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Suppressor of mothers against decapentaplegic homolog 
(SMAD) 4 is a pluripotent signaling mediator that regulates 
myriad cellular functions, including cell growth, cell division, 
angiogenesis, apoptosis, cell invasion, and metastasis, 
through transforming growth factor β (TGF-β)-dependent 
and -independent pathways. SMAD4 is a critical modulator in 
signal transduction and functions primarily as a transcription 
factor or cofactor. Apart from being a DNA-binding factor, 
the additional SMAD4 mechanisms in tumor suppression 
remain elusive. We previously identified methyl malonyl 
aciduria cobalamin deficiency B type (MMAB) as a critical 
SMAD4 binding protein using a proto array analysis. This 
study confirmed the interaction between SMAD4 and 
MMAB using bimolecular fluorescence complementation 
(BiFC) assay, proximity ligation assay (PLA), and conventional 
immunoprecipitation. We found that transient SMAD4 
overexpression down-regulates MMAB expression via a 
proteasome-dependent pathway. SMAD4-MMAB interaction 
was independent of TGF-β signaling. Finally, we determined 
the effect of MMAB downregulation on cancer cells. 
siRNA-mediated knockdown of MMAB affected cancer cell 

metabolism in HeLa cells by decreasing ATP production and 
glucose consumption as well as inducing apoptosis. These 
findings suggest that SMAD4 controls cancer cell metabolism 
by regulating MMAB.

Keywords: methyl malonyl aciduria cobalamin deficiency 

B type, mitochondrial energy production, proteasomal 

pathway, suppressor of mothers against decapentaplegic 

homolog 4

INTRODUCTION

SMAD4, an SMAD (suppressor of mothers against decapen-

taplegic homolog) family member, is a central mediator in 

transforming growth factor β (TGF-β) signaling and transduc-

es extracellular signals to the nucleus (Massague, 1998; Mas-

sague and Wotton, 2000). TGF-β signaling activates trans-

membrane serine-threonine receptor kinases, which phos-

phorylate SMAD2/3. The phosphorylated SMAD2/3 and their 

co-mediator SMAD4 translocate to the nucleus, positively or 
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negatively regulating the target gene transcription (Lee et al., 

2021). SMAD4 is an established tumor suppressor gene that 

regulates cell cycle arrest, exerts anti-mitogenic and apoptotic 

effects, and inhibits angiogenesis in early tumor development 

(Allendorph et al., 2006). It also controls several cellular func-

tions, including cell growth, division, apoptosis, invasion, and 

metastasis through TGF-β independent pathways (Itatani 

et al., 2019). It is also the most commonly mutated gene 

among SMAD family genes. Loss of heterozygosity (LOH), 

homozygous deletion, intragenic inactivating mutations of 

the SMAD4 gene, or complete loss of SMAD4 protein occur 

in multiple carcinomas causing uncontrolled tumorigenic pro-

liferation either dependent or independent of TGF-β signaling 

(Bartsch et al., 1999; McCarthy and Chetty, 2018; Miyaki and 

Kuroki, 2003; Wan et al., 2021; Wilentz et al., 2000). SMAD4 

primarily binds DNA by recognizing 8-bps palindromic se-

quences (GTCTAGAC) known as the SMAD-binding element 

(Batlle and Massague, 2019; David and Massague, 2018; 

Zawel et al., 1998). However, SMAD4-mediated events in-

dependent of transcriptional regulation are poorly character-

ized.

 MMAB is located at the 12q24 and encodes adenosyltrans-

ferase (ATR), which is involved in the intracellular vitamin B12 

metabolism. MMAB mutations are frequently associated with 

inherited vitamin B12 disorders, such as methylmalonic acid-

uria (Zhang et al., 2006). ATR catalyzes the final step in the 

conversion of vitamin B12 into adenosylcobalamin (AdoCbl), 

which is a coenzyme essential for methyl malonyl-coenzyme 

A (CoA) mutase activity (Dobson et al., 2002; Plessl et al., 

2017). Methylmalonyl-CoA mutase catalyzes the reversible 

isomerization of L-methylmalonyl-CoA to succinyl-CoA (Fro-

ese and Gravel, 2010). This is an essential catabolic step in 

energy production, whereby AdoCbl and methylmalonyl-CoA 

mutase convert carbon skeletons derived from specific amino 

acids, fatty acids, and cholesterol (lipids) to succinyl-CoA, an 

intermediate component of the tricarboxylic acid (TCA) cycle. 

Thus, MMAB interferes with mitochondrial energy produc-

tion by regulating succinyl-CoA supply to the TCA cycle. Ab-

errant MMAB expression has been implicated as being linked 

to cancer. Moderate to intense cytoplasmic MMAB staining 

in some cancer cells have been previously reported (https://

www.proteinatlas.org/ENSG00000139428-MMAB/pathol-

ogy). However, the mechanism by which MMAB partakes in 

tumorigenesis is not widely investigated. Here, we identified 

a novel transcription-independent, tumor suppressive role of 

SMAD4. We demonstrated that SMAD4 binds MMAB and 

induces its proteasome-mediated degradation. Furthermore, 

MMAB downregulation induces apoptosis, which could oc-

cur due to compromised mitochondrial energy metabolism.

MATERIALS AND METHODS

Cell culture and transient transfection
The HeLa cervical, A549 lung, and SW480 colon cancer cell 

lines were purchased from the Korean Cell Line Bank (Korea). 

They were cultured in an RPMI 1640 medium (Thermo Fisher 

Scientific, USA) supplemented with 10% fetal bovine serum 

(Thermo Fisher Scientific) at 37°C in a 5% CO2 atmosphere. 

Cells were routinely monitored for mycoplasma contamina-

tion and authenticated using short tandem repeat DNA tech-

nology. Cells were transfected with 0.5-4 µg of each DNA 

plasmid using FuGENE® HD (Promega, USA) or with 10-40 

nM siRNA using siLentFect (Bio-Rad Laboratories, USA) fol-

lowing the manufacturer’s protocol.

Bimolecular fluorescence complementation (BiFC) assay
BiFC constructs using fragments derived from newly engi-

neered fluorescent protein-Venus were kindly provided by 

Professor Chang-Deng Hu (Department of Medicinal Chemis-

try and Molecular Pharmacology and Purdue Cancer Center, 

Purdue University, West Lafayette, IN, USA). cDNAs encoding 

SMAD2, SMAD2 DNA-binding domains, SMAD4, SMAD4 

DNA-binding domains, and SMAD4 binding candidates 

identified from ProtoArray, specifically MMAB and MMAB 

DNA-binding domains, were amplified using PCR with a 

human cDNA library. The amplified cDNAs were subcloned 

into a pFLAG-CMV vector to produce BiFC fusion constructs 

tagged with VN173 or VC155. HeLa cells transfected with 

BiFC constructs for 24 h were stained with Hoechst 33342 

dye (Invitrogen, USA) for nuclei and MitoTracker® Red FM 

(Invitrogen) for mitochondria. All digital micrograph imag-

es were captured using an LSM 700 ZEISS laser scanning 

confocal microscope (Carl Zeiss, Germany). Prepared cover 

glass-bottom dishes were observed directly at 20× or 100× 

magnification (objective lenses) for short-term live cell imag-

ing.

Competition assay
HeLa cells were transiently transfected with FLAG-VN173-

tagged MMAB (0.5 µg) and HA-VC155-tagged SMAD4 (0.5 

µg) with or without 3 × FLAG-tagged MMAB. Cells were 

subjected to BiFC analysis 18 h post-transfection. Detectable 

fluorescence signals were counted using an LSM 700 ZEISS 

laser scanning confocal microscope (Carl Zeiss).

Proximity ligation assay (PLA)
PLA experiments were conducted using cultured HeLa cells 

following the manufacturer’s protocol (O-LINK Bioscience, 

Sweden). HeLa cells were fixed on four-well cell culture slides 

(SPL Life Sciences, Korea) using 4% paraformaldehyde. After 

blocking with 5% non-fat milk for 60 min, cells were co-in-

cubated with the primary antibodies, MMAB and SMAD4, 

at 1:100 dilutions overnight at 4°C. Then, cells were washed 

twice with TBS-T for five minutes, incubated with PLA probe 

solutions for 60 min at 37°C, washed twice with TBS-T for 

five minutes, and incubated with ligase solution for 30 min at 

37°C for ligation. After ligation, samples were washed twice 

with TBS-T for two minutes and incubated with polymerase 

solution for 100 min at 37°C for amplification. Finally, the 

samples were washed with SSC buffers (prepared according 

to the manufacturer’s protocol) and ethanol, and subse-

quently mounted on slides. Slides were imaged using an LSM 

700 ZEISS laser scanning confocal microscope. CellLightTM 

Mitochondria-GFP (Invitrogen) was used to stain HeLa cell 

mitochondria.

Immunofluorescence
HeLa cells were fixed in 4% paraformaldehyde on an eight-
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well cell culture slide (SPL Life Sciences) for double immuno-

fluorescence staining. After fixation, cells were blocked in 5% 

non-fat milk for 60 min, followed by incubation with primary 

antibodies against MMAB and SMAD4 at 1:100 dilutions 

overnight at 4°C. Then, cells were incubated in the secondary 

antibodies, Alexa Fluor 488-conjugated goat anti-mouse IgG 

(1:100; Molecular Probes, USA) and Alexa Fluor 546-con-

jugated goat anti-rabbit IgG (1:100; Molecular Probes), for 

one hour at room temperature (RT). Finally, samples were 

washed in phosphate-buffered saline (PBS)/1% Triton X-100 

and mounted. Cell nuclei were stained with Hoechst 33342 

(Invitrogen). Slides were imaged using an LSM 700 ZEISS la-

ser scanning confocal microscope (Carl Zeiss).

Whole-cell protein extraction and immunoprecipitation 
(IP)
Cells were collected and washed with PBS. Then, they were 

extracted in RIPA buffer (150-mM NaCl, 50-mM Tris pH 7.6, 

10% Glycerol, 0.1% SDS, and 1% NP40, 0.5% deoxycholic 

acid) for Western blotting or in IP buffer (25-mM HEPES pH 

7.5, 150-mM NaCl, 0.2% NP-40, 10% glycerol, protease 

and phosphatase inhibitor cocktails) for IP. The supernatant 

was collected for IP after cell lysis on ice for 20 min and 

centrifugation at 13,000 × g for ten minutes at 4°C. Protein 

concentrations were determined using a bicinchoninic acid 

assay (Thermo Fisher Scientific). Proteins were suspended 

in 5× sodium dodecyl sulfated-polyacrylamide gel electro-

phoresis (SDS-PAGE) sample buffer for Western blotting. 

SMAD4 (B8 clone; Santa Cruz Biotechnology, USA) antibody 

(Biondi et al., 2007) was added to 0.5-mg cell lysate in 800-

µl extraction buffer, and this mixture was incubated over-

night at 4°C with continuous rotation to allow the formation 

of immune complexes. To collect immune complexes, 20-

µl protein A/G-agarose (50% slurry; Invitrogen) was added 

to the samples and incubated for two hours. Samples were 

precipitated via centrifugation at 5,000 × g for three minutes, 

washed thrice with IP wash buffer (25-mM HEPES pH 7.5, 

0.2% NP-40, protease and phosphatase inhibitor cocktails), 

and suspended in 1× SDS-PAGE sample buffer.

Western blotting
Immunoprecipitated samples were subjected to SDS-PAGE 

(10%-12%) and transferred to polyvinylidene difluoride 

(PVDF) membranes (Millipore, USA). The membranes were 

blocked in 5% non-fat milk in TBS-T buffer for 60 min. Pri-

mary antibodies against MMAB, HA (3F10 clone; Roche 

Diagnostics GmbH, Germany), or FLAG (M2 clone; Sigma-Al-

drich, USA) were used at 1:1,000 dilutions in 1% non-fat 

milk in TBS-T buffer for 90 min, followed by washing in TBS-T 

buffer. Membranes were incubated with an anti-mouse sec-

ondary antibody (1:5,000) in TBS-T buffer with 1% non-fat 

milk for 60 min before washing again in TBS-T buffer for 30 

min. Both ACTB (C4 clone; Santa Cruz Biotechnology) and 

GAPDH (FL335 clone; Santa Cruz Biotechnology) were used 

as loading controls. The results were visualized with horse-

radish peroxidase-conjugated secondary antibodies (Thermo 

Fisher Scientific). Western blot images were developed on 

photographic film using enhanced chemiluminescence (ECL) 

reagents (GE Healthcare, USA).

Ubiquitination assay
HeLa cells transiently transfected with HA-tagged UB (1 µg) 

and FLAG-tagged MMAB (1 µg), with or without 6MYC-

tagged SMAD4 (5 µg), were incubated for 36 h and treated 

with MG132 (10 µM) or DMSO for six hours before harvest. 

IP was conducted using an anti-FLAG-M2 antibody (1 µg) 

with a UB-IP buffer (50-mM Tris pH 7.4, 150-mM NaCl, 

0.5% sodium deoxycholate, 1% Triton X-100, protease and 

phosphatase inhibitor cocktails). Immunoprecipitated sam-

ples were washed stringently thrice with UB-wash buffer (50-

mM Tris pH 7.4, 1% Triton X-100, protease and phosphatase 

inhibitor cocktails), boiled at 95°C for ten minutes. The 

eluted proteins were subjected to Western blotting with an-

ti-FLAG-M2 (Sigma-Aldrich), anti-HA, or anti-MYC antibodies 

(Santa Cruz Biotechnology).

siRNA sequences
Three siRNAs (siMMAB-1, siMMAB-2, and siMMAB-3) tar-

geting MMAB were purchased from TriFECTa® Kit DsiRNA 

Duplex (Integrated DNA Technologies, USA). The sequences 

of these siRNAs were GCA GGA AAG ACA GGU AAA GUG 

AUT G, AGU ACC UUC ACA GGA GAA AGG AGA C, and 

GGC GGA CAA GAU UUG GAA GUU UAG T, respectively. 

Optimal siRNA sequence was confirmed by qRT-PCR and 

western blot. The qRT-PCR primer & probe information are 

listed in Supplementary Table S1.

Cell proliferation assay
For viable cell counting, 5 × 104 HeLa cells were seeded on 

a six-well microplate in glucose (conventional RPMI) or py-

ruvate media, both of which were supplemented with 10% 

fetal bovine serum and 1% antibiotic for 24 h. The pyruvate 

medium consisted of RPMI with 10-mM pyruvate (rather 

than glucose) and 5-mM HEPES (Invitrogen). Then, HeLa cells 

were transfected with siRNA targeting MMAB for 72 h or 

120 h, as indicated in the figures. After siRNA transfection, 

trypan blue dye-excluding live cells were counted using a 

Countess automated cell counter (Invitrogen). For the kinetic 

cell proliferation assay, HeLa, A549, and SW480 cells were 

seeded at 1.25 × 104 cells/well on 96-well microtiter plates 

(SPL Life Sciences) using a multichannel pipette and cultured 

in a complete medium (including 10% fetal bovine serum) 

for 24 h. Then, 10-nM non-targeting or MMAB-targeting 

siRNAs were transfected into each well, and cell plates were 

incubated in an IncuCyteTM ZOOM (Essen BioScience, USA) 

and scanned hourly for 72 h or 120 h.

ATP production and glucose consumption
Cellular ATP levels were determined using a CellTiter-Glo® 

luminescent cell viability assay kit (Promega). Briefly, 4 × 103 

HeLa cells were seeded on an opaque-walled 96-well micro-

plate and transfected for 120 h at 37°C with non-targeting 

or MMAB-targeting siRNA. After equilibrating microplates 

via incubation for 30 min at RT, 100-µl CellTiter-Glo® reagent 

was added to 100-µl medium containing cells, and the plate 

was rotated for two minutes on an orbital shaker to induce 

cell lysis. Finally, plates were incubated for ten minutes at RT 

to stabilize the luminescent signal. The cells were imaged and 

recorded using a GENios reader (Tecan, Switzerland).
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A glucose assay kit (Sigma-Aldrich) was used to measure glu-

cose consumption. Briefly, 1 × 105 MMAB siRNA-transfected 

HeLa cells in a 6-well plate were incubated for 60 h at 37°C. 

Then, the medium was mixed with glucose assay reagent, 

transferred into 96-well microplates, and incubated for 30 

min at 37°C. Microplates were measured at 540-nm using a 

GENios reader (Tecan).

Kinetic caspase-3/7 apoptosis assay
Briefly, siMMAB-transfected cell apoptosis was measured us-

ing kinetic caspase-3/7 apoptosis reagent (Essen BioScience) 

following the manufacturer’s protocol. HeLa cells were trans-

fected with non-targeting or MMAB-targeting siRNAs in the 

presence of 5-µM caspase 3/7 reagent. Phase contrast and 

green fluorescence images were captured hourly using an 

IncuCyteTM ZOOM (20× objective) (Essen BioScience).

Seahorse energy phenotype assay
The metabolic phenotype of siMMAB-transfected HeLa cells 

was measured using a seahorse energy phenotype assay kit 

(Agilent Technologies, USA). Briefly, 1 × 104 HeLa cells were 

seeded into 96-well cell culture microplates, followed by 

siRNA transfection the next day. The seahorse assay was con-

ducted 48 h after siRNA transfection. The sensor cartridge 

was hydrated in sterile water overnight in a non-CO2 37°C 

incubator for the seahorse assay. After hydration, the sensors 

were calibrated using a calibrant solution for 45 min in a 

non-CO2 37°C incubator. On the day of the assay, cell culture 

plates were washed twice with assay medium (Seahorse XF 

medium supplemented with 2-mM glutamine, 1-mM pyru-

vate, and 10-mM glucose), 180-µl assay medium was added 

to each well and incubated in a non-CO2 37°C incubator for 

30 min. A stressor mixture of oligomycin (1-µM), FCCP (1-

µM), and Hoechst 33342 for nuclear staining was added to 

port A of the cartridge, and an energy phenotype test was 

conducted following the manufacturer’s protocol. The assay 

was normalized via nuclear staining of cells, and cell counts 

derived from images were captured using Cytation 1 cell 

imaging system (BioTek Instruments, USA). The results were 

analyzed using a wave software (Agilent Technologies).

Statistical analyses
IBM SPSS Statistics software (ver. 21; IBM, USA) was used for 

statistical analyses. A Mann–Whitney test was used to com-

pare cell viability, ATP production, glucose consumption, re-

active oxygen species generation, apoptosis, and senescence 

data between the two groups. Data were expressed as the 

mean ± SD or standard error of the mean, calculated from 

three or more independent experiments. Additional methods 

are given in Supplementary Materials and Methods.

Fig. 1. Cytosolic SMAD4-MMAB 

binding. (A) Cytosolic SMAD4-

MMAB binding was evaluated 

using a BiFC assay. Co-expression 

of SMAD4 and MMAB produced 

a fluorescent signal, which was 

indicative of direct interaction. 

Scale bars = 5 µm. Magnified 

i m a g e s  r e v e a l e d  t h a t  t h e 

interactions did not occur in the 

mitochondria. Scale bar = 1 µm. 

(B) SMAD4-MMAB interaction 

was evaluated by in situ  PLA. 

The SMAD4-MMAB interaction 

is indicated by red signals. HeLa 

cell mitochondria were stained 

with CellLightTM-Mitochondria-

GFP (green). Magnified images 

demonstrated that the interaction 

did not occur in mitochondria. 

Scale bars = 5 µm for all images. 

Scale bar for magnified image is 1 

µm. (C) Co-immunoprecipitation 

(IP) analysis was suggestive of 

a physical interaction between 

SMAD4 and MMAB.
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RESULTS

SMAD4 specifically binds MMAB in the cytosol
We conducted a eukaryotic-expressed human protein array 

(ProtoArray) with purified SMAD4, identifying the mitochon-

drial protein, MMAB, as a novel SMAD4 binding protein (Ra-

jasekaran et al., 2021). The SMAD4 and MMAB interaction 

was assessed using a BiFC assay, allowing the detection of 

the subcellular localization of the SMAD4-MMAB complex 

in live cells. We observed the cytosolic interaction between 

SMAD4 and MMAB; however, the BiFC signals from the 

SMAD4-MMAB complex did not overlap with mitochondria, 

as confirmed by MitoTracker® Red FM staining (Fig. 1A). The 

specificity of the SMAD4 and MMAB interaction was checked 

in the presence of the 3×FLAG-MMAB construct, functioning 

as a competitor, potentially inhibiting the interaction be-

tween VC-SMAD4 and VN-MMAB. We found that 3×FLAG-

MMAB dose-dependently decreased the BiFC signal between 

VC-SMAD4 and VN-MMAB (Supplementary Fig. S1), sug-

gesting that a specific protein-protein interaction mediates 

the fluorescence complementation. In the competition assay, 

levels of each exogenously expressed protein were stably 

maintained, demonstrating that the decreased BiFC signal did 

not occur due to altered SMAD4 or MMAB levels, but due to 

the SMAD4 and MMAB interaction with the competitor. The 

interaction between endogenous SMAD4 and MMAB was 

further verified in HeLa cells using an in situ PLA after labeling 

mitochondria with CellLightTM Mitochondria-GFP (Fig. 1B). 

Individual SMAD4-MMAB complexes were visualized as red 

spots in the cytosol, and the complexes did not colocalize to 

mitochondria. Conventional IP of HeLa cell lysates verified 

the interaction between SMAD4 and MMAB. FLAG-tagged 

MMAB co-immunoprecipitated with HA-tagged SMAD4, 

which was consistent with the proposed SMAD4-MMAB 

interaction (Fig. 1C). These results confirmed the specific in-

teraction between SMAD4 and MMAB in the cytosol.

SMAD4-linker domain binding to the MMAB catalytic do-
main
To identify the protein binding domains responsible for 

the SMAD4-MMAB interaction, we designed SMAD4 and 

MMAB constructs encoding only discrete functional domains. 

HA-VC155-Full SMAD4 was co-expressed in HeLa cells ex-

pressing either the MMAB signal peptide (FLAG-VN173-

MMAB signal peptide) or the MMAB catalytic domain (FLAG-

VN173-MMAB catalytic domain). The BiFC fluorescence 

signal suggested an interaction between full-length SMAD4 

and the MMAB catalytic domain (Fig. 2A). In contrast, when 

full-length MMAB was co-expressed with each of the five 

SMAD4 truncated constructs, interaction occurred between 

MMAB and the SMAD4-linker domain, flanked by the MH1 

and MH2 domains (Fig. 2B). Because linker domains vary 

in size depending on the SMAD family member, unlike the 

conserved MH1 and MH2 domains, we determined whether 

other SMAD family members interact with MMAB. Interest-

ingly, MMAB did not bind to other SMAD family members 

(Supplementary Fig. S2).

SMAD4 is a major component of TGF-β signaling. Hence, 

we investigated whether the SMAD4-MMAB interaction 

was TGF-β-dependent or not. HeLa cells transfected with 

BiFC constructs (VC-SMAD4 and VN-MMAB) were treated 

with TGF-β for zero, one, or 24 h. The intensity of the signal 

generated by the SMAD4-MMAB interaction was not af-

fected by TGF-β treatment. This shows that the interaction is 

TGF-β-independent (Fig. 3).

SMAD4 decrease MMAB Levels via a proteasome-depen-
dent pathway
Subsequently, we investigated the signaling downstream 

of the SMAD4-MMAB interaction. SMAD4 expression de-

Fig. 2. Interaction of SMAD4-Linker domain with MMAB catalytic 

domain. (A) BiFC analysis with either SMAD4:truncated MMAB 

mutants or (B) MMAB:truncated SMAD4mutants. Interaction 

between SMAD4 and MMAB is indicated by green fluorescence 

and mitochondria are labeled with a red signal. Scale bars = 5 µm.
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creased both exogenous and endogenous MMAB expression 

(Figs. 4A and 4B). Additionally, the induction of exogenous 

SMAD4 expression in the SNU601 cell line, which lacks 

endogenous SMAD4, decreased the MMAB expression 

(Fig. 4C). Furthermore, we investigated the mechanism of 

SMAD4-mediated MMAB downregulation. To determine 

whether SMAD4-mediated MMAB downregulation occured 

due to proteasomal degradation, HeLa cells transfected with 

6MYC-SMAD4 were treated for six hours with the 26S prote-

asome inhibitor MG132 (10 µM). SMAD4-mediated MMAB 

downregulation was abrogated by treatment with MG132, 

suggesting that SMAD4 decreases MMAB levels via a prote-

asome-dependent pathway (Fig. 4D). We also demonstrated 

that in the presence of exogenous HA-UB, SMAD4-induced 

proteasomal MMAB degradation was blocked by the MG132 

treatment (Fig. 4E). Our results indicate that SMAD4 induces 

MMAB degradation via a proteasome-dependent pathway.

MMAB downregulation induces cell death
To determine the effects of MMAB downregulation, siRNA 

targeting MMAB was employed. Efficient MMAB siRNA 

(siMMAB) was screened and selected from three candidate 

sequences (Supplementary Fig. S3), of which siMMAB-1 

demonstrated the most efficient gene silencing. Cancer cells 

(HeLa, A549, and SW480) were transiently transfected for 

five days with 10-nM siMMAB-1. MMAB knockdown sig-

nificantly decreased HeLa cell viability (Supplementary Fig. 

S4). To elucidate the cytotoxic effects of MMAB depletion, 

Fig. 3. TGF-β–signaling indepen-

dent interaction of SMAD4 and 

MMAB. (A) Changes of the inte-

raction between SMAD4 and 

MMAB with TGF-β treatment 

for 1 h or 24 h. Images were 

acquired 24 h after transfection. 

Scale bars = 20 µm. The green 

signal is indicative of SMAD4-

MMAB interaction and red signal 

is indicative of mitochondria. 

(B) Western image showing the 

expression changes of MMAB and 

SMAD4 after TGF-β treatment.
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we imaged siMMAB-transfected HeLa cells hourly for 72 h 

or 120 h using real-time live cell imaging (Supplementary 

Movies A and B). Cell proliferation was kinetically determined 

while monitoring the morphological changes. In contrast to 

non-targeting control siRNA transfection, siMMAB trans-

fection significantly increased cell death after 48 h (Fig. 5A). 

Since MMAB knockdown increased cell death, we inves-

tigated whether MMAB knockdown induced apoptosis. 

Caspase-3 activation is considered a suitable marker for cells 

undergoing canonical apoptosis. We measured HeLa cell 

viability after MMAB depletion using a ZOOMTM imaging sys-

tem with an Essen CellPlayerTM Kinetic Caspase-3/7 apoptosis 

reagent, a non-fluorescent substrate that emits green fluo-

rescence after cleavage by activated caspase-3/7 (Cen et al., 

2008). Caspase-3/7 activation was detected in cells transfect-

ed with siMMAB (Fig. 5B, Supplementary Movie C). Treat-

ment with the caspase/apoptosis inhibitor z-VAD-FMK signifi-

cantly decreased siMMAB-induced cell death; however, cell 

death was incompletely restored to the level of non-targeting 

siRNA-transfected cells (Fig. 5C, Supplementary Movies D 

and E). Hence, it can be interpreted from the above results 

that MMAB downregulation induces cell death via apoptosis.

MMAB depletion affects mitochondrial energy metabo-
lism
The role of MMAB in cancer is incompletely understood. 

MMAB is involved in converting L-methylmalonyl-CoA to 

succinyl-CoA, a TCA cycle intermediate. We postulated that 

the SMAD4-mediated downregulation of MMAB inhibits the 

production of succinyl-CoA, thereby inhibiting the TCA cycle. 

Thus, we investigated whether MMAB depletion decreased 

ATP production and compromised energy metabolism. 

MMAB depletion significantly decreased ATP production and 

glucose consumption in HeLa cells (Figs. 6A and 6B). Since 

glucose is a component of normal cell culture medium, ATP 

could be produced by both glycolysis and the TCA cycle under 

these conditions. Thus, to determine whether MMAB down-

regulation affected the TCA cycle, we examined the effect of 

siMMAB on cell viability in culture media supplemented with 

pyruvate rather than glucose. Cell death of siMMAB-trans-

Fig. 4. Protesomal degradation 

and downregulation of MMAB 

by SMAD4. (A) SMAD4 decreases 

exogenous MMAB pro tein levels. 

HeLa cells were co-transfected 

with HA-SMAD4, FLAG-MMAB, 

and/or empty vector. (B) Ectopic 

expression of SMAD4 decreases 

endoge nous MMAB. HeLa cells 

were transfected with FLAG-

MMAB and different doses of 

the HA-SMAD4 expression vector 

for 48 h. Total cell extracts were 

analy zed by immunoblotting 

using the indicated antibodies. 

(C) Restoration of SMAD4 protein 

decreases endogenous MMAB 

protein levels. HA-SMAD4 was 

transfected into SNU601 cells, 

a SMAD4-deficient cell line. (D) 

Degradation of MMAB mediated 

by SMAD4 expression is restored 

by the 26S proteasome inhibitor 

MG132. (E) Ubiquitination of 

MMAB mediated by SMAD4. HeLa 

cells were transfected with FLAG-

MMAB and HA-ubiquitin together 

with or without 6MYC-SMAD4 

as indicated. Cell lysates were 

subjected to immunoprecipitation 

(IP) with a FLAG antibody and then 

reprecipitated by protein G beads 

prior to immunoblotting.
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fected HeLa cells cultured in glucose-free medium supple-

mented with pyruvate was more significant than that in 

glucose-containing media. These results suggest that MMAB 

depletion potentially decreases cell viability by suppressing the 

TCA cycle in mitochondria (Fig. 6C, Supplementary Movies F 

and G). MMAB suppression could compromise the TCA cycle 

and inhibit glycolysis. A seahorse energy phenotype assay was 

conducted to further assess the effects of MMAB knockdown 

on energy metabolism. Consistent with our earlier findings, 

MMAB knockdown decreased the oxygen consumption rate 

(OCR) and extracellular acidification rate (ECAR) in HeLa cells 

(Figs. 6D and 6E). These findings suggest that MMAB knock-

Fig. 5. Apoptosis induced by 

MMAB knockdown. (A) siMMAB 

decreases cancer cell proliferation. 

HeLa cells were transfected with 

10 nM non-targeting or MMAB-

targeting siRNAs and relative cell 

confluency was monitored for 

120 h. P < 0.05 was considered 

s tat i s t i ca l l y  s ign i f i cant .  (B) 

Depletion of MMAB induces 

caspase 3/7-mediated apoptosis. 

HeLa cells were transfected with 

10 nM non-targeting or MMAB-

targeting siRNAs. The number 

of caspase-3/7-positive cells was 

monitored in the same areas of the 

wells for 72 h using real-time live 

cell imaging. Scale bar = 30 µm. (C) 

Top panels: Apoptosis of HeLa cells 

transfected with 10 nM siMMAB 

is inhibited by co-treatment with 

the caspase/apoptosis inhibitor 

z-VAD-FMK. Bottom panels: Cell 

growth and morphology were 

monitored in the same areas of 

the wells for 120 h using real-

time live cell imaging. Classical 

morphological changes were 

observed using phase contrast 

images (4×, objective lens). P < 

0.05 was considered statistically 

significant. Yellow masks represent 

cell confluency. Scale bar = 300 

µm.
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down increases cancer cell death by indirectly inhibiting the 

TCA cycle, as implicated by decreased OCR and ECAR.

DISCUSSION

The role of SMAD4 as a tumor suppressor has been exten-

sively studied (Schutte, 1999). SMAD4 inactivation is medi-

ated by LOH, loss-of-function mutations, downregulation via 

promoter hypermethylation, and ubiquitin proteosome-medi-

ated degradation. The deregulation of the nuclear-cytoplasm 

SMAD4 shuttle is implicated in the development and progres-

sion of different cancers, including pancreatic, gastrointesti-

nal, and colorectal cancers (Bardeesy et al., 2006; Blackford 

et al., 2009; Papageorgis et al., 2011; Yan et al., 2016). The 

anti-tumorigenic mechanisms of SMAD4 are mediated by its 

DNA-binding functions, where SMAD4 acts as a transcription 

Fig. 6. Mitochondrial energy 

metabo l i sm changes  f rom 

MMAB knockdown. (A) HeLa 

cells transfected with 10 nM 

MMAB siRNA displayed significant 

decreases in intracellular ATP 

levels for 120 h relative to control 

cells. **P < 0.01. (B) HeLa cells 

transfected with 10 nM MMAB 

siRNA for 40 h consumed glucose 

at a much lower rate than control 

cells. **P < 0.01. (C) siMMAB 

increases cell death by inhibiting 

mitochondrial ATP synthesis. Top 

panels: HeLa cells were transfected 

with 10 nM siRNA targeting 

MMAB in RPMI medium (glucose) 

or RPMI medium (pyruvate). 

Bottom panels: Cell growth and 

morphology were monitored in 

the same areas of the wells for 120 

h using real-time live cell imaging. 

Apoptotic morphological changes 

were observed us ing phase 

contrast images (4× objective lens). 

P < 0.05 was considered statistically 

significant. Yellow masks represent 

cell confluency. Scale bars = 300 

µm. (D) siRNA-mediated MMAB 

knockdown significantly decreased 

baseline and stressed OCR in HeLa 

cells relative to control and non-

treated cells. *P < 0.05, **P < 

0.01. (E) siRNA-mediated MMAB 

knockdown significantly decreased 

ECAR under both baseline and 

stressed conditions in HeLa cells 

compared with control and non-

treated cells. **P < 0.01.



422  Mol. Cells 2022; 45(6): 413-424 

SMAD4 Controls Cancer Cell Metabolism via MMAB
Kyoung Song et al.

factor or cofactor (Johnson et al., 1999; McCarthy and Chet-

ty, 2018). Here we describe a novel mechanism underlying 

the anti-tumor effects of SMAD4.

 Our previous protein array study identified MMAB as a novel 

SMAD4 binding partner (Rajasekaran et al., 2021). Although 

the inhibitory effects of SMAD4 on cancer progression are 

well-known, the regulatory mechanisms independent of its 

transcriptional function are poorly understood. Additionally, 

studies on how MMAB is involved in cancer cells’ metabolism 

remain infant (Chan et al., 2015; Sorin et al., 2021; Gomes et 

al., 2022). Here, to the best of our knowledge, we identified 

for the first time that SMAD4 suppresses tumorigenesis by 

decreasing MMAB and disrupting cancer cell energy metabo-

lism by inhibiting the TCA cycle.

 Firstly, we demonstrated that cytosolic SMAD4-MMAB 

binding is TGF-β-independent. The SMAD4-linker domain 

specifically interacts with the MMAB catalytic domain. 

SMAD4-MMAB binding decreased MMAB protein levels by 

inducing proteasomal MMAB degradation. SMAD4-mediat-

ed decrease in MMAB levels was mimicked using siMMAB. 

siRNA-mediated MMAB downregulation significantly de-

creased HeLa cell viability, suggesting cancer-promoting ef-

fects of MMAB (Fig. 5A).

 MMAB is involved in AdoCbl synthesis, an activated form 

of vitamin B12 that is a required enzymatic cofactor of meth-

ylmalonyl-CoA mutase, converting methylmalonyl-CoA to 

succinyl-CoA (Dobson et al., 2002). The loss of enzyme 

activity or cofactors for this reaction as well as consequent 

methylmalonic acid accumulation, can disrupt normal glu-

cose metabolism (Rosenberg et al., 1968a; 1968b). Anaple-

rotic deficiencies of the TCA cycle are frequently observed 

in patients with methylmalonyl aciduria, a disease charac-

terized by methylmalonic acid accumulation (Anzmann et 

al., 2019). Genome-wide association studies have identified 

that single-nucleotide polymorphisms in the MMAB gene are 

strongly associated with breast cancer (Haiman et al., 2013). 

However, the underlying regulatory mechanisms for the role 

of MMAB in cancer progression are largely unexplored.

 Here, based on the role of MMAB in providing substrates 

for the TCA cycle, we postulated that MMAB could be relat-

ed to mitochondrial energy metabolism, promoting the TCA 

cycle. Through the downregulation of MMAB by interaction 

with SMAD4, the suppression of methylmalonyl-CoA mutase 

expression decreased the succinyl-CoA synthesis. Thus, the 

supply of succinyl-CoA ultimately becomes insufficient to sus-

tain the mitochondrial energy production via the TCA cycle. 

Therefore, the decreased succinyl-CoA production interferes 

with the TCA cycle function. We observed that cell viability 

significantly decreased 72 h after MMAB knockdown. Thus, 

cell death resulting from MMAB depletion could be due to 

deficient ATP production and glucose consumption (Figs. 6A 

and 6B). Seahorse assay also exhibited a reduction in OCR 

and ECAR in cells with MMAB downregulation (Figs. 6D 

and 6E). The observed reduced OCR occurred likely due to a 

reduction in succinyl co-A supply to the TCA cycle, which is 

a major substrate entry point in the TCA cycle. Also, succinyl 

co-A conversion to succinate is associated with the genera-

tion of energy-rich phosphates (Anderson et al., 2018; Inigo 

et al., 2021; Rush et al., 2014). This energy-providing path-

way of succinyl co-A conversion is extremely important when 

energy production via oxidative phosphorylation is inhibited, 

explaining the reduced ATP production (Phillips et al., 2009). 

Interestingly, TCA cycle inhibition by MMAB downregulation 

did not improve glycolysis or glucose consumption through 

a compensative pathway, but rather reduced glucose con-

sumption. Earlier studies have identified the relationship 

between vitamin B12 deficiency in the glycolytic and citric acid 

cycle. Though vitamin B12 deficiency is directly associated with 

intermediates of the TCA cycle, a general reduction in energy 

utilization has been documented, which might in turn result 

in feedback inhibition of glucose consumption (Depient et 

al., 2006; Fehling et al., 1979). The accumulation of TCA cy-

cle intermediates is also associated with glycolysis inhibition. 

However, the direct effect of MMAB on glycolytic enzymes 

is not understood, and further experiments are essential to 

understand the association.

 The depletion of cellular ATP is a crucial event that medi-

ates cell death. Notably, previous studies have demonstrated 

that apoptosis is an ATP-dependent process and that de-

creased ATP levels promote cell death (Ferrari et al., 1998; 

Tsujimoto, 1997; Zamaraeva et al., 2005). Decreased ATP lev-

els could occur due to the direct role of succinyl-CoA in ATP 

production via the TCA cycle, or an indirect effect due to TCA 

cycle inhibition (Williamson and Cooper, 1980). Therefore, 

proteasomal MMAB degradation regulated by the SMAD4-

MMAB interaction primarily inhibits mitochondrial ATP syn-

thesis due to alterations in the levels of TCA cycle intermedi-

ates, consequently activating caspase 3-mediated apoptosis. 

Further in-depth studies are essential to understand the input 

of other TCA cycle intermediates and anaplerotic substrates 

in inhibiting ATP production.

 In contrast to the conventional belief that cancer cells by-

pass the TCA cycle and rely primarily on glycolysis (Pavlova 

and Thompson, 2016), recent studies have demonstrated 

that cancer cells with defective tumor suppressor mecha-

nisms and oncogenic mutations depend on the TCA cycle 

for sufficient ATP production and survival (Anderson et al., 

2018). Exploiting these unique metabolic dependencies 

opens a new horizon for targeted cancer therapies (Lee and 

Kim, 2016; Pathania et al., 2009). Several components of 

the TCA cycle, including α-ketoglutarate dehydrogenase 

(KGDHC), isocitrate dehydrogenase (IDH), and pyruvate de-

hydrogenase (PDH), are emerging as compelling anti-cancer 

therapeutic targets (Allen et al., 2016; Dang et al., 2009; 

Zachar et al., 2011). Recently, CPI-613 (Devimistat), a mole-

cule that simultaneously inhibits KGDHC and PDH, is being 

investigated in clinical trials as a stand-alone therapy or along 

with chemotherapy (Lycan et al., 2016; Pardee et al., 2014). 

Small molecule inhibitors of IDH; AG-221 and AG-881, are 

also involved in clinical development (Yen et al., 2017). How-

ever, the dependency of normal cells on the TCA cycle for 

ATP production is likely to induce off-target cytotoxic effects, 

posing a significant barrier to this approach. Recent studies 

also demonstrated that cancer cells use the TCA cycle differ-

ently than normal cells, thereby increasing their sensitivity to 

TCA cycle inhibitors (Grassian et al., 2014; Kishton and Rath-

mell, 2016; Yuneva et al., 2012). In this study, we identified 

MMAB as a novel SMAD4 binding partner, and identified 
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that SMAD4-MMAB interaction decreases MMAB protein 

levels in cancer cells, primarily inducing cell death via TCA 

cycle inhibition. Although the role of MMAB in cancer has 

not been widely investigated, public databases, such as the 

human protein atlas, intriguingly revealed increased MMAB 

protein levels in various cancerous tissue samples.

 This prompted us to propose the previously untested hy-

pothesis that normal cells could transform into cancer cells in 

vivo. In normal cells, SMAD4 maintains stable MMAB levels, 

which could be an ideal strategy to maintain the characteris-

tics of normal cells, not to be biased to apoptosis or cancer-

ous pathway. If genetic alterations, including gain-of-function 

MMAB mutations or SMAD4 deletion occur, this equilibrium 

would be disrupted, and consequent MMAB overexpression 

could promote aberrant cancer cell proliferation due to in-

creased energy production. Thus, targeting MMAB could be 

a promising strategy to indirectly target the TCA cycle, there-

by inducing cancer cell apoptosis. This novel finding provides 

broadly applicable mechanistic insights into tumorigenesis, 

facilitating the identification of novel therapeutic targets.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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