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BACKGROUND
•	 Pyruvate kinase (PK) is a key enzyme in the glycolytic pathway, catalyzing the 

final step of glycolysis (Figure 1)1

CONCLUSIONS
•	 The PKM2 mRNA transcript was the dominant PK isoform 

detected in CD34+ HSC, with lower expression in patients 
with MDS, including lower-risk, compared with HC

•	 Findings from this study on differential expression of PK 
isoforms during the early stages of hematopoiesis in MDS 
compared with HC enhance understanding of the potential 
for PK activation in MDS

•	 Tebapivat, a potent PK activator of PKR and PKM2, is 
currently under clinical investigation for treatment of anemia 
due to lower-risk MDS (NCT05490446)20–22
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Text footnotes: *Cumulative TPM across all 67 samples was <2.1 TPM.

Figure 6. PKR, PKL, PKM1, and PKM2 mRNA expression in CD34+ HSC 
samples from HC versus patients with lower-risk† MDS
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†Based on the IPSS classification and consisted of individuals designated to Low and Intermediate(Int)-1 risk categories13 
adj, adjusted; CD, cluster of differentiation; HC, healthy controls; HSC, hematopoietic stem cells; LR-MDS, lower-risk MDS; 
MDS, myelodysplastic syndromes; mRNA, messenger RNA; IPSS, International Prognostic Scoring System; PKL, pyruvate 
kinase liver isozyme; PKM2, pyruvate kinase muscle isoenzyme 2; PKR, pyruvate kinase RBC-specific; RBC, red blood cell; 
TPM, transcripts per million.

Figure 5. PKR, PKL, PKM1, and PKM2 mRNA expression in CD34+ HSC 
samples from HC versus patients with MDS

HC (n=23)

MDS (n=44)

T
P

M

0

250

500

750

1000

PKR PKL PKM1 PKM2
5.09Median (TPM) 0.78 0.26 530.441.23 0.00 0.00 162.10

p.adj=0.023

adj, adjusted; CD, cluster of differentiation; HC, healthy controls; HSC, hematopoietic stem cells; MDS, myelodysplastic 
syndromes; mRNA, messenger RNA; PKL, pyruvate kinase liver isoenzyme; PKM1, pyruvate kinase muscle isoenzyme 1;  
PKM2, pyruvate kinase muscle isoenzyme 2; PKR, pyruvate kinase RBC-specific; RBC, red blood cell; TPM, transcripts per million.

E5

Chromosome 1q22

PKR  mRNA

PKL  mRNA

Chromosome 15q23

PKM2  mRNA

PKM1  mRNA

PKLR

PKM

Erythrocytes

Liver

Ubiquitous

Muscle

Tissue expression
(examples)

Exon 1 Exon 2 E3 E3 E3 E3 E3 E3 E3 E3 E3 E3

E8

E1 E2 E3 E4 E5 E6 E7 E8 E11 E12Exon 9

E1 E2 E3 E4 E6 E7

E1 E2 E3 E4 E5 E6 E7

E8 E11 E12Exon 10

Exon 9 Exon 10 E11 E12

Exon 1 Exon 2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12

Exon 2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12

E, exon; mRNA, messenger RNA; PK, pyruvate kinase; PKL, pyruvate kinase liver isoenzyme; PKLR, pyruvate kinase L/R; 
PKM, pyruvate kinase M1/2; PKM1, pyruvate kinase muscle isoenzyme 1; PKM2, pyruvate kinase muscle isoenzyme 2;  
PKR, pyruvate kinase RBC-specific; RBC, red blood cell.

Figure 2. Four PK isoforms are encoded by 2 genes2,5–7

Transcriptomes from hematopoietic and erythroid progenitors were 
evaluated, and mRNA levels of PKL, PKR, PKM1, and PKM2 were measured 
at different stages of hematopoiesis and erythropoiesis.8
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BasoE, basophilic erythroblast; CD, cluster of differentiation; CFU-E, colony forming unit–erythroid; CMP, common myeloid 
progenitor; MEP, megakaryocyte erythroid progenitor; MPP, multipotent progenitor; mRNA, messenger RNA; OrthoE, 
orthochromatic erythroblast; PK, pyruvate kinase; PKL, pyruvate kinase liver isoenzyme; PKM1, pyruvate kinase muscle 
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Figure 3. PKM2 and PKR isoform expression in normal hematopoiesis8
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Figure 4. Distribution of patient samples

•	 During early stages of hematopoiesis in healthy individuals, PKM2 is the 
dominant isoform compared with PKR.8 Subsequently, PKM2 levels decrease 
upon RBC differentiation, with PKR becoming the dominant isoform8 (Figure 3)

•	 Dysregulation of hematopoiesis and ineffective erythropoiesis are hallmarks 
of myelodysplastic syndromes (MDS)9,10

•	 Preclinical data have shown glycolytic pathway dysfunction and reduced PK 
activity in RBCs from patients with anemia due to lower-risk MDS compared 
with healthy controls (HC)11

•	 Separately, ex-vivo data from 10 patients with various subtypes of MDS 
demonstrated a significant decrease in activity of PK relative to hexokinase 
activity when compared with HC participants12

•	 Collectively, these findings support glycolytic dysfunction in MDS and the 
potential of PK activation in lower-risk MDS

OBJECTIVE
•	To evaluate the expression of different PK isoforms (PKR, PKL, PKM1, 

and PKM2) in CD34+ hematopoietic stem cells (HSC) of patients with 
MDS versus HC

METHODS
Bioinformatics
•	 Bulk RNA sequencing data from a publicly available dataset13 were obtained 

from 67 bone marrow-derived CD34+ HSC samples; 44 from patients with 
MDS and 23 HC (BioProject PRJNA435879)14 (Figure 4)

	– Patient samples were generally obtained within 6 months of diagnosis of MDS 

•	 Data were processed using the following steps:
	– Quality control with FastQC (version 0.11.8)15

	– Flexible read trimming using Trimmomatic (version 0.39)16

	– Transcriptome mapping and alignment with the reference genome using 
Spliced Transcripts Alignment to a Reference (STAR) (version 2.7.1)17

•	 Following data processing, PK isoform transcripts were quantified by 
quantified by RNA-Seq by Expectation-Maximization (RSEM) (version 1.3.1),18 
and reported as transcripts per million (TPM)

Data analysis
•	 Patients with MDS were analyzed both as a group overall (n=44) and as a 

subgroup of patients categorized as lower-risk MDS
	– The lower-risk MDS group was categorized based on the International 
Prognostic Scoring System (IPSS) classification and consisted of individuals 
designated to Low and Intermediate (Int)-1 risk categories13 (n=26)

•	 Differential expression of transcripts was conducted using DESeq2, with 
reporting of adjusted p-values per the Benjamini–Hochberg methodology to 
account for multiple comparisons19

RESULTS
•	 PKM2 was the dominant isoform detected in CD34+ HSC; levels of expression 

were significantly higher in HC when compared with patients with MDS  
(p. adjusted=0.023) (Figure 5)

•	 When considering the lower-risk MDS subgroup compared with HC, significantly 
lower expression of PKM2 was also noted (p. adjusted=0.017) (Figure 6)

•	 The mRNA transcripts PKL, PKR, and PKM1 were low to undetectable across 
both HC and MDS samples (all medians <5.09 TPM; n=67)*

ADP, adenosine diphosphate; ATP, adenosine triphosphate; DPG, diphosphoglyceric acid; FBP, fructose bisphosphate;  
PEP, phosphoenolpyruvate; PG, phosphoglycerate; PK, pyruvate kinase.

Figure 1. Pyruvate kinase catalyzes the final step of glycolysis1

•	 PK is encoded by two different genes (PKLR and PKM), producing four protein 
isoforms as a result of tissue-specific promoters or alternative splicing (Figure 2):2,3 

	– PKR (red blood cell [RBC]-specific);2,3

	– PKL (predominantly expressed in the liver);2,3

	– PKM1 (dominant in tissues with high metabolic demand);2,4 and
	– PKM2 (prevalent in differentiating cells)2,4
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