crucial for tumorigenesis,”® and up-regula-
tion of OXPHOS is observed in a variety of cancers,” potentially
rendering them sensitive to OXPHOS inhibition. Several OXPHOS
inhibitors, like metformin and arsenic trioxide, have been proven as
potential anti-cancer agents.z&29 Here, we revealed that STMP1
enhanced the activity of mitochondrial complex IV, mitochondrial
respiration, and ATP production, thus increasing tumor cell prolifer-
ation. Our data imply that inhibition of OXPHOS may act as a target
for anti-proliferation therapy of cancer.

The crosstalk between mitochondria and other organelles has a pivotal
*%31 It has been shown
that mitochondria regulate the function of nucleus through mitochon-
dria-to-nucleus retrograde signaling.> Several reports have shown that

role in tumorigenesis and cancer development.

dysfunction of mitochondrial complexes may affect cell cycle progres-
sion and the expression of cell cycle regulators; however, the role of
mitochondrial complex IV in cell cycle control remains unreported.

0.12
0 20 40 60 80 100 120

In this study, we showed that micropeptide
& STMPI1 interacted with complex IV and

enhanced its activity, then increased the expres-

sion of cyclin E2, CDK2, and E2FI. Inhibition

of complex IV activity by (NH,4),MoS, decreased cyclin E2/CDK2/
E2F1 levels and caused Gl arrest. Furthermore, the effect of STMP1
in increasing cyclin E2/CDK2/E2F1 levels and cell proliferation was
abrogated by (NH,),MoS,. These data reveal that the STMP1-enhanced
complex IV activity may promote the expression of nuclear genes, cyclin
E2, CDK2, and E2F1, through retrograde regulation. The retrograde
response can be triggered by a decrease in the level of ATP, increased
signaling by ROS, or the release of Ca®* from mitochondria.’* Herein,
STMP1 enhanced mitochondrial respiration and ATP production,
but had no significant effect on mitochondrial ROS level, mitochondrial
membrane potential, and mitochondrial DNA content, indicating that
STMP1 may activate the mitochondria-to-nucleus retrograde signaling
by increasing ATP levels. The increased AMP levels arising from a
decrease in mitochondrial ATP synthesis may activate AMPK signaling
pathway, which has been shown to lead to G1 arrest and the downregu-
lation of cell cycle-related genes, like cyclin E1, CDK2, and E2F1737%%
however, its underlying mechanism is still not clear. Consistently,
silencing of STMP1 increased the level of phosphorylated AMPKo
(pPAMPKa-Thr172) (Figure S14), implying that STMP1 may activate
the retrograde signaling by inactivating AMPK pathway. Our findings
may offer new insight into the regulation of nuclear function by mito-
chondria, and open the possibility for future therapeutic intervention.

Collectively, we disclose a STMP1-mitochondrial complex IV-
CCNE2/CDK2/E2F1 regulatory cascade and its role in GI/S
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Figure 6. STMP1 increases the levels of CCNE2, CDK2, and E2F1 by enhancing mitochondrial complex IV activity

(A and B) (NH4)-MoS,-treatment reduced the levels of CCNE2, CDK2, and E2F1. HepG2 and SK-Hep-1 cells were treated with 100 uM of (NH,).MoS, for 24 h and then
subjected to gPCR (A) or western blotting (B). (C) (NH4)-MoS,-treatment blocked G1/S transition. HepG2 and SK-Hep-1 cells were serum-deprived for 48 h and then main-
tained in culture medium with 10% FBS and 100 uM of (NH4).MoS, for 24 h before FACS analysis. (D and E) (NH,)-MoS,-treatment abrogated the STMP1-induced increases
in CCNE2, CDK2, and E2F1 levels. HepG2 and SK-Hep-1 cells were transfected with the indicated plasmid for 72 h, then treated with 100 uM of (NH,)-MoS, for 24 h before
gPCR assay (D) or western blotting (E). (F) Promoting effect of STMP1 on cell proliferation was abolished by the (NH4).MoS, treatment. Hepatoma cells were infected with the
indicated lentivirus for 72 h, then were reseeded. After 24 h, the cells were treated with 100 uM of (NH4)oMoS, for 24 h, then were cultured in drug-free medium for another
24 h before cell counting. For (B) and (E), the level of target protein relative to GAPDH level is indicated under each band. The data from at least three independent experiments
are presented as mean + SD (A, C, D, F); p values were assessed by unpaired Student’s t test (*p < 0.01; ***p < 0.001; ns, not significant).

transition and tumor growth. Our findings characterize the new func-
tion of micropeptides and the complex network of cell cycle control,
and implicate STMP1 as a potential target for therapeutic application.

MATERIALS AND METHODS

More details are provided in Supplemental materials and methods.

Tissue specimens and cell lines

Paired human HCC and adjacent nontumor liver tissues were
collected from patients who underwent radical tumor resection in
Sun Yat-sen University Cancer Center, Guangzhou, China. Both
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tumor and nontumor tissues were confirmed histologically. No local
or systemic treatment had been conducted before surgery. After sur-
gical resection, no other anti-cancer therapy was administered before
relapse. Tissues were immediately snap frozen in liquid nitrogen until
use. Informed consent was obtained from each patient, and the study
was approved by the Institutional Research Ethics Committee.

The cells used in this study included human hepatoma cell lines
(HepG2, SK-Hep-1) and transformed human embryonic kidney cell
line (HEK293T). All cells were cultured in DMEM (Gibco, Thermo
Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine
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serum (FBS; Gibco). For animal experiments, the stable cell lines were
established by infecting SK-Hep-1 cells with lentiviruses that expressed
the target sequences, including subline stably expressing STMP1 (SK-
STMP1) and its control line (SK-Ctrl), and subline with stable silencing
of STMP1 (SK-shSTMP1) and its control line (SK-shNC).

Analysis of gene expression
The expression level of target genes was analyzed by real-time qPCR
or western blotting.

STMP1 antibody production

A custom polyclonal antibody against the C-terminal of STMP1 was
generated by GenScript (Nanjing, China). Briefly, the C-terminal
peptide IKKDLDAKKKPPSA) of STMPI was chemically synthe-
sized, cross-linked to keyhole limpet hemocyanin, then used to
immunize rabbits. Sera were collected and affinity-purified against
the peptide immunogen. The specificity of our customed antibody
was validated by western blotting, using cells with STMP1 overex-
pression or STMP1 silencing.

RNA oligoribonucleotides and vectors

The following siRNAs siSTMP1-1, siSTMP1-2,
and siSTMP1-CDS  targeting human STMP1 transcripts
(NM_001130929.2), the negative control RNA duplex (NC) for siRNA
was non-homologous to any human genome sequence. All siRNA du-
plexes were purchased from GenePharma (Shanghai, China).

were used:

The vectors pCDH-Ctrl, pCDH-STMP1, pCDH-5UTR-ORFwt,
pCDH-5'UTR-ORFmut, pCDH-shNC, pCDH-shSTMP1, pCDH-
MT-3xFlag, pCDH-STMP1-Flag, pCDH-Puro-STMP1-Flag, MT-
DsRed, and ER-DsRed were generated as described in Supplemental
materials and methods.

All oligonucleotide sequences are listed in Table S1.

Lentivirus production and infection

For lentivirus production, HEK293T cells were cotransfected with the
lentivirus expression vector and the Lenti-X HTX Packaging System
(Clontech, Palo Alto, CA). The lentiviral supernatant was harvested and
stored in aliquots at —80°C until use. Target cells were grown to 40%
confluence and then infected with lentiviral supernatant supplemented
with 10 pg/mL polybrene (Sigma-Aldrich, St. Louis, MO) for 72 h.

Cell transfection

Cells were transfected with RNA oligoribonucleotides using Lipofect-
amine RNAIMAX (Invitrogen, Carlsbad, CA). The final concentra-
tions of RNA duplex were 25 nM. Transfection with plasmid DNA
alone or together with RNA duplex was performed using Lipofect-
amine 2000 (Invitrogen).

Cell counting assay

Cell counting assay was used to evaluate cell growth. For loss-of-function
assays, the siRNA-transfected HepG2 (2 x 10* and SK-Hep-1 (1 X 10%
cells were grown in a 24-well plate and cultured for 3 days before cell

counting. For gain-of-function assays, cells were infected with the indi-
cated lentiviruses for 72 h, then HepG2 (2 x 10*) and SK-Hep-1 (1 x 10%)
cells were reseeded in a 24-well plate for 3 days before analysis.

Colony formation assay

Forty-eight hours after transfection or 72 h after infection, aliquots of
the viable cells (500 for HepG2 cells, and 150 for SK-Hep-1 cells)
were placed in a 6-well plate and maintained in complete medium for
18 (HepG2) or 10 (SK-Hep-1) days unless indicated. Colonies were
fixed in methanol and stained with a 0.1% crystal violet solution for
15 min before counting.

Mouse xenograft models

All mouse experiments were approved by the Institutional Animal
Care and Use Committee at Sun Yat-sen University. Experimental
procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health
Publication No. 80-23, revised 1996) and according to the Institutional
Ethical Guidelines for animal experiments of Sun Yat-sen University.

Five-week-old male NOD-Prkdc™2¢4>2[]2rg"™2°¢422/Nju (NCG)
(six or seven mice for each group) mice were used. For gain-of-func-
tion study, SK-STMP1 or its control line SK-Ctrl cells (2.5x 106) were
suspended in 100 pL serum-free DMEM/Matrigel (1:1), and injected
subcutaneously into left or right side of the posterior flank. Mice were
killed 22 days after implantation. For loss-of-function study, SK-
shSTMP1 and its control line SK-shNC (4x10°) were resuspended
in 100 pL serum-free DMEM/Matrigel (1:1) and then injected subcu-
taneously into either side of the posterior flank. The experiments
ended 25 days after tumor cell inoculation. Tumor volume (V) was
monitored by measuring the length (L) and width (W) with calipers
and calculated with the following formula: (L x W?2) x 0.5.

Cell cycle analysis

All cell cycle analyses were performed using Krishan’s reagent
(0.05 mg/mL propidium iodide, 0.1% sodium citrate, 0.02 mg/mL
RNase A, 0.3% NP-40, pH 8.3) and fluorescence-activated cell sorting
(FACS) (Gallios, Beckman Coulter, Miami, FL). Nuclear debris and
overlapping nuclei were gated out.

Immunofluorescence staining
Immunofluorescence staining assay was performed to examine the
localization of STMP1I.

Isolation of mitochondria

Mitochondria were isolated using a mitochondria isolation kit (89,874,
Thermo Fisher Scientific). Briefly, 2 x 107 cells were washed twice with
precooling 1 x PBS and lysed in mitochondrial isolation buffer, incu-
bated on ice for 10 min, followed by differential centrifugation and
further purified by sucrose gradient centrifugation.

Proteinase K protection assay
For proteinase K treatment, purified mitochondria from HepG2
or SK-Hep-1 were resuspended in iso-osmotic buffer (10 mM
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MOPS-KOH pH 7.2, 250 mM sucrose, ] mM EDTA) without or with
0.04 U/mL of proteinase K (TAKARA, Palo Alto, CA), or resus-
pended in hypo-osmotic buffer (10 mM MOPS-KOH pH 7.2,
1 mM EDTA) or membrane perforated buffer (10 mM Tris, 1| mM
EDTA, 1% Triton X-100) with 0.04 U/mL of proteinase K, incubated
at 37°C for 20 min, followed by adding protease inhibitor cocktail
(B14001; Bimake, Houston, TX) and PMSF (ST505; Beyotime,
Shanghai, China). The pellets were collected by centrifugation at
12,000 x g, 4°C for 5 min, homogenized in lysis buffer containing pro-
tease inhibitor cocktail, and then subjected to western blotting.
TOMM20, AK2 (adenylate kinase 2), and UQCRC2 were used as
the controls for the outer mitochondrial membrane protein, the inter-
membrane space protein, and the IMM protein, respectively.

Measurement of oxygen consumption rate

The oxygen consumption rate of HepG2 or SK-Hep-1 cells was examined
by XF Cell Mito Stress Test (103,015-100; Seahorse Bioscience, Billerica,
MA) using a Seahorse XF24 Extracellular Flux analyzer (Seahorse Biosci-
ence). Seahorse injection ports were loaded with a final concentration of
2 uM oligomycin (port A), 1 uM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) (port B), and 0.5 uM rotenone and antimycin
A (port C), which were sequentially added to the cells.

BN-PAGE

The isolated mitochondria were solubilized with 1.5% Triton X-100 in
solubilization buffer. The supernatant was mixed with BN-loading
buffer and subjected to BN gel electrophoresis on a native-PAGE
4%-13% Bis-Tris gel. The proteins were transferred to PVDF mem-
branes, followed by incubation with primary antibody and detection
for proteins.

Co-immunoprecipitation

HEK293T cells transfected with the MT-3xFlag or STMP1-Flag
plasmid were harvested in lysis buffer. The Flag-protein complex
was immunoprecipitated using anti-Flag gel, and detected by western
blotting.

Assay for mitochondrial complex IV enzyme activity

Activity of mitochondrial complexes IV was determined by complex
IV enzyme activity microplate assay kit (ab109910; Abcam, Cam-
bridge, UK) following the instructions of the manufacturer.

Bioinformatics tool and statistical analysis

The databases used for bioinformatic analysis included the following:
UniPort (https://www.uniprot.org/) was used for predicting potential
protein-coding gene. GEPIA (http://gepia.cancer-pku.cn) was used to
analyze the levels of micropeptides in tumor and adjacent nontumor
tissues, the association between the level of candidate gene and the
survival of HCC patients, and the STMP1-related genes in liver cancer
tissues. DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.
gov) was used for functional annotation clustering of STMP1-related
genes in liver cancer. TCGA (https://portal.gdc.cancer.gov/) (Nagy
et al., 2021) database was used to analyze the relationship between
the STMP1 level and the disease stage of HCC patients.
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Data are presented as the mean + SD of at least three independent ex-
periments. The differences between groups were analyzed using Stu-
dent t test when only two groups were compared, or assessed using
one-way analysis of variance when more than two groups were
compared. All statistical tests were two-sided; p values <0.05 were
considered statistically significant. All analyses were performed using
the GraphPad Prism program (GraphPad Software Inc., San Diego,
CA).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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