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PPP1R26 drives hepatocellular carcinoma progression by controlling glycolysis and epithelial-mesenchymal transition
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Abstract
Background
Hepatocellular carcinoma (HCC) is usually diagnosed at an advanced stage due to rapid progression. Glycolysis supports anabolic growth and metastasis to promote HCC progression. However, the molecular mechanisms linking glycolysis and metastasis in HCC are not completely defined.

Methods
The expression of PPP1R26 in human HCC tissues was evaluated by immunohistochemistry, and the clinical significance of PPP1R26 in the progression and prognosis of the HCC patients were analyzed. The PPP1R26-binding proteins were determined by mass spectrometry analysis. The function of PPP1R26 in glycolysis, EMT and tumorigenesis were evaluated in HCC cells. Glucose uptake and tumor growth were evaluated using PET imaging in mouse xenografts in vivo. Protein binding was confirmed by co-immunoprecipitation and immunofluorescence co-localization. Protein-RNA binding was determined by RNA-immunoprecipitation (RIP) experiment. The binding of protein on the promoter was evaluated by chromatin immunoprecipitation assay (ChIP).

Results
PPP1R26 is upregulated in human HCC tissues and its upregulation is significantly associated with metastasis and the poor survival of the patients. PPP1R26 activates glycolysis in HCC cells and in mouse xenografts in vivo. PPP1R26 drives glycolysis by binding to PTBP1 to facilitate the mRNA splicing of PKM2. Simultaneously, overexpressed PPP1R26 induces the nuclear accumulation of PKM2 to inhibit the expression of E-cadherin further to drive EMT. Mechanistically, PPP1R26 binds with Ser37-phosphorylated PKM2 and TGIF2 in the nucleus and blocks the binding of TGIF2 with CDH1 promoter to inhibit the transcription of CDH1.

Conclusion
PPP1R26 promotes glycolysis by enhancing PKM2 splicing and simultaneously activates EMT by forming a PPP1R26-PKM2-TGIF2 complex to drive HCC progression. Therefore, targeting PPP1R26 attenuates HCC progression and provides a potential therapeutic strategy for the HCC patients with upregulation of PPP1R26.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-022-02302-8.
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Background
Hepatocellular carcinoma (HCC) is the third leading cause of tumor death worldwide, representing up to 75–85% of all primary liver malignancies, and causes a major global health problem [1, 2]. Generally, HCC is often diagnosed at an advanced stage with a high metastasis rate, resulting in the primary cause of mortality [2]. Thus, elucidation of the molecular mechanisms underlying HCC progression is expected to improve the prognosis for HCC patients.
Cancer cells acquire energy through aerobic glycolysis even under normoxic conditions, known as the Warburg effect [3]. Aerobic glycolysis was firstly found in rat liver carcinoma by Warburg and acts as a hallmark of liver cancer [3]. In addition to supplying ATP for cancer cell metabolism, the final product lactate and the metabolic intermediates of aerobic glycolysis provide a favorable microenvironment for tumor cell growth and metastasis [4, 5]. The Warburg effect has been featured by enhanced glucose uptake and lactate production [6]. Due to the importance of glycolysis in tumor progression, the 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) imaging has been applied to diagnose cancers and monitor tumor progression in the clinic by quantitating glucose uptake [7]. Besides driving cell proliferation, elevated glycolysis also promotes immune evasion, tumor invasion, metastasis, angiogenesis and drug resistance in HCC [3, 8–11]. Thus, exploration of the molecules regulating glycolysis may provide new insight into the understanding of HCC progression.
Pyruvate kinase (PK) is a rate-limiting enzyme in glycolysis and is responsible for catalyzing phosphoenolpyruvate (PEP) to pyruvate [12]. The expression of PK is tightly controlled to maintain cellular homeostasis. PK has four isoforms including PKL, PKR, PKM1 and PKM2. PKL and PKR are commonly expressed in kidney, liver and red blood cells [13]. PKM1 and PKM2 are encoded by PKM gene and generated by mutually exclusive alternative splicing of exons 9 and 10, respectively [12]. PKM2 is ubiquitously upregulated in multiple malignancies, whereas the expression of PKM1 is generally restricted in normal tissues [12, 14]. The replacement of PKM1 by PKM2 in cancer cells elevates the glycolysis rate to promote cell proliferation [15]. An increased ratio of PKM2/PKM1 mRNA in cancer cells is controlled by three heterogeneous nuclear ribonucleoproteins (hnRNPs) including PTBP1 (also known as hnRNPI), hnRNPA1 and hnRNPA2 [16]. Emerging studies found that PTBP1 promotes tumorigenesis by functioning as a splicing suppressor [17]. As for PKM splicing, PTBP1 binds explicitly to the intronic fragments flanking exon 9 of the PKM pre-mRNA to inhibit splicing of PKM1 and promote PKM2 splicing [16, 18, 19]. Aside from the essential role in glycolysis, PKM2 also binds to TGIF2 (TGFB induced factor homeobox 2) in the nucleus to suppress the transcription of CDH1 (cadherin 1), promoting the epithelial-mesenchymal transition (EMT) [20].
PPP1R26 (Protein Phosphatase1 Regulatory subunit 26), also known as KIAA0649 and NRBE3 (a Novel Retinoblastoma E3 ligase), was identified as a potential oncoprotein as it transforms NIH3T3 fibroblast cell and acts as a ubiquitin E3 ligase for RB to promote RB degradation through the proteasome-ubiquitination pathway [21, 22]. Although PPP1R26 inhibits the phosphatase activity of protein phosphatase 1 (PP1) complexes [23, 24], the downstream targets of PPP1R26 are still unclear. We previously found that PPP1R26 promotes breast cancer metastasis [22, 25]. However, the potential role of PPP1R26 in HCC and the underlying molecular mechanisms remain unknown. In this study, we evaluated the expression of PPP1R26 in human HCC tissues and determined the oncogenic role of PPP1R26 in HCC progression. Bioinformatics analysis indicates that PPP1R26 is positively related to glucose metabolism. We, therefore, set out to explore how PPP1R26 controls glycolysis and HCC progression, especially metastasis. We demonstrated that PPP1R26 promotes glycolysis by binding to PTBP1 to facilitate PKM2 splicing. Meanwhile, overexpressed PPP1R26 induces the nuclear accumulation of PKM2 and forms a complex with p-Ser37-PKM2 and TGIF2 to inhibit the transcription of CDH1, thus down-regulating E-cadherin expression and accelerating epithelial-mesenchymal transition (EMT). Our findings demonstrate that glycolysis and EMT are simultaneously activated by upregulation of PPP1R26 to drive tumor progression in HCC, and provide PPP1R26 as a potential therapeutic target in HCC.
Materials and methods
Human tissue samples
Patients who underwent curative hepatectomy as initial treatment for HCC at Peking University Cancer Hospital between 2009 and 2011 were considered for enrollment. Patients with other malignancies, absence of paraffin-embedded clinical tissue specimens and with incomplete clinicopathological information were excluded. In total, 128 cases were eligible for analysis, including 128 paired tumor tissue and non-tumorous samples. Tumor staging was performed using the Barcelona Clinical Liver Cancer (BCLC) staging system [26]. All patients underwent follow-up evaluations until June 2016. This investigation was approved by the Ethics Committee of Peking University Cancer Hospital. Informed consent was obtained from each patient at the time of sample collection.
Cell culture and reagents
SMMC7721, Huh7 and HepG2 cells were used in this study. HepG2 and SMMC7721 cells were cultured in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and Huh7 cells were cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). All media was supplemented with 10% fetal bovine serum (FBS). Cells were incubated in a humidified chamber of 5% CO2 at 37 °C. The reagents for this study are listed in Supplementary Table 1.
Cell transfection
Cells were transfected with plasmid DNA or siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the instructions provided by the manufacturer. Plasmid DNA was kept consistent with empty vector in transient transfection experiments. To construct stable PPP1R26 knockdown cell lines, pLKO.1-PPP1R26 shRNA or pLKO.1-ctrl shRNA were transfected into HEK293T cells with the packaging vectors pMD2.G and psPAX2 to produce lenti-viral particles. HCC cells were infected with lentiviruses delivering PPP1R26 shRNA or control shRNA to obtain stable PPP1R26 knockdown cell lines and control cell lines. Small interfering RNAs (siRNAs) targeting PPP1R26, PTBP1 or control siRNA were synthesized (GenePharma, Shanghai, China). The sequences of all shRNAs and siRNAs are listed in Supplementary Table 2.
Cell proliferation assay
MTS assay and colony formation were used to determine cell proliferation. For the MTS assay, the CellTiter 96 AQueous One Solution Cell Proliferation Assay system (Promega, Madison, WA, USA) was used according to the manufacturer’s instructions. Briefly, HCC cells were seeded at a density of 1 × 103 cells/well in 96-well plate. At different time points, 10 μl of MTS were added to each well in the plate and incubated for 4 h at 37 °C. Absorbance at 490 nm was measured using a Multiskan FC microplate photometer (Thermo Scientific, Waltham, MA, USA). For colony formation, HCC cells were seeded into 6-well plates at a density of 500 cells/well and cultured under normal conditions for about 14 days. Cell clones were fixed with 4% paraformaldehyde and stained with crystal violet. Visible colonies were counted under the microscope.
Cell wound healing and transwell assays
The wound-healing experiment was performed as previously described [27]. The wound area was measured by ImageJ software. Transwell invasion and migration assays were performed using chambers (Corning, NY, USA) with or without Matrigel coating, respectively. Chambers were placed in 24-well plates. Cells were serum-starved overnight and plated to the upper compartments containing serum-free DMEM. DMEM containing 10% FBS was added to the lower compartments. After a 24 h incubation period at 37 °C, the migratory or invasive cells were stained with crystal violet and counted in five random fields.
Glucose uptake and lactate production assays
After transfections, the culture medium was collected for measurement of glucose and lactate concentration while cells were harvested for preparation of cell lysates. Glucose concentration was measured by the Amplex-Red Glucose assay kit (Invitrogen, Carlsbad, CA, USA). Glucose uptake was calculated by deducting the glucose concentration in the media from the initial glucose concentration. For evaluating lactate production, cells were cultured under DMEM without pyruvate for 24 h after transfection, and the concentration of lactate was measured using the L-Lactate Assay Kit (Abcam, Cambridge, UK) according to the manufacturer’s instruction. All values were normalized based on the cell number.
Extracellular acidification rate (ECAR)
The glycolysis stress test was performed using the Seahorse XF Glycolysis Stress Test Kit (Agilent Technologies, Palo Alto, CA, USA) according to the instructions provided by the manufacturer. The ECAR reported by this method reflected the main parameters of glycolysis, including glycolysis rate and glycolysis capacity. The ECAR value was normalized by the cell number per well on the website of Agilent (https://​seahorseanalytic​s.​agilent.​com). The reagents for ECAR are listed in Supplementary Table 1.
Immunoprecipitation assay
Immunoprecipitation was performed as previously described [28]. Briefly, cells were harvested and cell lysates were prepared in Buffer A (25 mM Tris-Cl pH 7.5, 150 mM KCl, 1 mM dithioerythritol, 2 mM ethylenediaminetetraacetic acid, 0.5 mM phenylmethylsulfonyl fluoride, and 0.2% Nonidet P-40) and used directly for immunoprecipitation. Antibody (1 μg) was incubated with 20 μL of Protein A Sepharose beads (GE Healthcare, Madison, WI, USA) in Buffer IPP500 (500 mM NaCl, 10 mM Tris-Cl pH 8.0, 0.2% Nonidet P-40) for 2 h at 4 °C. After centrifugation, the Ab-coupled beads were incubated with cell lysates for 2 h at 4 °C. After washing three times with Buffer B (10 mM Tris-Cl pH 8.0, 150 mM KCl, 5 mM MgCl2, 0.05% NP-40), the precipitates were subjected to Western blot using indicated antibodies.
RNA immunoprecipitation (RIP)
RIP assay was carried out as previously described [28, 29]. In brief, 1 × 107 cells were treated with UV irradiation and lysed in RIP lysis buffer. Then, cell extracts were immunoprecipitated with anti-PPP1R26-coated magnetic beads overnight at 4 °C. After being washed six times, the PPP1R26-immunoprecipitated complexes were incubated with proteinase K digestion buffer. RNA was extracted from the precipitates using phenol: chloroform: isoamyl alcohol (125:24:1) RNA extraction methods. The relative expression of RNA was determined by RT-qPCR and normalized to the input. Normal mouse IgG was used as a negative control.
Chromatin Immunoprecipitation (ChIP)
ChIP was performed as described previously [30]. Briefly, 1% formaldehyde was added to the cells to cross-link nuclear proteins with genomic DNA, and 0.125 M glycine was added to stop the cross-linking. The cells were collected, centrifugated and resuspended in FA lysis buffer (1% SDS, 10 mM EDTA, protease inhibitors and 50 mM Tris-HCl pH 8.0) and genomic DNA was sonicated to get a length of approximately 300 to 1000 bp. Cell lysates were clarified by centrifugation, diluted by 1:10 in ChIP dilution buffer (0.01% SDS, 1.0% Triton X-100, 1.2 mM EDTA, 16.7 mM NaCl, protease inhibitors and 16.7 mM Tris-HCl pH 8.0) and incubated with anti-TGIF2 or control IgG overnight at 4 °C with rotation. ChIP-Grade Protein G Magnetic Beads (Cell Signaling Technology) were added to each reaction and incubated for 2 h. Protein G magnetic beads were pelleted by centrifugation and washed with the following buffers: low salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl and 20 mM Tris-HCl pH 8.0), high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl and 20 mM Tris-HCl pH 8.0) and LiCl wash buffer (0.25 mM LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA and 10 mM Tris-HCl pH 8.0). Finally, beads were washed twice with 1 ml of TE buffer (1 mM EDTA and 10 mM Tris-HCl pH 8.0). The protein-DNA cross-linking was reversed by incubation with 200 mM NaCl and proteinase K for 2 h at 65 °C. DNA was extracted and subjected to real-time qPCR reaction.
Cellular fractionation
Cellular fractionation was prepared as described previously [30]. Briefly, HCC cells were collected and resuspended gently in Buffer A (1 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5% NP-40), incubated on ice for 10 min and then centrifugated to collect supernatant as cytoplasmic fraction. The pellet were washed with Buffer A and suspended in Buffer T (1% NP-40, 450 mM NaCl, 50 mM Tris-Cl pH 7.4, 1 mM PMSF, 0.2 mM Na3VO4, 5 mM β-glycerophase, 20% glycerol, 2 mM DTT). The supernatant was collected as nuclear extracts after centrifugation at 12000 rpm for 30 min.
Protein extraction from human HCC frozen tissues
Proteins for Western blot were extracted from human HCC frozen tissue samples using cold lysis buffer (1% NP-40, 50 mM Tris pH 7.4, 150 mM NaCl, 150 mM EDTA, 10% SDS, 10% Sodium deoxycholate, 1 × cocktail, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF). Protein concentration was measured by Coomassie brilliant blue G250 assay (Beyotime Biotechnology, Shanghai, China).
Western blotting and antibodies
Western blot was performed as described previously [22]. Primary antibodies specific to PKM1 (1:1000), PKM2 (1:1000), PTBP1 (1:1000), phospho-Ser37 PKM2 (1:1000), E-cadherin (1:2000), Vimentin (1:1000), TOP1 (1:2000), Tubulin (1:3000), Flag (1:3000), GFP (1:5000) and β-actin (1:10000) were used. Anti-PPP1R26 was generated in our laboratory (1:1000) [13, 16]. The detailed information on antibodies for this study is listed in Supplementary Table 3.
Real-time qPCR
Real-time qPCR was done as previously described [28]. Briefly, total RNA was extracted from cells by TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and reversely transcribed into cDNA. Reverse transcription was performed using PrimeScript™ RT Master Mix (Roche, Nutley, NJ, USA). Real-time PCR was performed with SYBR® Premix Ex Taq™ GC (Roche, Nutley, NJ, USA) to determine the relative mRNA expression levels. The human β-actin was included as an internal control. Each sample was assessed in triplicate and each real-time qPCR experiment was independently repeated at least three times. Gene expression was presented as the ratio of target gene mRNA levels to the β-actin mRNA level. The primers were described in Supplementary Table 4.
Immunohistochemistry (IHC)
IHC was performed as previously described [28]. The tissues were fixed in formalin and embedded in paraffin. Four-micrometer-thick sections of paraffin-embedded tissues were mounted on poly-L-lysine-coated slides. Then, the slides were deparaffinized in xylene and rehydrated with a gradient of ethanol and distilled water. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide for 10 min at room temperature. After antigen retrieval, the sections were incubated with primary antibody overnight at 4 °C. The primary antibody was probed with a two-step Poly-HRP Anti-Mouse/Rabbit IgG Detection System (Zsbio, Beijing, China). The expression of proteins was classified according to a semi-quantitative score. The percentage of positive tumor cells were scored as following: 0% (0), 1–25% (1), 26–50% (2), 51–75% (3), and > 75% (4). The intensity was assessed as follows: negative staining (0), weak staining (1), moderate staining (2), and strong staining (3). The scores of staining intensity and proportion were multiplied for comprehensive evaluation. The expression of proteins in HCC tissues was scored independently by two senior pathologists.
Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 20 min at room temperature. Cells were incubated with primary antibodies overnight at 4 °C after blocking with 10% goat serum. After washing with 1 × PBS, the cells were incubated with secondary antibodies conjugated with DyLight 488 or DyLight 594 (1:100) (Earthox, Millbrae, CA, USA) for 1 h at 37 °C. The cells were stained with DAPI (Beyotime, Nantong, China) to visualize the nuclei.
Xenograft mouse model
Female BALB/C nude mice aged 5-week (Beijing Vital River Laboratory Animal Technology Co., Ltd.) were randomly separated into three groups (n = 6, per group). SMMC7721-control shRNA, SMMC7721-PPP1R26 shRNA, Huh7-control-shRNA, Huh7-PPP1R26-shRNA, Huh7-PPP1R26-shRNA1 + GFP-PTBP1 or Huh7-PPP1R26-shRNA2 + GFP-PTBP1 cells (3 × 106) were injected subcutaneously into the right and left flanks in each mouse, respectively. The tumor volume was measured every four days and calculated using the formula length×width2 × 0.5 (mm3). The tumor size, volume and weight were measured when the mice were sacrificed at day 28 (SMMC7721) or day 35 (Huh7) post-implantation. The expression of PPP1R26 and PKM2 was evaluated by Western blot and immunohistochemistry. Animal operations were performed according to the National Institutes of Health guidelines. Studies on animals obtained the approval of the Institutional Animal Care and Use Committee of Peking University Health Science Center (Ethics Approval License: LA2020428).
MICRO-PET/CT imaging
SMMC7721/Huh7-Ctrl shRNA or SMMC7721/Huh7-PPP1R26 shRNA cells were subcutaneously injected into the nude mice. When tumor diameter reached up to 1 cm, mice were analyzed on a Super Nova PET/CT scanner (PINGSENG Healthcare [KunShan] Inc., Jiangsu, China). After mice had fasted overnight before the PET scans, the xenograft-bearing mice were injected with 18.5 MBq (0.5 mCi, 200 μL) of 18F-FDG via the tail vein. Scanning began 45 min after injection. The images were reconstructed using a three-dimensional ordered subsets expectation maximum algorithm (OSEM) without attenuation correction. PET images were acquired for 10 min and reconstructed with attenuation correction based on the CT data (CT-AC reconstruction).
Single-sample gene set enrichment analysis (ssGSEA)
Gene signatures of metabolism were downloaded from Reactome Pathway Database (https://​reactome.​org/​). The identifiers of glucose metabolism, fatty acid metabolism and amino acid metabolism are R-HSA-70326, R-HSA-8978868 and R-HSA-71291, respectively. Gene expression profiles of HCC patients in the TCGA liver hepatocellular carcinoma adenocarcinoma (LIHC) dataset (n = 374) was downloaded from the TCGA Data Portal (https://​portal.​gdc.​cancer.​gov/​). Based on the expression of metabolic genes, the ssGSEA algorithm of R package “GSVA” was applied to calculate the metabolic score of each sample in TCGA LIHC dataset. Metabolic level of each sample was reflected by ssGSEA scores.
Statistical analyses
Statistical analysis was performed using SPSS software version 22.0 (IBM, Armonk, NY, USA). The association between the expression of PPP1R26 and clinicopathological parameters in the HCC cohort was assessed by the chi-square test. Overall survival and its association with PPP1R26 protein expression were evaluated using the Kaplan-Meier method followed by the log-rank test. Subsequent univariate and multivariate analysis of prognostic factors was conducted using the Cox regression model. Data are presented as mean ± SEM or mean ± SD. Two-tailed Student’s t-tests were used to assess the differences between the two groups. One-way analysis of variance (ANOVA) with post hoc analysis LSD test was used to analyze differences among more than three groups. Kruskal-Wallis test was performed for nonparametric comparison. P < 0.05 was considered to indicate statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 for all analyses.
Result
PPP1R26 is upregulated in HCC and is an independent diagnostic factor predicting worse prognosis of the patients
To evaluate the expression level of PPP1R26 in human HCC tissues, IHC was performed. PPP1R26 is localized in the nucleus in tumor cells (Fig. 1A left) and upregulated in the HCC tumor tissues compared with their non-tumorous counterparts (Fig. 1A middle). Analysis of a 424-case cohort from The Cancer Genome Atlas (TCGA) database also showed that the expression of PPP1R26 is significantly upregulated in tumor tissues compared with adjacent normal tissues (Fig. 1A right). Additionally, the association of PPP1R26 with clinical characteristics was analyzed by chi-square test. The upregulation of PPP1R26 was markedly correlated with clinicopathological features including higher BCLC stages, worse survival, time to recurrence and microscopic vascular invasion (Fig. 1B). The ratio of the patients with positive PPP1R26 expression was also correlated with these clinicopathological characteristics (Table 1, Fig. 1C).[image: ]
Fig. 1PPP1R26 is upregulated in HCC tumor tissues and related to a worse prognosis. A Staining intensity of PPP1R26 in HCC tissues is classified as negative staining (−, score 0), weak staining (+, score 1–4), moderate staining (++, score 5–8), and strong staining (+++, score 9–12) (left); IHC score of PPP1R26 in normal and HCC tissues in PUCH cohort (middle); PPP1R26 mRNA expression in TCGA HCC tissues (right). Scale bars represent 50 μm. B Staining scores of PPP1R26 in HCC tissues for each BCLC stage, the negative or positive of microscopic vascular invasion, survival status and the absence or presence of recurrence. C The percentage of the patients with PPP1R26 negative and positive expression in each group according to BCLC stages, survival, recurrence, and microscopic vascular invasion. D Kaplan-Meier survival curves of overall survival (OS) and disease-free survival (DFS) time in patients with positive or negative PPP1R26 expression. E Kaplan-Meier analysis of OS and DFS in 125 HCC patients stratified by PPP1R26 (−), PPP1R26 (+), PPP1R26 (++) and PPP1R26 expression (+++). Data information: In (B-C), data are presented as mean ± SEM. Statistical significance was assessed using two-tailed t-tests (A, B & C) or one-way ANOVA with post hoc analysis LSD test (B & C). In (D-E), P values were determined by log-rank test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001

Table 1Clinicopathological characteristics of HCC patients according to PPP1R26 expression


	Variables
	PPP1R26-negative (n = 31)
	PPP1R26-positive (n = 97)
	P-value

	Sex

	 Male
	28
	83
	0.497

	 Female
	3
	14
	 
	Age (years)

	  ≤ 60
	23
	63
	0.34

	 >60
	8
	34
	 
	Tumor size (cm)

	  ≤ 5
	19
	50
	0.343

	 >5
	12
	47
	 
	Tumor number

	 Single
	27
	77
	0.338

	 Multiple
	4
	20
	 
	Microscopic vascular invasion

	 Absent
	29
	66
	0.005

	 Present
	2
	31
	 
	AFP (ng/ml) a

	  ≤ 200
	22
	62
	0.375

	 >200
	8
	34
	 
	Cirrhosisa

	 Negative
	18
	65
	0.327

	 Positive
	13
	31
	 
	HBVa

	 Negative
	5
	21
	0.67

	 Positive
	26
	75
	 
	HCV

	 Negative
	30
	92
	0.658

	 Positive
	1
	5
	 
	Edmondson-Steiner grade

	 1,2
	24
	77
	0.816

	 3,4
	7
	20
	 
	BCLC stage

	 0 or A
	25
	55
	0.017

	 B
	4
	11
	 
	 C
	2
	31
	 

aData for AFP, cirrhosis, HBV were missing for two, one and one patients, respectively



To determine if PPP1R26 expression affects the prognosis of HCC patients, we analyzed the association of PPP1R26 expression with the survival of HCC patients. The 5-year overall survival (OS) in the PPP1R26-positive group (53.1%) was substantially lower than those in the PPP1R26-negative group (79.7%) (P < 0.05) (Fig. 1D left). The 5-year disease-free survival (DFS) in the PPP1R26-positive group (41.4%) was also significantly lower than that in the PPP1R26-negative group (70.3%) (Fig. 1D right). Moreover, when stratified by semi-quantitative scores of IHC, the OS and DFS of the HCC patients decreased along with the increased expression level of PPP1R26 (Fig. 1E), indicating that PPP1R26 is a potential prognosis marker in HCC.
We further evaluated the prognostic role of PPP1R26 expression in HCC patients. Univariate Cox regression analysis revealed that the PPP1R26 expression level, tumor number, microscopic vascular invasion, Edmondson-Steiner grade, BCLC stage and AFP level were the significant prognostic indicators in HCC (P < 0.05, respectively) (Table 2). In the multivariate model, PPP1R26 expression was related to poorer survival (HR = 2.893, 95% CI, 1.227–6.821, P = 0.015) (Table 3), indicating that high expression level of PPP1R26 was an independent prognostic factor in HCC.Table 2Univariate Cox regression analysis of potential poor prognostic factors for HCC patients in our study


	Variables
	Hazard ratio (95% confidence interval)
	P-value

	PPP1R26

	 Negative
	1
	 
	 Positive
	2.894 (1.231–6.805)
	0.015

	Sex

	 Female
	1
	 
	 Male
	0.781 (0.332–1.836)
	0.570

	Age (years)

	  ≤ 60
	1
	 
	 >60
	0.953 (0.519–1.75)
	0.877

	Tumor size (cm)

	  ≤ 5
	1
	 
	 >5
	0.953 (0.519–1.75)
	0.877

	Tumor number

	 Single
	1
	 
	 Multiple
	0.369 (0.206–0.662)
	0.001

	Microscopic vascular invasion

	 Negative
	1
	 
	 Positive
	2.093 (1.124–3.898)
	0.020

	Cirrhosis

	 Negative
	1
	 
	 Positive
	0.799 (0.11–5.794)
	0.824

	HBV

	 Negative
	1
	 
	 Positive
	1.315 (0.723–2.39)
	0.370

	HCV

	 Negative
	1
	 
	 Positive
	0.704 (0.373–1.328)
	0.278

	Edmondson-Steiner grade

	 1,2
	1
	 
	 3,4
	3.721 (2.1–6.595)
	0.000

	BCLC stage

	 0 or A
	1
	 
	 B
	2.794 (1.278–6.107)
	0.010

	 C
	2.812 (1.51–5.236)
	0.001

	AFP (ng/ml)

	  ≤ 200
	1
	 
	 >200
	2.418 (1.374–4.254)
	0.002



Table 3Multivariate Cox regression analysis of potential poor prognostic factors for HCC patients in our study


	Variables
	Hazard ratio
(95% confidence interval)
	P-value

	PPP1R26

	 Negative
	1
	 
	 Positive
	2.893 (1.227–6.821)
	0.015

	Tumor number

	 Single
	1
	 
	 Multiple
	2.494 (1.381–4.504)
	0.002

	Edmondson-Steiner grade

	 1,2
	1
	 
	 3,4
	3.777 (2.121–6.728)
	0.000

	AFP (ng/ml)

	  ≤ 200
	1
	 
	 >200
	2.097 (1.188–3.704)
	0.011




PPP1R26 promotes HCC cell proliferation, migration and invasion
We then explored the function of PPP1R26 in HCC cell proliferation. Huh7, HepG2 and SMMC7721 cells were infected with lentiviruses expressing PPP1R26 shRNA to deplete PPP1R26 (Fig. 2A left, Supplementary Fig. 1A left). The colony formation assay revealed that knockdown of PPP1R26 decreased the proliferative capacity in Huh7, HepG2 and SMMC7721 cells (Fig. 2A middle & right, Supplementary Fig. 1B left & 1C). Accordingly, the growth curve plotted with the MTS assay showed that depletion of PPP1R26 decreased cell proliferation in these cells (Fig. 2B, Supplementary Fig. 1D left). To confirm these phenomena, GFP-PPP1R26 was ectopically expressed in Huh7, HepG2 and SMMC7721 cells (Fig. 2C left, Supplementary Fig. 1A right). GFP-PPP1R26 significantly increased the proliferative capacity in these cells evaluated by colony formation (Fig. 2C middle & right, Supplementary Fig. 1B right & 1C) and growth curve (Fig. 2D, Supplementary Fig. 1D right).[image: ]
Fig. 2PPP1R26 promotes cell proliferation in HCC cells. A Expression of PPP1R26 was evaluated by Western blot in the indicated cells stably expressing shRNA (left). Beta-actin was used as a loading control. Colony formation was performed with indicated cells (middle). Colony formation data were summarized from three independent experiments in triplicates and showed in histograms (right). B Cell viability was evaluated in the indicated cells stably expressing shRNA using MTS assays. C GFP-PPP1R26 or GFP was transfected in Huh7 and HepG2 cells. Expression of GFP-PPP1R26 was evaluated by Western blot (left). Beta-actin was used as a loading control. Colony formation assays were performed (middle). Colony formation data were summarized from three independent experiments in triplicates and showed in histograms (right). D MTS was used to evaluate cell proliferation in Huh7 and HepG2 cells expressing GFP-PPP1R26 or GFP, respectively. Data information: In (A-D), data are presented as mean ± SD. Statistical significance was assessed using two-tailed t-tests (C) or one-way ANOVA with post hoc analysis LSD test (A, B & D). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001


Since PPP1R26 is tightly related to microscopic vascular metastasis in HCC patients, we evaluated the effect of PPP1R26 expression on cell migration and invasion. Cell migration and invasion were attenuated by the depletion of PPP1R26 in Huh7, HepG2 and SMMC7721 cells (Fig. 3A, B, E & F, Supplementary Fig. 1E & G), while the migration and invasion were enhanced by ectopic expression of GFP-PPP1R26 (Fig. 3 C, D, E & F, Supplementary Fig. 1F & G). Collectively, our findings indicate that PPP1R26 promotes cell proliferation, migration and invasion in HCC cells.[image: ]
Fig. 3PPP1R26 promotes cell migration and invasion in HCC cells. A Wound-healing experiments were done in Huh7 cells with PPP1R26 depletion (left). Line charts of relative wound area are shown (right). B Wound-healing experiments were done in HepG2 with PPP1R26 depletion (left). Line charts of relative wound area are shown (right). C Wound-healing experiments in Huh7 transfected with GFP or GFP-PPP1R26 (left). Line charts of relative wound area are shown (right). D Wound-healing experiments in HepG2 transfected with GFP or GFP-PPP1R26 (left). Line charts of relative wound area are shown (right). E Migration transwell experiments in Huh7 and HepG2 cells after knockdown of PPP1R26 or overexpression of GFP-PPP1R26 (left). Histogram analyses of relative migrated cell counts are shown (right). The migration cells were counted in five random fields under microscope. F Invasion transwell experiments in Huh7 and HepG2 cells after knockdown of PPP1R26 or overexpression of GFP-PPP1R26 (left). Histogram analyses of relative invasive cell counts are shown (right). The invasive cells were counted in five random fields under microscope. Data information: In (A-F), data are presented as mean ± SD. Statistical significance was assessed using two-tailed t-tests (C, D, E & F) or one-way ANOVA with post hoc analysis LSD test (A, E & F). **P < 0.01 and ****P < 0.0001


PPP1R26 binds to PTBP1 to activate the alternative splicing of PKM2
                        
Metabolic reprogramming is one of the characteristics of cancer, facilitating malignant activities in cancer cells. We therefore analyzed the metabolic levels including glucose, fatty acid and amino acid metabolisms in 374 HCC samples according to the TCGA LIHC cohort (Supplementary Table 5). The correlation heatmap showed that the expression of PPP1R26 is positively related to glucose metabolism, whereas negatively related to fatty acid and amino acid metabolisms (Fig. 4A, Supplementary Fig. 2A), indicating that PPP1R26 might activate glucose metabolism in HCC. To determine if PPP1R26 participates in glucose metabolism, we identified PPP1R26-binding proteins by mass spectrometry analysis on the Flag-PPP1R26-specific immunocomplex in Huh7 cells (Fig. 4B, left). Among the Flag-PPP1R26-binding proteins, a vital rate-limiting enzyme of glycolysis, PKM2 and a splicing factor of PKM2, PTBP1 raised our particular interest due to their essential roles in glycolysis (Fig. 4B, left). The binding of PTBP1 and PKM2 with Flag-PPP1R26 was further confirmed by immunoprecipitation in Huh7 and HepG2 cells (Fig. 4B right).[image: ]
Fig. 4PPP1R26 is a glycolysis-associated protein and interacts with PTBP1 to control PKM2 splicing. A The correlation heatmap between expression of PPP1R26 and metabolic level in TCGA LIHC cohort. B Huh7 cells were transfected with Flag-PPP1R26 or Flag, and immunoprecipitation was performed with anti-Flag antibody on the cell extracts. PPP1R26-binding proteins were resolved by SDS-PAGE, detected by silver staining and analyzed by mass spectrometry (left). Flag or Flag-PPP1R26 was transfected into Huh7 and HepG2 cells, and immunoprecipitation was performed with anti-Flag antibody. Western blot was done with the indicated antibodies (right). C HCC cells were transfected with different dosages of Flag-PPP1R26. Western blot was done with the indicated antibodies (left). PKM2/PKM1 mRNA levels were evaluated by RT-qPCR when Flag-PPP1R26 or Flag was expressed in HepG2 and Huh7 cells (right). D PPP1R26 was depleted by shRNA and Western blot was performed to evaluate the expression of PPP1R26, PKM1 and PKM2. E PKM2/PKM1 mRNA levels were evaluated by RT-qPCR when PPP1R26 was depleted by shRNA in HepG2 and Huh7 cells (right). F Western blot analysis of indicated protein levels when GFP-PPP1R26 was expressed in the PTBP1-depleted HCC cells. G Western blot analysis of indicated protein levels in HepG2-shPPP1R26 cells or Huh7-shPPP1R26 cells transfected with GFP-PTBP1. H Huh7 and HepG2 cells were transfected with indicated PTBP1 siRNAs. Immunoprecipitation was performed with anti-PPP1R26 antibody. The immunoprecipitated RNA was submitted to RT-qPCR to evaluate the enrichment of PKM fragment flanking exon 9 by PPP1R26. The RNA enrichment was determined relative to the non-targeting IgG control. I Immunofluorescence staining was performed with anti-PPP1R26 and anti-PTBP1 antibodies. Nuclei were stained with DAPI (upper). Immunoprecipitation was performed with anti-PPP1R26 or anti-PTBP1 antibodies on Huh7 cell lysates. Rad arrows point to the heavy chain of IgG (lower). Data information: In (C, E & H), data are presented as mean ± SD. Statistical significance was assessed using one-way ANOVA with post hoc analysis LSD test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.


To determine if PPP1R26 is involved in the regulation of PKM splicing, we firstly evaluated the PKM2 and PKM1 expression levels when Flag-PPP1R26 was ectopically expressed. PKM2 protein level was upregulated, while PKM1 level was downregulated by Flag-PPP1R26 in HCC cells (Fig. 4C left, Supplementary Fig. 2B left). Further, RT-qPCR was used to evaluate the mRNA levels of PKM1 and PKM2. Flag-PPP1R26 caused a dose-dependent increase of the ratio of PKM2/PKM1 mRNA (Fig. 4C right, Supplementary Fig. 2B right). In contrast, PKM2 protein level was downregulated, while PKM1 level was upregulated when PPP1R26 was depleted in HCC cells (Fig. 4D, Supplementary Fig. 2C left). Accordingly, depletion of PPP1R26 repressed the ratio of PKM2/PKM1 mRNA (Fig. 4E, Supplementary Fig. 2C right). Thus, we demonstrate that PPP1R26 promotes PKM2 expression by facilitating PKM2 splicing.
The previous study has demonstrated that PTBP1 allows for the recognition of exon 9 by the splicing machinery and disrupts the intronic structures favorable for exon 10 inclusion, leading to increased expression of PKM2 [16] (Supplementary Fig. 2D). To determine if the PPP1R26-mediated mRNA splicing of PKM2 is dependent on PTBP1, we depleted PTBP1 in the GFP-PPP1R26-expressed cells. GFP-PPP1R26 failed to regulate expression levels of PKM2 and PKM1 in the absence of PTBP1 (Fig. 4F). Meanwhile, the PPP1R26 depletion-induced expression alteration of PKM2 and PKM1 were reversed by GFP-PTBP1 (Fig. 4G), suggesting that PPP1R26 possibly promote PKM2 expression dependent on PTBP1. To further confirm the involvement of PPP1R26 in the PKM splicing, we performed RIP assays in HCC cells. PPP1R26 bound the intronic fragments flanking PKM exon 9 in RIP assays, and the intronic fragments flanking PKM exon 9 were less captured by PPP1R26 when PTBP1 was depleted (Fig. 4H). Additionally, ectopic GFP-PPP1R26 enhanced the binding of PTBP1 on the intronic fragments flanking PKM exon 9 (Supplementary Fig. 2E). These results indicated that PPP1R26 promotes PKM2 splicing at least partially dependent on PTBP1. We further show that PPP1R26 endogenously binds to PTBP1 in the nucleus by immunofluorescent staining (Fig. 4I upper, Supplementary Fig. 2F left) and immunoprecipitation (Fig. 4I lower, Supplementary Fig. 2F right). Collectively, we demonstrate that PPP1R26 binds PTBP1 to promote PKM2 splicing.
PPP1R26 promotes glycolysis in HCC cells and in vivo
                        
We thereafter wanted to know if PPP1R26 regulates glycolysis in HCC cells. Glucose uptake and lactate production assays were performed. Knockdown of PPP1R26 led to a remarkable decrease in glucose uptake and lactate production in Huh7, HepG2 and SMMC7721 cells (Fig. 5A, Supplementary Fig. 3A). Accordingly, GFP-PPP1R26 significantly increased glucose uptake and lactate production in Huh7, HepG2 and SMMC7721 cells (Fig. 5B, Supplementary Fig. 3B). We then performed extracellular flux analysis to monitor real-time glucose-induced extracellular acidification rate (ECAR). The glycolysis rate and the glycolytic capacity were significantly attenuated by depletion of PPP1R26 and elevated by GFP-PPP1R26 (Fig. 5C & D, Supplementary Fig. 3C & D) in HCC cells. To further explore the function of PPP1R26 in glucose utilization in vivo, nude mice xenografts were established by subcutaneously injecting Huh7-PPP1R26-shRNA, Huh7-control-shRNA, SMMC7721-PPP1R26-shRNA or SMMC7721-control-shRNA cells. The uptake of glucose analog 18F-FDG was evaluated by PET imaging in the mouse xenografts. PPP1R26 depletion suppressed the glucose uptake as shown by the reduced 18F-FDG accumulation in the xenografts (Fig. 5E, Supplementary Fig. 3E). The SUVmax values in the tumors derived from Huh7-PPP1R26-shRNA cells (0.72 ± 0.12) were significantly lower than those in the tumors derived from the Huh7-control-shRNA1 cells (0.94 ± 0.19) (Fig. 6E right). Therefore, we demonstrate that PPP1R26 promotes glycolysis in HCC in vivo.[image: ]
Fig. 5PPP1R26 promotes glycolysis in HCC cells and in vivo. A Expression of PPP1R26 was evaluated by Western blot in the HepG2 and Huh7 stably expressing shRNAs (left). Beta-actin was used as a loading control. Glucose uptake and lactate production in PPP1R26-depleted HepG2 and Huh7 cells were detected (middle & right). B GFP-PPP1R26 or GFP was transfected into HepG2 and Huh7 cells. Expression of GFP-PPP1R26 was evaluated by Western blot (left). Beta-actin was used as a loading control. Glucose uptake and lactate production in HepG2 and Huh7 were detected (middle & right). C The extracellular acidification rate (ECAR) was evaluated in HepG2-PPP1R26 shRNA (left) and Huh7-PPP1R26 shRNA (middle) cells treated with glucose, oligomycin, and 2-deoxyglucose (2-DG), respectively. HepG2 and Huh7 cells were transfected with GFP or GFP-PPP1R26 (right). D The histogram analysis of glycolysis rate (ECAR after glucose injection) and glycolysis capacity (ECAR after oligomycin injection) in (C). E Huh7-PPP1R26 shRNA cells were injected subcutaneously into the left (rad arrow) and Huh7-Ctrl shRNA cells in the right (white arrow) flanks of BALB/C nude mice. PET/CT imaging was performed. Representative PET photographs of animals were shown (left). Glucose uptake in the tumor was evaluated by the average SUVmax (right). F Western blot analysis of indicated protein levels when GFP-PPP1R26 was expressed in the PKM2-depleted HCC cells (left). Glucose uptake and lactate production were detected when GFP-PPP1R26 was expressed in the PKM2-depleted HCC cells (middle & right). G Expression of PPP1R26 and GFP-PTBP1 were evaluated by Western blot in the indicated cells (left). Beta-actin was used as a loading control. ECAR was evaluated in PPP1R26-depleted Huh7 cells after GFP-PTBP1 was expressed (middle). The histogram analysis of ECAR results (right). H Expression of GFP-PPP1R26 and PTBP1 were detected by Western blot in the indicated cells (left). Beta-actin was used as a loading control. ECAR was evaluated in PTBP1-depleted Huh7 cells when GFP-PPP1R26 was expressed (middle). The histogram analysis of ECAR results (right). Data information: In (A-H), data are presented as mean ± SD. Statistical significance was assessed using two-tailed t-tests (B, D & F) or one-way ANOVA with post hoc analysis LSD test (A, D, G & H). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001
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Fig. 6Overexpressed PPP1R26 induces accumulation of nuclear PKM2 and promotes EMT in HCC cells dependent on nuclear PKM2. A The expression of E-cadherin, Vimentin, Snail1 and Twist2 was determined by Western blot in the indicated cells (left). Relative mRNA levels of CDH1, VIM, SNAIL1 and TWIST2 were evaluated by RT-qPCR in the indicated cells (middle and right). Beta-actin was used as a loading control. B Western blot analysis of indicated protein levels when GFP-PPP1R26 was expressed in the PKM2-depleted Huh7 cells. C GFP-PPP1R26 (upper) or GFP (lower) was transfected into HepG2 and Huh7 cells. Cells were cultured under serum starvation and immunofluorescence staining was performed with anti-PKM2 antibody (red). DAPI was used to stain the nucleus. D HepG2 and Huh7 cells were transfected with GFP or GFP-PPP1R26 and cultured under serum starvation. Cytosolic and nuclear fractionations were prepared and the expression of PKM2 was determined by Western blot. TOP1 and Tubulin were used as the nuclear marker and cytoplasm marker, respectively. E Cells were treated with DMSO or TEPP-46 for 24 h after GFP-PPP1R26 (upper) or GFP (lower) was transfected. Immunofluorescence staining was done with anti-PKM2 (red). DAPI stained nuclei. Immunofluorescence images were taken using a confocal microscope. F Huh7 cells were treated with DMSO or TEPP-46 for 24 h after GFP-PPP1R26 was transfected. Whole cell extracts were used to evaluate the expression of GFP-PPP1R26 and E-cadherin by Western blot (upper). Relative mRNA levels of CDH1 after treatment with DMSO or TEPP-46 for 24 h in GFP-PPP1R26 or GFP expressing Huh7 cells (lower). Data information: In (A & F), data are presented as mean ± SD. Statistical significance was assessed using one-way ANOVA with post hoc analysis LSD test (A) or two-tailed t-tests (F). **P < 0.01 and ****P < 0.0001. ns denotes no significance


Furthermore, PPP1R26 depletion-reduced glycolysis was restored by GFP-PTBP1 (Fig. 5G, Supplementary Fig. 3F). GFP-PPP1R26-accelerated glycolysis was slowed down by depletion of PTBP1 (Fig. 5H, Supplementary Fig. 3G). These results demonstrate that PPP1R26 may possibly activates glycolysis by promoting PKM2 splicing in a PTBP1-dependent mechanism in HCC cells.
Overexpressed PPP1R26 promotes EMT by increasing the nuclear accumulation of PKM2
To determine the causative role of PP1R26 in cell migration and invasion, we evaluated EMT markers in HCC cells. GFP-PPP1R26 inhibited the protein and mRNA levels of E-cadherin and elevated the protein and mRNA levels of Vimentin, Snail1 and TWIST2 in a dose dependent manner. Depletion of PPP1R26 led to upregulation of E-cadherin and downregulation of Vimentin, Snail1 and TWIST2 at mRNA and protein levels, implying that PPP1R26 promotes EMT (Fig. 6A). PKM2 is reported to regulate EMT in tumors [31, 32], we then determined if PPP1R26 promotes EMT dependent on PKM2. GFP-PPP1R26 failed to downregulate E-cadherin, and upregulate Vimentin, Snail1 and Twist2 in PKM2-depleted cells (Fig. 6B), suggesting that PPP1R26 promotes EMT in a PKM2 dependent way.
Previous studies found that the nuclear PKM2 represses CDH1 transcription [20]. We thereafter asked if upregulated PPP1R26 promotes EMT through regulating nuclear PKM2 in HCC cells. To answer this question, we expressed GFP-PPP1R26 and determined the cellular localization of PKM2 in Huh7, HepG2 and SMMC7721 cells. We showed that PKM2 localized in the nucleus in the GFP-PPP1R26 expressed cells under serum starvation condition, whereas it localized in the cytoplasm in the GFP-expressed cells (Fig. 6C, Supplementary Fig. 4A). To confirm this phenomenon, we evaluated the PKM2 level in the cellular fractionation when cells were transfected with GFP-PPP1R26 and serum starved. PKM2 accumulated in the nucleus only when GFP-PPP1R26 was expressed under serum starvation in Huh7, HepG2 and SMMC7721 cells (Fig. 6D, Supplementary Fig. 4B), indicating that upregulation of PPP1R26 induces the nuclear accumulation of PKM2.
Next, we wanted to know if PPP1R26 regulates EMT dependent on the nuclear accumulation of PKM2 in HCC cells. Since the PKM2-tetramer stabilizer TEPP-46 blocks the nuclear translocation of PKM2 [33], we treated cells with TEPP-46 and determined PKM2 localization. GFP-PPP1R26 failed to induce the nuclear accumulation of PKM2 under TEPP-46 treatment (Fig. 6E, Supplementary Fig. 4C). Notably, TEPP-46 suppressed the GFP-PPP1R26-induced EMT, as evidenced by the protein level of E-cadherin (Fig. 6F upper, Supplementary Fig. 4D upper) and the CDH1 mRNA level (Fig. 6F lower, Supplementary Fig. 4D lower). Taken together, we demonstrate that upregulated PPP1R26 promotes EMT by increasing the nuclear accumulation of PKM2 to repress the transcription of CDH1.
Upregulated PPP1R26 forms a complex with p-Ser37-PKM2 and TGIF2 to inhibit the transcription of CDH1
                        
It was previously found that only the monomeric or dimeric forms of PKM2 could translocate into the nucleus due to the Ser37 phosphorylation (p-Ser37-PKM2) [34, 35]. We then determined if PPP1R26 binds to p-Ser37-PKM2 in the nucleus. We performed immunoprecipitation with anti-Flag antibody on the cellular fractionation when Flag or Flag-PPP1R26 was expressed under serum starvation conditions. We showed that Flag-PPP1R26 binds to p-Ser37-PKM2 in the nucleus (Fig. 7A, Supplementary Fig. 5A). Additionally, the cytoplasmic p-Ser37-PKM2 level also increased in the Flag-PPP1R26 expressed cells due to the increased total level of PKM2. Thus, our data indicated that upregulated PPP1R26 bound to p-Ser37-PKM2 and increased the nuclear accumulation of PKM2 in HCC cells.[image: ]
Fig. 7PPP1R26 promotes EMT in HCC cells by forming the PPP1R26-pSer37 PKM2-TGIF2 complex. A Huh7 cells were transfected with Flag or Flag-PPP1R26 and cultured under serum starvation. Immunoprecipitation was performed with an anti-Flag antibody on the cellular fractionation. The Flag-PPP1R26 and p-Ser37-PKM2 in the precipitates were determined by Western blot. B Huh7 cells were transfected with Flag or Flag-PPP1R26 and cultured under serum starvation. Immunoprecipitation was performed with an anti-Flag antibody. The Flag-PPP1R26, p-Ser37-PKM2 and TGIF2 in the precipitates were determined by Western blot (left). Schematic diagram showing the positions of primers designed to cover the promoter region of the CDH1 gene (right, upper). Huh7 cells were transfected with Flag or Flag-PPP1R26. ChIP assays were performed with IgG or anti-TGIF2 antibody followed by qPCR to amplify the CDH1 promoter region (right, lower). C Huh7 cells was transfected with Flag or Flag-PPP1R26. ChIP assays were performed with IgG and anti-acetylated H3K9 antibody followed by qPCR as described in B. D Huh7-PPP1R26-shRNA cells were subcutaneously implanted into nude mice. Tumors were dissected at the end of the experiment (left). Tumor weights were evaluated and shown in the middle. Tumor volumes were measured every 5 days during the experiments as shown in the right. E Proteins extracted from the xenografts were subjected to Western blotting probed with anti-PPP1R26, anti-PKM2 and anti-E-cadherin antibodies. Beta-actin was used as a loading control. F IHC was performed with anti-PPP1R26, anti-PKM2 and anti-E-cadherin antibodies on the paraffin-embedded tissue sections of xenografts (right). Data information: In (A-D), data are presented as mean ± SD. Statistical significance was assessed using two-tailed t-tests (B & C), one-way ANOVA with post hoc analysis LSD test or Kruskal-Wallis test (D). *P < 0.05, **P < 0.01 and ****P < 0.0001


TGIF2 is a transcriptional factor that binds to CDH1 promoter to activate CDH1 transcription [20]. Under EGF stimulation, PKM2 translocates into the nucleus and binds to TGIF2 to loosen the binding of TGIF2 with CDH1 promoter, which allows the recruitment of HDAC3 and subsequent histone H3 deacetylation, thus resulting in the suppression of CDH1 transcription [20]. To determine if PPP1R26 forms a complex with p-Ser37-PKM2 and TGIF2, we performed IP experiments. We show that Flag-PPP1R26 interacts with the pSer37-PKM2 and TGIF2 (Fig. 7B left, Supplementary Fig. 5B upper). Importantly, ChIP qPCR assay showed that Flag-PPP1R26 dramatically inhibits the binding of TGIF2 with CDH1 promoter (Fig. 7B right, Supplementary Fig. 5B lower), demonstrating that upregulated PPP1R26 inhibits the transcription of CDH1 by forming a nuclear complex with p-Ser37-PKM2 and TGIF2. We further determined the acetylation levels of histone H3 in CDH1 promoter by ChIP qPCR assay as described previously [20]. We show that the acetylation level of H3K9 in the CDH1 promoter decreased when Flag-PPP1R26 was ectopically expressed in HCC cells (Fig. 7C), demonstrating that PPP1R26 forms a complex with PKM2 and TGIF2 to loosen TGIF2-CDH1 promoter binding, leading to suppression of CDH1 transcription.
PPP1R26 depletion attenuates tumorigenesis and metastatic ability
To further substantiate the function of PPP1R26 in hepato-carcinogenesis in vivo, nude mice xenografts were established by subcutaneously injecting Huh7-PPP1R26-shRNA or Huh7-control-shRNA cells. PPP1R26 depletion inhibited tumor growth (Fig. 7D left). The size and weight of tumors derived from the Huh7-PPP1R26-shRNA cells decreased compared with those derived from the Huh7-control-shRNA cells (Fig. 7D middle & right). Western blot and IHC revealed that the absence of PPP1R26 leads to downregulation of PKM2 and upregulation of E-cadherin in the xenografts in vivo (Fig. 7E & F), suggesting that depletion of PPP1R26 attenuates tumorigenesis and metastatic ability in vivo. This is further supported by the nude mice xenografts established by subcutaneously injecting SMMC7721-PPP1R26-shRNA or SMMC7721-control-shRNA cells (Supplementary Fig. 5C & D).
Depletion of PPP1R26-reduced tumorigenesis and metastatic ability is restored by overexpression of PTBP1 in vivo
                        
To investigate if overexpression of PTBP1 could restore the tumorigenesis and metastatic ability reduced by knockdown of PPP1R26 in vivo, nude mice xenografts were established by subcutaneously injecting Huh7-PPP1R26-shRNA1 + GFP-PTBP1 or Huh7-PPP1R26-shRNA2 + GFP-PTBP1 cells (Fig. 7D left). GFP-PTBP1 restored the tumor volume and tumor weight reduced by PPP1R26-shRNA (Fig. 7D middle & right), revealing that overexpression of PTBP1 restores the tumorigenesis reduced by PPP1R26 depletion. We next determined the expression levels of EMT markers (E-cadherin, Vimentin, Snail1, Twist2) in the nude mice xenografts. The upregulated E-cadherin in PPP1R26-shRNA1 or PPP1R26-shRNA2 cells was lowered by GFP-PTBP1 in vivo. The downregulation of Vimentin, Snail1 and Twist2 were restored by GFP-PTBP1 in vivo (Fig. 8A, B & C, Supplementary Fig. 6). These results demonstrated that overexpression of PTBP1 restores the PPP1R26 depletion-reduced tumorigenesis and metastatic ability in vivo.[image: ]
Fig. 8PPP1R26 regulates the expression of EMT markers and PKM2 to promote HCC progression. A Proteins extracted from the xenografts were subjected to Western blotting probed with anti-PPP1R26, anti-GFP, anti-E-cadherin, anti-Vimentin, anti-Snail1 and anti-Twist2 antibodies. B-C Densitometry scanning analyses of the E-cadherin, Vimentin, Snail1 and Twist2 bands standardized to beta-actin are summarized and shown. D Western blot analysis of PPP1R26, E-cadherin, PTBP1, PKM2 and beta-actin expression in 16 paired HCC tissues. T denotes tumor tissues and P represents para-tumor non-tumorous tissues. E The correlation among PPP1R26 protein level with E-cadherin, PTBP1 and PKM2 protein level in the human HCC tissues was plotted by GraphPad. F A working model illustrating that PPP1R26 promotes HCC progression by simultaneously regulating glycolysis and EMT. Data information: In (B, C & E), data are presented as mean ± SD. Statistical significance was assessed using one-way ANOVA with post hoc analysis LSD test (B & C) or two-tailed t-tests (E). *P < 0.05, ***P < 0.001 and ****P < 0.0001


PPP1R26 expression is correlated with PKM2 and E-cadherin in human HCC tissues
Finally, we determined the protein levels of PPP1R26, E-cadherin, PTBP1 and PKM2 in 16 cases of cancerous and paired non-cancerous human HCC tissues by immunoblotting (Fig. 8D). The expressions of PPP1R26, PTBP1 and PKM2 were upregulated in 93.8% (15/16), 100% (16/16) and 93.8% (15/16) in human HCC tumor tissues compared with the non-cancerous tissues, respectively (Fig. 8E). Meanwhile, the expression of E-cadherin was downregulated in 75% (12/16) of human HCC tumor tissues. The protein levels of PPP1R26 are positively correlated with the levels of PKM2, and are negatively correlated with the expression of E-cadherin in HCC tissues from patients (Fig. 8E). Collectively, our data confirmed that PPP1R26 promotes HCC progression by activating glycolysis and EMT (Fig. 8F).
Discussion
Cancer cells display an enhanced glycolytic phenotype in tumor progression [36]. Moreover, the increased glucose uptake, glycolysis flux, a more acidic tumor microenvironment and mitochondrial dysfunction activate and maintain the metastatic potential in cancer cells [37–39]. Thus, elucidation of molecular mechanisms underlying the crosslink between glycolysis and metastasis could contribute to attenuating tumor progression. In the present study, we have explored how PPP1R26 concurrently modulates glycolysis and EMT to promote HCC progression.
We first found that PPP1R26 was upregulated in HCC and the upregulated expression of PPP1R26 was significantly related to the BCLC stage, microscopic vascular invasion, recurrence and prognosis of the patients. We then demonstrated that PPP1R26 promotes proliferation, migration and invasion in HCC cells. Furthermore, depletion of PPP1R26 by shRNA dramatically inhibits tumor growth in mouse xenografts in vivo, demonstrating that small molecules targeting PPP1R26 such as siRNA or chemical compound may provide a potential therapeutic strategy in the HCC treatment.
To unravel the function of PPP1R26 in cancer cell metabolism, we performed bioinformatics analysis using the TCGA LIHC dataset. The correlation heatmap showed that PPP1R26 is positively correlated with glucose metabolism. Among the PPP1R26-binding proteins, PKM2 is an essential enzyme controlling glucose metabolism. We therefore set out to explore the function of PPP1R26 in glycolysis.
The present study showed that PPP1R26 promotes glucose uptake and lactate production in HCC cells, indicating that PPP1R26 increases glycolysis. During the glycolysis process, the conversion of pyruvate to lactate causes a net production of protons into the extracellular medium, resulting in an acidic medium. Thus, we used the XFe24 instrument to measure the acidification rate described previously as ECAR to determine glycolysis rate and capacity in HCC cells [40]. We showed that PPP1R26 enhances the glycolysis rate and capacity in HCC cells. Targeting PPP1R26 reduces the glycose metabolism and the acidification rate in HCC to devoid the favorable condition for tumor proliferation and metastasis.
The increased glucose consumption in cancer cells forms the basis of tumor imaging by PET. In clinical, 18F-FDG is used to trace the glucose uptake in cancer cells and becomes the critical clinical tool for staging and assessing cancer recurrence [41]. In the present study, we used PET imaging to evaluate the effect of PPP1R26 on glucose uptake in mouse xenografts in vivo. Depleting PPP1R26 by shRNA significantly decreased 18F-FDG accumulation in the xenografts derived from HCC cells, demonstrating that targeting PPP1R26 reduces glucose uptake and metabolism in vivo.
Given that PKM2 plays a vital role in glycolysis, we evaluated the effect of PPP1R26 on PKM2 expression. We found that PPP1R26 upregulates PKM2 expression by facilitating splicing of PKM2. PTBP1 acts as a splicing repressor of PKM1 and promotes tumorigenesis. Mechanistically, PTBP1 binds the downstream pre-mRNA or forms RNA loop between high-affinity sites, thereby blocking access of splicing factors to their binding sites on the pre-mRNA [19]. The present study showed that endogenous PPP1R26 bound to PTBP1 and the intronic fragments flanking exon 9 of the PKM pre-mRNA to enhance PKM2 splicing. Importantly, PPP1R26 promotes PKM2 splicing and expression in a PTBP1-dependent manner. ECAR experiments also showed that PPP1R26 promotes glycolysis rate and capacity in HCC cells in a PTBP1-dependent way. Collectively, we demonstrate that PPP1R26 accelerates glycolysis through binding to PTBP1 to promote PKM2 expression in HCC cells. PTBP1 is known to be phosphorylated at multiple sites by mass spectrometry analysis [42]. PKA phosphorylates PTBP1 at Ser16 to promote PTBP1 nuclear export [43]. However, the particular kinase and the role of PTBP1 phosphorylation have not been defined. Thus, if PPP1R26 regulates the phosphorylation of PTBP1 to control its splicing capability needs further study.
Since PPP1R26 promotes cell migration, invasion and EMT in HCC cells, we further unraveled the involved mechanism. Previously study demonstrated that nuclear PKM2 binds to TGIF2 to loosen the binding of TGIF2 with CDH1 promoter, which allows the recruitment of HDAC3 to the CDH1 promoter, resulting in the deacetylation of histone H3 and suppression of CDH1 transcription when TGF-β or EGF are added [20]. Our study shows that overexpressed PPP1R26 increases the nuclear accumulation of PKM2 under serum starvation conditions, indicating that upregulated PPP1R26 might control PKM2 function in the nucleus without TGF-β or EGF stimulation. We further show that overexpressed PPP1R26 forms a PPP1R26-pSer37-PKM2-TGIF2 complex to inhibit the binding of TGIF2 with CDH1 promoter, and the H3 acetylation level in the CDH1 promoter decreased, leading to transcriptional repression of CDH1. These results are consistent with PPP1R26 up-regulation promoting metastasis and progression in HCC patients. We thus unravel a novel mechanism by which PPP1R26 promotes HCC metastasis via preventing TGIF2 from binding with CDH1 promoter, thus inhibiting CDH1 transcription.
Previous studies found that PKM2 translocates into the nucleus in response to the activated MEK/ERK pathway [34, 40]. MEK/ERK signaling pathway is generally activated in several types of human cancers, and its activation promotes tumor cell proliferation and survival [44]. ERK1/2 phosphorylates PKM2 at Ser37 and leads to cis-trans isomerization of PKM2 by PIN1 to expose the PKM2 NLS to importin α5, transporting PKM2 into the nucleus [34, 35]. Thus, Ser37 phosphorylation and isomerization of PKM2 are indispensable for PKM2 nuclear translocation. However, if pSer37-PKM2 controls transcription of CDH1 is unknown. We showed that Flag-PPP1R26 increased the level of pSer37-PKM2, which might be due to the increase of the total level of PKM2. Importantly, Flag-PPP1R26 bound the Ser37-phosphorylated PKM2 and TGIF2, inhibiting the binding of TGIF2 with CDH1 promoter and repressing CDH1 transcription. Therefore, our study provides evidence for the function of pSer37-PKM2 in the CDH1 transcription regulation.
PTBP1 is known to play in various cancers, such as colorectal cancer, renal cell cancer, breast cancer, glioma and liver cancer [45–48]. PTBP1 controls glycolysis, apoptosis, proliferation, tumorigenesis, invasion and migration in cancer [45, 48, 49]. In the present study, we found that the expressions of both PTBP1 and PPP1R26 were upregulated in human HCC tumor tissues. Accordingly, PKM2 expression was upregulated and E-cadherin was downregulated. Importantly, the upregulation of PPP1R26 was significantly correlated with PKM2 and E-cadherin. These data suggest that the upregulated PPP1R26 may collaborate with PTBP1 to promote the expression of PKM2 and inhibit the expression of E-cadherin in human HCC tissues in vivo. Additionally, we show that the overexpressed GFP-PTBP1 restored the impaired tumorigenesis and metastatic ability by depletion of PPP1R26 in mouse xenografts, further confirming that PPP1R26 may promote the tumorigenesis and metastasis in HCC via collaborating with PTBP1 in vivo.
Taken together, we demonstrated that PPP1R26 promotes glycolysis in HCC cells dependent on PTBP1. PPP1R26 binds to PTBP1 on the PKM pre-mRNA to promote PKM2 splicing and expression. Meanwhile, pSer37-PKM2 increases upon PPP1R26-induced upregulation of PKM2 expression. Increased pSer37-PKM2 translocates into the nucleus and forms a complex with upregulated PPP1R26 and TGIF2, leading to transcriptional repression of CDH1. However, if PPP1R26 regulates PKM2 phosphorylation at Ser37 concerning the function of protein phosphatase1 requires further exploration.
Conclusions
In summary, we demonstrate that PPP1R26 is a potential prognostic biomarker. PPP1R26 coordinates glycolysis and EMT through promoting PKM2 splicing and nuclear accumulation of PKM2. Our study provides new insight into the understanding of crosslinking of glycolysis and EMT in the progression of HCC (Fig. 8F). Targeting PPP1R26 by small chemical molecules or siRNAs provides a therapeutic strategy for the HCC patients with upregulation of PPP1R26.
Acknowledgments
We thank Dr. Qihua He for assistance with confocal microscopy and Dr. Xiajuan Zou for assisting with mass spectrometric analysis. We thank Dr. Hua Zhu and Dr. Xiaoyi Guo from the Department of Nuclear Medicine (Peking University Cancer Hospital) for the help with the PET/CT scanning of the mouse. We thank Dr. Min Lu for pathological scoring in this manuscript.

Authors’ contributions
X.D. and B.X. designed the project. Y.Y., P.R., X.L. and X.S. performed experiments and collected data. Y.Y., X.L., X.D., and B.X. analyzed the data. C.Z. collected tissue samples. Y.Y. and X.D. wrote the manuscript. X.D. and B.X. supervised the project. All authors read and approved the final manuscript.

Funding
This work is supported by grants from the Beijing Natural Science Foundation (Grant No. 7212061 to X.D.), the National Natural Science Foundation (Grant No. 81874143 to X.D.) and the National Natural Science Foundation (Grant No. 81802305 to X.L.).

Availability of data and materials
All publicly available data can be acquired from the corresponding web servers described in the Materials and methods. The data used and/or analyzed in the present study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
This investigation was approved by the Ethics Committee of Peking University Cancer Hospital. Informed consent was obtained from each patient at the time of sample collection. Animal operations were performed according to the National Institutes of Health guidelines. Studies on animals received the approval of the Institutional Animal Care and Use Committee of Peking University Health Science Center (Ethics Approval License: LA2020428).

Consent for publication
All the authors agree to the content of the paper and are being listed as a co-author of the paper.

Competing interests
The authors declare no competing interests.


References
	1.
Stavraka C, Rush H, Ross P. Combined hepatocellular cholangiocarcinoma (cHCC-CC): an update of genetics, molecular biology, and therapeutic interventions. J Hepatocell Carcinoma. 2019;6:11–21.PubMed

	2.
Yang JD, Hainaut P, Gores GJ, Amadou A, Plymoth A, Roberts LR. A global view of hepatocellular carcinoma: trends, risk, prevention and management. Nat Rev Gastroenterol Hepatol. 2019;16:589–604.PubMedPubMedCentral

	3.
Warburg O. On the origin of cancer cells. Science. 1956;123:309–14.PubMed

	4.
Elia I, Haigis MC. Metabolites and the tumour microenvironment: from cellular mechanisms to systemic metabolism. Nat Metab. 2021;3:21–32.PubMedPubMedCentral

	5.
de la Cruz-López KG, Castro-Muñoz LJ, Reyes-Hernández DO, García-Carrancá A, Manzo-Merino J. Lactate in the regulation of tumor microenvironment and therapeutic approaches. Front Oncol. 2019;9:1143.PubMedPubMedCentral

	6.
Guo W, Qiu Z, Wang Z, Wang Q, Tan N, Chen T, et al. MiR-199a-5p is negatively associated with malignancies and regulates glycolysis and lactate production by targeting hexokinase 2 in liver cancer. Hepatology. 2015;62:1132–44.PubMed

	7.
Kelloff GJ, Hoffman JM, Johnson B, Scher HI, Siegel BA, Cheng EY, et al. Progress and promise of FDG-PET imaging for cancer patient management and oncologic drug development. Clin Cancer Res. 2005;11:2785–808.PubMed

	8.
Beyoğlu D, Imbeaud S, Maurhofer O, Bioulac-Sage P, Zucman-Rossi J, Dufour JF, et al. Tissue metabolomics of hepatocellular carcinoma: tumor energy metabolism and the role of transcriptomic classification. Hepatology. 2013;58:229–38.PubMed

	9.
Bustamante E, Pedersen PL. High aerobic glycolysis of rat hepatoma cells in culture: role of mitochondrial hexokinase. Proc Natl Acad Sci U S A. 1977;74:3735–9.PubMedPubMedCentral

	10.
Zhang Z, Tan X, Luo J, Yao H, Si Z, Tong JS. The miR-30a-5p/CLCF1 axis regulates sorafenib resistance and aerobic glycolysis in hepatocellular carcinoma. Cell Death Dis. 2020;11:902.PubMedPubMedCentral

	11.
Zuo Q, He J, Zhang S, Wang H, Jin G, Jin H, et al. PPARγ Coactivator-1α Suppresses Metastasis of Hepatocellular Carcinoma by Inhibiting Warburg Effect by PPARγ-Dependent WNT/β-Catenin/Pyruvate dehydrogenase kinase isozyme 1 Axis. Hepatology. 2021;73:644–60.PubMed

	12.
Tamada M, Suematsu M, Saya H. Pyruvate kinase M2: multiple faces for conferring benefits on cancer cells. Clin Cancer Res. 2012;18:5554–61.PubMed

	13.
Ibsen KH. Interrelationships and functions of the pyruvate kinase isozymes and their variant forms: a review. Cancer Res. 1977;37:341–53.PubMed

	14.
Taniguchi K, Sakai M, Sugito N, Kuranaga Y, Kumazaki M, Shinohara H, et al. PKM1 is involved in resistance to anti-cancer drugs. Biochem Biophys Res Commun. 2016;473:174–80.PubMed

	15.
Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten RE, Wei R, et al. The M2 splice isoform of pyruvate kinase is important for cancer metabolism and tumour growth. Nature. 2008;452:230–3.PubMed

	16.
David CJ, Chen M, Assanah M, Canoll P, Manley JL. HnRNP proteins controlled by c-Myc deregulate pyruvate kinase mRNA splicing in cancer. Nature. 2010;463:364–8.PubMed

	17.
Xie R, Chen X, Chen Z, Huang M, Dong W, Gu P, et al. Polypyrimidine tract binding protein 1 promotes lymphatic metastasis and proliferation of bladder cancer via alternative splicing of MEIS2 and PKM. Cancer Lett. 2019;449:31–44.PubMed

	18.
Martinez-Contreras R, Fisette J-F, Nasim F-uH, Madden R, Cordeau M, Chabot B. Intronic binding sites for hnRNP A/B and hnRNP F/H proteins stimulate pre-mRNA splicing. Plos Biol. 2006;4:e21.PubMedPubMedCentral

	19.
Spellman R, Smith CW. Novel modes of splicing repression by PTB. Trends Biochem Sci. 2006;31:73–6.PubMed

	20.
Hamabe A, Konno M, Tanuma N, Shima H, Tsunekuni K, Kawamoto K, et al. Role of pyruvate kinase M2 in transcriptional regulation leading to epithelial–mesenchymal transition. Proc Natl Acad Sci U S A. 2014;111:15526–31.PubMedPubMedCentral

	21.
Yang L, Zhao J, Lü W, Li Y, Du X, Ning T, et al. KIAA0649, a 1A6/DRIM-interacting protein with the oncogenic potential. Biochem Biophys Res Commun. 2005;334:884–90.PubMed

	22.
Wang Y, Zheng Z, Zhang J, Wang Y, Kong R, Liu J, et al. A novel retinoblastoma protein (RB) E3 ubiquitin ligase (NRBE3) promotes rb degradation and Is transcriptionally regulated by E2F1 transcription factor. J Biol Chem. 2015;290:28200–13.PubMedPubMedCentral

	23.
Del Pilar C-VM, López AC, Vence MG, Vázquez-Estévez S, Acea-Nebril B, Calatayud DG, et al. Proteomic investigation on bio-corona of Au, Ag and Fe nanoparticles for the discovery of triple negative breast cancer serum protein biomarkers. J Proteomics. 2020;212:103581.

	24.
Hendrickx A, Beullens M, Ceulemans H, Den Abt T, Van Eynde A, Nicolaescu E, et al. Docking motif-guided mapping of the interactome of protein phosphatase-1. Chem Biol. 2009;16:365–71.PubMed

	25.
Zheng T, Lu M, Wang T, Zhang C, Du X. NRBE3 promotes metastasis of breast cancer by down-regulating E-cadherin expression. Biochim Biophys Acta Mol Cell Res. 1865;2018:1869–77.

	26.
EASL Clinical Practice Guidelines. Management of hepatocellular carcinoma. J Hepatol. 2018;69:182–236.

	27.
Adhikary A, Chakraborty S, Mazumdar M, Ghosh S, Mukherjee S, Manna A, et al. Inhibition of epithelial to mesenchymal transition by E-cadherin up-regulation via repression of slug transcription and inhibition of E-cadherin degradation: dual role of scaffold/matrix attachment region-binding protein 1 (SMAR1) in breast cancer cells. J Biol Chem. 2014;289:25431–44.PubMedPubMedCentral

	28.
Liu X, Su K, Sun X, Jiang Y, Wang L, Hu C, et al. Sec62 promotes stemness and chemoresistance of human colorectal cancer through activating Wnt/β-catenin pathway. J Exp Clin Cancer Res. 2021;40:132.PubMedPubMedCentral

	29.
Gagliardi M, Matarazzo MR. RIP: RNA Immunoprecipitation. Methods Mol Biol. 2016;1480:73–86.PubMed

	30.
Liu X, Cai S, Zhang C, Liu Z, Luo J, Xing B, et al. Deacetylation of NAT10 by Sirt1 promotes the transition from rRNA biogenesis to autophagy upon energy stress. Nucleic Acids Res. 2018;46:9601–16.PubMedPubMedCentral

	31.
Zhang Z, Deng X, Liu Y, Liu Y, Sun L, Chen F. PKM2, function and expression and regulation. Cell Biosci. 2019;9:52.PubMedPubMedCentral

	32.
Xiao H, Zhang L, Chen Y, Zhou C, Wang X, Wang D, et al. PKM2 Promotes Breast Cancer Progression by Regulating Epithelial Mesenchymal Transition. Anal Cell Pathol (Amst). 2020;2020:8396023.PubMedCentral

	33.
Angiari S, Runtsch MC, Sutton CE, Palsson-McDermott EM, Kelly B, Rana N, et al. Pharmacological activation of pyruvate kinase M2 inhibits CD4+ T cell pathogenicity and suppresses autoimmunity. Cell Metab. 2020;31:391–405. e398.PubMedPubMedCentral

	34.
Yang W, Zheng Y, Xia Y, Ji H, Chen X, Guo F, et al. ERK1/2-dependent phosphorylation and nuclear translocation of PKM2 promotes the Warburg effect. Nat Cell Biol. 2012;14:1295–304.PubMedPubMedCentral

	35.
Yang W, Lu Z. Nuclear PKM2 regulates the Warburg effect. Cell Cycle. 2013;12:3154–8.PubMedPubMedCentral

	36.
Vander Heiden MG, DeBerardinis RJ. Understanding the Intersections between Metabolism and Cancer Biology. Cell. 2017;168:657–69.PubMed

	37.
Yi EY, Park SY, Jung SY, Jang WJ, Kim YJ. Mitochondrial dysfunction induces EMT through the TGF-β/Smad/Snail signaling pathway in Hep3B hepatocellular carcinoma cells. Int J Oncol. 2015;47:1845–53.PubMed

	38.
Li X, Zhang Z, Zhang Y, Cao Y, Wei H, Wu Z. Upregulation of lactate-inducible snail protein suppresses oncogene-mediated senescence through p16(INK4a) inactivation. J Exp Clin Cancer Res. 2018;37:39.PubMedPubMedCentral

	39.
Masin M, Vazquez J, Rossi S, Groeneveld S, Samson N, Schwalie PC, et al. GLUT3 is induced during epithelial-mesenchymal transition and promotes tumor cell proliferation in non-small cell lung cancer. Cancer Metab. 2014;2:11.PubMedPubMedCentral

	40.
Wong TL, Ng KY, Tan KV, Chan LH, Zhou L, Che N, et al. CRAF Methylation by PRMT6 regulates aerobic glycolysis–driven hepatocarcinogenesis via ERK-dependent PKM2 nuclear relocalization and activation. Hepatology. 2020;71:1279–96.PubMed

	41.
Ben-Haim S, Ell P. 18F-FDG PET and PET/CT in the evaluation of cancer treatment response. J Nucl Med. 2009;50:88–99.PubMed

	42.
Pina JM, Reynaga JM, Truong AAM, Keppetipola NM. Post-Translational Modifications in Polypyrimidine Tract Binding Proteins PTBP1 and PTBP2. Biochemistry. 2018;57:3873–82.PubMed

	43.
Xie J, Lee JA, Kress TL, Mowry KL, Black DL. Protein kinase A phosphorylation modulates transport of the polypyrimidine tract-binding protein. Proc Natl Acad Sci U S A. 2003;100:8776–81.PubMedPubMedCentral

	44.
Yang S, Liu G. Targeting the Ras/Raf/MEK/ERK pathway in hepatocellular carcinoma. Oncol Lett. 2017;13:1041–7.PubMedPubMedCentral

	45.
Wang S, Zhang Y, Cai Q, Ma M, Jin LY, Weng M, et al. Circular RNA FOXP1 promotes tumor progression and Warburg effect in gallbladder cancer by regulating PKLR expression. Mol Cancer. 2019;18:145.PubMedPubMedCentral

	46.
Shen L, Lei S, Zhang B, Li S, Huang L, Czachor A, et al. Skipping of exon 10 in Axl pre-mRNA regulated by PTBP1 mediates invasion and metastasis process of liver cancer cells. Theranostics. 2020;10:5719–35.PubMedPubMedCentral

	47.
Chen J, Wu Y, Luo X, Jin D, Zhou W, Ju Z, et al. Circular RNA circRHOBTB3 represses metastasis by regulating the HuR-mediated mRNA stability of PTBP1 in colorectal cancer. Theranostics. 2021;11:7507–26.PubMedPubMedCentral

	48.
Liu Y, Zhang P, Wu Q, Fang H, Wang Y, Xiao Y, et al. Long non-coding RNA NR2F1-AS1 induces breast cancer lung metastatic dormancy by regulating NR2F1 and ΔNp63. Nat Commun. 2021;12:5232.PubMedPubMedCentral

	49.
Dahai Z, Daliang C, Famu L, Xiang W, Lenian L, Jianmin C, et al. Lowly expressed lncRNA PVT1 suppresses proliferation and advances apoptosis of glioma cells through up-regulating microRNA-128-1-5p and inhibiting PTBP1. Brain Res Bull. 2020;163:1–13.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/13046_2022_2302_Fig1_HTML.png
B
BCLC stage

9_)10 *dkk

3 8

(2]

8 6

x 4

o 2

o

a0

0/A B C

C

§ BCLC stage

o *

100

S 8o

<

8 60

c 40

o 20

T o

o 0/A B C
D

-
(=]
o

N

~
(3}

N
(4]

P =0.012
0 20 40 60 80

Overall survival rate (%)
o
o

Time (months)

s s, '*‘ ]
WhaiNsce 21 7
B SN )
Ualhe D S g
IR g W
SHCAE B

e

Microscopic vascular

PUCH cohort

-
(4

-
o

o

PPP1R26 score
o

P4

ormal Tumor

TCGA cohort

ke

-
o

-
o o

0
Normal Tumor

PPP1R26 mRNA
expression

invasion Survival Recurrence
o 10 ke L8] —xx g *kx
S s 8 )
@ » 6 @6
© 6 © ©
N 4
& 4 o g4
o 2 o2 a2
o o o
o 0 23] oo
Absent Present Alive Dead Absent Present
== PPP1R26 negative
== PPP1R26 positive
§ Microscopic vascular § Survival § Recurrence
b invasion by . 5 "
% 100 ki 3100 85100
c T c 80
GC) 80 g 80 %
S 60 2 60 O 60
o [0} (]
2 40 2 40 2 40
£ £ £ 5
° 20 ° 20 °
2 o & o g 0
o Absent Present &} Alive Dead O Absent Present
E PPP1R26 31
—_ ) (n =
—FRFIR2S(+) (n = B4 ~ PPPIRZ6 (7) (h = 15)
= PPP1R26 (-) (n = 31) — PPP1R26 (++) (n = 62%
_ = PPP1R26 §+++) (n=17)
2 -~ 9
3 ~—
2100 € 100 o
© ‘Q_\LI_ P ‘6100
= 75 75 =
g 27 g 7S
s © 2
Z 50 > 50 > 50
3 " ; -
» e 2
o 25 2 25 o 25
& | P=o0010 3 olP=0.007 £ | P=0.003
® 0 20 40 60 80 0 20 40 60 80 © 0 20 40 60 80
© >
e Time (months) ©] Time (months) 3 Time (months)
A 2





OEBPS/images/13046_2022_2302_Fig4_HTML.png
A B K 10% input _IP: o-| Flag
FlagPPPIR26 - +
0402 0 02 04 & ADTSAELMCAEAILDISK pr
[ — Mw ADTSAELMCAEAILDISK o, ~ =FlagPPPIR26
(kDa) AEEQFLNEK 60—
o 155 oo
FlagPPPR26 | AQSGSLLAR 60/ o — PTBP1
. Fattg a? 140 Huh?
DYGNSPLHR .
lucose. 100 EGQEDQGLTK 10% input IP: a-Flag
et Sism ‘ ELKTDSSPNQAR FlagPPPIR26 - + - -
PPPIR26 FIQGESNHK 1801 —Flag-PPPIR26
L— ARG AGAGNSVLLVSNLNPER post
11; i { [SLDGONYNAGCTIR —— = PKM2
E IP: anti-Flag Km2 W?_LmLE 60-=—w=— — PTBP1
> Elute: Flag peptide MQHLIAR Mw (kDa) HepG2
Huh7
N
c = . . D es& M{}
(Car={To] {8 {10 =11}
Flag-PPP1R26 (Lg) PKM1 PKM2 85*:
01 20 12 Flag-PPP1R26 (kDa) 0'5\ Qq o QQQQQ
1800 | ——FlagPPPR26 By | 2 2 mq I E—
122- : R :271% 1 40 .- PPP1R26
——— ——— PKM2 5g 60 S M2
o4
60-——— ——— PKM1 23 ¢
45-____ — — — B-actin %E‘ﬁ ’
02 45 e — — — — B-actin
(kDa) HepG2  Huh7 0
HepG2  Huh7 HepG2 Huh7
E m=Ctrl ShRNA F
mPPP1R26 ShRNA1 Ctrl+ -+t - G Ctrl + - + - + - + -
m=PPP1R26 shRNA2 PTBP1sRNA- + - + -+ - + PPPIR26 ShRNA - + - + - + - +
15 GFP-PPPIR26- - + + - - + + GFPPTBP1 - - + + - - + +
5 . == =HGcrP-PPPIR26 18— = — = — PPPR26
oS ek Fokkk 140-
FX10 60— —— = — — PTBP1 60. ——  w==— GFPPTBP
> i
ggos 60-———— ———— PKM2 80— — ——— PkW2
5™ 60-—=——= —— — PKMI 80— ———— - PKMI
&« o 45-— ——— — — — — B-actin 45— ———— B-actin
HepG2  Huh7 Mw (kDa) HepG2  Huh7 Mw (kDa) HepG2 Huh7
H il SRNA am Cirl SRNA DAPI _PTBP1 PPP1R26 Merge
mmPTBP] SRNA1
=pTER] SRNAY B PTEP1 SRNA2
* Sk Huh7
6 L] 12 Fkkk
4 - 8
— = 5 ¥ - -
g a g ° g £ g é
< 0.2 — S MY e 0 & Mw % OO0
X o [ ™ (kDa) & D & (kDa) » 2 &
o.10 0_'05] III 58: ~ @@ PPPIR26 60-— wy=m PTBP1
00055 "anti-PPP1R26 000958 " anti-PPP1R 26 60 1= warm PTBP1 1807 ppPiR26
Huh7 HepG2 Huh7 Huh7





OEBPS/navigation.xhtml

    
      Contents


      
        		PPP1R26 drives hepatocellular carcinoma progression by controlling glycolysis and epithelial-mesenchymal transition


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2022_2302_Fig2_HTML.png
= Ctrl shRNA

N R = PPP1R26 shRNAT
Qs‘vqﬁv & vg§ = PPP1R26 ShRNA2
v S S PPP1R26 shRNA . e
S PP & B CtrlshRNA ——————— ,,, e i
e DKL TLL £ 10
(k&) S &< ~ §
180 5 s
14— ™= =~ - — PPPR26 £ 0s
45— e e Nt St | 3-2,G i =3
) g
Huh7 HepG2 & ©
+ 2 HepG2  Huh?
£ Huh7 2
& - Ctrl shRNA £ 20 — Ctrl shRNA
3 -*- PPP1R26 shRNA1 8 -+ PPP1R26 shRNA1
N -* PPP1R26 shRNA2 ¥ 15 -* PPP1R26 shRNA2
Q a
o o 10
2 2
5 505
g s
> >
® 0 3 O
o 0 24 48 72 96 8 0 24 48 72 9
Time (hours) Time (hours)
FP P-PPP1R26 @ = SFF
GFP-PPP1R26 (ug) . GFP-PPP1R2 8 30 = = GFP-PPP1R26
0o 2 0 2 - 5
- o
Z 5 20
180- & W= GFP.PPPIR26 :
S
45— m— —  — —— B-actin ~ g 1.0
My § 2
(kDa) Huh7 HepG2 T R
2 00

HepG2

Huh7

£ £

E £

3 g 2 . WT
2 -~ GFP M iy L
h -~ GFP-PPP1R26 i oad < R,
[a]

] <

> z

= =

L e}

3 K]

8 S

o 0 24 48 72 96 0 24 48 72 9

Time (hours) Time (hours)





OEBPS/images/13046_2022_2302_Fig7_HTML.png
Promoter > CDH1
A B A 4 *
1
Cytoplasm Nucleus -366 ~ -190 TSS_ Fag
Flag-PPP1R26 - + - + 10% inputIP:a-Flag == Flag-PPP1R26
180- Wl FlagPPPIR26 — + - = 60 *
-PPP1R26 Y
IP: anti-Flag| 140- __Sadid ol = ke FlagPPPR2 :g i
=
1 -PKM2 (Ser37, 2
60 M2 (5erdT) 60— — pPKM2(Ser37) S .
180+ - Ro04
10% input| 40" == Flag-PPP1R26 I g'gf,
60-=——wmw = p-PKM2 (Ser37) Mw (kDa) Huh7? 00— ™5t TGF2
: f Huh7
180- m=rlag Fla
1401 ™ FlagPPPIR26  C N m=Flag-PPP1R26 5 =Flag-PPPIR26
60 == wmw = p PKM2 (Ser37) 10 10
5 - 5
Cell lysate 60 P! 1 1> 2 5 i 5 | i -
< 1 £ 10
*fs =88
60" e e Tubuiin g 8 g8
100~ : 8% 8.%
75- == L "~ 1gG anti-H3K9 “ g6 anti-H3K9
Mw (kDa) Huh7 HepG2
Huh7 = Ctrl ShRNA ~ Cifl ShRNA
= PPP1R26 ShRNA1 . BPPIRB ShRNA1
D
= PPDIR2S SHNAFGEP.PTBP1 T PoPR2S SRNAZ
- sl -+ | .

o tRNA = NIRRT SRR IRVIRERR
PPP1R26 shRNA1 | o 20— E
PPP1R26 shRNA2 § 400 E
PPP1R26 shRNA1 S 300 E

+ GFP-PTBP1 e S
PPP1R26 shRNA2 5 200 5
+ GFP-PTBP1 E 100 5
= 03 5701520253035
0 Days
F PPP1R26 shRNA
E N § ¢ Y & gg, R S’"\ ‘yg, Ctrl s 2
b5
i e W WS "
R bqg? ST O beqs&@b -l
SRR R e R R :
(kDa) SR E S KL S LS KL SEL SR o
180- ‘3
- <= - - =~ PPP1R26 3
o L ~ | - g
140-
S=issiamiculmnas| (EriEnleni s . -~ — — =— = E-cadherin
100-

60— e~ —— e — —  —— — " —— PKM2

B —— = —m —m—— = —————— Bactin

IHC

wYpES3  ZANd





OEBPS/css/envelope.png





OEBPS/images/13046_2022_2302_Fig5_HTML.png
'\

4%3’

A B

%

e

e

&

q&f"

f =4 =
X L % S
§ «g@ 1. % I E20 _‘é 2
g -
Q =3 3 <}
() S QQ‘?QQ S QQQ g &, i LK égég 815 B15
o0 = = eepRs § 5 o) = GFP-PPPIR2S § 10 g0
0. " 8
45w = —— @ actin 2 g 45-—— —— o = B-actin _2 05 00!
s £ HepG2 3 £
HepG2  Hun7 © OepG2 Hun7 ﬁ 0 lepG2 Huh7 pe2 - Hu? & OHepGa Hun? § O iepG2 Huh7
C -# HepG2-GFP D
HepG2:
- Ctrl ShRNA -+Ctrl shRNA & H:pez GFP-PPP1R26 mm Cirl sShANA m Cri ShRNA He G2 GFP PPP1R26
A T PPPIRG ShRNAT - Heps2.r == PPPR26 ShRNA1 =8 PPP1R26 ShRNAT B
D  PPPTRACSRNAS g FPPPIR26 ShRNA2 g + HUTT-GFPPPPR2S ™ PPPIR26 SrRNA2 I PPPIR26 SHRNA2 &8 Huh7-GFP-PPP1R26
8 Q ] " ; ) ) @40 N
;:830 Ok S100; oligomycin 206 §5 Oligomycin 835 8go 8
g |Olomycn 206 v 2 S0l Glucose 2-DG
= g8 v GaoOu + - o 30
£ s T s s <
£ [Gucose .EG E3 E a0l = €20
0 z4 z2 I T I
£ £2 E g E2 gn
o 4 x 0 © x©
<% 25 50 75 © 75100'350 LO—————— g G S0 7 S0
o 0 25 50 75 100 5 o 25 50 75 100 O Gy s w sis 3 Glycqlysis Glycolysis 3 - "
m Tlmeegunutes) 2 Time I’smlnutes) m Time (minutes) i f;‘é’ oy 2 ra?gHuchpaé{rFy o Glycalysis %nggfsyls
E F mCtrl mm PKM2 SRNA mGFP-PPP1R26 maPKM2 SIRNA + GFP-PPP1R26
* ok *k ek
18y Ctl+ - + -+ - + - @20 = 8= -
g PKM2SRNA - + - + _ + _ + k] 3 |= ey
é 10 GFPPPPIR26- - + + - - + + 815 B
8 |~ 180- - — —GFP-PPPIR26 & :
305 | 81, 21
g 60" = —wr— ———— PKM2 ] 5
o 8
< Ly | [ 2 g0,
S 3 g
,o, HepG2 Huh7 o °
% S x 0
% B HepG2  Huh7
-+ Ctrl ShRNA
4}44; + PPP1R26 ShRNA mm Ctrl ShRNA
G ol o+ - + - 7 = GFP-PTBP1 Hpsio Ll
PPPIR26 ShRNA - + - + 2 *+GFP-PTBP1 + PPPIR26 S(RNA o .
GPPTER) - - F O+ 540 Olsunycin B s =8 GFP-PTBP1 + PPP1R26 ShRNA
180- S
10-== ™  PPPIR26 g§30 g=
. = £ 21
60- ~=crpprBP1 £20 £ “
g g
Mw (Do) et it g |
W a
Huh7 § 00 50 75 2 G(I)ycolysis rate Glycolysis capacity
Time (minutes)
H +GFP S a——
! + - o+ - -+ GFP-PPP1R26 = = PTBP1 siRNA
PIBPISRNA - [ * 3 235 =GP PORIRGS + PTBP1SRNA S 36 = GFP-PPP1R26 + PTBP1 SRNA
GFP-PPP1R26 % 31 oigomyen " o1 S 26
- — — GFPPPPR% §28 v 8
€ 2 g2
60— —— pBpy Su E
45~ e e e e 3-actiN E7 5 I
Mw (kDa) % ou—*gﬁihﬂ S0
Huh7 @ 0_25 50 75 100 I Glycolysis rate Glycolysis capacity

Time (minutes)





OEBPS/images/13046_2022_2302_Fig8_HTML.png
A B m=Ctrl shRNA
15 =PPP1R26
Ctrl+ + + - - - - - -+ + 4 - - - - - - P -PPP1R26shRNA1+GFP PTBP1
PPP1R26 shRNA1- - - + + + + + - - - - - - % e
PPP1R26 ShRNA2- - - - - - - - - - - -+ + + + + + o1
GFPPTBP1- - - - - - +++ - - - - - - ++ + g
180— a
— e -~ * =2 =<1 PPPIR26 00.
140— 2
3
| e ——— GFP-PTBP1 &
oo S 0-0F cadherin Vimentin Snaif _ Twist2
— e ———— e e — E-cadherin mm Ctrl sShRNA
100— w2 m PPP1R26 shRNA2
60— E - PPP1R26 shRNA2+GFP-PTBP1
————————— S o S e s e e e \/imentin 220 e
-
- (]
e e Snailt g1
Q
) P 1.0
1 R — Twist2 £
45— . “’
B-actin '100
Mw (kDa) E-cadherin Vimentin Snaill Twist2
D S1 82 S3 S84 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16
o Pl PTPTP TPTPTPTP TPTPTPTP TPTPTPTP
1g0- WFI RS o A T TS S T T o PPPIR2S
T/P ratlo 51 15 1.3 3.4 20 18 23 22 25 18 15 18 564 532 109 9.8
1004*-—————- - ——— —— — — — —— — — — _‘-—_————E—cadherin
T/Pratio 04 07 05 06 06 05 05 06 05 05 04 03 05 05 04 05
60— o
-y — *_-.’g# — - = e ..
T/Pratio 21 172 151 101 1.9 45 29 150 201 232 40 244 205 302 3.6 8.4
- :
60— R — s g e e s F'-'".'"’—‘_'*—" N sy e S s — | D\
T/Pratio 1.5 1.6 17 15 13 15 16 2.1 6.1 23 41 1.5 15 15 2.0 1.7
45— i .
Mw (kDa) B-actin
E 3 BRI F
> il 2 ’P@i
% . 08 «
E . 5 0.6 . Ser37-phosphoralyted
£ 7. S O s PPP1R26 PKM2
ol I . S PPPIRZS Cytoplasm
%1 w 0.2 PKM &8 Exon9HEron 10
L on l'—
2 Loo0 P=0,0051 v
5 T 02 R-0663 —[Exons} Bon 10—
@ o! 7% 1 2 3 4 = =
. Relafive PPPIR2S level Nucleus ~ PKMZMRNA | ———» (PKM2{ — )1\ Glycolysis
T ; 5 PPP1R26
2 Dy PRRIR26 e -
N2 by . DAAA
s . ~ Eéa ‘ZA progression
o i oo oy
A ® o0 L St
® ;’ggﬂgg ® 1 ¢ P=0969% EMT
&0 30 d R= 00103

Relatlve PPP1R26 Ievel

Relatlve PPP1R26 Ievel






OEBPS/images/13046_2022_2302_Fig6_HTML.png
N

£

o B
Ctl + - + -
GFP- PPP1R26 (ug{\ Qq\q‘ qgg Flag-PPP1R26 Ctrl sShRNA PKM2 SiRNA - + - +
0 . =0 g =PPP1R26 shRNA1 GFP-PPP1R26 - - + +
- = 2 ) £207 _+  "™=PPP1R26 ShRNA2 =
80 ene= — — — ppPIR26 §° =g S| 180- = == GFP-PPP1R26
4 8
¥ o 60- = o — PKM2
140" e e — — — E-cadhering- ;5-1‘ 140
1007 o :(’ ~— e — == E-cadherin
= v — — — V/imentin 1 100~
& % % ) 60—~ =~ Vimentin
W T e snait 00 30— — — — snait
> >
E=1 E=1
g o == = Twist2 §0 § 15 = Twist2
45 e e e | e e e B A U \ N v 45 e B-actin
B-actin 0\?\ Q\é $?3\' \é N o Mw (kDa)
Mw (kDa) Huh7 o PPN B Huh7

DAPI GFP-PPP1R26 PKM2 Merge

D

Cytoplasm Nucleus Cytoplasm Nucleus
GFP-PPPIR26 (Mg)0 2 4 024 024 024

Mw (kDa)
180- - . -y GFP-PPP1R26

60- e—ew e - — = PKM2
o
Q 100-

S Ot g i ——__TOP1
T 75-

60- — )
~ = —— Tubulin
5
Bl HepG2 Huh7

E DAPI GFP-PPP1R26 F
DMSO
o GFP-PPP1IR26 — + TEPP 46
2 Mw (kDa)
P 180 == o= GFP-PPP1R26
= L pp——
% E 10— —— E-cadherin
E 45’~—‘—v—-—' B_actin
F Huh7
15
o Y - GFP
2 Z ns GFP-PPP1R26
8 =8 10
I 3
E 5é
¢ I Qg 05
ui K]
- ¢

DMSO TEPP-46
Huh7





OEBPS/images/13046_2022_2302_Fig3_HTML.png
A - Ctrl shRNA B - Ctrl shRNA
* PPP1R26 shRNA1 -+ PPP1R26 shRNA1
Cirl shRNA _PPP1R26 shRNA -** PPP1R26 shRNA2 PPP1R26 ShRNA -+ PPP1R26 ShRNA2
s - 5, § CtrlshRNA — 5~ &
o ©
e}
. £ 8 3
T g b 2
Y 8 0
é 0 18 36 ¢ 0 1B 36
Time (hours) Time (hours)
Huh? HepG2
C D
oy GFP  GFP-PPP1R26 ~GFP
GFP GFP-PPPIR26 § 100y GFP-PPPIR26 - £ 100 . GFP-PPP1R26
© £ 3
s ° -- 5
T 50 ol e 2 s0
N~ e 3 (3_ N o
5|9 = 2 2
| : o
2z 0 & Z O
£ 8 0 12 24 & § 0 12 24
= Time (hours) Time (hours)
Huh7 HepG2
PPP1R26 shRNA
GFP-PPP1R26 250 bt kool

Ctrl shRNA 1 2 GFP

Migration

PPP1R26 ShRNA
Ctrl shRNA 1 2 GFP

Invasion

N
o
o

mm Ctrl shRNA
== PPP1R26 shRNA1

== PPP1R26 shRNA2
== GFP

= GFP-PPP1R26

=2
a o O
o O O

Relative percentage

o

Huh? HepG2

°
2
s
€
5]
o
.
)
°
e
2
©
3]
°
3
©
o
2
£
-
°

400
300
== Ctrl shRNA
200 == PPP1R26 shRNA1

== PPP1R26 shRNA2
== GFP

== GFP-PPP1R26

=
o

Relative percentage
of invaded cells (% of control)

Huh7

HepG2





OEBPS/css/sidebar.gif





