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Abstract 

Cholesterol metabolism is abnormally active in tumour cells. Metabolic enzymes related to cholesterol metabolism 
are upregulated in tumours, but their nonmetabolic functions remain unclear. We found that MVK (mevalonate 
kinase) is upregulated in lung adenocarcinoma tissues vs. normal tissues and that its expression can be induced 
by constitutively activated Kras. By investigating the molecular mechanisms involved, we discovered that MVK inter-
acts with TBK1, inhibiting TBK1 phosphorylation and thereby suppressing cGAS-Sting signalling. In addition, we found 
a negative correlation between MVK expression and CD8+ T-cell infiltration via a public database analysis. In summary, 
our study demonstrates the importance of the nonmetabolic function of MVK in modifying the immunological milieu 
and provides new targets for lung adenocarcinoma therapy.
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Introduction
One key feature differentiating tumour cells from nor-
mal cells is metabolic reprogramming [1]. During the 
progression of various tumours, abnormal cholesterol 
synthesis metabolism is very common [2]. High serum 
levels of cholesterol increase the antitumour functions of 
natural killer cells, and the accumulation of cholesterol in 
macrophages and other immune cells promotes inflam-
matory responses. However, the functions of enzymes 
involved in cholesterol metabolism (especially nonmeta-
bolic functions) in tumour progression have not been 
fully elucidated.

Mevalonate kinase (MVK) is a key enzyme in choles-
terol metabolism and is responsible for the phospho-
rylation of the metabolic intermediate mevalonate [3]. 
Studies have indicated that many metabolic enzymes 
(such as NME7 and PKM2) perform nonmetabolic func-
tions [4, 5]. The nonmetabolic functions of these enzymes 
include the promotion of tumour cell growth, invasion, 
and metastasis [4, 5]. However, it is currently unclear 
whether MVK has nonmetabolic functions.
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The cGAS-Sting signalling pathway is widely involved 
in physiological and pathological processes [6, 7]. The 
stimulator of interferon genes (STING) pathway is an 
essential regulator of innate immunity and a key DNA-
sensing process [7, 8]. Sting is located within the endo-
plasmic reticulum and comprises four transmembrane 
helices and a spherical C-terminal domain that pro-
trudes into the cytoplasm [8]. As an intracellular recep-
tor for cGAMP, Sting closes its ligand-binding pocket 
upon binding with cGAMP and releases its C-terminus, 
recruiting TBK1 and IRF3, thereby upregulating the 
expression of downstream IFNα and IFNβ [9]. cGAS-
Sting signalling pathway activation increases immuno-
therapy efficacy by facilitating immune cell infiltration 
into tumour tissues [8]. Phosphorylation of serine 172 
in TBK1 is a hallmark of its activation [8, 9]. However, 
the regulatory mechanisms of its activity are poorly 
understood.

This study aimed to explore the MVK expression pat-
tern in non-small cell lung cancer as well as the underly-
ing molecular mechanisms.

Materials and methods
Cell culture
Lung adenocarcinoma cell lines (H1299, A549, H23, 
PC-9, H1793, H1437, H441, H2030, and H1792) and nor-
mal bronchial epithelial (HBE) cells were obtained from 
the Chinese Academy of Sciences Cell Bank. All human 
cell lines were authenticated using STR (or SNP) profil-
ing. In addition to antibiotics (100  g/mL streptomycin 
and 100 U/mL penicillin), 10% fetal bovine serum was 
added to the DMEM. Every cell line was maintained at 
37  °C in an incubator in a 5% CO2 environment. Lipo-
fectamine 8000 was used to transfect cells following the 
instructions provided by the manufacturer.

Clinical samples
We obtained cancerous tissues and adjacent noncan-
cerous tissues from Jingjiang People’s Hospital. Patient 
informed consent was obtained before any tissue samples 
were collected to study MVK expression levels. The Eth-
ics Committee of Jingjiang People’s Hospital approved all 
relevant experiments in this study (2024-KY-002–08).

Western blotting
Inhibitors of phosphatase and protease were added 
to RIPA lysis buffer. For the cell culture, the cells were 
washed twice with PBS before lysis buffer was added. 
After being frozen in liquid nitrogen, the tissues were 
crushed and treated with an ice-based RIPA lysis solu-
tion. After the cell lysate was centrifuged and the 
supernatant was collected, the protein concentration 
was measured using a BCA protein assay kit. Using 

SDS‒PAGE, equal amounts of proteins were separated 
and transferred to a PVDF membrane. Following over-
night incubation at 4  °C with primary antibodies, the 
membrane was incubated with secondary antibodies 
conjugated with HRP for 1–2 h. The immunosignals were 
detected using a chemiluminescent reagent (Millipore, 
WBKLS0050). The analysis was conducted via Image Lab 
software. Primary antibodies were utilized in this study: 
MVK (ProteinTech, 12,228–1-AP, 1:1000), tubulin (Santa 
Cruz Biotechnology, sc-5286, 1:4000), Flag (ProteinTech, 
66,008–4-Ig, 1:1000), TBK1 (ProteinTech, 28,397–1-AP, 
1:1000), p-TBK1 (Abcam, ab186469, 1:1000), GST tag 
(Abcam, ab307273, 1:1000), HA (ProteinTech, 66,006–2-
Ig, 1:1000), and GAPDH (ProteinTech, 10,494–1-AP, 
1:1000).

Multiplex immunofluorescence staining
After slicing, dewaxing and antigen retrieval, the endog-
enous peroxidase was blocked with 3% H2O2 and washed 
with running water. 10% goat serum was used for block-
ing nonspecific binding. The sections were incubated 
with the primary antibody overnight, washed 3 times 
with TBST after rewarming. Then, the sections were 
incubated with goat anti-rabbit IgG H&L (HRP) second-
ary antibody at room temperature for 1  h, followed by 
TSA staining and elution. The primary antibody and the 
secondary antibody of another molecule are incubated 
again. The sections were stained and sealed for micro-
scopic examination.

Immunohistochemistry
The tissue sections were dewaxed, rehydrated, and 
immersed in EDTA for 30  min to improve high-tem-
perature antigen retrieval. An endogenous peroxidase 
blocking agent was used to block endogenous peroxidase 
activity for 15 min after the temperature was decreased to 
room temperature. After that, the samples were washed 
with PBS 1–2 times. The tissue sections were incubated at 
4 °C overnight with MVK antibody (Sigma, HPA016961, 
1:200). The tissue sections were subsequently incubated 
with the secondary antibody for two hours at room tem-
perature. Then, PBS was used to wash the tissue sections 
three times. Finally, the immunohistochemical reaction 
was observed using 3,3’-diaminobenzidine (DAB). After 
every tissue section was counterstained with hematoxy-
lin, the Vectra2 system automatically rated the staining 
intensity and protein expression levels.

qPCR
The Takara PrimeScript™ RT Reagent Kit was used to 
synthesize cDNA from 1  µg of RNA according to the 
manufacturer’s instructions. The extraction of RNA 
was performed using TRIzol (Invitrogen). The CFX96 
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real-time fluorescence quantitative PCR detection equip-
ment (Bio-Rad, Richmond, CA, USA) and the SYBR 
Green kit were used for the qPCR analysis. For the qPCR 
analysis, actin served as the internal control. The 2−ΔΔCt 
method was used to determine the expression of the tar-
get genes. The primer sequences for actin were as fol-
lows: forward primer, 5’-CAT​GTA​CGT​TGC​TAT​CCA​
GGC-3’, and reverse primer, 5’-CTC​CTT​AAT​GTC​ACG​
CAC​GAT-3’. The primer sequences for IFNα were as fol-
lows: forward primer, 5’-GCC​TCG​CCC​TTT​GCT​TTA​
CT-3’; reverse primer, 5’-CTG​TGG​GTC​TCA​GGG​AGA​
TCA-3’. The primer sequences for IFNβ were as follows: 
forward primer, 5’-ATG​ACC​AAC​AAG​TGT​CTC​CTCC-
3’; reverse primer, 5’-GGA​ATC​CAA​GCA​AGT​TGT​
AGCTC-3’.

Coimmunoprecipitation
Protease and phosphatase inhibitors were added to the 
IP lysis buffer after the cells were treated to lyse the cells, 
and interactions between endogenously expressed pro-
teins were examined. After the samples were centrifuged 
to collect the supernatant, 1  µg of antibody was added, 
and the mixture was incubated at 4 °C overnight. The fol-
lowing day, 40 μL of protein A/G beads (Bimake, B2302) 
were added to the mixture, which was then incubated at 
4  °C for 4  h. Following three washes with wash buffer, 
loading buffer (1×) was added to the beads for Western 
blot analysis.

GST pull‑down
Glutathione Sepharose 4B beads (GE Healthcare) were 
washed with a wash solution consisting of 50 mM Tris–
HCl (pH 8.0), 150  mM NaCl, and 1% NP-40. The mix-
ture of cell lysates and 10 µg of GST-MVK fusion protein 
was incubated at 4 °C overnight, after which the mixture 
was incubated with the beads for an extra 4 h. The beads 
were subsequently washed with wash solution contain-
ing 50  mM Tris–HCl (pH 8.0), 1% NP-40, and 1  mM 
NaCl three times before 1 × loading buffer was added and 
heated to 100 °C for 5 min. We collected the supernatant 
for Western blot analysis.

Soft agar assay
When the cell confluence reached approximately 70%, 
the cells were digested, and the cell suspensions were 
prepared. First, 1  ml of PBS buffer was added to each 
well of the 24-well plates, and the PBS buffer in the mid-
dle 8 wells was then discarded. Base agar (20% FBS, 40% 
2 × DMEM, 40% 1.25% agar) was prepared. 400 µl of base 
agar was added to each well of a 24-well plate. The top 
agar (25% FBS, 37.5% 2 × DMEM, 37.5% 1% agar, 2 mM 
L-glutamine) was then prepared and mixed with the cell 
suspension (1 × 103 cells per well). After the base agar 

solidified, 400 μl of the top agar was added to each well 
of the 24-well plates and incubated (5% CO2, 37  °C) for 
10‒14  days. Four randomly selected fields of view were 
photographed, and cell colonies were counted under a 
microscope.

Tumorigenesis assay in the mice and ethics statement
The animal procedures were authorized by the  ethics 
committee of Nanjing medical University. Male C57 mice 
aged 6 weeks were utilized, and 2 × 106 MVK-knockdown 
cells or control cells were injected under the skin. Tumors 
were harvested 3 weeks later. The infiltration of CD3+ T 
cells and CD8+ T cells were examined using immunofluo-
rescence staining using antibodies against CD3 and CD8.

Statistical analysis
The means ± SDs were used to express the experimental 
results. The data were analyzed via t tests. We analyzed 
the data via the log-rank test and generated survival 
curves via the Kaplan‒Meier method. The statistical 
analyses were performed with SPSS 17.0 and GraphPad 
Prism 8 software.

Results
Upregulation of MVK expression in lung adenocarcinoma
The Kaplan‒Meier database was used to perform initial 
studies  on the relationship between MVK expression 
and survival in non-small cell lung cancer patients. The 
results revealed a strong correlation between elevated 
MVK expression and poor prognosis in lung adenocar-
cinoma patients but not in lung squamous cell carcinoma 
patients (Fig. 1A). Compared with that in normal human 
bronchial epithelial (HBE) cells, MVK expression was 
upregulated in lung adenocarcinoma cell lines (Fig. 1B). 
Furthermore, Western blot analyses revealed that lung 
adenocarcinoma tissues presented higher levels of MVK 
expression than paired adjacent  tissues did (Fig.  1C). 
These experimental results were further validated via 
immunohistochemistry (Fig. 1D, E). Together, these find-
ings indicate that MVK is likely essential in the progres-
sion of lung adenocarcinomas.

Constitutive activation of Kras induces MVK expression
The Kras gene is mutated and constitutively activated 
in lung adenocarcinoma [10]. Next, we investigated the 
effect of constitutively active Kras on MVK protein lev-
els. We first overexpressed constitutively active Kras 
(KrasG12C) in H1299 and H1793 cells (these two cell lines 
harbour wild-type Kras) and assessed MVK expression. 
The findings revealed that overexpression of KrasG12C 
increased the protein level of MVK (Fig.  2A). Com-
pared with that in lung adenocarcinoma cells harbouring 
wild-type Kras, lung adenocarcinoma cells harbouring 
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Fig. 1  Upregulation of MVK expression in lung adenocarcinoma. A Comparison of MVK expression and survival between patients with lung 
adenocarcinoma and patients with lung squamous cell carcinoma via the Kaplan‒Meier method. B Western blot analysis was used to determine 
MVK protein levels in lung adenocarcinoma cell lines and normal bronchial epithelial (HBE) cells. Grayscale analysis was performed. C Western blot 
analysis was used to assess the amount of MVK protein in lung adenocarcinoma samples and adjacent normal tissues. D–E MVK protein levels 
in lung adenocarcinoma samples and adjacent normal tissues were determined via immunohistochemical staining and statistical analysis. ****, 
P < 0.0001

Fig. 2  Constitutive activation of Kras (KrasG12C) upregulates MVK expression. A KrasG12C overexpression in H1299 and H1793 cells and its ability 
to induce MVK protein expression were assessed via Western blotting. (B) Detection of MVK protein levels in lung adenocarcinoma cells harbouring 
wild-type Kras or mutant Kras via Western blotting. C Detection of MVK protein levels in lung adenocarcinoma tissues harbouring wild-type Kras 
or mutant Kras via Western blotting. D–E Assessment of the effect of MVK knockdown on the malignant phenotype induced by KrasG12C via a soft 
agar colony formation test and statistical analysis. **, P < 0.01; ##, P < 0.01

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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constitutively active Kras had greater MVK expression 
(Fig. 2B). Similarly, lung adenocarcinoma tissues express-
ing constitutively active Kras had higher levels of MVK 
expression than did lung adenocarcinoma tissues har-
bouring wild-type Kras (Fig.  2C). Furthermore, overex-
pression of KrasG12C in H1299 and H1793 cells promoted 
anchorage-independent growth, whereas knockdown 

of MVK expression reversed the malignant phenotype 
induced by KrasG12C overexpression (Fig.  2D, E). These 
findings indicate that constitutive activation of Kras 
induces MVK expression and that MVK expression is 
essential for the functional effects of constitutively active 
Kras.

Fig. 3  MVK inhibits the expression of IFNα and IFNβ. A Western blot analysis validated the knockdown of MVK expression in A549 and H23 cells. B 
Western blot analysis validated MVK overexpression in A549 and H23 cells. C The effect of MVK overexpression on IFN mRNA levels was assessed 
via qPCR. D qPCR was used to assess the effects of MVK knockdown on IFN mRNA levels. **, P < 0.01
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MVK inhibits the cGAS‑Sting signalling pathway
A key factor in the progression of lung cancer is the 
cGAS-Sting signalling pathway, which also medi-
ates innate immunity [11, 12]. Next, we investigated how 
MVK expression affects the cGAS-Sting signalling path-
way. We overexpressed MVK in A549 and H23 cells or 

inhibited MVK expression (Fig.  3A, B). IFNα and IFNβ 
mRNA levels were decreased upon MVK overexpression, 
but IFNα and IFNβ expression was promoted when MVK 
was knocked down (Fig.  3C–D). These findings suggest 
the mechanism by which MVK regulates the cGAS–Sting 
signalling pathway.

Fig. 4  Interaction between MVK and TBK1. A Coimmunoprecipitation was used to identify the interaction between exogenously expressed 
TBK1 (HA-TBK1) and MVK (Flag-MVK) in A549 and H23 cells. B The interaction between the GST-MVK fusion protein and endogenous TBK1 
in A549 and H23 cells was investigated via a GST pull-down assay. C Coimmunoprecipitation was performed to investigate the interaction 
between MVK and TBK1, which is expressed endogenously in A549 and H23 cells. D Schematic design of the generated MVK deletion mutant. E 
Coimmunoprecipitation was used to identify the interaction between exogenously expressed TBK1 and the MVK deletion mutant in HEK293T cells
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Interaction between MVK and TBK1
To elucidate the molecular mechanism by which MVK 
regulates the signalling pathway and to determine how 
MVK interacts with crucial elements of the cGAS-Sting 
signalling pathway, we performed coimmunoprecipita-
tion experiments. The results revealed that TBK1 (HA-
TBK1) interacted with exogenously expressed MVK 
(Flag-MVK) (Fig.  4A). In the GST pull-down experi-
ments, endogenously expressed TBK1 bound to the 
GST-MVK fusion protein (Fig.  4B). More importantly, 
endogenously expressed TBK1 in A549 and H23 cells 
formed a complex with MVK (Fig. 4C). Next, we mapped 

the domain of the MVK protein that interacts with TBK1 
and found that the C-terminus of MVK interacts with 
TBK1 (Fig. 4D, E).

MVK inhibits the phosphorylation of TBK1
The effect of MVK expression on TBK1 phosphoryla-
tion was then investigated. MVK overexpression inhib-
ited the phosphorylation of TBK1 at the 172nd residue 
upon HT-DNA transfection (Fig.  5A), whereas knock-
ing down MVK expression promoted its phosphoryla-
tion at the same residue (Fig.  5B). We inhibited MVK 

Fig. 5  MVK negatively regulates TBK1 phosphorylation. A Western blot analysis of the effect of MVK overexpression on TBK1 phosphorylation 
after HT-DNA transfection. B Western blotting was used to determine how MVK knockdown affects TBK1 phosphorylation after HT-DNA transfection. 
C–D Tumour growth curve and tumour weights were shown. E–G Immunofluorescence staining was used to assess the infiltration of CD3+ 
and CD8+ T cells in lung cancer tissues, along with statistical analysis. H The correlation between MVK expression and T-cell infiltration was analysed 
in lung cancer tissues from a public database. **, P < 0.01
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expression in LLC cells and performed in  situ lung 
injections. Knocking down MVK impaired the tumo-
rigenicity of LLC cells, which was confirmed by the 
impairment of tumour growth (Fig.  5C) and decrease 
in tumour weight (Fig.  5D). Then, we assessed CD8+ 
T-cell infiltration in the resulting tumours. Accord-
ing to the experimental findings, an increase in CD8+ 
T-cell infiltration following MVK expression knock-
down was observed (Fig.  5E–G). Moreover, MVK 
expression was inversely correlated with T-cell infiltra-
tion in lung cancer tissues in a public database analy-
sis (Fig. 5H). Therefore, the regulatory role of MVK in 
the immune milieu of tumours is further supported by 
these findings.

Discussion
The nonmetabolic functions of metabolic enzymes in 
tumour metabolism have been a research hotspot. For 
example, PKM2 influences global gene transcription by 
phosphorylating histone 3 through its protein kinase 
function [5]. Additionally, PKM2 can phosphorylate 
Bub3, leading to chromosome aggregation and promo-
tion of cell mitosis [13]. The role of abnormal cholesterol 
metabolism in tumour progression has gradually been 
recognized [14]; however, it remains unclear whether 
enzymes involved in cholesterol metabolism have non-
metabolic functions. In the present study, we found that 
MVK inhibits the phosphorylation of TBK1, which inhib-
its the cGAS-Sting signalling pathway.

The level of MVK expression in lung squamous cell car-
cinoma is equivalent to that in adjacent normal tissues. 
On the other hand, compared with adjacent normal tis-
sues, lung adenocarcinoma tissues presented elevated 
MVK expression. This expression pattern of MVK sug-
gests its significant role in the progression of lung ade-
nocarcinoma. In this study, constitutively activated Kras 
induced the expression of MVK, and Kras mutations 
are very common in adenocarcinoma. This finding also 
explains why MVK is upregulated in adenocarcinoma. 
Small molecules that target constitutively activated Kras 
are still in clinical trials [15]. For non-small cell lung can-
cer harbouring active Kras mutations, targeting MVK 
might be an effective treatment.

The inhibitory effect of MVK on TBK1 phosphoryla-
tion is another important finding from this study. When 
cGAMP binds to Sting, the C-terminal conformation of 
cGAMP changes to recruit TBK1 and IRF3. There have 
been several studies on the regulation of TBK1 activity. 
For example, GSK3β can phosphorylate TBK1, activating 
its kinase activity [16]. However, the regulatory role of 
metabolic enzymes in TBK1 activity and tumour metab-
olism remains unknown. This study reveals the inhibitory 

effect of MVK, a key enzyme in cholesterol metabolism, 
on TBK1 activity, providing new insights into the regula-
tion of TBK1 kinase activity.

Conclusion
Taken together, the results of this study revealed that 
MVK is upregulated in lung adenocarcinoma and likely 
promotes its progression by inhibiting the cGAS-Sting 
pathway.
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