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Stem Cell Proﬁling by Nuclear Magnetic Resonance Spectroscopy Jacobus F.A. Jansen,1,4 Michael J. Shamblott,2,3 Peter C.M. van Zijl,1,5 Kimmo K. Lehtima¨ki,6 Jeff W.M. Bulte,1,3 John D. Gearhart,2,3 and Juhana M. Hakuma¨ki1,6* The classiﬁcation of embryonic and adult stem cells, including their derivatives, is still limited, and often these cells are best deﬁned by their functional properties. Recent gene array studies have yielded contradictory results. Also, very little is known about the metabolic properties of these exciting cells. In this study, proton (1H) NMR spectroscopy was used to identify the major low-molecular-weight metabolites in murine embryonic stem cells (ESC) and their neural stem cell (NSC) derivatives. ESC are characterized by an unusually low number of NMRdetectable metabolites, high phosphocholine (PC) content, and nondetectable glycerophosphocholine (GPC). The metabolic proﬁles of NSC resemble glial cells and oligodendrocyte progenitors, but with considerably higher PC, GPC, and myoinositol content. The results suggest that NMR spectroscopy in vitro can provide markers to study the effects of differentiation on cell metabolism, and potentially to assess stem cell preparations for differentiation status. Magn Reson Med 56: 666 – 670, 2006. © 2006 Wiley-Liss, Inc. Key words: NMR spectroscopy; stem cells; metabolism; choline; myo-inositol



Stem cells are deﬁned as cells that are capable of selfrenewal and have the capacity to generate precursor cells and mature cells of all adult tissue types through differentiation processes. These extraordinary properties have made stem cells potential candidates for a number of restorative therapies aimed at alleviating various disorders, such as endocrinological and neurological disorders (1). However, there are still major difﬁculties with simple classiﬁcation and characterization of stem cells and their derivatives in vitro and in situ. Extensive gene expression studies were recently performed on murine stem cells (2,3), but they yielded surprisingly incoherent results (4).
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The results of these studies suggest the involvement of perhaps hundreds of genes as prerequisites for “stemness” (i.e., the capacity for self-renewal and differentiation). Nuclear magnetic resonance (NMR)-based techniques are emerging as useful tools for the study of stem cells. For instance, stem cells labeled with iron oxide in culture can be visualized in the central nervous system (CNS) by magnetic resonance imaging (MRI) even several weeks after implantation (5). However, MRI cannot provide direct metabolic or vital information about such cells. NMR spectroscopy, on the other hand, can act as a powerful window into the metabolic machinery of cells (6 – 8). Because of its noninvasive nature and high chemical speciﬁcity, it is well suited for studying cellular metabolism. NMR spectroscopy in vitro has been shown to readily identify CNS cells (such as neurons, glial, and meningeal cells) under culture conditions on the basis of their metabolic properties (8,9). Also, metabolites of many cancer cell types, particularly of the CNS, have been effectively characterized (10,11) by 1H NMR spectroscopy in vitro, which forms one of the cornerstones for tumor diagnosis in clinical MRS. MATERIALS AND METHODS Stem Cells The D3ESC were obtained from the inner cell mass of mouse blastocysts, received as a kind gift from Dr. Doetschman (University of Cincinnati, Cincinnati, OH, USA). The ESC were maintained in culture on a monolayer of mouse embryonic ﬁbroblast (STO) feeder cells in the presence of leukemia inhibiting factor (LIF). Prior to harvesting, and to rid the samples of potential ﬁbroblast contaminants, the ESC were grown for one passage on gelatincoated plates without the feeder cells. Neural stem cells (NSC) were obtained from the D3ESC in culture through a differentiation process described earlier by Okabe and coworkers (12). Brieﬂy, cells were ﬁrst grown in the presence of serum and LIF, which was withdrawn to form embryoid bodies (EBs). The EBs were then transferred to a serumfree media adjusted with insulin, transferrin, selenium, and ﬁbronectin to facilitate progression into ⬎75– 85% nestin-positive NSC. The NSC state was veriﬁed by immunohistochemistry (data not shown). Cells were then harvested by trypsinization at (80 –90%) conﬂuency, no more than 24 hr after changing fresh medium. The number of cells obtained was typically in the order of 3.0 – 4.0 ⫻ 106. Cell Preparations After harvesting, the cells were washed twice with PBS to remove potential medium residue and centrifuged in
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FIG. 1. High-resolution 1H NMR spectra and metabolite data from cell extracts obtained at 11.7 T: (a) ESC and (b) NSC. The choline regions of the spectra are shown expanded in c and d, respectively. c: Note the virtual absence of GPC and the predominant PC content in ESC. e: Cell metabolite concentrations reported as nmol/mg protein. * P ⬍ 0.05, ** P ⬍ 0.01, Student’s unpaired t-test. ace, acetate; cho, free choline; cre, creatine; GPC, glycerophosphocholine; hep, HEPES; ino, myo-inositol; PC, phosphocholine; suc, succinate. Val, valine; ile, isoleucine; leu, leucine (indicating amino acids that are supplemented in culture media). n.d. denotes data that are not deﬁned.



10 ml of PBS for 10 min. The remaining supernatants were discarded and the cell pellets were snap-frozen in liquid nitrogen and stored at – 80°C until analysis. Metabolite extraction was performed in excess (2–3 ml) perchloric acid (PCA, 0.9 mol/l) for these cell pellets on ice (8). Brieﬂy, the samples were sonicated (Brooklyn Instruments, NY, USA) for 60 s and then centrifuged for 15 min (15000 g at 4°C). The supernatant pH values were then adjusted to 7.0 ⫾ 0.1 using 1 mol/l KOH and 1 mol/l HCl, followed by centrifugation (3000 g at 4°C) for 10 min. The resulting clear supernatants were lyophilized and stored at – 80°C for NMR analyses. The pellets were partially extracted with tetrahydrofuran and ethyl ether (13) to separate cell phospholipids from protein. The remaining protein pellets were stored at – 80°C for subsequent protein content analysis using a spectrophotometer protein assay with a bovine serum albumin standard (8). NMR Spectroscopy The 1H NMR spectra were recorded at 11.7 T on a Varian Instruments (Varian Inc., Palo Alto, CA, USA) NMR spectrometer. The lyophilized extracts were dissolved in 0.6 ml of pure D2O, with 0.97 mmol trimethylsilyl



propionate (TSP) added as internal standard, and spectra were acquired at 20°C ⫾ 1°C using a 60° ﬂip angle, a 6000 Hz sweep width, 4.3 s repetition time (TR), 32K data points, and 512–2048 scans. The dry phospholipid extracts were dissolved in 0.6 ml deuterated chloroform, and 1H NMR spectra were obtained by using a 90° ﬂip angle, a 6000 Hz sweep, 8.0 s TR, 32k data points, and 256 scans at 20°C ⫾ 1°C, with trimethylsilane (TMS) as internal standard. 2D total correlation (TOCSY) spectra were obtained with the following parameters: 6200 Hz sweep width, a mixing time of 0.12 s, 1024 data points, 16 scans, and 512 increments. The individual proton resonances in the spectra were then identiﬁed and quantiﬁed in reference to the standards with the use of spectral line-ﬁtting software (Perch Solutions Ltd., Kuopio, Finland). Signal areas were corrected for the numbers of protons contributing to the resonances. Final metabolite concentrations are expressed as nmol/mg determined protein content. The data are shown as the mean ⫾ SEM from six independent experiments (cell cultures), and statistical signiﬁcance is denoted by * P ⬍ 0.05 and ** P ⬍ 0.01, using Student’s two-sided unpaired t-test.
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FIG. 2. 2D 1H TOCSY spectra from (a) ESC and (b) NSC. Metabolites are denoted according to cross peaks as follows: cho, free choline; GPC, glycerophosphocholine; glx, glutamate and glutamine; hep, HEPES; ino, myoinositol; lac, lactate; PC, phosphocholine.



RESULTS AND DISCUSSION 1



In this study H NMR spectroscopy was used in part to unveil metabolic status during cellular differentiation, and in part to explore potential stem cell biomarkers. Toward that end, murine stem cell extracts were studied at distinct stages of differentiation—as pure pluripotent ESC, and as their multipotent NSC derivatives. The spectra were characterized by only a few NMR-detectable metabolites as shown by the representative 1H NMR spectra for ESC (a) and NSC (b) in Fig. 1, and 2D TOCSY spectra (Fig. 2). In both cell types, metabolites typical of cultured cells (i.e., acetate (ace), succinate (suc), and amino acids (leucine,



isoleucine, and valine)) were detected. HEPES (Hep) was seen as a remnant of the media buffer. The concentrations of these metabolites did not differ signiﬁcantly among the cell groups studied. There was some detectable lactate in most cell preparations (as visualized in the TOCSY spectra), particularly NSC, but it was not quantiﬁable because of a broad line immediately adjacent to or on top of the lactate resonance. In NSC, the concentration of phosphocholine (PC) was high compared to literature values for neural cells (Table 1), and about double the concentration of GPC. Also, there was a high concentration of myoinositol (Ino) in these cells (Fig. 1e, Table 1), and the creatine-



Table 1 Metabolite Concentrations in Murine Embryonic Stem Cells (ESC) and Neural Stem Cells (NSC)† GPC ESC NSC Astrocytes (8) Oligodendrocytes (8) O2A progenitors (8) Cortical neurons (9) Schwann cells (9) Meningeal cells (10) Meningioma cells (10) Medulloblastoma (11) Breast cancer MCF7 cells (14) Glioma cells (16) †



PC



Cho



Total choline



n.d. 33.9 ⫾ 16.6 n.a. n.a. n.a. 16.0 ⫾ 0.9 18.9 ⫾ 2.7 7.5 ⫾ 2.2



119.1 ⫾ 16.4* 60.1 ⫾ 6.8 n.a. n.a. n.a. 6.6 ⫾ 1.1 9.1 ⫾ 1.7 4.4 ⫾ 0.7



13.9 ⫾ 2.9 20.7 ⫾ 5.7 n.a. n.a. n.a. 3.6 ⫾ 0.4 5.1 ⫾ 0.7 2.0 ⫾ 0.4



133.1 ⫾ 19.2 114.7 ⫾ 18.3 53.0 ⫾ 6.4 62.4 ⫾ 6.7 45.7 ⫾ 2.5 26.1 ⫾ 1.5 33.1 ⫾ 2.1 13.9 ⫾ 2.8



9.1 ⫾ 4.5



14.0 ⫾ 3.6



6.2 ⫾ 4.8



n.a.



n.a.



9.8 ⫾ 0.5 3.1 ⫾ 0.1



22.4 ⫾ 0.7 4.7 ⫾ 0.6



a



Ino



Creatine



Succinate



n.d. 118.7 ⫾ 54.6 n.a. n.a. n.a. n.a. n.a. 5.4 ⫾ 1.9



28.1 ⫾ 4.2** 2.1 ⫾ 0.5 64.9 ⫾ 10.7 122.2 ⫾ 8.6 51.2 ⫾ 10.3 18.8 ⫾ 4.4 54.7 ⫾ 9.6 17.6 ⫾ 4.8



22.5 ⫾ 2.2 29.2 ⫾ 8.9 n.a. n.a. n.a. 31.5 ⫾ 5.7 11.7 ⫾ 2.4 12.1 ⫾ 5.2



27.1 ⫾ 5.1



18.5 ⫾ 14.2



7.3 ⫾ 5.8



13.1 ⫾ 5.4



n.a.



46.6 ⫾ 23.8



50.4 ⫾ 35.6



30.7 ⫾ 25.6



18.4 ⫾ 6.0



29.2 ⫾ 1.2 18.2 ⫾ 2.6



61.4 ⫾ 1.1 n.a.



n.a. 31.8 ⫾ 2.9



12.3 ⫾ 0.9 4.8 ⫾ 0.8



n.a. n.a.



a



Concentrations are expressed as nmol/mg of protein. Data are compared to some cell lines reported in literature (cell type followed by reference number). a GPC and myo-inositol (Ino) were not detectable (n.d.) in ESC. *P ⬍ 0.05. **P ⬍ 0.01, compared to NSC. GPC ⫽ glycerophosphocholine, PC ⫽ phosphocholine, Cho ⫽ free choline, Ino ⫽ myoinositol, n.a. ⫽ data not available, n.d. ⫽ not detectable.
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containing compounds (Cre, which includes phosphocreatine and creatine) were signiﬁcantly lower than in ESC (Table 1). Most notably, however, ESC were characterized by the absence of Ino and a key NMR-detectable membrane catabolite, GPC, which indicates that their concentrations are well below the detection limits of the technique (⬍0.1 mM). The concentration of PC in ESC (Fig 1e, Table 1) was also very high. Concentrations of this magnitude have not been previously reported for any cultured cells (8 –11,14 –16) (Table 1) or in vivo (where they would translate to ⬃10 mmol/kg wet tissue weight). To address whether the choline proﬁle could be caused by contamination from the cell culture medium, we also performed a study of the medium itself. The DMEM medium, which is the basic ingredient of the ES medium, contained ⬃30 mol/l of choline chloride, which could be veriﬁed by 1H NMR spectroscopy, but no PC or glycerophosphocholine (GPC) was observed (data not shown). The cell membrane phosphatidylcholine content derived from lipid extracts was higher in ESC than in NSC (9.32 ⫾ 0.07 mol/mg protein vs. 4.73 ⫾ 2.4 mol/mg protein, respectively); however, this difference was not signiﬁcant. To highlight the differences in the choline metabolite region between 3.20 and 3.25 ppm, spectra are shown magniﬁed in Fig. 1c and d for ESC and NSC, respectively. Our metabolite datasets for both stem cell types studied here clearly stand out from all other cells or tissue (nonmalignant or malignant) reported in the literature to date. The high myo-inositol content observed in NSC may reﬂect the general tendency of neural cells to accumulate this metabolite, which is generously available in the cell culture media used (DMEM:F12). The exact role of myoinositol in cells is at present not understood, but it appears essential for cell growth, and possibly also acts as an osmolyte (17). The concentration of Cre is rather low in NSC cells, which is interesting with respect to the fact that relatively low values of this metabolite can be observed in some cancer cell types (10,16) (Table 1). The remarkably high PC content in the stem cells is far beyond some of the malignantly transformed cell lineages with elevated PC concentrations, where elevated PC content is thought to reﬂect intensiﬁed cell membrane turnover and cell proliferation (6,7,14,15). The data appear to suggest that ESC and cancer cells may share a choline metabolon that is streamlined for cellular growth and proliferation, which is perhaps not so surprising given the tumorigenicity of pure stem cells, and other similarities between cancer cells and ESC (18). The key player in choline metabolon is thought to be choline kinase, which phosphorylates free choline into PC. We searched for the most important enzymes in the choline metabolon that could lead to PC accumulation from the extensive mouse ESC gene expression study databases in the literature (2– 4). Interestingly, the expression level of choline kinase, although elevated in ESC, was also elevated in all of the NSC studied. However, the expression of phospholipase C, an enzyme that produces PC from membrane phosphatidylcholine, is signiﬁcantly elevated in all murine ESC lines, while the expression levels of the phosphatidylcholine rate-limiting enzyme CTP-PC-cytidylyl transferase, which converts PC to CDP-choline, do not differ between the cell lines studied (2– 4). An expression proﬁle of this kind, with increased PC production from
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two sources, but restricted enzymatic throughput, inevitably leads to PC accumulation in mouse ESC. Although the studied high-intensity PC and GPC methyl proton resonances cannot be separated by conventional highresolution proton NMR techniques in living cells, the lowerintensity methylene resonances of PC (resonating at 3.60 and 4.20 ppm), for instance, are discernible (Fig. 1). However, efﬁcient PC and GPC methyl resonance separation can also be obtained using dedicated magic angle spinning (MAS) NMR spectroscopy probes. Although this technique is not yet widely available, it would allow for noninvasive metabolic proﬁling of living cells (19), which could subsequently be returned to culture for expansion and differentiation. Obviously, there are some limitations to 1H NMR spectroscopic cell assays, such as the inherent insensitivity of the technique (optimally only up to 20 –30 distinct metabolic species can be identiﬁed). On the other hand, the obtained metabolic ﬁngerprints of stem cells appear rather simple. In fact, they can be viewed as a simpliﬁed reﬂection of the end result of interplay between upregulated (and downregulated) genes and their RNA translation. A limitation shared by all techniques is that no cultured cell population can reach absolute purity. This can also be seen as troublesome for high-sensitivity gene array studies. CONCLUSIONS To summarize, unique metabolic proﬁles for ESC and NSC were observed, which suggests that NMR spectroscopy can be an effective tool for studying the effects of differentiation on cell metabolism. The presence of biomarkers, such as choline metabolites, allows assessment of stem cell preparations for differentiation status and cell population purity, and sets a reference for future studies. It will undoubtedly be interesting to apply this technique to study the numerous stem and progenitor cell lines available, and investigate the effects of transgenes and gene knockouts on murine stem cell cultures even as part of drug discovery (20). Interestingly, the spectral proﬁles and choline composition of ESC and NSC also appear to differ considerably from fetal neural grafts (21). Inasmuch as Cho, GPC, and PC are essential low-molecular-weight components of cell membrane turnover, our results show that they can be exploited to identify membrane lipid enzyme activity and cell proliferation, and thus provide further insights into the somewhat elusive characteristic of “stemness.” ACKNOWLEDGMENTS The authors thank Ms. Laeticia Ifeanyi for technical assistance. This study was supported in part by the Dutch Cancer Foundation (J.F.A.J.), the Academy of Finland (J.M.H.), and NIH grants RR11115 (P.C.M.v.Z.) and RO1 NS045062 (J.W.M.B.). REFERENCES 1. Donovan PJ, Gearhart J. The end of the beginning for pluripotent stem cells. Nature 2001;414:92–97. 2. Ramalho-Santos M, Yoon S, Matsuzaki Y, Mulligan RC, Melton DA. “Stemness”: transcriptional proﬁling of embryonic and adult stem cells. Science 2002;298:597– 600.
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