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Abstract

:

Cancerous cells are detrimental to the human body and can be incredibly resilient against treatments because of the complexities of molecular carcinogenic pathways. In particular, cancer cells are able to sustain increased growth under metabolic stress due to phenomena like the Warburg effect. Krüppel-like factor 4 (KLF4), a context-dependent transcription factor that can act as both a tumor suppressor and an oncogene, is involved in many molecular pathways that respond to low glucose and increased reactive oxygen species (ROS), raising the question of its role in metabolic stress as a result of increased proliferation of tumor cells. In this study, metabolic assays were performed, showing enhanced efficiency of energy production in cells expressing KLF4. Western blotting showed that KLF4 increases the expression of essential glycolytic proteins. Furthermore, we used immunostaining to show that KLF4 increases the localization of glucose transporter 1 (GLUT1) to the cellular membrane. 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCF-DA) was used to analyze the production of ROS, and we found that KLF4 reduces stress-induced ROS within cells. Finally, we demonstrated increased autophagic death in KLF4-expressing cells in response to glucose starvation. Collectively, these results relate KLF4 to non-Warburg metabolic behaviors that support its role as a tumor suppressor and could make KLF4 a target for new cancer treatments.
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1. Introduction


Krüppel-like factor 4 (KLF4) is a zinc-finger-containing transcription factor involved in the regulation of cellular growth, proliferation, differentiation, invasion, autophagy, and embryogenesis [1,2,3,4,5]. In addition to its diverse regulatory functions, KLF4 was discovered to be one of four factors required for reprogramming differentiated fibroblasts into induced pluripotent stem cells [6]. In clinical studies, KLF4 is frequently found to be either overexpressed or underexpressed in cancer cells, both of which are correlated with poor prognosis [7,8]. KLF4′s effect on cancer has been found to be context dependent due to differential regulation between cell types as well as its ability to act as both a transcriptional activator and a repressor [9,10]. However, in many human cancers, KLF4 is regarded as a tumor suppressor. For instance, the expression of KLF4 is downregulated in bladder, lung, pancreatic, colorectal, gastric, esophageal, and prostate cancers [11,12,13,14,15]. In vitro, mouse embryonic fibroblasts (MEFs) lacking KLF4 are more proliferative, in addition to being more prone to chromosome aberrations and centrosome amplification [16]. This genomic instability can be corrected by reintroduction of KLF4 into MEFs lacking KLF4 [17]. Recently, KLF4 has been found to regulate mitophagy and mitochondria dynamics, indicating a relationship between the transcription factor and cellular metabolism [18,19].



Cancer cells tend to have a metabolism characteristic of the Warburg effect, where the cells are increasingly reliant on glycolysis, producing anti-apoptotic by-products [20,21]. It is important to note that the Warburg effect is an oversimplification of cancer metabolism and that metabolic dysregulation can be multifaceted in cancer cells [22]. Altered metabolism in cancer cells, especially in cells that are increasingly reliant on glycolysis, is known to support a more evasive response to chemotherapy [23]. Understanding how KLF4 controls cellular metabolism may give rise to new therapeutic treatments that cannot be evaded.



Some research has been performed on KLF4′s regulation of metabolism, but little is known about this process and how it may relate to cancer. KLF4 overexpression in iPSC reprogramming promoted glycolysis, while decreasing the tricarboxylic acid cycle through activation of TCL1 [24]. In breast cancer, where KLF4 has been characterized as an oncogene, KLF4 directly induced transcription of phosphofructokinase, enhanced glucose intake, and increased lactate production [25].



Altered glucose intake is a common metabolic impairment in cancerous tissue and is often achieved by dysregulation of glucose transporter 1 (GLUT1) [26]. GLUT1 is one of the most commonly expressed membrane proteins and is critical for passive glucose uptake [27]. GLUT1 is held in intracellular stores and is quickly released during metabolic stress to facilitate the rapid intake of glucose [26]. GLUT1 trafficking to the outer membrane has been visualized in live cancer cells in response to glucose starvation and may serve as a proxy for the efficiency of GLUT1-dependent glucose intake [28].



Increased reliance of cancer cells on glycolysis makes glucose starvation a particularly interesting cancer metabolism experiment. Cancer cells typically experience increased cell death as compared to normal cells when exposed to low glucose conditions [29,30]. However, tumors can quickly develop resistance to starvation due to the selective pressures of increased cell death [31]. Since KLF4 is a known regulator of cell death, it could serve as an important regulatory gene in response to glucose starvation [10].



To develop a deeper understanding of KLF4′s role in the metabolism of cancer cells, we aimed to characterize how KLF4 responds to metabolic stressors, and the molecular pathways underlying these responses. We first used metabolic assays to reveal differences in macroscale metabolic behavior and found that KLF4 increases glycolytic capacity as well as shifts cells to a less Warburg-like metabolism. Using Western blots, qPCR, and immunostaining, we characterized the potential mechanisms through which KLF4 regulates metabolism and cell death in response to glucose starvation. We found that KLF4 upregulates key glycolytic proteins as well as facilitates GLUT1 outer membrane localization. Furthermore, since KLF4 has been previously shown to regulate reactive oxygen species (ROS), we analyzed whether KLF4 responds to glucose starvation due to an increase in ROS [18,32]. Finally, we found that KLF4 induces autophagic cell death in response to glucose starvation. These findings allow for a greater understanding of KLF4′s role as a context-dependent tumor suppressor and may provide insight into potential cancer therapies that target KLF4′s widespread regulation of cell metabolism.




2. Materials and Methods


2.1. Cell Culture, Reagents, and Drug Treatments


Mice heterozygous for Klf4 alleles (Klf4+/−) on a C57BL/6 background were crossbred [33]. Mouse embryonic fibroblasts (MEFs) that are wild type (Klf4+/+), heterozygous (Klf4+/−), or null (Klf4−/−) for Klf4 were derived from day 13.5 embryos. The RKO (RKO-EcR-KLF4) cell line was derived from a human colon cancer cell line and stably transfected with the pAdLoxEGI-KLF4 plasmid, as previously described [34]. KLF4 is conditionally expressed in RKO cells via the addition of 5 µM Ponasterone-A (PA) in DMSO for 3 days. Control cells were treated with the equivalent amount of DMSO. Both MEFs and RKO cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C in an atmosphere containing 5% CO2. Cells were passed every 3 days at a density of 106 cells. Cell morphology was assessed by a microscope in Klf4+/+ and Klf4−/− MEFs treated with either full media or no glucose.




2.2. Analysis of Metabolic Parameters


Wild-type and Klf4-null MEFs as well as DMSO-treated and PA-treated RKO cells were seeded at 20,000 cells/well in XF24 cell culture plates. After a 24 h incubation period, the growth medium was removed from each well. Cells were washed twice. Cells were then incubated at 37 °C without CO2 for 1 h. ATP levels and metabolic parameters were measured using the Seahorse XF96 Analyzer (Agilent, Santa Clara, CA, USA). The oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) were detected under basal conditions followed by the sequential addition of glucose, oligomycin, and 2-deoxy-D-glucose (2DG) (N = 3).




2.3. Western Blot Analysis


Cell protein extraction and Western blot analyses were performed, as previously described [4]. Nitrocellulose membranes were immunoblotted with the following primary antibodies: β-actin, KLF4 (Cell Signaling, Danvers, MA, USA), hexokinase2 (HK2), monocarboxylate transporter 4 (MCT4), pyruvate kinase M2 (PKM2), GLUT1 (Abcam, Cambridge, UK), microtubule-associated proteins 1A/1B light chain 3B (LC3), and caspase-3 (Santa Cruz Biotechnology, Dallas, TX, USA). The blots were then incubated with appropriate horseradish-peroxidase-conjugated secondary antibodies (Cell Signaling, Danvers, MA, USA) for 1 h at room temperature. The antibody–antigen complex was visualized using ImageLab (Bio-Rad, Hercules, CA, USA). ImageLab was also used to quantify the Western band intensity (N = 4).




2.4. Immunostaining


GLUT1 antibodies were used to identify membrane localization. DMSO-treated RKO cells, PA-treated RKO cells, and wild-type and Klf4-null MEFs were grown to 70% confluency on glass slides. One sample of each cell type was incubated in DMEM containing 0% glucose (no glucose (NG)) for 12 h, while another sample of each was incubated in normal DMEM (full media (FM)) for 12 h. Cells were fixed in 3.7% formaldehyde in DMEM for 15 min. Cells were then blocked in a solution of 3% bovine serum albumin and 0.1% TRITON X100 for 1 h. GLUT1 antibody was used followed by secondary anti-rabbit Alexa Fluor-555 antibody in RKO cells and anti-rabbit Alexa Fluor-488 antibody in MEFs. RKO cells and MEFs were counterstained with DAPI. Cells were then imaged with a Zeiss 710 confocal laser scanning microscope. GLUT1 was scored blinded by rating the degree of membrane localization relative to cytosolic GLUT1 expression as absent, slight, moderate, or heavy. The slight and moderate categorizations were combined into one category called some localization. Data were quantified using Pearson’s chi-square test (N = 3), with 200 MEF cells and 400 RKO cells counted.




2.5. qPCR


Total RNA from cultured Klf4+/+ and Klf4−/− MEFs was isolated using the RNeasy1 Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. RNA was subjected to gDNA elimination columns (Qiagen, Valencia, CA, USA) in order to remove any contaminating genomic DNA. cDNA was prepared from 500 ng of RNA and amplified with the Omniscript RT Kit (Qiagen) and polyT primer (Integrated DNA Technologies, Coralville, IA, USA). The synthesized cDNA was subjected to RT-qPCR analysis using the SYBR® Green PCR Master Mix for 40 cycles (Life Technologies) following the manufacturer’s protocol. The expression of PKM2, MCT4, or GLUT1 was normalized to the expression level of β-actin. The relative fold change in the gene expression level was calculated by comparing the normalized gene expression in Klf4−/− MEFs to that in Klf4+/+ MEFs or comparing the RKO cells treated with either DMSO or PA. The data shown represent two independent experiments, each performed in triplicate. PCR reactions were performed using the following primers purchased from Integrated DNA Technologies (Coralville, IA, USA): F: 5′ ATG GAG GGG AAT ACA GCC C and R: 5′ TTC TTT GAA GCT CCT TCG TT for ACTIN; F: 5′ TCG CAT GCA GCA CCT GAT and R: 5′ CCT CGA ATA GCT GCA AGT GGT A for mouse PMK2 [35]; F: 5′ ATG GCT GAC ACA TTC CTG GAG C and R: 5′ CCT TCA ACG TCT CCA CTG ATC G for human PMK2; F: 5′ TGT TAG TCG GAG CCT TCA TT and R: 5′ CAC TGG TCG TTG CAC TGA ATA for mouse MCT4 [36]; F: 5′ CGT TCT GGG ATG GGA CTG AC and R: 5′ ATG TGC CTC TGG ACC ATG TG for human MCT4 [37]; F: 5′ TCA ACA CGG CCT TCA CTG and R: 5′ CAC GAT GCT CAG ATA GGA CAT C for mouse GLUT1 [38]; and F: 5′ CTG CTC ATC AAC CGC AAC and R: 5′ CTT CTT CTC CCG CAT CAT CT for human GLUT1 [39]. RT-PCR fold changes were calculated using 2−(deltaCt), where deltaCt is defined as (Ct-Experimental – Ct-Control) (N = 4).




2.6. ROS Assay


2′,7′-Dichlorodihydrofluorescein diacetate (H2DCF-DA) was used to identify ROS. H2DCF-DA becomes fluorescent after oxidation by ROS. Wild-type MEFs and Klf4-null MEFs incubated in NG were compared with those incubated in FM. Cells were stained with 10 mM H2DCF-DA in DMSO for 45 min, washed with PBS, photographed, and quantified. An Olympus IX51 fluorescent microscope was used to hand-count 400 cells for each sample, with N = 4.




2.7. Flow Cytometry


Flow cytometry was used to differentiate between dead and alive cells after metabolic stress. eBioscience Fixable Viability Dye (ThermoFisher Scientific, Waltham, MA, USA) was used to tag cells after 12 h of glucose starvation. The cells were read through the FITC channel of an AccuriTM Flow Cytometer (BD Biosciences, San Jose, CA, USA) (N = 2).




2.8. Statistical Analysis


Comparison of two groups was performed using Student’s t-test. GLUT1 localization analysis of multiple groups was performed using Pearson’s chi-square test. Data were presented as the mean ± standard deviation. p-Values below 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001).





3. Results


3.1. KLF4 Increases Energy Efficiency and Glycolytic Capacity


We began by assessing global metabolic differences between wild-type (WT) and Klf4-null MEFs. An ATP assay revealed that WT MEFs demonstrate increased ATP production as compared to Klf4-null MEFs, indicating greater overall energy production (Figure 1A). Next, we performed a seahorse metabolic assay to determine whether this altered energy production is a result of altered glycolysis or oxidative phosphorylation. In MEFs, the extracellular acidification rate (ECAR) was the same between WT and Klf4-null cells after the addition of glucose, indicating comparable rates of basal glycolysis (Figure 1B,C). Addition of oligomycin resulted in a greater increase in the ECAR in WT MEFs, indicating a greater glycolytic capacity (Figure 1B,D). Regardless of drug treatment, WT MEFs demonstrated a higher oxidative consumption rate (OCR) than Klf4-null MEFs, indicating greater levels of oxidative phosphorylation (Figure 1E,F). Dividing the OCR by the ECAR (OCR/ECAR) gives a relative ratio of dependence on oxidative phosphorylation as compared to glycolysis. Klf4-null MEFs exhibited a lower OCR/ECAR, indicating a more Warburg-like metabolism (Figure 1G).



To test the consistency of these findings across cell types, as well as to determine whether the overexpression of KLF4 alters metabolic activity, we ran a seahorse assay in colorectal RKO cells. These RKO cells have an inducible promoter that activates KLF4 by the addition of PA, with DMSO as a vehicle control. In RKO cells, the ECAR was greater in PA-treated cells as compared to DMSO-treated control cells after the addition of glucose, suggesting increased basal glycolysis (Figure 1H,I). Addition of oligomycin resulted in a greater increase in the ECAR in PA-treated RKO cells as compared to DMSO-treated RKO cells, indicating a greater glycolytic capacity (Figure 1H,J). Similarly to MEFs, RKO cells treated with PA demonstrated a greater OCR regardless of drug treatment (Figure 1K,L). DMSO-treated RKO cells demonstrated a lower OCR/ECAR as compared to PA-treated RKO cells, indicating a more Warburg-like metabolism in the cells expressing less KLF4 (Figure 1M).




3.2. KLF4 Increases Expression of Key Glycolytic Proteins


Following the finding that KLF4 expression correlates with enhanced glycolysis, we investigated the expression of key glycolytic enzymes at the protein level. Consistent with the seahorse assay, Klf4-null MEFs demonstrated decreased levels of the protein hexokinase2 (HK2), which is involved in the initial rate-determining step of glycolysis (Figure 2A,B). We then looked at the expression of pyruvate kinase M2 (PKM2), which is involved in the final rate-determining step of glycolysis to create pyruvate for oxidative phosphorylation. We found that WT MEFs express significantly more PKM2 than Klf4-null MEFs (Figure 2A,B). To obtain an understanding of the relative rates of lactate production and export, we looked at the expression of lactate export protein monocarboxylate transporter 4 (MCT4). Interestingly, MCT4 underwent a large decrease in Klf4-null MEFs as compared to wild-type MEFs (Figure 2A,B). These findings demonstrate that the overall expression of glycolytic proteins is reduced in cells lacking Klf4 as compared to wild-type cells.



Since basal glycolysis differed between PA-treated and DMSO-treated RKO cells, we expected to find a significant difference between the cell types at the protein level. Consistent with the seahorse assay, PA-treated RKO cells demonstrated increased levels of HK2 (Figure 2D,E). We also found that PA-treated RKO cells express significantly more PKM2 than DMSO-treated RKO cells (Figure 2D,E). MCT4 underwent a large increase in PA-treated RKO cells as compared to DMSO-treated RKO cells (Figure 2D,E). Overall, these findings demonstrate that addition of KLF4 increases the overall expression of glycolytic proteins.



To determine whether KLF4 regulates genes involved in metabolism expression at the transcription level, we used two-step RT-qPCR (Figure 2C,F). We found that a lack of KLF4 decreases the mRNA expression of PKM2 and MCT4 in MEFs (Figure 2C). We also observed that PA-treated RKO cells have increased mRNA expression of PKM2 and MCT4 as compared to DMSO-treated RKO cells (Figure 2F). It is important to note that the effect size is not as pronounced at the mRNA level as it is at the protein level in both MEFs and RKO cells (Figure 2B,C,E,F). These findings suggest that KLF4′s regulation of metabolic proteins is at least partially transcriptional, although the mechanism through which it does this is unclear.



Unexpectedly, GLUT1 protein and mRNA expression was no different between wild-type and Klf4-null MEFs as well as PA-treated and DMSO-treated RKO cells (Figure 2B,C,E,F). We found it interesting that GLUT1 expression is not influenced by upregulation of KLF4, as more glucose is needed to fuel the increased glycolytic activity.




3.3. KLF4 Facilitates Localization of GLUT1 to the Outer Membrane


To further investigate the potential mechanism through which KLF4-expressing cells may take in more glucose, we used immunofluorescence to visualize GLUT1′s cellular location. As a transmembrane protein, greater levels of GLUT1 on the extracellular membrane indicate increased glucose intake and therefore increased glycolytic capacity. Confocal imaging revealed that WT MEFs show greater levels of localization than Klf4-null MEFs in both the presence and the absence of glucose (Figure 3A,B). However, glucose starvation appeared to have no effect on GLUT1 localization in MEFs (Figure 3B). We also found increased GLUT1 localization in RKO cells treated with PA as compared to DMSO-treated RKO cells (Figure 3C,D). Interestingly, DMSO-treated RKO cells showed increased localization after glucose starvation (Figure 3C,D).




3.4. KLF4 Aids in Autophagic Cell Death in Response to Glucose Starvation


We observed that WT and Klf4-null MEFs had different rates of cell death. A morphology analysis demonstrated that WT MEFs decreased in confluency after glucose starvation as compared to Klf4-null MEFs, which saw minimal change in confluency after starvation (Figure 4A). Flow cytometry confirmed that this difference in confluency is, in part, due to increased cell death in WT MEFs in response to glucose starvation as compared to Klf4-null MEFs (Figure 4B). To determine whether the cell death is due to autophagy or apoptosis, we performed a Western blot for LC3 and caspase-3. Additionally, we used N-acetylcysteine (NAC) to determine whether KLF4′s regulation of cell death is altered by the level of ROS. Western blots for LC3 demonstrated increased autophagy in WT MEFs at the basal level as compared to Klf4-null MEFs, as well as further increased autophagy in response to glucose starvation as measured by LC3II/LC3I (Figure 4C,D). Furthermore, LC3 expression was not altered by the addition of NAC, indicating a ROS-independent mechanism (Figure 4C). Western blots for caspase-3 demonstrated that there is little to no expression of cleaved caspase-3 in WT MEFs but a greater amount of cleaved caspase-3 in Klf4-null MEFs (Figure 4C). Caspase-3 was consistent regardless of starvation or NAC, suggesting marginally increased levels of basal apoptosis in the absence of KLF4 (Figure 4C). It is important to note that rates of cell death do not differ significantly between cell types under normal glucose conditions, so this difference in apoptosis does not explain the increased cell death in WT MEFs after glucose starvation (Figure 4B).




3.5. KLF4 Reduces ROS Induced from Glucose Starvation


Since we found that KLF4 acts as a tumor suppressor with respect to inducing cell death following glucose starvation, we decided to investigate whether KLF4 has any other tumor-suppressing roles in response to glucose starvation. ROS are known to be produced by glucose starvation [29] so we aimed to determine the role of KLF4 in reducing ROS buildup. H2DCF-DA staining was used to visualize ROS levels in MEFs in response to glucose starvation (Figure 5A). The antioxidant NAC reduced ROS levels, serving as a positive control (Figure 5A,B). In MEFs, Klf4-null cells had higher ROS levels than WT cells (Figure 5B). The difference between ROS levels in WT MEFs and Klf4-null MEFs was accentuated during glucose starvation (Figure 5B). Klf4-null MEFs exhibited ROS levels 3.4 times higher than WT MEFs after starvation (Figure 5B).





4. Discussion


Cancer is a multifaceted disease, with many different causes that lead to uncontrolled cell growth. Beyond the typical six hallmarks of cancer—sustained proliferation, evasion of growth suppressors, resistance to cell death, angiogenesis, immortality, and invasion/metastasis—the Warburg effect is frequently observed in cancers [40]. The Warburg effect consists of increased glycolytic metabolism relative to oxidative metabolism, resulting in increased lactate production [20]. This increased lactate can be used by the cell to reduce apoptosis, increase migration, and increase resistance to cancer therapy [41,42,43]. Proteins like MCT4, a lactate export protein, are able to counteract the harmful effects of increased lactate accumulation. Since many cancer cell lines are known to suppress KLF4 expression, we investigated the metabolic differences that arise from altering the level of KLF4 in MEFs and RKO cells. Although this research is not a comprehensive analysis of KLF4′s metabolic function specific to cancer cells, we used cells lacking KLF4 to find that KLF4 has tumor-suppressing properties with respect to metabolism.



We find it important to discuss the limitations of our study prior to discussing the implications of our results. First, our study offers limited mechanistic explanations as to how KLF4 regulates metabolism, and rather serves as an overview that identifies several novel metabolic changes that depend on KLF4. Although these mechanisms are important to determine, we find them to be out of the scope of this study. However, we believe these mechanisms deserve further investigation. Second, there are limitations of this study due to the genomic and proteomic variability of cancer cells. Although cancer cells share common behaviors, the underlying mechanisms differ between cell types. Because of this, it is hard to generalize our findings to cancer cells without testing these findings in many different cancer cell lines, especially given the fact that we only made use of one colorectal cancer cell line. Our research provides a strong comparison of metabolic differences between cells lacking and expressing KLF4. Given the tendency of cancer cells to downregulate KLF4 [11,12,13,14,15], we hope that our findings contribute to understanding cancer metabolism despite using only one cancer cell line.



Our findings in cells lacking KLF4 suggest that KLF4 regulates the response to glucose in a manner that decreases the harmful by-products of increased glycolysis (Figure 6). KLF4-expressing cells are found to undergo higher levels of oxidative phosphorylation at basal levels despite undergoing the same amount of glycolysis, suggesting that more pyruvate is being created and transported to the mitochondria, where it is used in a more efficient manner (Figure 1). This is supported by our finding that KLF4 increases PKM2 expression, despite having a smaller effect on HK2 expression (Figure 2). Given the function of these proteins, it is likely that glycolysis occurs at similar rates under basal conditions, but a greater proportion of glycolysis substrates are converted into pyruvate.



Although we found that KLF4 increases mRNA levels of PKM2 and MCT4 in MEFs and RKOs, the effect size of these findings was not as large as the increase in PKM2 and MCT4 protein expression caused by KLF4 (Figure 2). It is unclear from our data whether KLF4 directly or indirectly affects transcription of these genes. For example, KLF4 could act as a transcriptional activator, upregulate a gene that acts as a transcriptional activator, or recruit other transcriptional activators to a gene complex. Since KLF4 acts as both a transcriptional activator and a repressor [9,10], KLF4 could also transcriptionally repress genes that inhibit transcription of these glycolytic genes. Additionally, our data suggest that the increase in protein expression may, in part, be due to some post-translational factor, since the increase in mRNA levels is not as pronounced as the increase in protein expression. Future studies are needed to determine the mechanism through which KLF4 mechanistically regulates these proteins beyond transcription, either through protein–protein interaction or through regulation of gene expression. KLF4 may directly regulate or stabilize glycolytic proteins in the cytosol [44,45], which makes more sense from the standpoint of having an immediate effect following metabolic stress. More canonically, KLF4 may upregulate transcription of a different gene responsible for post-translational stability of the glycolytic proteins. KLF4 has many transcriptional targets [46,47], some of which likely increase levels of glycolytic proteins post-transcriptionally.



High levels of PKM2 can be beneficial in preventing the Warburg effect, such as decreasing ROS and favoring the creation of pyruvate over lactate [48]. It is important to note that high levels of PKM2 can also be harmful if regulated to take its dimeric form [49]. Additionally, increased MCT4 expression suggests a greater rate of lactate export, leading to reduced cancer-promoting effects of lactate metabolism. Complementarily to these two mechanisms, KLF4 has been found to decrease lactate production through inhibition of LDHA [50]. Interestingly, we found no effect on GLUT1 expression at both the protein and the mRNA level (Figure 2). We decided to further investigate how cells take in greater amounts of glucose if GLUT expression does not increase.



Our data suggest that KLF4 is an important regulator of GLUT1 localization (Figure 3). Dysregulation of GLUT1 is associated with numerous cancers, suggesting that dysregulation of KLF4 can have potentially harmful effects [26]. Additionally, KLF4-mediated GLUT1 localization likely explains the increased glycolytic capacity of KLF4-expressing cells (Figure 1). Interestingly, WT MEFs and PA-treated RKO cells do not increase levels of GLUT1 localization following glucose starvation (Figure 3). This may suggest that a certain amount of KLF4 is required to maximally induce GLUT1 localization, and a further increase in KLF4 will not continue to increase localization. In DMSO-treated RKO cells, which express low levels of KLF4 [15], glucose starvation likely increases KLF4 to a level sufficient enough to induce GLUT1 localization (Figure 3). Alternatively, this discrepancy may be due to other cell line differences. Most importantly, the comparisons made between WT and Klf4-null MEFs as well as those between DMSO- and PA-treated RKOs suggest a strong dependency on KLF4 for adequate GLUT1 localization. Although the exact mechanism of KLF4′s regulation is unknown, a few postulations can be made based on KLF4′s relationship with vesicle regulation. First, ATG7 is a known mediator of unconventional autophagy-dependent exocytosis [51,52]. We have shown previously that KLF4 increases ATG7 expression to induce autophagy [4]. It is likely that KLF4′s increase in ATG7 expression can also induce exocytosis of GLUT1. Second, Rab proteins should be investigated as they heavily regulate vesicle transport [53,54]. Our previous microarray data showed a significant upregulation of Rab proteins in WT MEFs as compared to Klf4-null MEFs [55]. Overall, it is likely that KLF4 aids in GLUT1 localization through transcriptional activation of some other factor associated with the transport process. We plan on carrying out additional experiments to determine the mechanism through which KLF4 regulates GLUT1 localization. Overall, KLF4 seems to be an important mediator of fast glucose intake through GLUT1 localization, while increasing pyruvate through upregulation of PKM2 and decreasing lactate through upregulation of MCT4.



Our experiments regarding the effects of glucose starvation reveal that KLF4 acts as a tumor suppressor by increasing autophagic cell death (Figure 4). This finding is important because it may provide an explanation as to how KLF4 is downregulated in many cancers. It was previously discussed that early cancer cells typically undergo mass cell death in response to glucose starvation [29]. Cancers generally have mutator phenotypes, resulting in mass mutation in response to a stressor, leading to the creation of a new cell variation that is immune to that stressor [56]. These surviving cells are then able to replicate and form a tumor fully immune to that original stressor [30]. Dysregulation of KLF4′s cell death pathway could lead to more evasive cancers that are no longer killed following glucose starvation.



There are a few known pathways that may potentially explain a response of KLF4 to glucose starvation. The most common regulatory pathways in cancer cells in response to glucose starvation are ROS generation and AMP-activated protein kinase (AMPK) [29,57,58,59]. In normal cells, low glucose activates AMPK, which then activates p53 [60], a key transcriptional activator of Klf4 during DNA damage. AMPK has been described as multifaceted in tumor progression, resulting in differential regulation of its cellular targets [61]. This indicates that KLF4 may be upregulated by glucose starvation through AMPK, but this pathway’s regulatory effects may be altered in cancer cells. Alternatively, reactive oxygen species (ROS) may be responsible for eliciting a KLF4-mediated response to glucose starvation. Low glucose levels have also been found to lead to an increase in ROS [29]. Cancer cells are known to exhibit increased ROS [62]. ROS have been found to increase RAS protein [63]. This leads to an increase in ERK1/2, subsequently increasing KLF4 [63,64]. KLF4 has been identified as an immediate early gene in response to hydrogen peroxide (acts as a ROS) among many other stressors [65,66]. These findings suggest that there are many potential pathways that may regulate KLF4 in response to glucose starvation.



Investigating how KLF4 plays a role in starvation-mediated cell death is an important component of understanding its large-scale metabolic regulation. We found that KLF4 induces autophagic cell death in response to glucose starvation (Figure 4). Our observation of a slight increase in cleaved caspase-3 in Klf4-null MEFs is supported by our previous findings that KLF4 reduces apoptotic activity at basal levels [10,16]. However, it is important to note that we observed no significant difference in the rate of cell death at basal levels, possibly due to counterbalancing amounts of autophagy and apoptosis between WT and Klf4-null MEFs (Figure 4). Since we observed no difference in the level of cell death or KLF4 expression in response to antioxidant treatment, we concluded that KLF4′s starvation response is not likely ROS dependent (Figure 4).



We investigated ROS expression and found that ROS do, in fact, increase in both MEFs in response to starvation in correlation with the literature (Figure 5) [29]. Furthermore, we found much greater levels of ROS in cells lacking KLF4 (Figure 5). This supports our previous findings that KLF4 reduces ROS through mitophagy and GSTa4 [18]. Additionally, KLF4 may reduce ROS expression through its increase of PKM2 [48].



Beyond aiding the metabolic response to glucose starvation, KLF4 contributes to a cell death response that likely kills off cells that are unable to recover from the metabolic stress at hand. This connection between cell death and glucose starvation would likely make dysregulation of KLF4 especially problematic in cancer cells. Without KLF4, cells undergoing nutrient starvation would experience the oncogenic by-products of the Warburg effect; increased ROS, which would lead to the accumulation of more mutations; and an inability to kill off cells that are losing control of their cell cycle and/or genomic stability due to the effects of metabolic stress. It is important to note that these processes must be tested in additional cancer cell lines in order to confirm our speculations. Instead, we offer strong findings on the metabolic behaviors of cells lacking KLF4 compared to those that express KLF4.



Additional research must be done to determine whether the starvation response regulates through the AMPK pathway or another pathway. KLF4′s role in mediating exocytosis should be investigated further, especially to see whether this regulation is specific to just GLUT1, metabolic proteins, or other membrane proteins. It is also important to determine the mechanism through which KLF4 regulates metabolic genes at both a transcriptional and a translational level. Additionally, future studies remain necessary to investigate KLF4′s role in non-Warburg cancer metabolism, such as metabolic shuttling and lipid metabolism.




5. Conclusions


When put together, our findings demonstrate that KLF4 aims to rescue cells from low glucose levels by taking in more glucose in a controlled manner that favors oxidative phosphorylation over lactate accumulation. If glucose starvation is too severe, KLF4 will initiate the cell death response. Cancer cells that dysregulate KLF4 may exhibit a more Warburg-like response to stressors, in addition to resisting cell death and undergoing increased mutability due to ROS buildup. These factors allow for more evasion and replication dependent on the dysregulation of KLF4. The dysregulation of KLF4 may cause or amplify the tumor-promoting results of the Warburg effect and should be investigated as a potential therapeutic target.







Author Contributions


Conceptualization, A.B. and E.H.; methodology, A.B.; software, A.B.; validation, A.B., K.M., E.K., K.J., and C.R.; formal analysis, A.B.; investigation, E.H.; resources, E.H.; data curation, A.B.; writing—original draft preparation, A.B.; writing—review and editing, A.B., E.H., T.D., and K.J.; supervision, E.H.; project administration, E.H.; funding acquisition, E.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported, in part, by the Picker Research Fellowship and Major Grant from the Colgate University Research Council. We were additionally supported by a generous donation from the Brauer family.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


We acknowledge the lab of Vincent W. Yang (Stony Brook Medical School, NY, USA) for providing RKO cells. The authors would also like to thank Gabrielle O’Brien, Zach Walsh, and Will Rosencrans for their guidance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shields, J.M.; Christy, R.J.; Yang, V.W. Identification and characterization of a gene encoding a gut-enriched Kruppel-like factor expressed during growth arrest. J. Biol. Chem. 1996, 271, 20009–20017. [Google Scholar]

	



Garrett-Sinha, L.A.; Eberspaecher, H.; Seldin, M.F.; de Crombrugghe, B.A. Gene for a Novel Zinc-finger Protein Expressed in Differentiated Epithelial Cells and Transiently in Certain Mesenchymal Cells. J. Biol. Chem. 1996, 271, 31384–31390. [Google Scholar]

	



Brauer, P.R.; Kim, J.H.; Ochoa, H.J.; Stratton, E.R.; Black, K.M.; Rosencrans, W.; Stacey, E.; Hagos, E.G. Krüppel-like factor 4 mediates cellular migration and invasion by altering RhoA activity. Cell Commun. Adhes. 2018, 24, 1–10. [Google Scholar] [PubMed]

	



Liu, C.; DeRoo, E.P.; Stecyk, C.; Wolsey, M.; Szuchnicki, M.; Hagos, E.G. Impaired autophagy in mouse embryonic fibroblasts null for Krüppel-like Factor 4 promotes DNA damage and increases apoptosis upon serum starvation. Mol. Cancer 2015, 14, 101. [Google Scholar] [PubMed]

	



Salmon, M.; Spinosa, M.; Zehner, Z.E.; Upchurch, G.R.; Ailawadi, G. Klf4, Klf2, and Zfp148 activate autophagy-related genes in smooth muscle cells during aortic aneurysm formation. Physiol. Rep. 2019, 7, e14058. [Google Scholar] [PubMed]

	



Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 2006, 126, 663–676. [Google Scholar] [PubMed]

	



Lee, H.Y.; Ahn, J.B.; Rha, S.Y.; Chung, H.C.; Park, K.H.; Kim, T.S.; Kim, N.K.; Shin, S.J. High KLF4 level in normal tissue predicts poor survival in colorectal cancer patients. World J. Surg. Oncol. 2014, 12, 232. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Li, H.; Wu, C.; Zhao, X.; Liu, C. The Prognostic Value of Decreased KLF4 in Digestive System Cancers: A Meta-Analysis from 17 Studies. Dis. Mark. 2017, 2017, 3064246. [Google Scholar]

	



Evans, P.M.; Liu, C. Roles of Krüpel-like factor 4 in normal homeostasis, cancer and stem cells. Acta Biochim. Biophys. Sin. 2008, 40, 554–564. [Google Scholar]

	



Ghaleb, A.M.; Yang, V.W. Krüppel-like factor 4 (KLF4): What we currently know. Gene 2017, 611, 27–37. [Google Scholar]

	



Ohnishi, S.; Ohnami, S.; Laub, F.; Aoki, K.; Suzuki, K.; Kanai, Y.; Haga, K.; Asaka, M.; Ramirez, F.; Yoshida, T. Downregulation and growth inhibitory effect of epithelial-type Krüppel-like transcription factor KLF4, but not KLF5, in bladder cancer. Biochem. Biophys. Res. Commun. 2003, 308, 251–256. [Google Scholar]

	



Hu, W.; Hofstetter, W.L.; Li, H.; Zhou, Y.; He, Y.; Pataer, A.; Wang, L.; Xie, K.; Swisher, S.G.; Fang, B. Putative Tumor-Suppressive Function of Krüppel-Like Factor 4 in Primary Lung Carcinoma. Clin. Cancer Res. 2009, 15, 5688–5695. [Google Scholar]

	



Zammarchi, F.; Morelli, M.; Menicagli, M.; Di Cristofano, C.; Zavaglia, K.; Paolucci, A.; Campani, D.; Aretini, P.; Boggi, U.; Mosca, F.; et al. KLF4 is a novel candidate tumor suppressor gene in pancreatic ductal carcinoma. Am. J. Pathol. 2011, 178, 361–372. [Google Scholar]

	



Wei, D.; Kanai, M.; Huang, S.; Xie, K. Emerging role of KLF4 in human gastrointestinal cancer. Carcinogenesis 2006, 27, 23–31. [Google Scholar] [PubMed]

	



Zhao, W.; Hisamuddin, I.M.; Nandan, M.O.; Babbin, B.A.; Lamb, N.E.; Yang, V.W. Identification of Krüppel-like factor 4 as a potential tumor suppressor gene in colorectal cancer. Oncogene 2004, 23, 395–402. [Google Scholar] [CrossRef] [PubMed]

	



Hagos, E.G.; Ghaleb, A.M.; Dalton, W.B.; Bialkowska, A.B.; Yang, V.W. Mouse embryonic fibroblasts null for the Krüppel-like factor 4 gene are genetically unstable. Oncogene 2009, 28, 1197–1205. [Google Scholar] [PubMed]

	



El-Karim, E.A.; Hagos, E.G.; Ghaleb, A.M.; Yu, B.; Yang, V.W. Krüppel-like factor 4 regulates genetic stability in mouse embryonic fibroblasts. Mol. Cancer 2013, 12, 1–12. [Google Scholar] [CrossRef]

	



Rosencrans, W.; Walsh, Z.; Houerbi, N.; Blum, A.; Belew, A.; Chernak, B.; Liu, C.; Trazo, A.; Olson, A.; Brauer, P.; et al. Cells deficient for Krüppel-Like Factor 4 exhibit mitochondrial dysfunction and impaired mitophagy. Eur. J. Cell Biol. 2020, 99, 151061. [Google Scholar]

	



Wang, S.; Shi, X.; Wei, S.; Ma, D.; Oyinlade, O.; Lv, S.Q.; Ying, M.; Zhang, Y.A.; Claypool, S.M.; Watkins, P.; et al. Krüppel-like factor 4 (KLF4) induces mitochondrial fusion and increases spare respiratory capacity of human glioblastoma cells. J. Biol. Chem. 2018, 293, 6544–6555. [Google Scholar]

	



Venkatesh, K.V.; Darunte, L.; Bhat, P.J. Warburg Effect. Encycl. Syst. Biol. 2013, 139–141. [Google Scholar] [CrossRef]

	



Epstein, T.; Gatenby, R.A.; Brown, J.S. The Warburg effect as an adaptation of cancer cells to rapid fluctuations in energy demand. PLoS ONE 2017, 12, e0185085. [Google Scholar] [CrossRef]

	



Zhao, L.; Mao, Y.; Zhao, Y.; Cao, Y.; Chen, X. Role of multifaceted regulators in cancer glucose metabolism and their clinical significance. Oncotarget 2016, 7, 31572. [Google Scholar] [CrossRef]

	



La Vecchia, S.; Sebastián, C. Metabolic pathways regulating colorectal cancer initiation and progression. Semin. Cell Dev. Biol. 2020, 98, 63–70. [Google Scholar] [CrossRef]

	



Nishimura, K.; Aizawa, S.; Nugroho, F.L.; Shiomitsu, E.; Tran, Y.; Bui, P.L.; Borisova, E.; Sakuragi, Y.; Takada, H.; Kurisaki, A.; et al. A Role for KLF4 in Promoting the Metabolic Shift via TCL1 during Induced Pluripotent Stem Cell Generation. Stem Cell Rep. 2017, 8, 787–801. [Google Scholar] [CrossRef]

	



Moon, J.S.; Kim, H.E.; Koh, E.; Park, S.H.; Jin, W.J.; Park, B.W.; Park, S.W.; Kim, K.S. Krüppel-like factor 4 (KLF4) activates the transcription of the gene for the platelet isoform of phosphofructokinase (PFKP) in breast cancer. J. Biol. Chem. 2011, 286, 23808–23816. [Google Scholar] [CrossRef]

	



Wood, I.S.; Tryhurn, P. Glucose transporters (GLUT and SGLT): Expanded families of sugar transport proteins. Br. J. Nutr. 2003, 89, 3–9. [Google Scholar] [CrossRef]

	



Zierler, K. Whole body glucose metabolism. Am. J. Physiol. 1999, 276, E409–E426. [Google Scholar] [CrossRef]

	



Li, Z.Y.; Shi, Y.L.; Liang, G.X.; Yang, J.; Zhuang, S.K.; Lin, J.B.; Ghodbane, A.; Tam, M.; Liang, Z.J.; Zha, Z.G.; et al. Visualization of GLUT1 Trafficking in Live Cancer Cells by the Use of a Dual-Fluorescence Reporter. ACS Omega 2020, 5, 15911–15921. [Google Scholar] [CrossRef]

	



Graham, N.A.; Tahmasian, M.; Kohli, B.; Komisopoulou, E.; Zhu, M.; Vivanco, I.; Teitell, M.A.; Wu, H.; Ribas, A.; Lo, R.S.; et al. Glucose deprivation activates a metabolic and signaling amplification loop leading to cell death. Mol. Syst. Biol. 2012, 8, 589. [Google Scholar] [CrossRef]

	



El Mjiyad, N.; Caro-Maldonado, A.; Ramirez-Peinado, S.; Munoz-Pinedo, C. Sugar-free approaches to cancer cell killing. Oncogene 2011, 30, 253–264. [Google Scholar] [CrossRef]

	



Izuishi, K.; Kato, K.; Ogura, T.; Kinoshita, T.; Esumi, H. Remarkable tolerance of tumor cells to nutrient deprivation: Possible new biochemical target for cancer therapy. Cancer Res. 2000, 60, 6201–6207. [Google Scholar] [PubMed]

	



Liu, C.; La Rosa, S.; Hagos, E.G. Oxidative DNA damage causes premature senescence in mouse embryonic fibroblasts deficient for Krüppel-like factor 4. Mol. Carcinog. 2015, 54, 889–899. [Google Scholar] [CrossRef] [PubMed]

	



Katz, J.P.; Perreault, N.; Goldstein, B.G.; Lee, C.S.; Labosky, P.A.; Yang, V.W.; Kaestner, K.H. The zinc-finger transcription factor Klf4 is required for terminal differentiation of goblet cells in the colon. Development 2002, 129, 2619–2628. [Google Scholar]

	



Chen, X.; Johns, D.C.; Geiman, D.E.; Marban, E.; Dang, D.T.; Hamlin, G.; Sun, R.; Yang, V.W. Krüppel-like factor 4 (gut-enriched Krüppel-like factor) inhibits cell proliferation by blocking G1/S progression of the cell cycle. J. Biol. Chem. 2001, 276, 30423–30428. [Google Scholar] [CrossRef]

	



Panasyuk, G.; Espeillac, C.; Chauvin, C. PPARγ contributes to PKM2 and HK2 expression in fatty liver. Nat Commun. 2012, 3, 672. [Google Scholar] [CrossRef] [PubMed]

	



Bisetto, S.; Wright, M.C.; Nowak, R.A.; Lepore, A.C.; Khurana, T.S.; Loro, E.; Philp, N.J. New Insights into the Lactate Shuttle: Role of MCT4 in the Modulation of the Exercise Capacity. iScience 2019, 22, 507–518. [Google Scholar] [CrossRef] [PubMed]

	



Luz, M.C.; Perez, M.M.; Azzalis, L.A.; Sousa, L.V.; Adami, F.; Fonseca, F.L.; Alves, B.D. Evaluation of MCT1, MCT4 and CD147 Genes in Peripheral Blood Cells of Breast Cancer Patients and Their Potential Use as Diagnostic and Prognostic Markers. Int. J. Mol. Sci. 2017, 18, 170. [Google Scholar] [CrossRef]

	



Aerni-Flessner, L.; Abi-Jaoude, M.; Koenig, A.; Payne, M.; Hruz, P.W. GLUT4, GLUT1, and GLUT8 are the dominant GLUT transcripts expressed in the murine left ventricle. Cardiovasc. Diabetol. 2012, 11, 63. [Google Scholar] [CrossRef]

	



Pyla, R.; Poulose, N.; Jun, J.Y.; Segar, L. Expression of conventional and novel glucose transporters, GLUT1, -9, -10, and -12, in vascular smooth muscle cells. Am. J. Physiol. Cell Physiol. 2013, 304, C574–C589. [Google Scholar] [CrossRef]

	



Kim, J.W.; Dang, C.V. Cancer’s molecular sweet tooth and the Warburg effect. Cancer Res. 2006, 66, 8927–8930. [Google Scholar] [CrossRef]

	



Erkkilä, K.; Aito, H.; Aalto, K.; Pentikäinen, V.; Dunkel, L. Lactate inhibits germ cell apoptosis in the human testis. Mol. Hum. Reprod. 2002, 8, 109–117. [Google Scholar] [CrossRef]

	



Hirschhaeuser, F.; Sattler, U.G.; Mueller-Klieser, W. Lactate: A metabolic key player in cancer. Cancer Res. 2011, 71, 6921–6925. [Google Scholar] [CrossRef]

	



Doherty, J.R.; Cleveland, J.L. Targeting lactate metabolism for cancer therapeutics. J. Clin. Investig. 2013, 123, 3685–3692. [Google Scholar] [CrossRef]

	



Liu, Y.; Zheng, B.; Zhang, X.H.; Nie, C.J.; Li, Y.H.; Wen, J.K. Localization and function of KLF4 in cytoplasm of vascular smooth muscle cell. Biochem. Biophys. Res. Commun. 2013, 436, 162–168. [Google Scholar] [CrossRef]

	



Luo, W.W.; Lian, H.; Zhong, B.; Shu, H.B.; Li, S. Krüppel-like factor 4 negatively regulates cellular antiviral immune response. Cell. Mol. Immunol. 2016, 13, 65–72. [Google Scholar] [CrossRef]

	



Villarreal, G., Jr.; Zhang, Y.; Larman, H.B.; Gracia-Sancho, J.; Koo, A.; García-Cardeña, G. Defining the regulation of KLF4 expression and its downstream transcriptional targets in vascular endothelial cells. Biochem. Biophys. Res. Commun. 2010, 391, 984–989. [Google Scholar] [CrossRef] [PubMed]

	



Tiwari, N.; Meyer-Schaller, N.; Arnold, P.; Antoniadis, H.; Pachkov, M.; van Nimwegen, E.; Christofori, G. Klf4 is a transcriptional regulator of genes critical for EMT, including Jnk1 (Mapk8). PLoS ONE 2013, 8, e57329. [Google Scholar] [CrossRef]

	



Anastasiou, D.; Poulogiannis, G.; Asara, J.M.; Boxer, M.B.; Jiang, J.K.; Shen, M.; Bellinger, G.; Sasaki, A.T.; Locasale, J.W.; Auld, D.S.; et al. Inhibition of pyruvate kinase M2 by reactive oxygen species contributes to cellular antioxidant responses. Science 2011, 334, 1278–1283. [Google Scholar] [CrossRef]

	



Zahra, K.; Dey, T.; Ashish, A.; Pandey, U.; Mishra, S.P. Pyruvate Kinase M2 and Cancer: The role of PKM2 in promoting tumorigenesis. Front. Oncol. 2020, 10, 159. [Google Scholar] [CrossRef] [PubMed]

	



Shi, M.; Cui, J.; Du, J.; Wei, D.; Jia, Z.; Zhang, J.; Zhu, Z.; Gao, Y.; Xie, K. A novel KLF4/LDHA signaling pathway regulates aerobic glycolysis in and progression of pancreatic cancer. Clin. Cancer Res. 2014, 20, 4370–4380. [Google Scholar] [CrossRef]

	



Wang, Y.; Martins, I.; Ma, Y.; Kepp, O.; Galluzzi, L.; Kroemer, G. Autophagy-dependent ATP release from dying cells via lysosomal exocytosis. Autophagy 2013, 9, 1624–1625. [Google Scholar] [CrossRef]

	



Lee, H.J.; Cho, E.D.; Lee, K.W.; Kim, J.H.; Cho, S.G.; Lee, S.J. Autophagic failure promotes the exocytosis and intercellular transfer of α-synuclein. Exp. Mol. Med. 2013, 5, 45. [Google Scholar] [CrossRef] [PubMed]

	



Von Mollard, G.F.; Stahl, B.; Li, C.; Südhof, T.C.; Jahn, R. Rab proteins in regulated exocytosis. Trends Biochem. Sci. 1994, 19, 164–168. [Google Scholar] [CrossRef]

	



Novick, P.; Medkova, M.; Dong, G.; Hutagalung, A.; Reinisch, K.; Grosshans, B. Interactions between Rabs, tethers, SNAREs and their regulators in exocytosis. Biochem. Soc. Trans. 2006, 34, 683–686. [Google Scholar] [CrossRef]

	



Hagos, E.G.; Ghaleb, A.M.; Kumar, A.; Neish, A.S.; Yang, V.W. Expression profiling and pathway analysis of Krüppel-like factor 4 in mouse embryonic fibroblasts. Am. J. Cancer Res. 2011, 1, 85–97. [Google Scholar]

	



Loeb, L.A. A mutator phenotype in cancer. Cancer Res. 2001, 61, 3230–3239. [Google Scholar]

	



Ren, Y.; Shen, H.M. Critical role of AMPK in redox regulation under glucose starvation. Redox Biol. 2019, 25, 101154. [Google Scholar] [CrossRef]

	



Thoreen, C.C.; Sabatini, D.M. AMPK and p53 help cells through lean times. Cell Metab. 2005, 1, 287–288. [Google Scholar] [CrossRef]

	



Jones, R.G.; Plas, D.R.; Kubek, S.; Buzzai, M.; Mu, J.; Xu, Y.; Birnbaum, M.J.; Thompson, C.B. AMP-activated protein kinase induces a p53-dependent metabolic checkpoint. Mol. Cell 2005, 18, 283–293. [Google Scholar] [CrossRef]

	



Reid, M.A.; Kong, M. Dealing with hunger: Metabolic stress responses in tumors. J. Carcinog. 2013, 12, 17. [Google Scholar]

	



Bonini, M.G.; Gantner, B.N. The multifaceted activities of AMPK in tumor progression--why the "one size fits all" definition does not fit at all? IUBMB Life 2013, 65, 889–896. [Google Scholar] [CrossRef]

	



Liou, G.Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [Google Scholar] [CrossRef] [PubMed]

	



Tai, P.; Ascoli, M. Reactive oxygen species (ROS) play a critical role in the cAMP-induced activation of Ras and the phosphorylation of ERK1/2 in Leydig cells. Mol. Endocrinol. 2011, 25, 885–893. [Google Scholar] [CrossRef]

	



Peng, H.; Zhang, K.; Liu, Z.; Xu, Q.; You, B.; Li, C.; Cao, J.; Zhou, H.; Li, X.; Chen, J.; et al. VPO1 modulates vascular smooth muscle cell phenotypic switch by activating extracellular signal-regulated kinase 1/2 (ERK 1/2) in abdominal aortic aneurysms. J. Am. Heart Assoc. 2018, 7, e010069. [Google Scholar] [CrossRef]

	



Godmann, M.; Kosan, C.; Behr, R. Krüppel-like factor 4 is widely expressed in the mouse male and female reproductive tract and responds as an immediate early gene to activation of the protein kinase A in TM4 Sertoli cells. Reprod. Camb. Engl. 2010, 139, 771–782. [Google Scholar] [CrossRef]

	



Cullingford, T.E.; Butler, M.J.; Marshall, A.K.; Tham, E.; Sugden, P.H.; Clerk, A. Differential regulation of Krüppel-like factor family transcription factor expression in neonatal rat cardiac myocytes: Effects of endothelin-1, oxidative stress and cytokines. Biochim. Biophys. Acta 2008, 1783, 1229–1236. [Google Scholar] [CrossRef]








[image: Cells 10 00830 g001 550] 





Figure 1. Krüppel-like factor 4 (KLF4) increases glycolytic capacity and energy efficiency. (A) ATP assay demonstrates increased ATP production in wild-type (WT) mouse embryonic fibroblasts (MEFs) as compared to Klf4-null MEFs. (B) Seahorse assay demonstrates an increased extracellular acidification rate (ECAR) in WT MEFs (blue) as compared to Klf4-null MEFs (red) in response to oligomycin. (C) There is no difference in basal levels of glycolysis between WT and Klf4-null MEFs. (D) WT MEFs demonstrate a greater glycolytic capacity as compared to Klf4-null MEFs. (E,F) Seahorse assay demonstrates an overall increase in the oxidative consumption rate (OCR) in WT MEFs (blue) as compared to Klf4-null MEFs (red). (G) WT MEFs have a greater ratio of oxidative phosphorylation to glycolysis as compared to Klf4-null MEFs. (H) Seahorse assay demonstrates an increased ECAR in KLF4-overexpressed RKO cells (blue) as compared to DMSO-treated RKO cells (red) in response to (I) glucose and (J) oligomycin. (K,L) Seahorse assay demonstrates an overall increase in the OCR in Ponasterone-A (PA)-treated RKO cells (blue) as compared to DMSO-treated RKO cells (red). (M) PA-treated RKO cells have a greater ratio of oxidative phosphorylation to glycolysis as compared to DMSO-treated RKO cells. Each assay was performed using three biological replicates. Error bars represent standard error of the mean. Significance was determined by Student’s t-test (** p < 0.01, *** p < 0.001). 
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Figure 2. KLF4 increases expression of key glycolytic proteins. (A) Western blots show relative protein expression between WT and Klf4-null MEFs. (B) MEFs that do not express KLF4 have lower levels of expression of hexokinase2 (HK2), pyruvate kinase M2 (PKM2), and monocarboxylate transporter 4 (MCT4). Glucose transporter 1 (GLUT1) expression is unchanged. (C) RT-qPCR shows that MEFs that do not express KLF4 show lower levels of PKM2 and MCT4 mRNA. The level of GLUT1 mRNA is unchanged. (D) Western blots show that PA is used to overexpress KLF4 in RKO cells. (E) Overexpression of KLF4 increases expression of MCT4, PKM2, and HK2 in RKO cells. GLUT1 expression is unchanged. (F) qPCR shows that KLF4 overexpression increases levels of PKM2 and MCT4 mRNA. Levels of GLUT1 mRNA are unchanged. Each assay was performed using four biological replicates. Error bars represent standard error of the mean. Significance was determined by Student’s t-test (* p < 0.05, ** p < 0.01). 
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Figure 3. KLF4 facilitates localization of GLUT1 to the outer membrane. (A) Fluorescent imaging for GLUT1 (green) in MEFs. DAPI (blue) was used to stain cell nuclei. (B) Wild-type MEFs demonstrate greater levels of basal GLUT1 membrane localization than Klf4-null MEFs. Furthermore, glucose starvation has no effect on GLUT localization in either cell type. (C) Fluorescent imaging for GLUT1 (red) in RKO cells. DAPI (blue) was used to stain cell nuclei. (D) PA-treated RKO cells demonstrate greater levels of GLUT1 membrane localization as compared to DMSO-treated RKO cells. Furthermore, glucose starvation increases membrane localization of GLUT1 in DMSO-treated RKO cells, while there is no difference in PA-treated RKO cells. For MEFs, 45–55 cells were counted for each treatment over three biological replicates (at least 15 cells counted in each replicate). For RKO cells, 95–105 cells were counted for each treatment over three biological replicates (at least 30 cells counted in each replicate). Error bars represent standard error of the mean. Significance was determined by Pearson’s chi-square test (** p < 0.01, *** p < 0.001). 
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Figure 4. KLF4 aids autophagic cell death in response to glucose starvation in an N-acetylcysteine (NAC)-independent manner. (A) MEF morphology. (B) WT MEFs die at a greater rate as compared to Klf4-null MEFs in response to glucose starvation. (C,D) KLF4 induces autophagic cell death in MEFs in response to starvation, independent of reactive oxygen species (ROS). Each assay was performed using four biological replicates. Error bars represent standard error of the mean. Significance was determined by Student’s t-test (* p < 0.05). 
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Figure 5. KLF4 decreases ROS from glucose starvation. (A) Fluorescent imaging for ROS used 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) (green) in MEFs. DAPI (blue) was used to stain cell nuclei. (B) KLF4 reduces ROS, especially during starvation where ROS are increased significantly. Each treatment condition was repeated with three biological replicates. Error bars represent standard error of the mean. Significance was determined using Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 6. KLF4′s role in responding to glucose starvation. Reduced glucose intake increases ROS as well as KLF4. KLF4 protects the cell by inhibiting ROS and inducing autophagic cell death. Furthermore, KLF4 responds to reduced glucose intake by facilitating GLUT1 localization to the cellular membrane. Additionally, KLF4 increases PKM2 to favor oxidative phosphorylation and increases MCT4 to export lactate out the cell. Created using BioRender. 
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