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Abstract

Hepatic insufficiency is a fatal liver disease with a significant decrease in functioning hepatocytes. If hepatocytes could be generated from human induced pluripotent stem (hiPS) cells and transplanted into patients with hepatic insufficiency, the disease may become curable. However, a major limitation to this therapeutic strategy is due to the tumorigenicity of hiPS cells and their ability to form cancer. Current methods for eliminating unwanted hiPS cells use genetic manipulation or reagents that are potentially hazardous for hepatocytes; therefore, revised methods are necessary and anticipated. Glucose and arginine are essential cell culture medium ingredients for the survival of most cells, including hiPS cells. However, hepatocytes can produce its own glucose and arginine through galactokinase and ornithine transcarbamylase, respectively. Therefore, it was hypothesized that unwanted hiPS cells could be eliminated in a medium without glucose and arginine, and supplemented with galactose and ornithine instead. This modified medium has been established as hepatocyte selection medium (HSM). So far, attempts to generate a pure colony of mature hepatocytes from hiPS cells have not been successful. After establishment of co-culture in HSM, primary human hepatocytes survive while hiPS cells die within three days. Our latest results regarding a modification of HSM will be introduced in this manuscript.
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Core tip: Human induced pluripotent stem (hiPS) cells have the potential to differentiate into mature hepatocytes. If undifferentiated hiPS cells persist among transplanted hepatocytes, hiPS cells may potentially develop into cancer. Glucose and arginine are essential for the survival of most cells; however, mature hepatocytes survive in the media because they can produce glucose and arginine using galactokinase and ornithine transcarbamylase, respectively. Therefore, we created a hepatocyte selection medium (HSM) that lacks glucose and arginine but is supplemented with galactose and ornithine. After establishment of co-culture in HSM, human primary hepatocytes survive while hiPS cells die within three days. 
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INTRODUCTION
Human induced pluripotent stem (hiPS) cells have pluripotency and potential to differentiate to various types of somatic cells. HiPS cells are established with four reprogramming factors


[1] ADDIN EN.CITE .
Hepatic failure is fatal in that numbers of functioning hepatocytes significantly decreases below a safe level to support life. If hepatocytes are generated from hiPS cells and transplanted to patients with hepatic failure, they would be cured[2]. One major problem of transplantation is graft-verses-host disease. The graft-verses-host disease could be avoided, if hepatocytes are differentiated from hiPS cells from the patients.
One problem arises with the transplantation. HiPS cells may reside in the transplanted hepatocytes. If the residual hiPS cells are transplanted to the patients, they potentially form cancer. Therefore, methods for eliminating hiPS cells among differentiated hepatocytes used for transplantation are needed for development. The methods should be non-hazardous to hepatocytes and specific for hiPS cells. As such, a new medium to eliminate hiPS cells “hepatocyte selection medium” (HSM), has been developed. 

HEPATOCYTE DIFFERENTIATION FROM HIPS CELLS

HiPS cells differentiation to hepatocytes has been investigated


[3-8] ADDIN EN.CITE . They are divided into two categories; growth factors and transcription factors. 
Currently, the most common protocols are stepwise addition of growth factors to simulate the process of in vivo hepatocyte differentiation during liver development


[3-6] ADDIN EN.CITE . Transcription factors are sequentially expressed during hepatocyte differentiation


[7] ADDIN EN.CITE . HiPS cells are difficult to transfect with plasmid DNA and as such, adenovirus vectors are more efficiently used to introduce transcription factors to hiPS cells. These transcriptions factors then induce differentiation of hiPS cells into hepatoblast-like or hepatocyte-like cells[6,8]. However, there are limitations using this method and cells exhibit only certain similarities to primary hepatocytes and are therefore called “hepatocyte-like cells.” An organoid of liver is formed after mixing human mesenchymal stem cells, human umbilical vascular endothelial cells, and hepatocyte-like cells differentieated from hiPS cells[9]. One major problem is that most attempts to obtain mature hepatocytes from hiPS cells have not been successful.
Another limitation, as described in further detail below, is the possibility of tumor formation and cancer development due to the presence of undifferentiated hiPS cells among transplanted hepatocyte-like cells. 

TUMORIGENICITY OF HIPS CELLS

HiPS cells proliferate rapidly and have active telomerase activity, which are closely associated with tumorigenicity[1,10]. Tumorigenicity is therefore a major concern with the transplantation of somatic cells differentiated from hiPS or other stem cells into patients


[11] ADDIN EN.CITE . In fact, teratoma is formed in the liver transplanted with mouse hepatocytes differentiated from embryonic stem (ES) cells[12]. This phenomenon strongly supports the tumorigenicity of the residual undifferentiated mouse ES cells among the hepatocytes. At an early stage, it was speculated that teratoma was caused by viral vectors integrated to the host genome[13]. To reduce this risk, two methods have been attempted. First one is the Sendai virus and plasmid vectors because they do not integrate to the genome15] ADDIN EN.CITE . Second one is to omit c-Myc from the four reprogramming factors


[16] ADDIN EN.CITE . With all the above trials, pluripotent stem cells still form teratoma. It is, then, speculated that tumorigenicity is strongly associated with pluripotency


[10,17] ADDIN EN.CITE . Methods should be investigated to eliminate hiPS cells from the transplanted cells. 

ELIMINATION OF HIPS CELLS

Until now, several methods are reported on the elimination of unwanted hiPS cells. 
First attempt was introduction of thymidine kinase gene followed by addition of ganciclovir. Nanog is a homeodomain protein, and maintains pluripotency of ES cells[18]. Nanog promoter would drive thymidine kinase gene if the promoter is followed by the gene in ES cells. It would be expected that hiPS cell would be eliminated with ganciclovir. As expected, hiPS cells die after the addition of ganciclovir into the media


[19] ADDIN EN.CITE . Similarly, Lim et al


[20] ADDIN EN.CITE  introduced the thymidine kinase gene with lentiviral vectors. However, the approach of selectively eliminating hiPS cells in this manner may be problematic because ganciclovir may be hazardous to hepatocytes. 
Second attempt was small molecules. A library of small chemicals was screened to find molecules that had the potential of induction of apoptosis for mouse ES cells


[21] ADDIN EN.CITE . Benzethonium chloride and methylbenzethonium successfully induced apoptosis in hiPS. 
N-oleoyl serinol (S18) is a ceramide analogue. S18 ablated pluripotent cells in EB differentiating toward neuronal lineage


[22] ADDIN EN.CITE . Unexpectedly, S18 promoted differentiation of embryoid bodies to neural lineage. S18 is unique in two aspects: elimination of hiPS cells and promotion of differentation toward neural lineage.
Altogether, the above methods require genetic modification or reagents that are hazardous to hiPS cells. However, genetic modifications and toxic reagents are not desirable for the transplantation of somatic cells differentiated from hiPS cells. Therefore, a method should be developed to eliminate hiPS cells using non-toxic materials. 

GALACTOSE AS A SOURCE OF ENERGY

Glucose is indispensable for virtually all type of the cells to survive. Glucose is metabolized to pyruvate though glycolysis. Pyruvate produces energy through tricarboxylic acid cycle. 
Figure 1 illustrates galactose metabolization to glucose. Galactose is catalyzed to galactose-1-phosphate by galackokinase (GALK). Galatcose-1-phosphate uridyl transferase changed galactose-1-phosphate to glucose-1-phosphate. Through this reaction, glycogen is synthesized. Glycogen enters glycolysis. Finally, glucose is produced from galactose. Glucose-1-phosphate is changed to glucose-6-phosphate. Glucose-6-phosphate is the first metabolite from glucose. Glycolysis follows glucose-6-phosphate. GALK is solely expressed in the liver and kidney


[23,24] ADDIN EN.CITE . In this sense, galactose is the same source of energy as glucose in hepatocytes due to GALK. Therefore, it is expected that hepatocytes survive in a medium without glucose or pyruvate, and added with galactose


[25,26] ADDIN EN.CITE . As expected, hepatocytes survive in a medium without glucose, and added with galactose[27].

GLUCOSE DEPRIVATION AND HIPS CELLS

Metabolomic profiling has shown that glycolysis is activated, glucose consumption is up-regulated, and lactate accumulation occurs in reprogrammed hiPS cells


[28] ADDIN EN.CITE .
Glucose-depleted and lactate-enriched medium eliminated residual undifferentiated hiPS cells from induced differentiated cardiomyocytes


[29] ADDIN EN.CITE . Cardiomyocytes are able to obtain ATP from lactate while hiPS cells are not


[30] ADDIN EN.CITE . Using this non-genetic method, the authors have succeeded in selecting cardiomyocytes differentiated from hiPS cells with great purity and without forming tumors.

ARGININE AND THE UREA CYCLE

Arginine is important in production of nitric oxide polyamine[31]. Arginine is classified as a non-essential amino acid because the amino acid is produced by de novo synthesis. Cells require arginie to survive because its amount of production is not enough[32]. Cells are, therefore, hard to survive without argnine[33]. Culture media contain arginine for cells to survive and proliferate. 

Arginine is produced through urea cycle. Arginine is normally produced in hepatocytes because urea cycle is expressed only in hepatocytes.
Urea cycle is important to detoxify ammonium ions produced from protein degradation[34]. Figure 2 maps metabolism of urea cycle. L-ornithine and carbamoylphosphate is metabolized to L-citrulline by ornithine transcarbamylase (OTC). OTC deficienty causes hyperammonaemic crises in neonates


[35] ADDIN EN.CITE .
Niwa et al[27] cultured a rat hepatoma cell line, H4-IIE, in a medium without arginine. The cells were successfully cultured up to 30 passages. Interestingly, the surviving cells expressed all of the enzymes involved in the urea cycle. We could not find any literature addressing the involvement of the urea cycle in hiPS cells. 

EXPRESSION LEVLES OF GALK AND OTC

In humans, two genes are involved in galactose metabolism: GALK1 (NM_000154) and GALK2 (NM_002044). GALK1 is a major player of galactose metabolism, its deficiency causes cataracts in infants[36]. Whereas, GALK2 was originally discovered to be involved in N-acetylgalactosamine metabolism[37]. However, in conditions with high concentrations of galactose, GALK2 demonstrates galactokinase activity. 
HiPS cells express GALK1, GALK2, and OTC at significantly lower levels than fetal or adult liver[38]. It was therefore, expected that hiPS cells were eliminated in a medium without glucose or arginine. 

HEPATOCYTE SELECTION MEDIUM

Based on the discussions above, hepatocyte selection medium (HSM) was made to eliminate mouse ES cells among cells differentiating toward hepatocyte lineage[39]. HSM was made from powder to omit glucose and arginine because the two ingredients are included in all the culture media commercially available. Formulation of HSM is based on Leibovits-15 medium that is suitable for the maintenance of function of cultured hepatocytes. HSM is not only deprived of glucose and arginine but also supplemted with galactose and ornithine. In addition, HSM is supplemented with proline for the synthesis of DNA in hepatocytes[40]. When HSM is applicable to human in the future, xeno-free condition is desirable. HSM, therefore, does not contain fetal bovine serum but knockout serum replacement (KSR) (Life Technologies, Grand Island, NY, United States) at 10%.

ELIMINATION OF UNWANTED HIPS CELLS AMONG PRIMARY HUMAN HEPATOCYTES

HSM was made as mentioned above. HiPS cells died within three days as expected in HSMs (Figure 3A and B)[38]. One concern arose: KSR. KSR might contain glucose, arginine, or both. To address this possibility, KSR was dialyzed, and compared with non-dialyzed one. HiPS cells died in HSM with or without dialysis. It was confirmed that hiPS cells die in HSM in three days. Theses encouraging results prompted us to culture hepatocytes in HSM. So far, differentiation has not been successful of hiPS cells to mature hepatocytes. Our HSM is not useful for generation of mature hepatocytes because the medium albated hiPS cells in three days culture. It, therefore, has not been successful to enrich mature hepatocytes differentiated from hiPS from undifferentiated hiPS cells. To overcome the limiting situation, primary human hepatocytes are subjected to co-culture experiments in place of hepatocytes successfully differentiated from hiPS cells. Figure 3C shows established co-culture of hiPS cells and primary human hepatocytes. Figure 3D clearly show that all the hiPS cells are eliminated and primary human hepatocytes survive in HSM[38].

POTENTIAL APPLICATION OF HSM

There are two ways of application of HSM. One is its initial aim to eliminate hPS cells among hepatocytes for transplantation. Another is application of HSM to hepatocyte differentiation. 
One of the characteristics of HSM is that the medium does not have any toxic materials. Another characteristic of HSM is that it does not require genetic manipulation. HSM is, therefore, safe to eliminate unwanted hiPS cells. HSM is potentially necessary when patients with hepatic failure are transplanted with hepatocytes differentiated from hiPS cells to eliminated residual hiPS cells. 
Kondo et al[41] report a medium that promotes hepatocyte differentiation from hiPS cells. The formulation of their medium is close to our HSM. 
Recently, we have established a new medium based on HSM to initiate hepatocyte differentiation


[42] ADDIN EN.CITE . The medium is supplemented with an apoptosis inhibitor, oncostatin M, and small molecules. The report by Kondo et al[41] and our recent progress suggest that HSM may be a platform medium for differentiation of hiPS cells to hepatocytes. 
CONCLUSION

HSM eliminates hiPS cells. HSM successfully isolates primary human hepatocytes from co-culture of hiPS cells and primary human hepatocytes. HSM may pave a way to a novel protocol to generate mature hepatocytes from hiPS cells.
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Figure 1 Gluconeogenesis from galactose. Galactose is converted to galactose 1-phosphate by galactokinase. The process of gluconeogenesis is shown and further described in the text. 
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Figure 2 Urea cycle. L-ornithine is converted to L-citrulline by ornithine transcarbamylase. L-arginine is produced from L-ornithine by the urea cycle. Please see text for further detail. 
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Figure 3 Co-culture of primary human hepatocytes and induced pluripotent stem cells. Human induced pluripotent stem (hiPS) cells were cultured in Repro FF (Reprocell, Yokohama, Japan), a feeder free condition (A). The medium was changed to hepatocyte selection medium (HSM), and cultured further for three days. All the iPS cells were eliminated (B). To address the possibility that hepatocytes survive and iPS cells were eliminated in HSM, co-culture of primary human hepatocytes (arrow) and hiPS cells (asterisk) were established (C). Currently, differentiation of hiPS cell to mature hepatocytes has not been successful. Primary human hepatocytes were used in place of hepatocytes from hiPS cells. HiPS cells were eliminated and primary human hepatocytes survived after three days culture in HSM (D). Original magnification: ( 400, scale bar: 12.5 μm.
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