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MELK promotes HCC carcinogenesis through modulating
cuproptosis-related gene DLAT-mediated mitochondrial
function
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Cuproptosis caused by copper overload is mediated by a novel regulatory mechanism that differs from previously documented
mechanisms regulating cell death. Cells dependent on mitochondrial respiration showed increased sensitivity to a copper ionophore
elesclomol that induced cuproptosis. Maternal embryonic leucine zipper kinase(MELK) promotes tumorigenesis and tumor
progression through the PI3K/mTOR pathway, which exerts its effects partly by targeting the pyruvate dehydrogenase
complex(PDHc) and reprogramming the morphology and function of mitochondria. However, the role of MELK in cuproptosis
remains unclear. Here, we validated that elevated MELK expression enhanced the activity of PI3K/mTOR signaling and subsequently
promoted Dihydrolipoamide S-Acetyltransferase (DLAT) expression and stabilized mitochondrial function. This regulatory effect
helped to improve mitochondrial respiration, eliminate excessive intracellular reactive oxygen species (ROS), reduce intracellular
oxidative stress/damage and the possibility of mitochondria-induced cell fate alternations, and ultimately promote the progression
of HCC. Meanwhile, elesclomol reduced translocase of outer mitochondrial membrane 20(TOM 20) expression and increased DLAT
oligomers. Moreover, the above changes of MELK to HCC were abolished by elesclomol. In conclusion, MELK enhanced the levels of
the cuproptosis-related signature(CRS) gene DLAT (especially the proportion of DLAT monomer) by activating the PI3K/mTOR
pathway, thereby promoting elesclomol drug resistance, altering mitochondrial function, and ultimately promoting HCC progression.
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INTRODUCTION
Primary liver cancer is the sixth most commonly diagnosed cancer
and the third leading cause of cancer mortality globally [1].
Hepatocellular carcinoma (HCC) comprises about 80% of primary
liver cancer and has recently received considerable attention due
to its rapidly increasing mortality rates [1, 2]. Although the
treatment of HCC has progressed greatly over the last decade, the
prognosis of this patient population remains dismal [3], partly
because most HCC patients present with advanced-stage cancer at
diagnosis when surgical or locoregional treatments are not feasible
[1, 4]. Furthermore, it is a heterogeneous disease with limited
response to radiotherapy and high chemoresistance [5]. Besides,
although multikinase inhibitors or immune-checkpoint inhibitors
(ICIs) have been successfully applied in treating HCC, the survival
benefits of these agents for HCC patients remain disappointing [6].
Thus, further studies on HCC progression mechanisms are
warranted for developing new therapeutic approaches.
Maternal embryonic leucine zipper kinase (MELK) is a member

of the Snfl/AMPK family of serine/threonine kinase [7]. MELK is a
novel oncogene that has been associated with multiple cellular

functions, including carcinogenesis [8], proliferation [9, 10],
apoptosis [11], stemness [12], and metabolism [13] and has drawn
much attention in the field of cancer biology, stem cells, and
metabolism recently [14, 15]. Moreover, the critical role of
mitochondria in defining tumor stem stemness and tumor fate
has been increasingly recognized [16, 17]. Recent studies have
shown that MELK contributes to tumorigenesis and tumor
progression through activation of the PI3K/mTOR cascade
[18, 19]. Overexpression of MELK promoted tumor proliferation,
migration, stemness, and Akt/mTOR signaling activity [20].
Alterations in cellular metabolism distinguish liver cancer cells
from normal healthy cells, which is considered one of the ten
hallmarks of cancer [21]. Energy production alterations help
cancer cells to maintain high proliferation rates [22]. Therefore,
targeting altered tumor metabolism might be a potential
approach for tumor therapy [23].
The PI3K/mTOR signaling pathway has been associated with the

pathogenesis of various tumors and mitochondrial metabolism
[23, 24]. Current evidence suggests that PI3K promotes tumor cell
progression by reprogramming the morphology and function of
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mitochondria [23]. The PI3K/mTOR signaling pathway has been
shown to activate the pyruvate dehydrogenase complex (PDHc) by
targeting mitochondrial proteins [25]. PDHc is a critical mitochon-
drial enzyme complex that promotes the conversion of pyruvate to
generate acetyl-CoA and its entry into the tricarboxylic acid (TCA)
cycle [26]. DLAT (Dihydrolipoamide S-Acetyltransferase), an essen-
tial component of mitochondrial PDHc, encodes the E2 subunit of
PDHc [27]. The dysregulated expression of DLAT could impair PDHc
activity and metabolic reprogramming and impair cellular stem-
ness severely [27]. DLAT has been documented as an oncogene in
various tumors [28, 29] and a novel cuproptosis-related signature
gene [30]. MELK and the cuproptosis-related signature (CRS) gene
DLAT have been validated as prognostic biomarkers for HCC
patients [12, 29]. However, the role of MELK and DLAT in HCC
progression, especially in HCC metabolism, remains obscure.
Our study found that the overexpression of MELK regulated the

mitochondrial function and promoted HCC progression. We
further found that MELK regulated the mitochondrial function of
HCC cells by upregulating the expression of the CRS gene DLAT,
enhancing the biological activity of HCC. Mechanistically, the PI3K/
mTOR signaling pathway was responsible for the DLAT-mediated
regulation of MELK on mitochondrial function in HCC cells.
Notably, this study provides hitherto undocumented evidence on
the role of MELK in HCC cell progression through CRS gene-
mediated mitochondrial function changes, providing a promising
therapeutic target for HCC therapy.

MATERIALS AND METHODS
Patient and ethical approval
The public databases were processed and visualized in Supplementary
Table 1 and 2. A total of 106 Chinese patients with HCC underwent surgical
resection at The Second Hospital of Shandong University from 2015.11 to
2021.10 (Supplementary Table 3). All patient materials used for research
purposes were obtained after obtaining informed consent. The study
protocol was approved by the Ethics Committee of The Second Hospital of
Shandong University.

Cells and agents
Human HCC cell lines HepG2, Hep3B, Huh7, and PLC/PRF/5 were obtained
from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All
cell lines were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS (Thermo Fisher Scientific) and 1% penicillin/
streptomycin(Hyclone, SV30010) at 37 °C under 95% air and 5% CO2.
All cell lines were confirmed by short tandem repeat (STR) analysis, and

mycoplasma detection was conducted before performing any experi-
ments. More detailed information on antibodies and reagents is provided
in Supplementary Table 4.

Tissue microarray and immunohistochemistry
The tissue microarrays (TMA) were constructed using paraffin-embedded
tissues, as previously reported [31]. The histological features of all samples
were identified by hematoxylin and eosin (HE) staining before
immunohistochemistry (IHC).
For IHC, the tissue slides were de-paraffinized and then submerged in

EDTA (pH = 9) buffer for antigen retrieval. Tissue sections were incubated
with primary antibodies of MELK (1:200) or DLAT (1:100) at 4°C overnight.
Then, the subsequent operations were performed as mentioned in our
previous study [31].
The IHC score was quantified using QuantCenter software based on the

staining intensity score and the percentage of stained cells as follows: IHC
score= (percentage of weak intensity cells × 1)+ (percentage of weak
intensity cells × 2)+ (percentage of weak intensity cells × 3). Based on the
optimal cut-off value determined by receiver operating characteristic (ROC)
curves, the cohort was divided into low and high expression levels of
candidate biomarkers.

RNA extraction and qPCR
Total RNAs were extracted from fresh clinical tissues or cells according to
protocols using TRIzol reagent (Thermo Fisher), and cDNA synthesis was

performed using a reverse transcriptase kit (TOYOBO, Japan) following the
protocols. Quantitative PCR (qPCR) was performed as previously reported
[31, 32]. The 2−ΔΔCt method was used for comparison between groups. The
primers used in qPCR are listed in Supplementary Table 5.

Western blot and analysis
Tissue and total cell proteins, extracted with RIPA buffer (Solarbio Science,
Beijing, China) supplemented with 1% PMSF (Beyotime, Shanghai, China)
and 1% PI (Phosphatase Inhibitor, Solarbio), were analyzed by western blot.
Protein bands were quantified using the ImageJ software.

Transfection and stable cell lines
MELK knockdown or overexpression was induced by constructing the
corresponding lentiviruses (GenePharma). For optimal transfection effi-
ciency, the MELK overexpression transfection was repeated twice, as
indicated by lv-MELK-1 and lv-MELK-2, respectively. Other transfections of
Huh7, Hep3B, and MIHA cells were performed using Lipofectamine 2000
(Thermo Fisher). Puromycin (4 μg/ml) was used for the stable cell lines
selected. The related sequences are listed in Supplementary Table 6.

Cell proliferation and colony formation assays
CCK-8 (Dojindo, Kumamoto, Japan) assays were performed to assess cell
proliferation according to the manufacturer’s recommendations. Briefly,
3000–5000 cells were plated into 96-well plates and incubated for
1–5 days.
For the colony formation assay, cells were seeded in 12-well plates

(10,000 cells/well) and cultured in a complete medium. After 2 weeks,
visible colonies were fixed with methanol and stained with crystal violet
solution (0.5%) at room temperature for 15minutes.

Transwell assays
In all, 5–10 × 104 cells were seeded into the upper chambers with or
without matrigel coated(diluted at 1:6 with DMEM; Corning), and the lower
chambers were added with 600 μL medium with 20% FBS. After 24–36 h
incubation, the cells on the lower surface were fixed with methanol and
stained with 0.5% crystal violet (Beyotime) at room temperature for 30min.
Cells in five random visual fields were photographed and quantified.

Soft agar colony forming assay
The soft agar colony formation assay was performed for 3D sphere culture,
as previously reported [31, 32]. All experiments were performed in
triplicates.

Immunofluorescence assay
For IF, cells were seeded on chamber slides in 24-well plates and cultured
at 37 °C with 5% CO2. The cells were treated with 4% paraformaldehyde
and 0.5% Triton X-100 to fix and permeabilize them, respectively, prior to
overnight incubation with the primary antibody at a dilution of 2.5%
serum. Then, cells were incubated with secondary antibodies goat anti-
rabbit Alexa Fluor 594 (Invitrogen, Cat #A-21207) and anti-mouse Alexa
Fluor 488 (Invitrogen, Cat#A-21202) prior to DAPI staining. Images were
taken using laser scanning confocal microscopy (Carl Zeiss, LSM 800).
Image-ProPlus was used to analyze Pearson’s correlation coefficients.

Quantification of mitochondrial membrane potential
Cells with the indicated gene modifications or treated with reagents were
seeded into 24-well plates. Afterward, cells were incubated with JC-1
(Invitrogen) to observe changes in the mitochondrial membrane potential
according to the manufacturer’s instructions. The JC-1 green monomer
intensity was measured by the Biotek ELX 800 microplate reader. Images of
JC-1 green monomer and red dimer (J-aggregates) were captured using an
Olympus fluorescence microscope (Olympus, Tokyo, Japan).

ATP and reactive oxygen species measurements
1–3 × 105 cells were seeded in 12-well plates and cultured for predefined
periods. The ATP concentration in cells was determined using the ATP
assay kit (Beyotime, Shanghai, China) according to the manufacturer’s
instructions. The intracellular reactive oxygen species (ROS) concentration
was measured using the DCFH-DA probe (Beyotime, Shanghai, China) [33].
Fluorescence imaging photographs were obtained using a fluorescence
microscope (Olympus, Tokyo, Japan).
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Measurement of OCR
The Seahorse XFp Flux Analyzer (Seahorse Bioscience, Agilent) was used to
detect the oxygen consumption rate (OCR). Briefly, 1–3 × 104 cells were
seeded into the 96-well XF Seahorse plate according to the attached
protocols. The cells were cultured in XF base medium at 37 °C and were
sequentially treated with Oligomycin (1 µM), FCCP (1 µM), and Rotenone/
Antimycin A (0.5 µM) at predefined time points. The Seahorse XFp software
was used to measure the OCR data.

Xenograft models
Nude mice (BALB/c, female, 5 weeks of age, 16–22 g) were purchased from
Vital River Laboratory Animal Technology Company Co., Ltd (Beijing,
China). HCC cells were injected subcutaneously into the flanks of the nude
mice (n= 6/group). Mice were examined every 3 days for tumor growth,
and tumor diameter was measured with a caliper. Mice were randomly
separated into groups when their tumor initially forms (~150mm3). 3 to
4 weeks after tumor formation, mice were sacrificed. The tumor volume (V)
was calculated using the following formula: V= (Length ×Width 2)/2.
For the in vivo metastasis model, 4 × 105 stable high MELK-expressing

Huh7 cells were injected into the tail vein of each nude mouse treated with
or without Elesclomol (10 mg/kg s.c.). The tumor burden of mice was
quantified by measuring radiant efficiency using Living Image Software
(IVIS Imaging Systems). The growth status of the mice was examined every
3 days, and the body weights were measured to assess the tumor burden.
The number of tumor nodules on the organs was confirmed by HE staining
based on conventional tissue and nuclear atypia criteria. All animal
experiments were approved by the Medical Ethics Committee of The
Second Hospital of Shandong University.

Statistical analysis
SPSS17.0 (IBM, Chicago, IL, USA) and GraphPad Prism 5.0/8.0 (GraphPad
Prism Software, San Diego, CA, USA) were used for statistical analysis.
ImageJ software (National Institutes of Health, Bethesda, MD) was used for
western blot analysis. The chi-square test was used to assess the correlation
between MELK/DLAT and clinicopathological features. The correlation
between the IHC score and MELK/DLAT was analyzed using Pearson’s
correlation test. The plotting and statistical analysis of the survival curves
were performed by the Kaplan-Meier method and the log-rank test,
respectively. The cox-regression model was used for multivariate analysis,
and independent prognostic factors were screened. Statistical comparisons
of two paired groups or multi-groups were performed using t-test, one-way
or two-way ANOVA. P value < 0.05 was statistically significant.

RESULTS
Expression and clinical significance of MELK in HCC
Previous studies reported that MELK was significantly upregulated
in multiple human cancers and correlated with poor prognosis
[12]. In the present study, we assessed MELK expression and
explored its significance in HCC. As shown in Fig. 1A-F, MELK was
upregulated in HCC compared with adjacent normal tissues. We
further quantified the expression of MELK in HCC and their
corresponding normal tissues with qPCR and WB and found that
MELK was substantially upregulated in HCC (Fig. 1G, H). IHC of
MELK was performed on 106 HCC tissues, dividing the cohort into
high or low MELK expression subsets (Fig. 1I). Importantly, MELK
expression increased in some cohorts with advanced clinical
staging (Fig. 1J–L). Moreover, MELK upregulation was significantly
correlated with positive tumor size and advanced TNM/histologi-
cal stage (Supplementary Table 1–3), suggesting that MELK may
promote HCC progression. Survival analysis revealed that high
expression of MELK was associated with poor outcomes (Fig. 1M
and Supplementary Table 3). Similarly, the high MELK expression
group in the TCGA-LIHC, ICGC-LIRI, and GSE14520 datasets
showed a significantly worse prognosis (Fig. 1N–P and Supple-
mentary Fig. 1A), suggesting that MELK is a potential prognostic
biomarker for HCC.

MELK promoted HCC progression in vitro
Next, the Broad Institute DepMap website (https://depmap.org) was
used to analyze the expression and the effects of MELK in various

HCC cell lines (Supplementary Fig. 1B). Next, we confirmed that
MELK expression at the mRNA (Fig. 2A) and protein (Fig. 2B) levels
were upregulated in the HCC cell lines. Conversely, low MELK
expression was detected in normal human hepatocytes (MIHA)
(Fig. 2A, B). The above results indicate that MELK is overexpressed in
HCC. In subsequent experiments, MELK was silenced or over-
expressed in Huh 7 cells first (Fig. 2C–E). CCK-8, colony formation,
and EdU assays showed that MELK knockdown significantly
impaired proliferation, while overexpression of MELK promoted
HCC proliferation (Fig. 2F–H and Supplementary Fig. 1D, E). To verify
the roles of MELK in HCC progression, the effects of MELK on cell
stemness, migration, and invasion (Supplementary Fig. 2A–G) were
investigated, given that MELK has been associated with these
activities [14, 15]. Sphere formation and transwell assays showed
that MELK promoted the stemness, migration, and invasion of Huh7
cells (Fig. 2I–M and Supplementary Fig. 1F, G).
Furthermore, we investigated the potential role of MELK in

other HCC cells by infecting Hep3B with MELK-shRNA lentivirus.
We observed significant inhibition of cell proliferation, migration,
and invasion in Hep3B cells with decreased MELK mRNA
expression.(Fig. 2N–Q and Supplementary Fig. 2H, I). To investi-
gate the potential function of MELK in non-cancerous hepato-
cytes, normal human hepatocytes (MIHA) were cultured and
infected with the MELK-shRNA. In the stably transfected cells,
robust MELK mRNA downregulation was detected (Fig. 2R).
Importantly, shRNA-induced MELK silencing did not significantly
inhibit the activity of normal hepatocytes (Fig. 2S, T and
Supplementary Fig. 2J). Overall, the above results indicate the
cancer cell-specific effects of MELK.

MELK promotes mitochondrial function in vitro
An increasing body of evidence suggests that the stabilization of
mitochondrial function plays a critical role in maintaining tumor
stemness and tumor progression [16, 17]. Next, we evaluated the
effect of MELK on mitochondria-related functions. As shown in
Fig. 3A, B, an increase in early apoptosis and necrosis was
observed after MELK silencing. Meanwhile, the expression of
mitochondria-related apoptosis markers was increased by shRNA
and suppressed by overexpressing MELK-1 (Fig. 3C, D). Impor-
tantly, the silencing of MELK increased the expression of the
oxidative stress/damage proteins HSP 70 and HSP 90 (Fig. 3E).
Besides, the DCF/ROS intensity increased significantly in shMELK
cells, indicating ROS production and oxidative damage to the cells
(Fig. 3F, G). In addition, MELK silencing impaired mitochondrial
function, resulting in decreased mitochondrial membrane poten-
tial and mitochondrial depolarization, with the latter manifesting
as the accumulation of JC-1 green monomers (Fig. 3H, I).
Moreover, we found that mitochondrial dynamics were affected
by MELK significantly, with changes observed in the number of
mitochondrial fragments and mitochondrial length (Fig. 3J–L).
Furthermore, MELK expression was related to the cellular ATP
contents (Fig. 3M). It is well-established that mitochondrial
respiration promotes substantial energy production in tumor cells
and plays important roles in critical processes such as tumor
stemness [34]. When the oxygen consumption rate (OCR) in cells
was measured by the Seahorse Flux Analyzer (Fig. 3N), we found
that MELK silencing led to a significant decline in the crux
parameters of mitochondrial respiration, especially the spare
respiratory capacity (Fig. 3O). This finding suggests that MELK is
crucial for sustaining the biological function of tumor cells by
regulating mitochondrial respiration. Overall, the dysregulation of
mitochondrial function associated with MELK in tumor cells
induced mitochondrial damage and cell death.

MELK augments the expression of the CRS gene DLAT through
the PI3K/mTOR signaling pathway
Recent studies have shown that cells dependent on mitochondrial
respiration are more sensitive to a copper ionophore [30].
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Moreover, copper can significantly reduce the spare respiratory
capacity of tumor cells by directly targeting components of the
TCA cycle, thereby promoting cuproptosis [30, 35]. This effect
was similar to our findings following MELK silencing. Next, we
sought to explore whether there was an association between
MELK and cell cuproptosis. In our study, DLAT (LogFC: −1.19)
and MTF1 (LogFC: −1.03) were screened from the datasets of
shMELK RNA-seq and CRS [30] (Fig. 4A). After conducting an

additional screening of two candidate genes with the assis-
tance of the Broad Institute DepMap web portal, the
cuproptosis-related gene DLAT was identified (Fig. 4B, C and
Supplementary Fig. 3). Our qPCR results of HCC tissues also
showed a certain positive correlation between MELK and DLAT
(Fig. 4D). Interestingly, both qPCR and immunofluorescence
assays showed that MELK regulated the expression of DLAT in
Huh7 cells (Fig. 4E, F).

Fig. 1 Expression and clinical significance of MELK in HCC. A–F Amplification of MELK is common in TCGA and GEO provisional HCC cohorts.
The expression of MELK was detected with qPCR in 16 pairs of HCCs and adjacent tissues (G) and with WB in six randomly-selected pairs of
HCC tissues (H). I Representative images of immunohistochemical staining for low/high expression of MELK in the tissue microarray (top: ×100
magnification, scale bar, 200 μm; bottom: ×400 magnification, scale bar, 50 μm). The expression of MELK in HCC patients with different clinical
stages in TMA (J), TCGA (K), and GEO (L) provisional HCC cohort. The prognostic significance of MELK in TMA (M), TCGA-LIHC (N), ICGC-LIRI (O),
and GSE14520 (P) cohorts. The p values were analyzed by Student’s t test and one-way or two-way ANOVA. The Kaplan–Meier method was
used for prognosis analysis. Data were from at least three independent experiments and shown as the mean ± SEM ****P < 0.0001.
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Studies have shown that MELK could promote the progression of
tumor cells by activating the PI3K/mTOR signaling pathway [18, 19],
catalyzing the PDHc [25], and reprogramming the morphology and
function of mitochondria [23]. In the present study, WB analysis
showed that MELK altered the phosphorylation levels of PI3K, Akt, and
mTOR (Fig. 4G, H). To further evaluate the role of PI3K/mTOR signaling
in MELK-mediated DLAT expression, we silenced MELK expression or/
and stimulated PI3K/mTOR activation in Huh7 cells. We found that
MELK knockdown or PI3K/mTOR activity activation altered the
expression of DLAT (Fig. 4I). In contrast, the Hep3B cells that
overexpressed MELK were subjected to treatment with the PI3K/
mTOR signaling antagonist PF-04691502 (Fig. 4J). The findings

demonstrated that MELK stimulated the expression of DLAT in
hepatocellular carcinoma (HCC) cells through the activation of the
PI3K/mTOR signaling pathway. (Fig. 4I, J). The above results suggest
that MELK induced the expression of DLAT by activating the PI3K/
mTOR signaling pathway. Due to its vital role in the pyruvate
dehydrogenase complex, abnormal expression of DLAT can result in
decreased PDHc activity and metabolic reprogramming, ultimately
causing a significant decline in cellular stemness [27]. In vitro
experiments were performed to evaluate the effect of MELK on
mitochondrial respiration after inducing changes in DLAT through
the PI3K/mTOR signal pathway. OCR assays demonstrated that
MELK knockdown attenuated PI3K/mTOR-induced mitochondrial

Fig. 2 MELK promoted HCC cell progression in vitro. A, B The mRNA and protein expressions of MELK in normal human hepatocytes (MIHA)
and different HCC cell lines: HepG 2, Hep 3B, Huh7, and PLC/PRF/5. After MELK expression was silenced or overexpressed in Huh7 cells: MELK
expression was detected by qPCR (C), WB (D) and immunofluorescence (E); Cell proliferation was evaluated with CCK-8 assay (F), colony
formation assay (G) and EdU assay (H); Stemness was evaluated with the 3D sphere formation assay (I); Cell migration and invasion were
investigated with transwell assays (J, K); Biomarkers of EMT and stemness were detected by WB (L, M). After MELK knockdown in the HCC cell
line Hep3B and the normal human hepatocytes MIHA: MELK expression was detected by qPCR (N, R); Cell proliferation was evaluated with
CCK-8 assay (O, S) and EdU assay (P); Cell migration and invasion were investigated with transwell assays (Q, T). Data were shown as
mean ± SEM. n.s. represents not significant. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 as calculated by the one-way or two-way
ANOVA. Scale bar: 10 µm.
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respiration, especially the spare respiratory capacity, in Huh7 cells
(Fig. 4K, L). It has been established that the copper ionophore
(elesclomol) induces cell cuproptosis by regulating mitochondrial
respiration [30]. The results of the quantification of copper contents
indicate that pulse treatment with various concentrations of
elesclomol for 2 hours resulted in varying increments in intracellular
copper levels (Fig. 4M). Next, the effect of elesclomol treatment on
the expression of TOM20 (translocase of the outer mitochondrial
membrane 20) and DLAT was examined. The results showed that
elesclomol treatment reduced TOM 20 expression and increased
DLAT oligomer (which inhibits the function of DLAT oncogene and
leads to cuproptosis) (Fig. 4N). To further validate the role of DLAT in
MELK-mediated mitochondrial function, we silenced DLAT expres-
sion or inhibited DLAT activity in MELK-overexpressing Huh7 cells
(Fig. 4O). The findings indicated that the expression downregulation
or the activity inhibition of DLAT impeded the expression of TOM20,
which was induced by the overexpression of MELK.

DLAT was highly upregulated in HCC and associated with a
poor prognosis
DLAT has been established to be an essential component of
mitochondrial PDHc [27] and is a key CRS gene [30] that serves as
an oncogene in multiple cancers [28, 29]. As shown in Fig. 5A–E,
DLAT expression was significantly higher in HCC tissues than in
normal tissues in some cohorts. qPCR and WB results showed that
DLAT was highly upregulated in HCC (Fig. 5F, G). IHC of DLAT was
performed on 106 HCC tissues, dividing the cohort into high or
low DLAT expression subsets (Fig. 5H). Moreover, DLAT expression
increased with more advanced clinical stages in GSE-14520 cohort,
similar to MELK (Fig. 5I–K). Furthermore, high expression of DLAT
was significantly associated with tumor size and advanced TNM/
BCLC stage (Supplementary Table 1–3), suggesting that DLAT may

promote HCC progression. Similarly, survival analysis showed high
DLAT was associated with poor outcomes (Fig. 5L–O and
Supplementary Table 1–3). Importantly, high expression of both
MELK and DLAT was a more sensitive prognostic factor than MELK
or DLAT alone (Fig. 5P).

The cuproptosis-associated pathway was essential in MELK-
mediated mitochondrial alterations
To further support the role of DLAT in HCC cells, DLAT knockdown
was induced by si-RNAs (Fig. 6A). DLAT knockdown significantly
inhibited Huh7 cell proliferation with a decreased EdU-positive
nuclei ratio (Fig. 6B and Supplementary Fig. 4A). The si-DLAT
significantly promoted the expression of mitochondria-related
programmed death and the oxidative stress/damage proteins HSP
70 and HSP 90 in Huh 7 cells while inhibiting the expression of cell
stemness markers (Fig. 6C-E). Elesclomol-induced cuproptosis was
achieved by regulating the oligomerization of DLAT, followed by
regulating mitochondrial respiration [30]. However, whether the
cuproptosis pathway participated in MELK-mediated functional
alterations of Mitochondria remains unclear. To detect the role of
cuproptosis in MELK-induced mitochondria-associated HCC pro-
gression, MELK-overexpressing cells were treated with elesclomol.
CCK8 and EdU assays showed that elesclomol attenuated MELK-
induced proliferation in Huh7 cells (Fig. 6F, G and Supplementary
Fig. 4B). Meanwhile, the expression of cell stemness markers was
significantly altered (Fig. 6H). The apoptosis of MELK-overexpressing
Huh7 cells was impaired after elesclomol treatment (Fig. 6I, J). MELK
overexpression decreased ROS production, whereas elesclomol
abolished this effect (Fig. 6K, L). Quantification of mitochondrial
membrane potential and ATP contents showed that elesclomol
significantly impaired MELK-induced cell JC-1 red aggregates and
ATP contents (Fig. 6M–O). Moreover, mitochondrial dynamics were

Fig. 3 MELK promotes mitochondrial function in vitro. After MELK knockdown in Huh7 cells: Cell status was detected by
immunofluorescence (A, B); Biomarkers of mitochondria-associated programmed death were detected by WB (C, D). MELK silencing
significantly increased the expression of HSP 70 and HSP 90 (E) and the intensity of DCF/ROS (F, G). Changes of JC-1 green monomer and JC-1
red aggregates were detected by fluorescence microscope (H, I left). The JC-1 green monomer intensity was measured by Biotek ELX 800
microplate reader (I right). After MELK knockdown, mitochondrial dynamics were detected by immunofluorescence (J–L); ATP contents and
OCR of cells were measured by the Seahorse XFp Flux Analyzer (M–O). Data were shown as mean ± SEM. n.s. represents not significant.
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 as calculated by the one-way or two-way ANOVA. Scale bar:100 µm (A, F, H).
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accompanied by significant changes with the above treatments
(Fig. 6P–R).

The cuproptosis-associated pathway was essential in MELK-
induced HCC progression in vivo
Experiments were conducted on nude mice to examine the
impact of elesclomol on MELK-mediated HCC progression. The
mice were treated with either MELK-overexpressing or/and
elesclomol to further assess the role of elesclomol during this
process. Xenografts were established with MELK-overexpressing
stable cells with or without elesclomol treatment, showing that
elesclomol significantly reduced tumor volume and weight, which
were increased by MELK overexpression (Fig. 7A–C and Supple-
mentary Fig. 4C). Meanwhile, there was no significant change in
the body weight of nude mice, indicating the overall safety of
elesclomol administration (Fig. 7D). In the metastatic model, the
results showed that elesclomol substantially counteracted the
promoting effect of MELK on HCC metastasis (Fig. 7E, F). The
averaged number of foci in liver was significantly less in the
elesclomol group than in the other groups, resulting in a more
stable body weight (Fig. 7E–G). To further evaluate the mechanism
of this treatment, a WB assay was performed for subcutaneous
xenografts in nude mice. MELK overexpression increased the
expression of TOM20, whereas the addition of elesclomol

abolished this effect (Fig. 7I). Overall, the above results confirmed
that the cuproptosis-associated pathway was essential in MELK-
induced HCC progression in vivo (Fig. 8).

DISCUSSION
Hepatocellular carcinoma is one of the most common tumors and
the third leading cause of cancer death globally. However, only a
minority of early-stage HCC patients are indicated for surgical or
locoregional treatments. Current evidence suggests that patients
with advanced HCC, accounting for about 80% of all cases,
generally have a less than 12% 5-year survival rate due to limited
treatment options [36]. Although the treatment of HCC has
progressed greatly in the last decade, the prognosis of patients
with HCC remains far from satisfactory [3]. Considering the high
heterogeneity of response in HCC patients, identifying biomarkers
conducive to treatment remains a top priority.
Alterations in cellular metabolism distinguish liver cancer cells

from normal healthy cells [21]. In this regard, metabolic
reprogramming is one of the ten hallmarks of cancer that can
affect cancer cell growth and survival [22]. Recent studies have
shown that the stabilization of mitochondrial function plays a
critical role in maintaining tumor stemness and tumor progression
[16, 17]. Therefore, tumor metabolism has emerged as a potential

Fig. 4 MELK augments the expression of the CRS gene DLAT through the PI3K/mTOR signaling pathway. A DLAT was filtered out as the
only candidate gene among the datasets of shMELK, cuproptosis-related signatures(CRS) genes and the datasets of DepMap. B–D Correlation
of expression, gene effect and mRNA ratio between MELK and DLAT. The mRNA ratio was calculated by mRNA (tumor)/mRNA (adjacent tissue).
E, F qPCR and immunofluorescence showed that MELK expression regulated the expression of DLAT in Huh7 cells. G, H WB showed that the
PI3K signal pathway was regulated by MELK. I, J MELK-silenced or MELK-overexpressing Huh7 or Hep3B cells were incubated in PI3K agonist
740 Y-P (30 μM, 24 h) or PI3K inhibitor PF-04691502 (0.3 μM, 48 h), and DLAT expression was detected with WB. K, L Mitochondrial respiration
was measured by OCR assay in Huh7 cells treated with MELK knockdown or/and 740 Y-P.M Intracellular copper contents with pulse treatment
of elesclomol for 2 hr. N The expression of TOM20 and DLAT (monomer and oligomer) was detected by WB after treatment with elesclomol.
O In MELK-overexpressed Huh7 cells, DLAT was knocked down or regulated by elesclomol, and the expression of TOM20 and DLAT were
detected. n.s., *, **, *** and **** represented not signifificant, P < 0.05, <0.01, <0.001 and <0.0001, respectively. Analyzed data were from three
independent experiments and shown as means ± SEM. Data were from three independent experiments and analyzed with the t test (E, L, and
O). Spearman correlation analysis was performed in (B–D, F).

Z. Li et al.

7

Cell Death and Disease          (2023) 14:733 



target for therapy [23]. In the present study, we demonstrated that
MELK enhanced the healthy status of mitochondria and promoted
the progression of HCC. We further found that MELK enhanced the
expression of the CRS gene DLAT by enhancing the activation of
the PI3K/mTOR signaling pathway, thereby promoting the
progression of HCC. Overall, DLAT is essential for maintaining

the balance of mitochondrial dynamics and functional home-
ostasis. Our results reveal a novel mechanism by which MELK
promotes HCC progression through CRS gene-mediated mito-
chondrial function changes.
MELK is a member of the Snfl/AMPK family of serine/threonine

kinase [7]. It has been reported that MELK is significantly

Fig. 5 DLAT was highly expressed and associated with a poor prognosis in HCC. A–E Amplification of DLAT is common in TCGA and GEO
provisional HCC cohorts. The expression of DLAT was detected with qPCR in 16 pairs of HCCs (F) and adjacent tissues and with WB in six
randomly-selected pairs of HCC tissues (G). H Representative images of immunohistochemical staining for low/high expression of DLAT in the
tissue microarray (top: ×100 magnification, scale bar, 200 μm; bottom: ×400 magnification, scale bar, 50 μm). The expression of DLAT in HCC
patients with different clinical stages in TMA (I), TCGA (J), and GEO (K) provisional HCC cohorts. The prognostic significance of MELK in TMA
(L, P), TCGA-LIHC (M), ICGC-LIRI (N), and GSE14520 (O) cohorts. The p values were analyzed by Student’s t test and one-way or two-way ANOVA.
The Kaplan–Meier method was used for prognosis analysis. Data were from at least three independent experiments and shown as the
mean ± SEM. n.s. represents not significant. ****P < 0.0001.
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upregulated in multiple types of human cancer and associated
with poor prognosis [12]. Moreover, MELK has been associated
with multiple cellular functions, including carcinogenesis [8],
proliferation [8, 9], apoptosis [11], stemness [12], and metabolism
[13]. Recent studies have shown that MELK contributes to
tumorigenesis and tumor progression through activation of the
PI3K/mTOR cascade [18, 19]. The PI3K/mTOR signaling pathway
has been documented to promote tumor cell progression by
targeting the pyruvate dehydrogenase complex [25] and repro-
gramming the morphology and function of mitochondria [23].
Copper is an essential cofactor of enzymes in animals that may

eventually lead to cell death even at moderate intracellular
concentrations [30]. The liver is an important organ for copper
metabolism in the body. It has been established that liver cirrhosis
which increases susceptibility to HCC, shows a certain degree of
copper accumulation compared with the healthy liver. Since
copper has the potential to induce oxidative stress, changes in
copper homeostasis can lead to multiple life-threatening diseases

[30, 37]. Moreover, copper can significantly reduce the spare
respiratory capacity of tumor cells by directly targeting compo-
nents of the TCA cycle, thereby promoting cuproptosis [30, 35].
Cuproptosis caused by copper overload is mediated by a novel
regulatory mechanism that differs from previously documented
mechanisms regulating cell death [30]. Recent studies have shown
that cells dependent on mitochondrial respiration showed
increased sensitivity to a copper ionophore elesclomol that
induced cuproptosis [30]. Besides, the significant inhibitory effect
of elesclomol has been documented in a variety of cells, including
cancer stem cells [38], drug-resistant cells [39], and cells with
enhanced mitochondrial metabolism [40]. Interestingly, the above
effects of cuproptosis on mitochondrial respiration are similar to
MELK silencing in HCC. Therefore, we hypothesized that there
could be an interplay between MELK and the cuproptosis pathway
in HCC cells to promote HCC progression.
Moreover, an in-depth analysis of the datasets of shMELK

combined with cuproptosis-related signatures and using data

Fig. 6 The cuproptosis-associated pathway was essential in MELK-mediated mitochondrial alterations. After silencing DLAT with siRNAs in
the Huh7 cells: MELK expression was detected by WB (A); Cell proliferation was evaluated with EdU assay (B); Biomarkers of the mitochondria-
associated programmed death, the HSP 70 and HSP 90 and the stemness were detected by WB (C–E). After treatment with or without
elesclomol in MELK-overexpressed Huh7 cells: Cell proliferation was evaluated with CCK-8 assay (F) and EdU assay (G); Biomarkers of stemness
were detected by WB (H); The mitochondria-associated programmed death (I, J), the intensity of DCF/ROS (K, L), the changes of JC-1
monomer/aggregates (M) and mitochondrial dynamics were detected by immunofluorescence (P, scale bar:10 µm); The JC-1 green monomer
intensity was measured by a microplate reader (N); ATP contents of cells were measured by the Seahorse XFp Flux Analyzer (O). Data were
shown as mean ± SEM. n.s. represents not significant. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 as calculated by the one-way or two-
way ANOVA. Scale bar: 100 µm (J, K, M).
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from the Broad Institute DepMap web portal and related
experimental verification were performed. Ultimately, 1 key
cuproptosis-related gene DLAT was identified. DLAT is an essential
component of mitochondrial PDHc since it encodes the E2 subunit
[27]. DLAT was confirmed to be an oncogene in various tumors
[28, 29] and a novel cuproptosis-related signature gene [30].
Dysregulated expression of DLAT could impair PDHc activity and
metabolic reprogramming and impair cellular stemness severely
[27]. Elesclomol-induced cuproptosis is a crucial discovery in
cancer research and treatment. Copper ionophore elesclomol

[41, 42] has been considered an anti-cancer drug targeting
mitochondrial metabolism. Elesclomol can promote the increase
of DLAT oligomers, which account for their toxic effects and finally
induce cuproptosis [30]. To explore the potential association
between MELK and cell cuproptosis, subsequent experiments
were performed. We validated that MELK was highly expressed in
HCC tissues. Elevated MELK expression enhanced the activity of
PI3K/mTOR signaling and subsequently promoted DLAT expres-
sion and stabilized mitochondrial function. This regulatory effect
helped to improve mitochondrial respiration, eliminate excessive
intracellular ROS, reduce intracellular oxidative stress/damage and
the possibility of mitochondria-induced cell fate alternations, and
ultimately promote the progression of HCC. Meanwhile, the results
showed that elesclomol treatment reduced TOM 20 expression
and increased DLAT oligomers. Moreover, the above changes of
MELK to HCC were abolished by elesclomol in vitro and in vivo.

CONCLUSIONS
In conclusion, high expression of MELK or/and DLAT is a poor
prognostic indicator in HCC. The present study provides hitherto
undocumented evidence that altered mitochondrial function
induced by MELK may be involved in the carcinogenesis of HCC.
In addition, we reveal that MELK enhanced the levels of the CRS
gene DLAT by activation of the PI3K/mTOR signaling pathway,
thereby promoting the elesclomol drug-resistant and altering
mitochondrial function and ultimately accelerating the progres-
sion of HCC. These findings refine our understanding of the
mechanism of MELK-induced carcinogenesis and suggest that
targeting the MELK/DLAT-mediated mitochondrial pathway may
be a potential strategy for treating HCC.
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REFERENCES
1. Ladd AD, Duarte S, Sahin I, Zarrinpar A. Mechanisms of drug resistance in HCC.

Hepatology. 2023. https://doi.org/10.1097/HEP.0000000000000237

Fig. 8 Schematic depiction of the mechanism by which MELK
promotes HCC carcinogenesis through modulating DLAT-
mediated mitochondrial function. MELK augments the expression
of the CRS gene DLAT through the PI3K/mTOR signaling pathway
and promotes mitochondrial function, which subsequently pro-
motes the progression of HCC. Abnormal expression of MELK
impaired mitochondrial function through alterations in ROS, MMP,
MD and MR. The copper ionophore (elesclomol) increased DLAT
oligomer (which inhibits the function of DLAT oncogene and leads
to cuproptosis), inducing mitochondria-related programmed death,
and subsequently inhibiting the progression of HCC. In all, evidence
described above showed that the cuproptosis-associated pathway
was essential in MELK-induced HCC progression. *Figure was drawn
by Figdraw(WIWWAacf4a).

Fig. 7 The cuproptosis-associated pathway was essential in MELK-induced HCC progression in vivo. A Xenograft models were established
by subcutaneous injection of MELK-overexpressing Huh7 cells, elesclomol (10mg/kg s.c.) was used to regulate DLAT status in vivo. Changes in
subcutaneous xenograft tumors and body weight were observed (B–D). E Metastatic models were established by tail vein injection of MELK-
overexpressing Huh7 cells, elesclomol (10 mg/kg s.c.) was used to regulate DLAT status in vivo. The tumor metastases were monitored by a live
imaging system. The metastatic nodules in the liver were measured (F). And the changes in body weight of indicated groups of nude mice
models were observed (G). H The expression of TOM20 and DLAT of tumors assessed via WB. Data were shown as mean ± SEM. n.s. represents
not significant. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 as calculated by the one-way or two-way ANOVA.

Z. Li et al.

10

Cell Death and Disease          (2023) 14:733 

https://doi.org/10.1097/HEP.0000000000000237


2. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin.
2023;73:17–48.

3. Yu M, Chen Z, Zhou Q, Zhang B, Huang J, Jin L, et al. PARG inhibition limits HCC
progression and potentiates the efficacy of immune checkpoint therapy. J
Hepatol. 2022;77:140–51.

4. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet 2018;391:1301–14.
5. Huang H, Tsui YM, Oi-Lin Ng I. Fueling HCC dynamics: interplay between tumor

microenvironment and tumor initiating cells. Cell Mol Gastroenterol Hepatol.
2023;15:1105–16.

6. Romero D. Combination set to transform HCC therapy. Nat Rev Clin Oncol.
2020;17:389.

7. Tang Q, Li W, Zheng X, Ren L, Liu J, Li S, et al. MELK is an oncogenic kinase
essential for metastasis, mitotic progression, and programmed death in lung
carcinoma. Signal Transduct Target Ther. 2020;5:279.

8. Sun H, Ma H, Zhang H, Ji M. Up-regulation of MELK by E2F1 promotes the
proliferation in cervical cancer cells. Int J Biol Sci. 2021;17:3875–88.

9. Chlenski A, Park C, Dobratic M, Salwen HR, Budke B, Park JH, et al. Maternal
embryonic leucine zipper kinase (MELK), a potential therapeutic target for neu-
roblastoma. Mol Cancer Ther. 2019;18:507–16.

10. Tian JH, Mu LJ, Wang MY, Zeng J, Long QZ, Guan B, et al. BUB1B promotes
proliferation of prostate cancer via transcriptional regulation of MELK. Anticancer
Agents Med Chem. 2020;20:1140–6.

11. Gong X, Chen Z, Han Q, Chen C, Jing L, Liu Y, et al. Sanguinarine triggers intrinsic
apoptosis to suppress colorectal cancer growth through disassociation between
STRAP and MELK. BMC Cancer. 2018;18:578.

12. Xia H, Kong SN, Chen J, Shi M, Sekar K, Seshachalam VP, et al. MELK is an
oncogenic kinase essential for early hepatocellular carcinoma recurrence. Cancer
Lett. 2016;383:85–93.

13. Seong HA, Manoharan R, Ha H. Smad proteins differentially regulate obesity-
induced glucose and lipid abnormalities and inflammation via class-specific
control of AMPK-related kinase MPK38/MELK activity. Cell Death Dis. 2018;9:471.

14. Wang H, Zhang K, Liu Y, Fu Y, Gao S, Gong P, et al. Telomere heterogeneity linked
to metabolism and pluripotency state revealed by simultaneous analysis of tel-
omere length and RNA-seq in the same human embryonic stem cell. BMC Biol.
2017;15:114.

15. Ganguly R, Hong CS, Smith LG, Kornblum HI, Nakano I. Maternal embryonic
leucine zipper kinase: key kinase for stem cell phenotype in glioma and other
cancers. Mol Cancer Ther. 2014;13:1393–8.

16. Liu Z, Lei J, Wu T, Hu W, Zheng M, Wang Y, et al. Lipogenesis promotes mito-
chondrial fusion and maintains cancer stemness in human NSCLC. JCI Insight.
2023;8:e158429.

17. Schimmer AD. Mitochondrial shapeshifting impacts AML stemness and differ-
entiation. Cell Stem Cell. 2018;23:3–4.

18. Jeddo SFA, Wei X, Li K, Li X, Yang Q, Dongol S, et al. Maternal embryonic leucine
zipper kinase serves as a poor prognosis marker and therapeutic target in
osteosarcoma. Oncol Rep. 2020;44:1037–48.

19. Xu Q, Ge Q, Zhou Y, Yang B, Yang Q, Jiang S, et al. MELK promotes Endometrial
carcinoma progression via activating mTOR signaling pathway. EBioMedicine
2020;51:102609.

20. Tang B, Zhu J, Liu F, Ding J, Wang Y, Fang S, et al. xCT contributes to colorectal
cancer tumorigenesis through upregulation of the MELK oncogene and activa-
tion of the AKT/mTOR cascade. Cell Death Dis. 2022;13:373.

21. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
2011;144:646–74.

22. Li J, Eu JQ, Kong LR, Wang L, Lim YC, Goh BC, et al. Targeting Metabolism in
Cancer Cells and the Tumour Microenvironment for Cancer Therapy. Molecules.
2020;25:4831.

23. Wang Y, Wang Y, Liu W, Ding L, Zhang X, Wang B, et al. TIM-4 orchestrates
mitochondrial homeostasis to promote lung cancer progression via ANXA2/PI3K/
AKT/OPA1 axis. Cell Death Dis. 2023;14:141.

24. Alzahrani AS. PI3K/Akt/mTOR inhibitors in cancer: at the bench and bedside.
Semin Cancer Biol. 2019;59:125–32.

25. Koundouros N, Poulogiannis G. Phosphoinositide 3-Kinase/Akt Signaling and
Redox Metabolism in Cancer. Front Oncol. 2018;8:160.

26. Li C, Li Y, He L, Agarwal AR, Zeng N, Cadenas E, et al. PI3K/AKT signaling regulates
bioenergetics in immortalized hepatocytes. Free Radic Biol Med. 2013;60:29–40.

27. Goguet-Rubio P, Seyran B, Gayte L, Bernex F, Sutter A, Delpech H, et al. E4F1-
mediated control of pyruvate dehydrogenase activity is essential for skin
homeostasis. Proc Natl Acad Sci USA. 2016;113:11004–9.

28. Chen Q, Wang Y, Yang L, Sun L, Wen Y, Huang Y, et al. PM2.5 promotes NSCLC
carcinogenesis through translationally and transcriptionally activating DLAT-
mediated glycolysis reprograming. J Exp Clin Cancer Res: CR. 2022;41:229.

29. Bai WD, Liu JY, Li M, Yang X, Wang YL, Wang GJ, et al. A novel cuproptosis-related
signature identified DLAT as a prognostic biomarker for hepatocellular carcinoma
patients. World J Oncol. 2022;13:299–310.

30. Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M, et al.
Copper induces cell death by targeting lipoylated TCA cycle proteins. Science
2022;375:1254–61.

31. Li Z, Liu J, Chen T, Sun R, Liu Z, Qiu B, et al. HMGA1-TRIP13 axis promotes
stemness and epithelial mesenchymal transition of perihilar cholangiocarcinoma
in a positive feedback loop dependent on c-Myc. J Exp Clin Cancer Res.
2021;40:86.

32. Li Z, Zhou H, Xia Z, Xia T, Du G, Franziska SD, et al. HMGA1 augments palbociclib
efficacy via PI3K/mTOR signaling in intrahepatic cholangiocarcinoma. Biomark
Res. 2023;11:33.

33. Zhang N, Zhang Y, Wu B, Wu S, You S, Lu S, et al. Deacetylation-dependent
regulation of PARP1 by SIRT2 dictates ubiquitination of PARP1 in oxidative stress-
induced vascular injury. Redox Biol. 2021;47:102141.

34. Ren Z, Zhong H, Song C, Deng C, Hsieh HT, Liu W, et al. Insulin promotes
mitochondrial respiration and survival through PI3K/AKT/GSK3 pathway in
human embryonic stem cells. Stem Cell Rep. 2020;15:1362–76.

35. Li SR, Bu LL, Cai L. Cuproptosis: lipoylated TCA cycle proteins-mediated novel cell
death pathway. Signal Transduct Target Ther. 2022;7:158.

36. Zhou C, Weng J, Liu C, Liu S, Hu Z, Xie X, et al. Disruption of SLFN11 deficiency-
induced CCL2 signaling and macrophage M2 polarization potentiates anti-PD-1
therapy efficacy in hepatocellular carcinoma. Gastroenterology. 2023;164:
1261–78.

37. Zhang Z, Zeng X, Wu Y, Liu Y, Zhang X, Song Z. Cuproptosis-related risk score
predicts prognosis and characterizes the tumor microenvironment in hepato-
cellular carcinoma. Front Immunol. 2022;13:925618.

38. Buccarelli M, D’Alessandris QG, Matarrese P, Mollinari C, Signore M, Cappannini A,
et al. Elesclomol-induced increase of mitochondrial reactive oxygen species
impairs glioblastoma stem-like cell survival and tumor growth. J Exp Clin Cancer
Res. 2021;40:228.

39. Cierlitza M, Chauvistré H, Bogeski I, Zhang X, Hauschild A, Herlyn M, et al.
Mitochondrial oxidative stress as a novel therapeutic target to overcome intrinsic
drug resistance in melanoma cell subpopulations. Exp Dermatol. 2015;24:155–7.

40. Kluza J, Corazao-Rozas P, Touil Y, Jendoubi M, Maire C, Guerreschi P, et al.
Inactivation of the HIF-1α/PDK3 signaling axis drives melanoma toward mito-
chondrial oxidative metabolism and potentiates the therapeutic activity of pro-
oxidants. Cancer Res. 2012;72:5035–47.

41. Zheng P, Zhou C, Lu L, Liu B, Ding Y. Elesclomol: a copper ionophore targeting
mitochondrial metabolism for cancer therapy. J Exp Clin Cancer Res. 2022;41:271.

42. O’Day SJ, Eggermont AM, Chiarion-Sileni V, Kefford R, Grob JJ, Mortier L, et al.
Final results of phase III SYMMETRY study: randomized, double-blind trial of
elesclomol plus paclitaxel versus paclitaxel alone as treatment for chemotherapy-
naive patients with advanced melanoma. J Clin Oncol. 2013;31:1211–8.

ACKNOWLEDGEMENTS
We thank Dr. Bingxin Guan from the Department of Pathology, the Second Hospital
of Shandong University, for evaluating the relevant histological results. We thank
Home for Researchers editorial team (www.home-for-researchers.com) for language
editing service. We thank Figdraw for figure drawing service. Our study was
supported by National Natural Science Foundation of China (Grant No. 82303802),
Shandong Science and Technology of Medical and Health Development Program
(Grant No. 2019WS409).

AUTHOR CONTRIBUTIONS
ZL, HZ, WW, and XL carried out experiments. XZ, GL, and MY collected the samples.
ZL, HZ, WW, BA, TX, and GD analyzed the data. ZL, HZ, XZ, WW, XL, and BJ conceived
experiments and wrote the paper. All authors had final approval of the submitted
and published versions.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL
This study was approved by the Second Hospital of Shandong University. The
Laboratory Animal Care and Use Committees of the hospital approved all
experimental procedures.

INFORMED CONSENT
Written informed consents were received from all patients.

Z. Li et al.

11

Cell Death and Disease          (2023) 14:733 

http://www.home-for-researchers.com


ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06264-3.

Correspondence and requests for materials should be addressed to Xiaoming Li,
Wei Wang or Bin Jin.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Z. Li et al.

12

Cell Death and Disease          (2023) 14:733 

https://doi.org/10.1038/s41419-023-06264-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	MELK promotes HCC carcinogenesis through modulating cuproptosis-related gene DLAT-mediated mitochondrial function
	Introduction
	Materials and methods
	Patient and ethical approval
	Cells and�agents
	Tissue microarray and immunohistochemistry
	RNA extraction and�qPCR
	Western blot and analysis
	Transfection and stable cell�lines
	Cell proliferation and colony formation�assays
	Transwell�assays
	Soft agar colony forming�assay
	Immunofluorescence�assay
	Quantification of mitochondrial membrane potential
	ATP and reactive oxygen species measurements
	Measurement�of OCR
	Xenograft�models
	Statistical analysis

	Results
	Expression and clinical significance of MELK�in HCC
	MELK promoted HCC progression in�vitro
	MELK promotes mitochondrial function in�vitro
	MELK augments the expression of the CRS gene DLAT through the PI3K/mTOR signaling pathway
	DLAT was highly upregulated in HCC and associated with a poor prognosis
	The cuproptosis-associated pathway was essential in MELK-mediated mitochondrial alterations
	The cuproptosis-associated pathway was essential in MELK-induced HCC progression in�vivo

	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval
	Informed consent
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




