1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biotechnol J. Author manuscript; available in PMC 2016 May 30.

-, HHS Public Access
«

Published in final edited form as:
Biotechnol J. 2015 October ; 10(10): 1600-1611. doi:10.1002/biot.201400749.

Enzymatic passaging of human embryonic stem cells alters
central carbon metabolism and glycan abundance

Mehmet G. Badurl, Hui Zhang?!, and Christian M. Metallo1:2
1Department of Bioengineering, University of California, San Diego, La Jolla, USA

2Moores Cancer Center, University of California, San Diego, La Jolla, USA

Abstract

To realize the potential of human embryonic stem cells (hESCs) in regenerative medicine and drug
discovery applications, large numbers of cells that accurately recapitulate cell and tissue function
must be robustly produced. Previous studies have suggested that genetic instability and epigenetic
changes occur as a consequence of enzymatic passaging. However, the potential impacts of such
passaging methods on the metabolism of hESCs have not been described. Using stable isotope
tracing and mass spectrometry-based metabolomics, we have explored how different passaging
reagents impact hESC metabolism. Enzymatic passaging caused significant decreases in glucose
utilization throughout central carbon metabolism along with attenuated de novo lipogenesis. In
addition, we developed and validated a method for rapidly quantifying glycan abundance and
isotopic labeling in hydrolyzed biomass. Enzymatic passaging reagents significantly altered levels
of glycans immediately after digestion but surprisingly glucose contribution to glycans was not
affected. These results demonstrate that there is an immediate effect on hESC metabolism after
enzymatic passaging in both central carbon metabolism and biosynthesis. HESCs subjected to
enzymatic passaging are routinely placed in a state requiring re-synthesis of biomass components,
subtly influencing their metabolic needs in a manner that may impact cell performance in
regenerative medicine applications.
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1 Introduction

Human embryonic stem cells (hESCs) are characterized by their ability to differentiate into
the three terminal germ layers and self-renew indefinitely. This makes them ideal cell types
for regenerative medicine and drug discovery applications. However, the impact of in vitro
culture conditions on cell performance and stability must be monitored and validated to
ensure these cells recapitulate actual tissue functions. Since the initial isolation and
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expansion of hESC lines on feeder layer conditions [1], more recently developed,
chemically-defined culture conditions have become commonly used for the isolation and
culture of hESCs and induced pluripotent stem cells (iPSCs) [2]. Along with the engineering
of defined culture conditions, a concomitant development of enzymatic passaging methods
to replace laborious mechanical passaging methods also occurred. Analysis of cells
cultivated using these enzymatic passaging techniques has suggested these approaches
increase karyotypic instability of hESCs [3-5]. Another recent study also indicated that
enzymatic passaging may cause increased genetic instability and differential DNA
methylation [6]. While these studies have addressed the effects of enzymatic passaging on
cellular genetics and epigenetic alterations, the impacts of passaging method on cellular
metabolism have not been examined.

HESC metabolism is characterized by a greater reliance on glycolysis as compared to cells
in the differentiated state [7-9]. Glycolytic flux is essential for maintenance of the stem cell
phenotype, as evidenced by the impact of inhibitors of glycolysis on pluripotency marker
expression and cellular reprogramming [10, 11]. While glucose metabolism provides cellular
energy by producing adenosine triphosphate (ATP) and reducing equivalents, glucose is also
the primary carbon source for a myriad of biosynthetic precursors, including ribose for
nucleotides, non-essential amino acids, and acetyl-coenzyme A (AcCoA) for lipids. Though
commonly overlooked in studies of intermediary metabolism, glucose (in addition to
glutamine) provides the necessary building blocks for the synthesis of glycan moieties,
which are essential for protein function and trafficking. Glycans are also the key components
that comprise the glycocalyx, which surrounds the cell membrane of some cells [12].
Through the cleavage of extracellular proteins and their associated glycans, enzymatic
digestion could affect the phenotype of hESCs by impacting their metabolic demands or
ability to respond to extracellular signaling cues [13-17].

To understand the influence of enzymatic passaging on hESC metabolism we utilized stable
isotope tracing and mass spectrometry-based metabolomics to characterize central carbon
metabolism after passaging. We developed and applied a method for rapid quantitation of
glycan, nucleotide, and amino acid pools to explore the impact of passaging reagents on
hESC biomass. Finally, we determined how enzymatic passaging affects biosynthetic flux to
lipids, nucleotides and carbohydrates. Our results demonstrate that enzymatic passaging
alters hESC metabolism and the cell’s ability to synthesize biosynthetic intermediates while
highlighting the quantitative importance of metabolic flux to glycan pools.

2 Materials and methods

2.1 Cell culture

WAQ9 hESCs (H9s) were maintained on Synthemax 11-SC coated (Corning, Corning, NY)
plates in mMTESR1 (Stem Cell Technologies, Vancouver, BC). hESCs were passaged every
five days by exposure to Versene (Gibco, Grand Island, NY) for 10 min at 37°C. Synthemax
I1-SC coating was performed by dispensing 2 mL of working dilution (25 pg/mL) to each
well of a six-well of a tissue culture polystyrene plate and incubating for 2 h. For isotopic
labeling experiments, cells were maintained in mMTESR1 media with uniformly-labeled
glucose(tracer mTESR) by adding 5% mTESR1 supplement to custom DMEM/F-12. Custom
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DMEM/F-12 (Hyclone Laboratories, Logan, UT) without amino acids, D-glucose, sodium
pyruvate, sodium bicarbonate, and phenol red was supplemented with all amino acids,
sodium pyruvate, sodium bicarbonate (14 mM; Sigma-Aldrich, St. Louis, MO), HEPES (15
mM; from 1 M stock, Gibco, Grand Island, NY), and [U-13Cg] Glucose (99%; Cambridge
Isotopes, Cambridge, MA) at DMEM/F-12 levels.

2.2 Enzymatic passaging experiments

H9s (p29-35) were grown on Synthemax 11-SC coated plates to 50-70% confluency. Cells
were rinsed with 1 mL PBS and then exposed at 37°C to either 1 mL Versene for 10 min,
Accutase (Innovative Cell Technology, San Diego, CA) for 5 min, or Trypsin-EDTA (0.25%;
Gibco, Grand Island, NY) for 5 min. \ersene-treated cells were then split to three wells by
aspirating Versene and resuspending in 6 mL mTESR. Accutase-treated cells were split to
three wells by adding 9 mL PBS to Accutase solution, centrifuging at 300 xg for 5 min, and
resuspending in 6 mL mTESR after aspiration. Trypsin-treated cells were split to three wells
by adding 9 mL PBS to Trypsin solution, centrifuging at 300 xg for 5 min, and
resuspendingpellet in 6 mL mTESR after aspiration. Cells traced immediately after
passaging were resuspended in tracer mTESR. Cells traced 24 h after passaging were
resuspended in mMTESR1 immediately after passaging, rinsed with PBS 24 h later, and
changed into tracer mTESR before extracting 4 h later. For experiments with ROCK
inhibitor, 5 pM of Y-27632 (Tocris, Avon, UK) was added to media.

For quantitation of biomass abundances after passaging, cellsin triplicate were rinsed with 1
mL PBS and exposed at 37°C to 1 mL Versene for 10 min, TrypLE Express (Gibco, Grand
Island, NY) for 5 min, Accutase for 5 min, or Trypsin-EDTA for 5 min. 1 mL of PBS was
immediately added after incubation to quench enzymatic digestion and then transferred to 15
mL conical tube containing 7 mL PBS. Each well was then washed with 1 mL PBS and
added to the respective conical tube. Cells were then centrifuged at 300 xg for 5 min and
supernatant was aspirated. Cells were then washed twice by resuspension of the pellet in 1
mL 0.9% wi/v saline, centrifugation at 300 xg for 5 min, and aspiration of supernatant.
Pellets were then stored at —20°C for metabolite extraction.

2.3 Metabolite extraction and GC-MS analysis

Polar metabolites and fatty acids were extracted using methanol/water/chloroform as
previously described [18]. Briefly, cells were rinsed with 0.9% w/v saline and 250 L of
—-80°C MeOH was added to quench metabolic reactions. 100 pL of ice-cold water
supplemented with 10 pg/mL norvaline was then added to each well and cells were collected
by scraping. The lysate was moved to a fresh 1.5 mL Eppendorf tube and 250 L of —20°C
chloroform supplemented with 10 ug/mL heptadecanoate was added. After vortexing and
centrifugation, the top aqueous layer and bottom organic layer were collected and dried
under airflow. The remaining “interface” layer containing biomass was washed twice by
addition of —80°C 500 uL of MeOH, centrifugation at 21 000 xg, and decanting of
supernatant. Interface layers were then dried by ambient air overnight and stored at —20°C.
For cell pellets, a similar procedure was performed as previously described, except the cell
pellet was resuspended in ice cold MeOH/water solution with norvaline by pipetting and
then cells were lysed by vortexing for 1 min. Chloroform was then added and polar/non-
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polar fractions were collected. To prepare biomass components for relative quantitation and
isotopomer analysis, acid hydrolysis of interface layer was performed by first drying the
rinsed interface under airflow, then incubating in 500 pL of 6 M HCI at 80°C for 2 h.
Hydrolyzed biomass solution was split to five aliquots and dried by airflow overnight for
subsequent GC/MS analysis.

Fatty acids and polar metabolites were derivatized as previously described [19]. For fatty
acids, dried non-polar fraction was saponified and esterified to form fatty acid methyl esters
(FAMES) by addition of 500 pL of 2% w/v H,SO,4 in MeOH and incubated at 50°C for 120
min. FAMEs were then extracted by addition of saturated NaCl and hexane before collection
and drying of the inorganic layer. For polar metabolites, methoxime-tBDMS derivatives
were formed by addition of 15 puL 2% w/v methoxylamine hydrochloride (MP Biomedicals,
Solon, OH) in pyridine and incubated at 45°C for 60 min. Samples were then silylated by
addition of 15 pL of A-tert-butyldimethylsily- A-methyltrifluoroacetamide (MTBSTFA) with
1% tert-butyldimethylchlorosilane (tBDMS) (Regis Technologies, Morton Grove, IL) and
incubated at 45°C for 30 min. For biomass analysis of sugars and glycan residues that were
too large for tBDMS derivatization, methoxime-trimethylsilyl (TMS) derivatives were
formed by addition of 15 puL 2% w/v methoxylamine hydrochloride (MP Biomedicals,
Solon, OH) in pyridine and incubated at 37°C for 60 min. Samples were then silylated by
addition of 15 pL of A-methyltrimethylsilyltrifluoroacetamide (MSTFA; Regis
Technologies, Morton Grove, IL) and incubated at 45°C for 30 min.

Polar and interface samples were analyzed by GC-MS using a DB-35MS column (30 m x
0.25 mm i.d. x 0.25 um, Agilent J&W Scientific, Santa Clara, CA) in an Agilent 7890B gas
chromatograph (GC) interfaced with a 5977C mass spectrometer (MS). Electron impact
ionization was performed with the MS scanning over the range of 100-650 m/z for polar
metabolites and 70-850 m/z for biomass metabolites. For separation of polar metabolites the
GC oven was held at 100°C for 1 min after injection, increased to 255°C at 3.5°C/min, and
finally increased to 320°C at 15°C/min and held for 3 min. For separation of the biomass
metabolites the GC oven was held at 80°C for 6 min after injection, increased to 300°C at
6°C/min and held for 10 min, and finally increased to 325°C at 10°C/min and held for 4
min.

Derivatized fatty acids were analyzed by GC-MS using a select FAME column (100 m x
0.25 mm i.d. x 0.25 um; Agilent J&W Scientific, Santa Clara, CA) as above, with the MS
scanning over the range 120-400 m/z. For separation the GC oven was held at 80°C for 1
min after injection, increased to 160°C at 20°C/min, increased to 198°C at 1°C/min, and
finally increased to 250°C at 5°C/min and held for 15 min.

2.4 Mass isotopomer distributions, isotopomer spectral analysis (ISA), and flux analysis

Mass isotopomer distributions and total abundances were determined by integration of mass
fragments (Table 1) and correcting for natural abundances using in-house algorithms [19].
Total abundances were normalized by counts of adenine and guanine. Isotopomer spectral
analysis (ISA) was performed as previously described [19]. ISA compares experimental
labeling of fatty acids to simulated labeling using a reaction network where C14:0 is
condensation of 7 AcCoAs, C16:0 is condensation of 8 AcCoAs, C16:1c is condensation of
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8 AcCoAs, C18:0 is condensation of 9 AcCoAs, and C18:1n9c is condensation of 9
AcCoAs. Parameters for contribution of glucose to lipogenic AcCoA (D value) and
percentage of newly synthesized fatty acid (g(t) value) and their 95% confidence intervals
are then calculated using best-fit model from INCA MFA software [20]. Per biomass molar
quantitation of glucose, galactose, glucosamine, mannosamine, serine, ribose, and leucine
was accomplished by determining the ratio of each and comparing to the molar amount of
leucine in mammalian cells per gram dry weight [21]. Amino acid fragments were taken
from previously described work and validated [22].

2.5 Statistical analyses

3 Results

All results shown as averages of triplicates presented as mean = standard deviation (SD). p
values were calculated using a Student’s two-tailed £test; *, p-value between 0.01 and 0.05;
** p-value between 0.001 and 0.01; ***, p-value < 0.001. All errors associated with ISA are
95% confidence intervals determined via confidence interval analysis [23].

3.1 Enzymatic passaging decreases glucose oxidation and fatty acid synthesis in hESCs

To investigate the effects of enzymatic passaging on hESC metabolism we used stable
isotope tracing with [U-13Cg]glucose and GC/MS analysis to probe intermediary metabolism
and lipid synthesis (Fig. 1A). By quantifying the extent of metabolite labeling and pool sizes
in hESCs after various treatments we were able to quantify relative changes in flux through
each pathway. Accutase treatment induced a significant decrease in glucose contribution to
both lactate and alanine as compared to clumped passaging (Versene treatment) (Fig. 1B).
Additionally, a significantly lower contribution of glucose to the TCA-intermediate citrate
was seen in Accutase treated cells (Fig. 1B; Supporting information, Fig. S1A). Importantly,
the pool sizes of each metabolite 4 h after enzyme treatment were similar to or lower than
that observed with clumped passaging (Supporting information, Fig. S1B). Therefore, the
differential labeling we observed indicated that flux through glycolysis and into
mitochondria were significantly decreased in Accutase treated cells. Similar changes in
glucose-derived labeling were observed when cells were passaged with Trypsin, indicating
the impact on central carbon metabolism is not specific to Accutase (Supporting
information, Fig. S1D). Previous work has demonstrated that addition of a Rho-associated
kinase (ROCK) inhibitor can prevent single cell dissociation-induced apoptosis [24]. To
account for these effects we also investigated whether the addition of Y-27632 could rescue
defects in glucose metabolism. While addition of ROCK inhibitor rescued labeling in lactate
and citrate, flux to alanine only increased slightly (Figure 1B; Supporting information, Fig.
S1A). Taken together, these results suggest that enzymatic passaging lowered flux through
glycolysis and into the TCA cycle, and addition of ROCK inhibitor only partially rescued
this metabolic phenotype.

To determine whether enzymatic passaging elicited sustained effects on intermediary
metabolism we quantified abundance and labeling of the same metabolite pools when
applying tracer 24 h after re-plating. Interestingly, even after 24 h we still observed
significant, though slight, decreases in lactate, alanine, and citrate abundances (Supporting
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information, Fig. S1C) and labeling (Fig. 1C). These data suggest that enzymatic passaging
may impact cell metabolism last longer than the immediate period after passaging.

Having observed differences in flux to the lipogenic intermediate citrate, we then explored
whether enzymatic passaging impacted lipid metabolism. Specifically, we quantified the
relative abundance and isotopic labeling in various fatty acid species from saponified lipid
fractions of hESCs. Measurement of total cellular fatty acid abundances showed a clear
decrease in all measured species upon enzymatic passaging, and addition of ROCK inhibitor
failed to rescue any defect (Fig. 1D). Decreases in abundance were observed in saturated,
unsaturated, and polyunsaturated fatty acids, implicating pan defects in lipid metabolism.
Indeed, since decreases were observed in both non-essential (e.g. C16:0) and essential (e.g.
C20:3n6) fatty acids, these data indicate that lipid synthesis and uptake were compromised
in cells passaged using enzymatic reagents. To quantify biosynthetic fluxes in greater detail
we then applied isotopomer spectral analysis (ISA) to determine the relative contribution of
glucose to lipogenic AcCoA pools as well as the extent of de novo lipogenesis for each fatty
acid measured [25]. Consistent with the above effects on glucose flux to citrate (Fig. 1B),
enzymatic passaging with and without ROCK inhibitor supplementation significantly
decreased the extent of glucose conversion to lipogenic AcCoA as compared to clumped
passaging (Fig. 1E). Using both pool size (Fig. 1D) and fractional synthesis/turnover data
obtained from ISA, we observed that enzymatic passaging significantly decreased the
synthesis rates of saturated myristic acid (C14:0), saturated palmitic acid (C16:0), and
unsaturated palmitoleic acid (C16:1) (Fig. 1F). In nearly all cases these effects were not
rescued by addition of a ROCK inhibitor. These data therefore indicate that enzymatic
passaging lowers the ability of hESCs to utilize glucose for biosynthesis in central carbon
metabolism and lipid synthesis.

3.2 Rapid quantitation of total glycan pools and synthesis in hESCs

Rapidly dividing cells have considerable biosynthetic demands for structural components as
well as bioenergetic demands for maintenance and division [26]. Glucose metabolism has
been demonstrated as an essential source of carbon and ATP generation for hESC
proliferation [27, 28]. At the nexus of glucose metabolism and biosynthesis, post-
translational modifications (PTM) have also been demonstrated to be essential to maintain
stem cell pluripotency and function [29-31]. Large classes of PTMs that also involve
glucose metabolism are A-linked and O-linked glycosylation moieties [32, 33]. Indeed, A-
linked glycosylation is the major structural component of the glycocalyx that surrounds cell
membranes [33]. Given the significant abundance of these intermediates at the cell surface,
we hypothesized that glycan pools and synthesis might be significantly affected by
enzymatic passaging of hESCs.

To better quantify flux through the hexosamine biosynthesis pathway we developed a
method for measuring relative glycan pool sizes and isotopic labeling from tracers in hESCs
or other cultured cell types. While enzyme-mediated dissociation is commonly used for
glycomic-platform analyses, such methods can be costly and time-consuming. Rather than
conducting whole-glycan analyses we instead collected the biomass fraction of hESC
extracts and performed acid hydrolysis to release individual glycan residues, nucleobases,
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sugars from nucleotides or glycogen, and proteinogenic amino acids. Acid hydrolysis is
commonly used in metabolic flux analysis (MFA) applications, but the extent of labeling in
glycans is not commonly measured [34]. This is particularly true in MFA applied to
mammalian cells [35-37]. To validate our approach we analyzed standards for specific
glycan residues and compared the mass isotopomer distributions (MIDs) of specific
fragments to those measured in cells cultured in the presence of [U-13Cg]glucose. Glucose
labeling was readily incorporated into glycan pools through the hexosamine biosynthesis
pathway (Fig. 2A). Acid hydrolysis of cellular biomass in turn releases proteinogenic amino
acids, ribose, sugars, and aminosugars for GC/MS analysis (Fig. 2B). However, since several
glycan species are labile in the conditions used for release, in some cases (e.g. acetylated
glycan moieties) we relied on the measurement of proxy molecules (Fig. 2C). The MIDs of
specific glycan sugars from standards and hydrolyzed hESCs are depicted in Fig. 2D and 2E,
tabulated in Supporting information, Tables S1 and S2; all of which were corrected for
natural isotope abundance using in-house algorithms and calculated fragment formulae
(Table 1). In each case the corrected MID matched that of the standards. Notably, some
glycan sugars were not present at detectable levels to include here (e.g. fucose, xylose,
mannose, galactosamine), and the relatively low abundance of mannosamine caused some
deviation from unity in the measured and corrected MID. Furthermore, labeling from
[U-13Cg]glucose indicated the number of carbons present from the parent molecule (Fig.
2F). Although free metabolites were removed from the biomass interface prior to hydrolysis
and derivatization, we conducted parallel treatments and quantitation on the free, polar
metabolites present in our extract to the quantities in each subcellular pool. While serine,
ribose, glucose, and glucosamine were five to ten-fold more abundant in biomass compared
to free metabolites (including those present as nucleotide-sugars or phosphorylated
intermediates), the abundance of galactose and mannosamine from biomass hydrolysates
was only two-fold higher than that quantified from free metabolites (Supporting information,
Fig. S2A). Therefore, this method allowed for the measurement of relative glycan residue
abundance and labeling from cellular biomass pools (Fig. 2B). Previous methods focusing
on biomass pools have relied on targeted digestion of nucleotides, proteins, and glycans
individually [38-40]. Our method instead allows profiling of all three classes of biosynthetic
intermediates simultaneously.

3.3 Glycan and carbohydrate pools are significantly depleted upon enzymatic passaging

To test the effect of enzymatic-treatment on glycan and macromolecule abundance
immediately after dissociation, non-enzymatic (\ersene) and enzymatic methods (TrypLE,
Accutase, and Trypsin) of increasing dissociation strength were used to dissociate cells. All
enzymatic reagents significantly altered carbohydrate abundances in biomass as compared to
non-enzymatic control treatment (Fig. 3A and 3B). However, while galactose abundance was
significantly reduced with enzymatic treatment (Fig. 3A), glucose abundance significantly
increased (Fig. 3B). Given the presence of glucose in cells as both glycosylation
intermediate [32] and component of glycogen, the differential catabolism of glycogen
presumably caused such changes. Indeed, this result would be expected given the decreased
flux through glycolysis observed in Fig. 1. Galactose, on the other hand, is primarily present
in cells as the glycan residue proximate to terminal sialylation [41].
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Similar to our results quantifying galactose, the abundance of glucosamine and
mannosamine also decreased with increasing strength of passaging reagents used (Fig. 3C
and 3D). Importantly, even milder reagents like TrypLE and Accutase showed a significant
reduction in abundance of both amino sugars as compared to non-enzymatic control (Fig. 3C
and 3D). As expected, intracellular serine and ribose levels were unaffected by extracellular
enzymatic digestion (Fig. 3E and 3F). These results suggest that enzymatic passaging
significantly affects biomass composition directly after dissociation.

3.4 Biosynthetic fluxes to nucleotides and glycans are similar in cultured hESCs

Since the total pools of specific glycans as well as the flux to various fatty acids in biomass
were significantly altered after enzymatic passaging, we then hypothesized that fluxes to
these and other (e.g. nucleotides, protein) biomass pools of hESCs cells would be affected in
a similar manner. We again employed stable isotope tracing with [U-13Cg]glucose and
GC/MS analysis to quantify labeling of hydrolyzed hESC biomass, focusing on components
that are representative of protein (serine), nucleotide (ribose), and hexosamine synthesis
(Fig. 2A and 2C). Cells treated with Accutase and ROCK inhibitor exhibited a slight
decrease in labeling of proteinogenic serine (Fig. 4A), although this measurement is
impacted by changes in serine synthesis and uptake from the culture medium. Ribose
labeling indicated that enzymatic passaging also decreased the extent of ribose labeling with
or without ROCK inhibitor (Fig. 4A).

Surprisingly, upon examining labeling from glucose in glycan moieties we observed

minimal effects when comparing non-enzymatic to enzymatic passaging (Fig. 4B). While a
slight decrease in labeling of biomass-derived glucose was noted upon Accutase treatment,
this result was likely due to the increased pool size maintained in enzyme treated cells after
passaging (Fig. 3B). Since routine passaging using enzymatic reagents is an extremely
common and frequent insult experienced by hESCs cultivated in vitro, we calculated the flux
to each biomass compartments using pool size and labeling information. Glucose and serine
were not included in these calculations to avoid convoluting effects of glycogen turnover and
serine uptake. While molar fluxes associated with galactose, glucosamine, and mannosamine
synthesis were significantly lower than that observed for ribose in hESCs (Fig. 4C), flux to
glycans in aggregate were similar to that observed for nucleotides (Fig. 4D). These results
highlight the significance of glucose flux to galactose and through the hexosamine
biosynthesis pathway (Fig. 4D). Notably, the flux of glucose to glycans was unaffected by
enzymatic digestion (Fig. 4C) due to the rapid recovery of pool sizes after the initial 4 h of
growth (Supporting information, Fig. S2B). This finding is perhaps not surprising due to
long term selection experienced by hESCs in standard culture. On the other hand, these
calculations demonstrate how high the flux to glycan moieties is in standard culture
conditions. Although nucleotides are routinely considered a large biosynthetic pool, our
measurements indicate that flux to glycans is approximately the same as that of ribose,
which is a component of RNA and various cofactors (e.g. ATP, NAD+) (Fig. 4D).

Taking these results together, although abundance of glycan moieties is significantly altered
after enzymatic digestion, the flux through these pathways is high enough to recover from
these cleavage events. However, the contribution of glucose to fatty acids, proteinogenic
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amino acids, and nucleotides remains diminished, suggesting that such passaging methods
impact metabolism for at least several hours after hESC subculture.

4 Discussion

We have demonstrated that the use of enzymatic reagents of hESCs has an immediate and
significant impact on metabolic activity after passaging. Through the use of 13C MFA we
have demonstrated that glucose flux through glycolysis and the TCA cycle as well as lipid
biosynthesis are decreased after splitting cells using enzyme-based passaging methods.
Using a method that can rapidly probe the abundance and labeling of glycans in hydrolyzed
biomass, we observed that enzymatic passaging significantly impacts the abundance of
glycan moieties in hESCs.

4.1 Potential pitfalls in advanced hESC culture methods

For the past decade efforts in stem cell bioprocess engineering have focused on the
development of well-defined but less laborious methods of cell expansion. While there is a
clear need to streamline processes and assimilate current good manufacturing practices
(cGMPs) [42], these advances come at the expense of compromising the stem cell niche.
Widely used stem cells lines (H1, H9, etc.) were isolated in fully undefined conditions
derived from mESC engineering from the early 1980s [1, 43, 44]. Here we demonstrate that
the transition to more “modern” passaging methods has direct consequences on cell function
and behavior.

4.2 Potential selective pressure of enzymatic passaging through altered metabolism

Presumably, treatment with enzymatic reagents leads to proteolytic cleavage of various
receptors and other proteoglycans at the cell surface. In turn, the decreased receptor
abundance mitigates the responsiveness of cells to endogenous signaling factors and
exogenous growth factors in hESC media. A wide range of cell surface proteins may drive
this phenotype, including solute carriers, glucose transporters, and receptor tyrosine kinases.
Indeed, the increased abundance of glucose within enzyme-passaged cells indicates that cells
may even be compromised with respect to their ability to access glycogen pools. Energetic
stress has previously been associated with cells cultured for 24 h under non-adherent
conditions (i.e. detachment from the matrix) [45, 46], but the immediate impacts on
metabolism after dissociation were not previously appreciated. Although cells presumably
recover rapidly to replenish glycan and biosynthetic intermediate pools, even a temporary
selective pressure like that observed here will have lasting and significant effects on cell
populations. Such effects may impact cells from the time of isolation (i.e. blastocyst or
primary cell isolation) throughout passaging in vitro. Indeed, any functional application that
makes use of hESCs or their derivatives requires that they accurately represent the metabolic
activity of the somatic tissues that one attempts to model. For example, the metabolic
behavior of hPSC-derived cardiomyocytes is known to significantly differ compared to adult
heart cells with respect to their capacity for fatty acid oxidation [47, 48]. The extent of
developmental maturation and selective pressures due to in vitro culture on such phenomena
must both be considered.
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4.3 Glycocalyx is a significant biomass pool in cultured hESCs

We also developed an analytical method for quantifying the overall abundance and isotopic
labeling of glycan residues, proteinogenic amino acids, and ribose moieties from nucleotides
and cofactors in cell cultures. This approach highlighted the profound impact of enzyme
passaging on carbohydrate and glycan abundances in cells. While this method contrasts
traditional methods of enzyme-mediated digestion of glycans from their protein cores and
direct analysis of their structures (i.e. glycomics), the rapid nature of our methods makes it
attractive for studying general effects on hexosamine metabolism. Furthermore, analysis of
glycan biomass affords reliable quantitation of overall synthesis rates compared to
measurements of sugar nucleotides. The glycocalyx and glycosylation profile is particularly
important for cell signaling and protein function [49, 50]. Recent studies also suggest that
modulation of flux through the hexosamine biosynthesis pathway directly impacts the
glycoprofile of cells [51]. Consistent with this concept, we demonstrate that glucose flux to
glycans is similar to that observed for flux to ribose, which contributes to nucleotide
synthesis and maintenance of cellular redox levels [52, 53]. As such, hexosamine
biosynthesis is an underappreciated biomass sink in metabolic studies. Indeed, studies on the
metabolism of cancer cells and stem cells commonly ignore the importance of glycan
production while focusing primarily on the importance of nucleotide, lipid, and amino acid
metabolism [18, 54-57]. Far fewer studies address or attempt to quantify or modulate flux to
glycans [13, 58].

4.4 Concluding remarks

These results and other recent studies [6, 59] are beginning to illustrate how the in vitro
culture environment influences hESC phenotype. Cells are routinely subjected to periods of
starvation during incubation with passaging reagents as well as cleavage of their glycocalyx
and cell surface proteins. As cultures age, changes to gene expression and epigenetic
markers will be selected for to deal with these stresses. In this context, upregulation of flux
through the hexosamine biosynthesis pathway is to be expected. Future engineering
strategies must identify and address sources of cellular stresses at the genomic,
transcriptional, signaling, and metabolic levels in order to mitigate the deleterious effects of
in vitro culture in regenerative medicine applications.
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Figure 1.
Enzymatic passaging alters central carbon metabolism. (A) Atom-transition map depicting

flow of [U-13Cg]glucose (UGIc) carbon through central carbon metabolism and lipid
biosynthesis. Green circles depict 13C atoms and open circles depict 12C atoms. (B)
Percentage of labeled metabolites from UGIc 4 h after non-enzymatic or enzymatic
passaging. Higher labeling indicates greater glucose usage for glycolysis, non-essential
amino acid synthesis, and TCA metabolism. (C) Percentage of labeled metabolites from
UGIc one day after non-enzymatic or enzymatic passaging (i.e. labeled from 24-28 h after
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passaging). Defects in glucose catabolism mediated through enzymatic passaging are still
present. (D) Relative abundance of fatty acid species after enzymatic or non-enzymatic
passaging. (E) Contribution of UGIc to lipogenic AcCoA as determined by ISA model.
Decrease in contribution is consistent with decreased labeling in the lipogenic metabolite
citrate. (F) Normalized fatty acid flux for synthesized fatty acid species calculated using
total pool size and fractional synthesis from ISA model. Error bars represent SD (B-D) or
95% CI (E-F) for three replicates. *, p-value between 0.01 and 0.05; **, p-value between
0.001 and 0.01; ***, p-value < 0.001 by Student’s two-tailed #test; or, * indicates
significance by nonoverlapping 95% confidence intervals
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Figure 2.

Quantitation of glycan residue abundance and labeling in cellular biomass. (A) Atom-
transition map depicting flow of [U-13Cg]glucose (UGIc) into ribose, galactose, and
hexosamines. Green circles depict carbon atoms and orange circles depict nitrogen atoms.
(B) Schematic of biomass hydrolysis method. Insoluble interface layer is isolated from
initial methanol/water/chloroform quench/extraction, rinsed twice with methanol, and acid
hydrolyzed. (C) Diagram of detectable metabolites after acid hydrolysis. Major
macromolecules (nucleotides, protein, glycans) are broken down into primary components
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(ribose/nucleobases, amino acids, sugars/amino-sugars, respectively), which can be
measured on GC/MS. (D) Corrected mass isotopomer distribution (MID) of each metabolite
standard. Corrected M + 0 peak equal to unity ensures accuracy of MIDs. (E) Corrected
MID of metabolites from unlabeled cell hydrolysates. Corrected M + 0 peak deviation from
unity is informative of MID accuracy and potential contaminating fragments in hydrolysates.
(F) Corrected MID of metabolites measured in hydrolysates from hESCs labeled using
UGIc. Glucose, galactose, glucosamine, and mannosamine fragments have four carbons
labeled from glucose. Ribose has three carbons labeled from glucose. Error bars represent
SD (E-F) for three independent hydrolysates.
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Figure 3.

Enzymatic passaging alters glycan abundance of hESCs. (A—F) Relative abundance of

biomass-derived galactose (A), glucose (B), glucosamine (C), mannosamine (D), serine (E),

and ribose (F) immediately after passaging. All data are reported relative to Versene.
Decreases in hexose (galactose) and hexosamine (mannosamine and glucosamine)
abundances suggest that glycans are impacted by enzymatic passaging. This change in
abundance is not observed in protein-derived amino acids (serine) or nucleotide/cofactor-

derived ribose. Error bars represent SD (A—F) for three replicates. *, p-value between 0.01

and 0.05; **, p-value between 0.001 and 0.01; ***, p-value < 0.001 by Student’s two-tail
ttest.
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Figure 4.

Biosynthetic fluxes to glycans and nucleotides are similar in cultured hESCs. (A) Percentage
of labeled serine and ribose in cells cultured for 4 h after passaging in the presence of
[U-13Cg]glucose (UGIc). (B) Percentage of labeled glycan moieties from biomass in cells
treated as in (A). (C) Quantitation of biosynthetic flux to different metabolites calculated
using MIDs and molar pool sizes. (D) Comparison of fluxes to ribose versus glycans
demonstrates similar biosynthetic needs in hESCs. Error bars represent SD (A-D) for three
replicates. *, p-value between 0.01 and 0.05; **, p-value between 0.001 and 0.01; ***, p-
value < 0.001 by Student’s two-tailed #test.
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