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KEYWORDS Abstract Osteosarcoma is the most common primary malignancy of bones and primarily oc-
Cellular senescence; curs in adolescents and young adults. However, a second smaller peak of osteosarcoma inci-
Elderly patients; dence was reported in the elderly aged more than 60. Elderly patients with osteosarcoma
MAFB-NOTCH3axis; exhibit different characteristics compared to young patients, which usually results in a poor
Methylmalonic acid; prognosis. The mechanism underlying osteosarcoma development in elderly patients is
Osteosarcoma; intriguing and of significant value in clinical applications. Senescent cells can accelerate tu-
PI3K-AKTpathway mor progression by metabolic reprogramming. Recent research has shown that methylmalo-

nic acid (MMA) was significantly up-regulated in the serum of older individuals and played a
central role in the development of aggressive characteristics. We found that the significant
accumulation of MMA in elderly patients imparted proliferative potential to osteosarcoma
cells. The expression of MAFB was excessively up-regulated in osteosarcoma specimens and
was further enhanced in response to MMA accumulation as the patient aged. Specifically,
we first confirmed a novel molecular mechanism between cellular senescence and cancer,
in which the MMA-driven transcriptional reprogramming of the MAFB-NOTCH3 axis acceler-
ated osteosarcoma progression via the activation of PI3K-AKT pathways. Moreover, the
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down-regulation of the MAFB-NOTCH3 axis increased the sensitivity and effect of AKT inhib-
itors in osteosarcoma through significant inhibition of AKT phosphorylation. In conclusion, we
confirmed that MAFB is a novel age-dependent biomarker for osteosarcoma, and targeting
the MAFB-NOTCH3 axis in combination with AKT inhibition can serve as a novel therapeutic
strategy for elderly patients with osteosarcoma in experimental and clinical trials.

© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications
Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Osteosarcoma is the most common primary malignancy of
bone and is primarily reported in adolescents and young
adults.”> However, a second peak of osteosarcoma inci-
dence has been observed in elderly individuals aged more
than 60 years, which is often ignored.>* Traditional
chemotherapy for adolescents often fails to yield the
desired effect in elderly patients because of cancer onset
at the spine and pelvis, distant metastasis, and resistance
to chemotherapy, which leads to poor prognosis.> The
mechanism underlying osteosarcoma in elderly patients is
intriguing and of substantial value in clinical application.

A growing body of evidence indicates that senescent
cells stimulate tumor development and malignant pro-
gression via varying mechanisms.®’ Recent studies have
shown that senescent cells can accelerate tumor progres-
sion by remodeling the tumor microenvironment and
altering cellular transcription patterns, which are mediated
by specific metabolites.®

Endogenous metabolic by-products in the tumor microen-
vironment are not mere bystanders, but critical regulators in
cancer development and carcinogenicity.’ Methylmalonic acid
(MMA), a by-product of the tricarboxylic acid cycle, is gener-
ated by removing coenzyme A from methylmalonyl-coenzyme
A which mainly comes from the catabolism of branched-chain
amino acids and odd-chain fatty acids.'® Under normal physi-
ological conditions, MMA has no specific physiological
function.’® However, methylmalonic acidemia, a congenital
metabolic disease, is characterized by the accumulation of
methylmalonic acid in the blood, causing acidosis and damage
to multiple systems.'® A new study has confirmed that MMA
production is significantly increased in the serum of elderly
individuals and promotes invasiveness of triple-negative
breast cancer and non-small cell lung cancer.® However, to
date, no study has been conducted on the specific functions of
MMA in other cancers.

The members of MAF bZIP transcription factor (MAF)
family, characterized by basic leucine zipper (bZIP) domains
that bind to specific DNA elements,”" include small MAF
proteins (i.e., MAFF, MAFG, and MAFK ) and the large MAF
proteins (i.e., MAFA, MAFB, c-MAF, and neural retina-spe-
cific leucine zipper).'? These were originally considered to
represent the viral oncogene, encoded by avian retrovirus
AS42 and isolated from a spontaneous musculoaponeurotic
fibrosarcoma (MAF) in chicken.”> These MAF proteins

regulate cell differentiation’ and the pattern of tissue-
specific gene expression'® in various tissues and participate
in human tumor genesis and development.' MAF bZIP
transcription factor B (MAFB) has been proven to facilitate
the proliferation and migration of nasopharyngeal carci-
noma cells.' MAFB chromosomal translocation often ap-
pears in human myeloma cells.'” Recent studies have shown
that MAFB can serve as a marker of tumor-associated
macrophages.'® However, the role of MAFB in osteosarcoma
has rarely been reported.

Here, we evaluated findings from recent studies to
develop hypotheses and for experimental exploration and
verification of data. Cancer cells are widely known to pro-
mote their survival and increase carcinogenicity through the
reprogramming of their biochemical
pathways.'® Interestingly, we found that cancer cells can
modulate transcription patterns by directly using the meta-
bolic characteristics of senescence. In our study, the serum
MMA concentration increased significantly and up-regulated
MAFB expression in tumor tissue specimens collected from
elderly osteosarcoma patients. Moreover, we confirmed the
critical roles of the MAFB-NOTCH3 axis on osteosarcoma and
revealed a type of internal molecular mechanism between
cellular senescence and tumor progression.

Materials and methods
The human serum and tissue specimens

Twenty patients with osteosarcoma who were diagnosed in
the Department of Orthopedics, Union Hospital, Tongji
Medical College, Huazhong University of Science and
Technology, Wuhan, from January 2020 to January 2022,
were selected. The human blood of twelve "young” (25
years old and below) and eight “old” (45 years old and
above) osteosarcoma patients were centrifuged immedi-
ately after collection at different times and stored at
—80 °C. The information on the human serum used in this
study is shown in Table S1. Eight sera samples, including
four samples from young donors and four samples from old
donors, were selected from these sera specimens to treat
with osteosarcoma cells. The detailed information is shown
in Table S2. Six samples, including three young patients’
specimens and three old patients’ specimens, were
selected from these twenty tissue specimens to detect the
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Figure 1  MMA accumulates in the serum of elderly patients with osteosarcoma and accelerates cancer progression. (A) The
serum MMA concentrations in osteosarcoma specimens collected from elderly patients were measured using an MMA Elisa assay kit
according to the manufacturer’s instructions (FT-P36871R, Fan Tai Bio). Table S1 shows the detailed data. (B) Correlation analysis
of the serum MMA level with age was determined using Pearson’s r. Pearson’s r = 0.7358, P value = 0.0002. The red plots represent
old patients (age >45 years), and the blue plots represent young patients (age <25 years old). (C) A two-sided paired Student’s t-
test was used to analyze the difference in serum MMA levels between young and old patients. Data were presented as the
mean + standard deviation (SD) of three independent experiments. ***P < 0.001. (D) Flow diagram for the treatment of MNNG/HOS
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mRNA and protein expression of MAFB. Detailed informa-
tion on the six patients is shown in Table S3.

Measurements of MMA concentrations in human
sera

Determination of the serum MMA concentrations was con-
ducted by MMA Elisa assay kit according to the manufac-
turer’s protocol (FT-P36871R, Fan Tai Bio). Briefly, after the
blood from patients was coagulated at room temperature,
the upper sera were collected by centrifugation. The sera
were added to the antibody-coated enzyme label plate,
and then horseradish peroxide was added. The mixture was
incubated at 37 °C for 60 min. After the immune complex
was formed, the residual components were washed away,
followed by the addition of a chromogenic substrate
(3,3,5,5'-tetramethylbenzidine, TMB) and 15 min later the
termination solution to terminate the reaction. The optical
density (OD) value was measured at the wavelength of
450 nm using a microplate reader, and the concentration of
MMA in the samples was calculated by drawing a standard
curve. The raw data details of the MMA detection result in
this study are shown in Table S1.

Immunohistochemistry (IHC)

Samples from 20 patients were stained via the EnVision
two-step immunohistochemical technique, using a Leica
Benchmark-ULTRA Autostainer for MAFB antigens. The
subcellular location of MAFB is mainly in the nucleus, but a
small part is still located in the plasma membrane, Golgi
apparatus, lysosome, endoplasmic reticulum, and mito-
chondrion. IHC analysis was performed to detect the pro-
tein expression level with the MAFB antibody (Cell Signaling
Technology, #30919 S, 1:200). Two independent patholo-
gists, who were unknown of the patient clinical information
and histopathological features of the samples, were
responsible for reviewing and scoring the degree of immu-
nostaining separately. Human normal muscle tissue was
selected to perform the same immunohistochemical pro-
tocol and was used as a negative control. Similarly, osteo-
sarcoma tissue was acquired from the nude mice model to
perform the same immunohistochemical protocol for
staining Ki-67. The patients’ details of immunohistochem-
istry specimens used in this study are shown in Table S1.

Immunocytochemistry (ICC) and
immunofluorescence (IF)

The cells implanted in 48 well plates were washed and
added with 4% paraformaldehyde fixation solution and fixed

at room temperature for 30 min. After washing, 0.1% Triton
X-100 was added to the cells for cell lysis at room tem-
perature for 15 min. After washing, the samples were
blocked with 5% goat serum and incubated at 37 °C for 2 h.
After discarding the blocking solution, the diluted corre-
sponding primary antibody was added to the sample for
incubation overnight at 4 °C. After washing, diluted fluo-
rescent-labeled secondary antibody was added to the
sample for 1-h incubation at 37 °C in dark. After washing,
the nuclei were labeled with DAPI stain and reacted at
room temperature without light for 15 min. After washing,
the wells were photographed by fluorescence multichannel
with an Olympus IX70 inverted microscope in dark. At most
5 random 200x microscopic visual fields were selected
randomly in per well. The experiment in each group was
repeated at least three times.

Chromatin immunoprecipitation (ChIP)-PCR assay

ChIP assays were carried out according to the manufac-
turer’s protocol (#9005s, Cell Signaling). Briefly, we
collected osteosarcoma cells and added formaldehyde to
cells in PBS buffer to configure the final concentration as 1%.
After eliminating the supernatant of samples, the cell debris
mixture was sonicated to cleave DNA fragments to 100—900
bp. After immunoprecipitation by the corresponding anti-
body, the chromosomes were eluted from the protein G
microspheres and de-crosslinked. Then DNA samples were
purified through spin purification columns. Finally, a PCR
assay was used for ChIP enrichment efficiency analysis. The
enrichment results of specific DNA regions were normalized
by respective control I1gG values. The primer sequences of
genes used in this study are listed in Table 54.

In vivo assay

All the animal experimental protocols were authorized by
the Ethics Committee of Tongji Medical College, Huazhong
University of Science and Technology. 5 x 10® MNNG/HOS
cells were injected hypodermically into the right flank of
nude mice (BALB/c, female, 4—5 weeks old, 18—20 g). All
mice were randomly divided into three groups (n = 5 per
group) and the cells for injection were treated differently.
Normal saline solution or MK2206 (120 mg/kg/days) was
intraperitoneally injected into the mice. MNNG/HOS cells
were treated with 10 mM MMA for 3 days, which was added
with HEPES buffer to modulate PH to 7.4. The mice
implanted with MMA-treated cells were treated for 16 days
with MMA (200 ug MMA/g/days) by subcutaneous injection
during the experiment. The volume of the grafts was
measured every other day. Tumor volumes were calculated
using the following formula: tumor volume (mm’) =

cells with patient sera. (E) Colony-forming assay for MNNG/HOS cells treated with patient sera. Four samples were collected each
from the young group (Y1, Y2, Y3, and Y4) and the old group (01, 02, 03, 04). (F) Transwell assay was used to test the migration
potential of MNNG/HOS cells. The groups were determined as mentioned above. n = 3. (G, H) The viability of MNNG/HOS and U20S
cells was determined using the CCK8 assay. Cells were treated with 0, 1, 5, 10, 20, or 50 mmol/L MMA (G). Cells were treated with
10 mmol/L MMA and detected at 0, 12, 24, 48, and 72 h after treatment (H). Subsequent mentions of “MMA treatment” refer to
“treatment with 10 mmol/L MMA for 24 h". Data were presented as the mean + SD. *P < 0.05; **P < 0.01; **P < 0.001; n = 3. (I)
Cell proliferation was detected in the colony-forming assay. Cell migration was measured using the Transwell assay. MNNG/HOS and
U20S cells were pre-treated with 0, 5, 10, or 20 mmol/L MMA. n = 3.



956 Z. Zhang et al.

A MMA VS control B

@

szcgBlegces
2 HE HHH I - MVA
g§5¢8 g :
padj<0.05 383 8858 2 Bl = MMA+si-ELF3
o |log2FoldChange|>0 gg g é’ g g g <t X
i o UPs14 ‘5 2 : -+ MMA+si-EGR1
2 ' © DOWN 466 L 8 * -+ MMA+si-MAFB
% 10 _.\ * NO 26995 g - §
K ' = 5 17
O ; 7]
o
©
-
1.301 ] 2
- ’E ~ =0 T T T T T
5 2 0 3 5 8 0 12 24 36 48
log2FoldChange - time (h)
MNNG/HOS

MNNG/HOS

MAFB s s w S

MAFB L e — e MAFB

APDH " S
GAPDH W SNB SED GNF GAPDH e W - - GAPDH w* e oue ame © —
MMA 0 5 10 20 MMA 0 5 10 20 time 0 12 24 48 time 0 12 24 48
(mmol/L) (mmol/L) (h) (h)
F Expression of MAFB in SARC G H il 25
on patient's age a- T 1 ® Age <25
2% ™ *% o Age 245
< T w49 1
g - S & 78 - g
= m _ S gl 2 <
£ OQ, 0&’ q,o $ fe’ <9 E 3
5 YISy 22, g
a H i ES 2
B T o N S 2 ns
g : i MAFB o QDG g 2 . & /M
§ 0 [ | — . <] ° 1
F o= w7 | 7 GAPDH (EDED SED SND i ol k]
Normal 21-40Yrs 41-60Yrs 61-80Yrs 81-100Yrs & T g 9
(n=2) (n=22) (n=104) (n=111) (n=20) adjcent non-  gumor tissues T(N=6) ANT(N=6)
TCGA samples tumor tissues
I J 4 . o Age <25
I 1 B 4 xx °Age245
i . . i E s o <
Patient1  Pafient2 Patient3 Patient4 Patient5  Patients D E 5 = |
—_— — — — —_— — 2 - -
T ANT T ANT T ANT T ANT T ANT T ANT % 5 % 3
- folC] 3
MAFB r— - —— — o %E 2 £ 2 s
m = ° ! ;
-— e - Lo 4
GAPDH o == == e gn o» oo == - < E 1+ & 4
2 >
) g ﬁ
= L] T T
9 ! ! @ T(N=6) ANT(N=6)

adjcent non-  tumor tissues

Normal tissue Tumor tissue tumor tissues M
K Young individual1 Old individual1 L @
2 100
Pearson r = 0.8811 5
P (two-tailed)<0.0001 ° &
2 [
<
5X < 100 o 60
k3 s
e 80 BT
7 8 g 40
14 a2 60 o
500um 560pm ) 00pm Eé E 20
< : > g 40 5
3 : = SN oS o 4 é
/ ; “ Sanies E o
: S : - T
20X ' g . z
I 60
The ion of serum ) °
Cr— : | —-——— . SR =
100um 100um 100pum

Figure 2 MAFB is overexpressed in osteosarcoma and its excessive up-regulation is induced by MMA. (A, B) RNA sequencing
analysis results shown in the volcano plot (A) and heatmap (B) indicated the presence of 980 differentially expressed genes in
MNNG/HOS cells treated with or without MMA. (C) Cell viability was determined using the CCK8 assay. MNNG/HOS cells were
transfected with specific si-RNA and observed at 0, 12, 24, 36, and 48 h after MMA treatment. Data were presented as the
mean =+ standard deviation (SD) of three independent experiments. ns, not significant; ***P < 0.001; n = 3. (D, E) MAFB expression
in MNNG/HOS and U20S cells was detected using Western blot analysis. Cells were treated with 0, 5, 10, or 20 mmol/L MMA and
detected after 24 h (D). Cells were treated with 10 mmol/L MMA and detected at 0, 12, 24, and 48 h after treatment (E). (F) MAFB
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(L x W%) + 2. Mice were sacrificed on day 21 or when tumor
volume reached 1000 mm®. The mass of the grafts was
calculated from standard measurements.

Statistical analysis

Data were expressed as mean =+ standard deviation (SD) of
at least three independent experiments. GraphPad Prism 8
software (GradPad Software, Inc.) was used for all statis-
tical analyses. Statistical analyses were performed using
one- or two-sided paired Student’s t-test for single com-
parison and one- or two-way ANOVA with a posthoc test for
multiple comparisons, and the results were considered
significant at P < 0.05.

Image J was used to conduct colocalization analysis for
the result of ICC and IF. Pearson r was used to measure the
linear correlation between variables. It measures the linear
correlation between variables. Its value is less than or equal
to 1 and greater than or equal to —1. Its absolute value
indicates the degree of correlation between the two vari-
ables. If it was equal to 0, it indicated no correlation; if it
was more than 0, it indicated a positive correlation; if it
was less than zero, it indicated a negative correlation.

Results

MMA accumulates in the serum of elderly patients
with osteosarcoma and accelerates cancer
progression

Considering that osteosarcoma had the second peak inci-
dence in the elderly,>* we evaluated findings from the
existing study on the relationship between MMA levels and
“old” age.® Thus, we hypothesized that the systematic
accumulation of MMA caused by cellular senescence would
accelerate osteosarcoma progression. First, we measured
the serum MMA levels of 20 patients with osteosarcoma in
our clinical specimen repository (Fig. 1A) and found that
the level of MMA in elderly patients was significantly higher
than that in young patients (Fig. 1A, B) (Table S1 shows the
data collected from 20 patients). Second, we cultured
MNNG/HOS cells in 10% human serum from four young (age
<25 years) and four old (age >45 years) patients with os-
teosarcoma (Fig. 1D) (Table S2 shows the donor information
of the four patients). MNNG/HOS cells cultured with the old
donor serum showed significantly higher levels of osteo-
sarcoma cell proliferation and migration (Fig. 1E, F).

Exogenous MMA reagent exerted an effect on osteosarcoma
that was like the effect observed with aged sera with a
higher MMA concentration. The MMA reagent enhanced the
viability of osteosarcoma cells in a dose- and time-depen-
dent manner (Fig. 1G, H). Similarly, the results of the clone
forming and Transwell assays showed that MMA significantly
promoted cell proliferation and migration in osteosarcoma
(Fig. 11). Thus, our data showed that MMA accumulation
caused by cellular senescence-accelerated cancer pro-
gression and endowed osteosarcoma cells with proliferative
potential. Nevertheless, the internal molecular mechanism
underlying MMA warrants further investigation.

MAFB is overexpressed in osteosarcoma and its
excessive up-regulation is induced by MMA

The RNA sequencing analysis was conducted for MNNG/HOS
cells treated with 10 mmol/L MMA for 2 days. A total of 980
genes showed significant changes in expression, of which
466 genes were up-regulated and 514 genes were down-
regulated (Fig. 2A, B). Notably, the results of differential
gene enrichment analysis showed that among the differ-
entially expressed genes encoding transcription factors,
only the ELF3, EGR1, MAFB, PRDM16, and ZNF536 genes
showed significant changes in expression. Concurrently,
PCR verification was conducted using osteosarcoma cells
treated with MMA. Among the five up-regulated transcrip-
tion factors, ELF3, EGR1, and MAFB showed the most sig-
nificant changes (up-regulation > two times) (Fig. S1A). A
small interfering RNA (siRNA)-based method was used to
knock down the ELF3, EGR1, and MAFB genes in the MNNG/
HOS and U20S cells (Fig. S1B). Only MAFB knockdown
significantly inhibited the positive effects of MMA in oste-
osarcoma cells, whereas the down-regulation of ELF3 or
EGR1 exerted a limited effect (Fig. 2C). TCGA database
showed that MAFB was overexpressed at the mRNA level in
a variety of malignant tumors, especially in sarcoma (Fig.
S1C, D). Moreover, in the TCGA database, the mRNA
expression of MAFB significantly increased as the patient
aged (Fig. 2F). Concurrently, TCGA data showed that pa-
tients with sarcoma with higher MAFB expression had a
shorter disease-free survival time (P = 0.0029) (Fig. S1E).
Furthermore, compared with a normal osteogenic cell line,
the four osteosarcoma cell lines showed up-regulation of
MAFB mRNA and protein expression (Fig. 2G; Fig. S1F).
Similarly, the mRNA and protein expression levels of MAFB
in osteosarcoma specimens were higher than those in
adjacent normal specimens (Fig. 2H—J). Moreover, the

mRNA expression in sarcoma based on patient age determined with the TCGA data using the UALCAN web tool. Normal (n = 2),
21—40 years old (n = 22), 41—60 years old (n = 104), 61—80 years old (n = 111), and 81—100 years old (n = 20). (G) MAFB
expression in one normal osteogenic cell line and four osteosarcoma cell lines was detected using Western blot analysis. (H) MAFB
mRNA expression was detected by RT-qPCR analysis. Six pairs of T/ANT specimens from our clinical specimen bank were tested. “T"
refers to tumor tissue and “ANT” refers to adjacent non-tumor tissue. Data were presented as the mean + SD of three independent
experiments. ns, not significant; **P < 0.01; ***P < 0.001. (I, J) MAFB expression in clinical specimens was detected by Western blot
analysis (l). Data were presented as the mean + SD of three independent experiments (J). ns, not significant; **P < 0.01;
***P < 0.001. (K) Immunohistochemistry results of MAFB staining in a part of the clinical specimens. (L) A two-sided paired Stu-
dent’s t-test was used to analyze the difference in the IHC staining rate of MAFB and serum MMA levels between the young group
(age <25) and the old group (age >45). Data were presented as the mean + SD of three independent experiments. ***P < 0.001. (M)
Correlation analysis between the serum concentration of MMA and the IHC staining rates of MAFB was drawn by a scatter diagram
and measured using Pearson’s r (r = 0.8811) and P value (P < 0.0001).
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Figure 3
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mRNA and protein expression levels of MAFB in osteosar-
coma specimens from elderly patients were significantly
higher than those in specimens from young patients
(Fig. 2H—J). Next, IHC staining showed that the positive
rate of MAFB staining in aged specimens was higher than
that in young specimens (Fig. 2K, L). Furthermore, we
found that the high serum level of MMA may be associated
with a high positive rate of MAFB staining in specimens
(Fig. 2M). Thus, our results showed that MAFB is the
downstream target of MMA and is overexpressed in osteo-
sarcoma cells at the mRNA and protein levels. Moreover,
with age, the high expression of MAFB could be further
induced by MMA. Nevertheless, the specific function and
effect of MAFB in osteosarcoma require verification.

MAFB up-regulation promotes the proliferation and
migration of osteosarcoma cells

To further explore the specific carcinogenic functions of
MAFB in osteosarcoma, MAFB expression in U20S and
MNNG/HOS cells was knocked down by infection with spe-
cific siRNA (Fig. S2A). MMA treatment and MAFB up-regu-
lation could significantly promote the proliferation and
migration of osteosarcoma cells, and the down-regulation
of MAFB could significantly inhibit these effects of MMA
(Fig. 3A, B, E, F). MAFB is a specific transcription factor that
primarily functions in the nucleus. The results of immuno-
fluorescence staining in MNNG/HOS cells showed that MMA
could not only increase the intracellular expression level of
MAFB protein but also the nuclear distribution and con-
centration of MAFB (Fig. 3C, D, G). In addition, the xeno-
graft model in nude mice showed that MMA significantly
promoted tumor growth and increased the Ki-67-positive
rate of cells, whereas MAFB knockdown reversed this pro-
cess (Fig. 3H—K). Thus, our data suggested that MAFB
expression promotes osteosarcoma proliferation in vivo and
in vitro, but the specific molecular mechanism requires
further verification.

MAFB promotes the transcription of NOTCH3
through protein-DNA interactions

To further explore the downstream target of MAFB, 5192
downstream target genes of MAFB were predicted using the
biological database network (Fig. 4B). Upon comparison
with the mRNA sequencing results of MNNG/HOS cells
treated with MMA (Figs. 4A), 11 genes with overlapping
expression were identified (Fig. 4C, D). ChIP-PCR results of

these genes in MNNG/HOS cells showed that the specific
binding between MAFB protein and NOTCH3 DNA was the
most significant (Fig. 4E). Flag-tagged MAFB constructs
were transfected into MNNG/HOS and U20S cells (Fig. 4F).
The results showed that MMA could increase the protein
expression of NOTCH3, whereas MAFB silencing could
inhibit the MMA-induced up-regulation of NOTCH3, and
MAFB overexpression could restore the MMA-induced up-
regulation of NOTCH3 (Fig. 4G). Thus, the results showed
that MAFB could regulate the expression of NOTCH3 at the
transcriptional level through protein-DNA interactions.

Activation of the PI3K-AKT pathway by the MAFB-
NOTCH3 axis promotes osteosarcoma proliferation

The RNA sequence results of MNNG/HOS cells treated with
MMA were analyzed for KEGG pathway enrichment and
showed that the PI3K-AKT signaling pathway was markedly
enriched (Fig. 5A). It is universally known that the PI3K-AKT
signaling pathway promotes proliferation and other bio-
logical behaviors in several types of cancers.”’ Western
blotting confirmed that MMA increased phosphorylation in
the PI3K-AKT-mTOR signaling pathway in osteosarcoma
cells in a dose-dependent manner (Fig. 5B). We infected
osteosarcoma cells with specific siRNA to induce NOTCH3
knockdown (Fig. S3A). MAFB down-regulation inhibited the
MMA-induced activation of AKT phosphorylation, whereas
NOTCH3 overexpression reversed the inhibition of AKT
phosphorylation in response to MAFB down-regulation
(Fig. 5C). Moreover, the level of AKT phosphorylation,
which was lowered upon the inhibition of the MAFB-
NOTCH3 axis, declined further in response to treatment
with an AKT inhibitor (MK2206) (Fig. 5D). The knockdown of
NOTCH3 in MNNG/HOS cells markedly reduced the ICsqo
value of MK2206 and enhanced the growth inhibitory effect
of MK2206 (Fig. 5E). To explore the specific role of NOTCH3,
we conducted clone forming and Transwell assays. Treat-
ment with MK2206 alone could significantly attenuate the
proliferation and migration potential of osteosarcoma cells,
and NOTCH3 silencing could significantly enhance these
inhibitory effects of MMA (Fig. 5F, G). Similarly, compared
with MK2206 treatment alone, MK2206 treatment combined
with NOTCH3 silencing in osteosarcoma cells significantly
inhibited tumor growth and decreased the number of Ki-67-
positive cells in the nude mice xenograft assay (Fig. 51, J;
Fig. S4B). Thus, PI3K-AKT pathway activation regulated by
the MAFB-NOTCH3 axis promoted osteosarcoma prolifera-
tion and migration in vivo and in vitro.

immunofluorescence assays, respectively. MNNG/HOS cells were treated separately, as described above. (D) Subcellular MAFB co-
localization was analyzed using a scatter diagram. (E, F) The statistical graph of data from the colony-forming assay (E) and
Transwell assay (F). Data were presented as mean + SD. *P < 0.05, **P < 0.01, **P < 0.001; n = 3. (G) Subcellular MAFB co-
localization was measured by Pearson’s r. The groups were formed as mentioned above. Data were presented as mean =+ SD. ns, not
significant; *P < 0.05, **P < 0.01, *P < 0.001; n = 3. (H) Tumor tissue acquired from nude mice in the xenograft assay was used in
the immunohistochemistry assay for Ki-67 staining. The groups were formed as mentioned above. Data were presented as
mean =+ SD of five replicates. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; n = 5. (I) Flow diagram for the xenograft assay
in nude mice. (J) The result of the xenograft assay in nude mice. Implanted MNNG/HOS cells were transfected with si-MAFB or si-
Control; MMA solution or PBS buffers were injected. n = 5. (K) The tumor tissue acquired from nude mice in the xenograft assay
was used in the immunohistochemistry assay for Ki-67 staining. The groups were formed as mentioned above.
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RT-gPCR analysis. (G) The expression of NOTCH3 and MAFB was detected by Western blot analysis. MNNG/HOS or U20S cells were
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Discussion

Cellular senescence is an important protective mechanism
for maintaining the stability of the internal environment of
tissues.”’ An increasing body of evidence shows that se-
nescent cells stimulate tumor development and malignant
progression via various processes.®’ Recent studies have
shown that senescent cells can accelerate tumor progres-
sion by remodeling the tumor microenvironment and
cellular transcription patterns, which are mediated by
specific metabolites.?” Because it primarily occurs in ado-
lescents and young adults, osteosarcoma is one of the most
common pediatric tumors.”®> However, surprisingly, the
number of elderly patients is increasing, and the elderly
population represents the second peak of osteosarcoma
incidence.”* The mechanism underlying osteosarcoma
development in elderly patients is intriguing, and a
connection between tumor progression and cellular senes-
cence may be considered.

Endogenous metabolic by-products are critical regula-
tors in cancer development and carcinogenicity.”> A new
study has revealed that the accumulation of MMA in the
serum of older individuals plays a central role in tumor
aggressiveness, thus contributing to tumor progression,
which represents a novel relationship between aging and
cancer.® However, to date, no study has been conducted on
the specific functions of MMA in other cancers.

MAFB, a member of the MAF transcription factor family,
contains basic leucine zipper domains that bind to specific
DNA elements.'® MAFB regulate cell differentiation'* and
the pattern of tissue-specific gene expression' in various
tissues and participate in human tumor genesis and
development.'* However, the role of MAFB in osteosarcoma
has rarely been reported.

The NOTCH pathway is not only involved in normal em-
bryonic development?® but also plays an important role in
the development of cancers.?” The NOTCH3 gene, a mem-
ber of the NOTCH family, encodes a single-pass trans-
membrane heterodimer receptor protein.?® In typical
NOTCH3 signaling, NOTCH3 intracellular domain (NICD3)
moves to the nucleus, where it binds to CSL and activates
the transcription of Hey and Hes1.%’ It has been proved that
NOTCH3 dysfunction could widely affect cancer aggres-
siveness and chemotherapy resistance.’® Multivariate
analysis revealed that NOTCH3 was an independent prog-
nostic factor for osteosarcoma.’ Findings from a recent

study in T-cell acute lymphoblastic leukemia confirmed
that MAFB enhances carcinogenicity via up-regulating
NOTCH1 signaling.>? However, to date, no study has been
conducted on the specific relationship between MAFB and
NOTCH3.

Conclusions

Considering that osteosarcoma has the second peak inci-
dence in the elderly,>* we evaluated findings from the
existing study on the relationship between MMA levels and
“old” age.® Thus, we hypothesized that the systematic
accumulation of MMA caused by cellular senescence would
accelerate osteosarcoma progression. Interestingly, our
findings showed that osteosarcoma cells can modulate their
transcription pattern by directly using the metabolic com-
ponents produced in response to cellular senescence. Our
data showed that the significant accumulation of MMA in
elderly patients endowed osteosarcoma cells with prolif-
erative properties. The expression of MAFB was excessively
up-regulated in osteosarcoma specimens and was further
enhanced in response to MMA accumulation as the patient
aged. Specifically, we confirmed that MAFB up-regulated
NOTCH3 at the transcriptional level to promote the prolif-
eration of osteosarcoma, which relies on the activation of
the PI3K-AKT pathway. Moreover, the down-regulation of
the MAFB-NOTCH3 axis could increase the sensitivity and
effect of AKT inhibitors in osteosarcoma by significantly
inhibiting AKT phosphorylation. In conclusion, we first
confirmed that MAFB is a novel age-dependent biomarker
for osteosarcoma and our data showed that targeting the
MAFB-NOTCH3 axis in combination with AKT inhibitor
administration could serve as a novel therapeutic strategy
in elderly patients with osteosarcoma that can be explored
in experimental and clinical trials.
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confirmed by Western blot analysis. MNNG/HOS and U20S cells were treated with 0, 5, 10, and 20 mmol/L MMA. (C) The expression
of MAFB, NOTCH3, AKT, and p-AKT was detected by Western blot analysis. MNNG/HOS and U20S cells treated with or without MMA
were transfected with si-MAFB or si-NOTCH3, respectively. (D) The expression of MAFB, NOTCH3, AKT, and p-AKT was detected by
Western blot analysis. MNNG/HOS and U20S cells treated with or without MKK2206 were transfected with si-MAFB or si-NOTCH3,
respectively. (E) The sensitivity of MNNG/HOS cells to MK2206 was detected in the CCK8 assay and measured in terms of the ICsq
value. MNNG/HOS cells treated with MK2206 at different concentrations were transfected with si-NOTCH3 or si-control. Data were
presented as mean =+ SD of three replicates. The ICsq of the si-control group was 4.736 png/mL. The ICsq of the si-NOTCH3 group was
0.1617 pg/mL. (F) Cell proliferation was detected in the colony-forming assay. Implanted MNNG/HOS cells were transfected with si-
NOTCHS3 or si-Control; cells were treated with MK2206 or PBS. (G) The cell migration potential was detected in the Transwell assay.
The groups were formed as mentioned above. (H) Flow diagram for the xenograft assay in nude mice. (I) Results of the xenograft
assay in nude mice. Implanted MMNNG/HOS cells were transfected with si-NOTCH3 or si-Control; cells were treated with MK2206 or
PBS. n = 5. (J) The tumor tissue acquired from the nude mice xenograft assay was subjected to immunohistochemistry for Ki-67

staining. The groups were formed as mentioned above. n = 5.
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