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Metabolome analysis further revealed that when PFKFB3 
is in an unmethylated state, PFK-1 is relatively inhibited. 
This leads to an increase in upstream fructose 6-phos-
phate (F6P), an increased flux through the pentose phos-
phate pathway (a branch of glycolysis), and enhanced 
synthesis of NADPH (which is required for glutathione 
production), as well as increased production of ribose 
5-phosphate (which is required for nucleic acid synthesis).

2. PHGDH: Gateway to Serine Synthesis

We clarified that methylation modifications of glycolytic 
enzymes mediated by PRMT1 also occur in pyruvate 
kinase M2 (PKM2) (Figures 2, 3). PKM2 is highly 
expressed in cancer cells and embryonic cells, and it has 
been considered to exert diverse biological effects by trans-
locating between the cytoplasm and the nucleus, although 

Figure 2   Roles of methylation of PFKFB3 and PKM2 in regulating glycolysis.

Figure 1   �Differences in cancer cell metabolism of glycolysis and the Warburg effect.
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the full picture of its regulatory mechanism remains 
unknown. PKM2 ordinarily exists as a tetramer in the 
cytoplasm and exhibits enzymatic activity, whereas the 
stabilization of its dimer form promotes nuclear transloca-
tion. In this process, its enzymatic activity is relatively 
suppressed, and it acquires function as a transcriptional 
regulatory factor (Figure 3).

PFKFB3 methylation and PKM2 methylation occurring 
simultaneously via PRMT1 would increase metabolites 
located upstream of glycolysis and decrease those located 
downstream. However, because glycolysis includes multi-
ple branch pathways, we administered 13C-labeled glu-
cose to multiple distinct breast cancer cell lines (a 
paclitaxel-sensitive line and a resistant line) and quantita-
tively traced the metabolic flux using metabolome analy-
sis to identify which pathways the carbon was actually 
entering (Figure 3). As a result, we found an increase in 
3-phosphoglycerate (3-PG), an intermediate metabolite of 
glycolysis, as well as an increase in flux from 3-PG into 
the serine synthesis pathway. We therefore examined 
modifications of phosphoglycerate dehydrogenase (PHGDH), 
the rate-limiting enzyme of the 3-PG-to-serine synthesis 
pathway, in its enzyme protein form, and found that argi-
nine residues such as R20 and R54 are methylated as 
target molecules of PRMT1. PHGDH methylation is 
enhanced in paclitaxel-resistant breast cancer cell lines. 
Furthermore, upon examining the functional role of each 

amino acid residue, it was revealed that the methylation of 
R20 suppresses ubiquitination mediated through the adja-
cent lysine residue (K21), and that the methylation of R54 
activates the chemical reaction of negatively charged 
3-PG; together, these effects activate the enzymatic reac-
tion. In chemotherapy-resistant breast cancer cell lines, 
PRMT1 is upregulated. As a result, PFKFB3, PKM2, and 
PHGDH are coordinately activated, leading to an increase 
in flux through the serine synthesis pathway.

3. Biological Significance of Serine 
Synthesis Pathway Activation in Cancer

PHGDH converts 3-PG to phosphohydroxypyruvate, 
which is further converted to α-ketoglutarate (αKG) by 
phosphoserine aminotransferase-1 (PSAT1). Although 
αKG is normally a product of the citric acid cycle, this 
series of metabolic reactions is localized in the cytoplasm, 
from where it is supplied as a substrate required for fatty 
acid synthesis. The saturated fatty acids produced are not 
only used as building blocks for the cancer cell membrane 
structure but also activate fatty acid synthase (FASN) by 
S-palmitoylating the FASN enzyme protein, thereby fur-
ther promoting fatty acid synthesis. Second, the activation 
of PHGDH activates the serine-glycine cleavage system, 
which serves as a source of methyl group generation and 
may therefore sustain PRMT-mediated methylation as a 
post-translational modification. Third, it promotes the 

Figure 3   �Roles of methylation of PHGDH, a gateway enzyme of serine synthesis, in the donation of methyl carbons and the generation of free fatty 
acids and reactive sulfur species in cancer cells. Arginine methylation of PHGDH renders the protein less sensitive to polyubiquitination 
and thereby increases the catalytic activity of the enzyme. Loss of PHGDH function causes a 60% reduction in fatty acid synthesis in 
cancer cells, suggesting that the pathway through serine synthesis constitutes a major supplier of lipid components.
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synthesis of cysteine and glutathione as antioxidant 
defense systems, thereby suppressing ferroptosis and other 
cytotoxic mechanisms in cancer cells. These antioxidants 
are involved in the generation of polysulfides, which con-
tain multiple sulfur atoms within a single molecule. 
Polysulfides have the ability to “detoxify” electrophilic 
species inside cells as nucleophilic metabolites (Figure 4). 

Many of the drugs used to treat solid tumors are electro-
philic reagents, and polysulfides possess a biological activ-
ity that neutralizes their effects. For this reason, we have 
used clinical surgical specimens and employed surface-en-
hanced Raman spectroscopy (SERS) as a technique for 
detecting polysulfides to investigate whether resistance to 
anticancer drugs in actual patients can be predicted.

Figure 4   �On-tissue visualization of polysulfides in frozen tissue of ovarian carcinoma (Clear cell carcinoma; CCC, and Serous adenocarcinoma; 
SCC) by Au-nanoparticle-based SERS imaging. Shows the relationship between polysulfide signals at 480 cm-1 and post-operative 
prognosis. Yellow and green annotations correspond to cancer cell clusters and stromal regions, respectively. K: Effects of topical 
application of bimane, a reagent that breaks down polysulfides to sulfodibimane, generating new Raman peaks at 452 and 583 cm-1.

Figure 5   �Use of Au nanoparticle-based SERS substrates (scanning electron micrographs) to visualize polysulfides in needle-biopsied tissues 
of breast cancers. Representative pictures indicating Hematoxylin-Eosin staining and SERS imaging at 480 cm-1 in invasive breast 
cancer. Note that the cancer stroma, rather than cancer cell nests, indicates greater polysulfide signals at 480 cm-1. AI (XGBoost) 
allows us to automatically differentiate ductal carcinoma in situ (DCIS) and invasive breast cancer (IBC).
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4. Enhanced Polysulfide Production in 
Tumor Tissues of Patients with Anticancer 
Drug Resistance and Prognosis

In breast cancer, it is essential to perform a needle biopsy 
at the suspicious lesion and to establish a classification 
that reflects the pathological findings and genotype. Based 
on these findings, the lesion is diagnosed as either ductal 
carcinoma in situ (DCIS) or invasive breast cancer (IBC) 
with evidence of invasion into the surrounding tissue. In 
the latter case, consideration is then given to surgical 
indications. In some cases, preoperative chemotherapy is 
administered to shrink the primary tumor before surgery. 
We reported that DCIS and IBC, which are sometimes 
difficult to distinguish even for specialized pathologists, 
can be differentiated with high accuracy by SERS-based 
image analysis of needle biopsy specimens (frozen sec-
tions) using AI (Figure 5).

As shown in Figure 5, polysulfide levels are particularly 
elevated in the cancer stromal region in IBC; therefore, 
even if a drug reaches the peritumoral area during anti-
cancer therapy, it is thought that inactivation occurs read-
ily. We also consider that such a desmoplastic reaction 
correlates with drug resistance in breast cancer.

5. Metabolite Mapping in Frozen Breast 
Cancer Tissue by Mass Spectrometry 
Imaging

It has been revealed that the regulatory mechanism of 
metabolism—flowing from glucose through glycolysis 
and the serine synthesis pathway to the sulfur-containing 
amino acid metabolism pathway—is controlled by methyl 
group transfer reactions. However, in actual cancer tis-
sues, completely different metabolic profiles can be 
detected between cancer cell clusters and the surrounding 
stromal regions, and many questions remain regarding 
how the cancer and stroma maintain biological homeosta-
sis through their interactions. Figure 6 shows data 
obtained by analyzing the metabolic profile of a thin sec-
tion taken from a frozen breast cancer needle biopsy 
specimen (left), as well as the adjacent section processed 
by FFPE and stained with various antibodies. As shown 
on the left, the cancer cell cluster (white) exhibited high 
levels of 3-PG, lactate, ATP, citrate, glutathione, and pal-
mitic acid, whereas the surrounding stromal region (red) 
showed relatively high levels of cysteine persulfide, gluta-
thione persulfide, and related species. Although metabo-
lite imaging is not possible in FFPE specimens, 
immunostaining with a monoclonal antibody specific to 
methylation enzymes revealed (as shown on the right in 
Figure 6) that site-specific utilization of metabolites is 
occurring within the cancer tissue.

Figure 6   �Representative pictures of imaging mass spectrometry of needle-biopsied frozen tissues of breast cancer (left) and immunohistochemistry 
using different antibodies recognizing methylated glycolytic enzymes.
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Conclusion

We would like to express our sincere gratitude to 
HORIBA, Ltd. for providing us with the opportunity to 
deliver this lecture and to write this special contribution.

* A portion of the article was previously published in 
reference [2] .
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