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SUMMARY
Stem cell-derived b (SC-b) cells could provide unlimited human b cells toward a curative diabetes treatment.
Differentiation of SC-b cells yields transplantable islets that secrete insulin in response to glucose chal-
lenges. Following transplantation into mice, SC-b cell function is comparable to human islets, but the magni-
tude and consistency of response in vitro are less robust than observed in cadaveric islets. Here, we profile
metabolism of SC-b cells and islets to quantify their capacity to sense glucose and identify reduced anapler-
otic cycling in the mitochondria as the cause of reduced glucose-stimulated insulin secretion in SC-b cells.
This activity can be rescued by challenging SC-b cells with intermediate metabolites from the TCA cycle and
late but not early glycolysis, downstream of the enzymes glyceraldehyde 3-phosphate dehydrogenase and
phosphoglycerate kinase. Bypassing this metabolic bottleneck results in a robust, bi-phasic insulin release
in vitro that is identical in magnitude to functionally mature human islets.
INTRODUCTION

b cells in the pancreatic islet of Langerhans regulate blood

sugar levels by secreting the peptide hormone insulin, which

stimulates glucose uptake in peripheral tissues to maintain nor-

moglycemia (Haeusler et al., 2018; Petersen and Shulman,

2018). Islets secrete insulin in response to rises in circulating

glucose levels, coupling insulin secretion to increased glucose

metabolism (Rorsman and Braun, 2013). Patients lacking suffi-

cient insulin due to the autoimmune destruction of the islet b

cell in type 1 diabetes (T1D) (Atkinson et al., 2014), or due to

b cell dysfunction in type 2 diabetes (T2D) (Petersen and Shul-

man, 2018), are treated with administration of exogenous insu-

lin—a lifesaving therapy, but one that incompletely recapitu-

lates the functional glycemic control of the islet (Russell et al.,

2014). Transplantation of human cadaveric islet tissue suc-

cessfully restores glycemic control in T1D patients, but at a

cost of immune suppression to prevent allo-rejection (Gamble

et al., 2018; Shapiro et al., 2000), and is limited by available

healthy islet tissue for transplantation (Lakey et al., 1996).

Both of these challenges can, in principle, be solved by using

human stem cell-derived b (SC-b) cells.
This is an open access article under the CC BY-N
Early reports of differentiated insulin-producing cells from

pluripotent stem sources resulted in a cell type with little glucose

responsiveness (Kroon et al., 2008; D’Amour et al., 2006). We

developed a six-step protocol that directed differentiation of hu-

man pluripotent stem cells into SC-b cells that successfully re-

sponded to sequential glucose challenges (Pagliuca et al.,

2014). Other protocols have also achieved similar results, in all

cases exhibiting higher insulin secretion after in vitro glucose

challenge (Russ et al., 2015; Rezania et al., 2014). Subsequent

protocol modifications aimed at improving SC-b cell function

have utilized small-molecule screening (Ghazizadeh et al.,

2017), altered culture conditions for differentiation (Nair et al.,

2019; Velazco-Cruz et al., 2019), or activated genes upregulated

during development of mature, functional islets (Yoshihara et al.,

2016). However, none of the resulting cells achieved an in vitro

glucose-stimulated insulin secretion (GSIS) response equivalent

to that of cadaveric islets in terms of the magnitude of insulin

secretion or a biphasic pattern of insulin release. Shifts in b cell

metabolism during normal development contribute to functional

maturation (Wortham et al., 2018). Similar metabolomic studies

have not yet been replicated in SC-b cells and offer a more direct

approach to improve metabolic glucose sensing in in vitro-
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Figure 1. Insulin Secretion Profiles in SC-b Cells

(A and B) Glucose response profile of human cadaveric islets (n = 7) (A) and differentiated SC-b cells (n = 92) (B) challenged with low glucose (2.8 mM), high

glucose (16.7 mM), or KCl (30 mM) in low-glucose buffer for 60 min.

(C and D) Stimulation index of cadaveric islets (C) and SC-b cells (D) after glucose or KCl challenge. Stimulation indices are indicated above each column.

(E) Total insulin content profile of human cadaveric islets and SC-b cells (n = 7 and 24 for human islets and SC-b cells, respectively).

(F and G) Dynamic perifusion insulin secretion profile of cadaveric islets (n = 3) (F) and SC-b cells (n = 4) (G).

Statistical analysis was carried out using two-way ANOVA with Dunnett’s correction for multiple hypothesis testing. For all experiments shown, color denotes a

unique biological replicate within an experiment. Replicates within a biological group are the same color. Data are represented as mean ± SD.
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differentiated b cells. Following transplantation and engraftment,

SC-b cells perform as well as cadaveric islets; it is their in vitro

functional state that is deficient (Motté et al., 2014; Robert

et al., 2018). In all, while glucose-responsive, insulin-secreting

cells have been obtained by in vitro differentiation of stem cells,

the differentiated cells do not fully recapitulate the biphasic insu-

lin secretion in vitro that is observed with human cadaveric islets.

In this report, we use metabolic analyses to examine glucose

responsiveness in SC-b cells and identify the biochemical

disconnect that prevents a fully islet-like response to glucose

challenge in vitro. We demonstrate that SC-b cells are capable

of an insulin secretion phenotype in vitro that is indistinguishable

from fully functional cadaveric islets and describe a bottleneck in

glucose metabolism that limits glucose responsiveness in SC-b

cells. This bottleneck resides at the activities of the glycolytic

‘‘housekeeping’’ enzymes, glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH) and phosphoglycerate kinase (PGK1), re-

stricting the SC-b cell GSIS phenotype. Bypassing this bottle-

neck in glucose metabolism fully rescues insulin secretion

during nutrient challenge. Determining how best to correct this

metabolic oddity will lead to the generation of fully functional

SC-b cells in vitro.
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RESULTS

Glucose-Stimulated Insulin Secretion in Stem Cell-
Derived b Cells and Healthy Cadaveric Islets
SC-b cells respond to glucose in vitro by secreting higher levels

of insulin during glucose challenge (Pagliuca et al., 2014; Rezania

et al., 2014; Russ et al., 2015). These differentiated clusters

contain 20%–40% SC-b cells, which are primarily defined by

expression of the transcription factor Nkx6.1 and the processed

C-peptide fragment of insulin (Pagliuca et al., 2014), but also

contain other endocrine cells including a (glucagon-expressing)

and d (somatostatin-expressing) cells at lower frequencies

(Veres et al., 2019). We analyzed a large cohort (n = 92) of un-

sorted differentiations from human embryonic stem (hES) cell-

derived (HUES8) and some induced pluripotent stem (iPS) cell-

derived (1016) backgrounds, as well as cadaveric islets controls.

On average, cadaveric islets display a much larger magnitude of

insulin secretion in response to glucose (Figure 1A) compared to

SC-b cells (Figure 1B). While individual SC-b cell differentiations

exhibit variable glucose responsiveness, compiling data across

a wide range of differentiations results in a modest but statisti-

cally significant difference in glucose challenge conditions.



Figure 2. Analysis of SC-b Cell Secretory Machinery

(A and B) Dynamic perifusion of human cadaveric islets (A) or SC-b cells (B) with glucose (G2.8 = 2.8 mM glucose; G16.7 = 16.7 mM glucose), insulin secretion

modifiers added for the durations shown above (diazoxide and tolbutamide used at 100 mM, forskolin at 10 mM). Each set of data points is a biological replicate.

(C) Uptake of fluorescent glucose analog 2-NBDG after 15-min incubation in TSQ+ cells of human cadaveric islets (above) and SC-b cells (below).

(D and E) Oxygen consumption profile of human cadaveric islets (n = 4) (D) and SC-b cells (n = 3) (E).

(legend continued on next page)
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Presented as a stimulation index, or fold-change in insulin secre-

tion during hyperglycemic culture conditions, the cadaveric islet

response to glucose challenge is approximately 10-fold higher

than basal secretion, whereas SC-b clusters respond with an

average of 2.2-fold higher secretion. Direct membrane depolar-

ization using 30mMKCl results in similar magnitudes of maximal

insulin release (Figures 1C and 1D) in cadaveric islets and SC-b

cells of approximately 20-fold over basal insulin release. While

differing in glucose response, SC-b cells and cadaveric islets

retain similar overall insulin content (Figure 1E). Dynamic perifu-

sion reveals similar bi-phasic insulin secretion patterns in both

cell types, although again the magnitude of SC-b response is

roughly 20% of that observed for cadaveric islets, similar to

static incubation (Figures 1F and 1G). These results replicate

previous reports of a muted insulin secretion response to

glucose but not KCl challenge with a variety of protocols to

generate SC-b cells (Millman et al., 2016; Pagliuca et al., 2014;

Velazco-Cruz et al., 2019; Nair et al., 2019; Russ et al., 2015; Re-

zania et al., 2014).

Insulin Secretion Capacity
Because the magnitudes of insulin release after KCl depolariza-

tion are similar in cadaveric islets and SC-b cells (Figures 1A and

1B), we asked whether the smaller SC-bGSIS response is due to

a defect in glucose metabolism that underlies ATP-mediated de-

polarization or alternatively an inability of SC-b cells to undergo

membrane depolarization following a glucose challenge. We

perifused SC-b clusters and cadaveric islets with glucose, fol-

lowed by modifiers of ATP-sensitive K+ (KATP) channel activity

(diazoxide and tolbutamide) and cAMP/PKA (forskolin)-medi-

ated amplification of insulin release (Tengholm and Gylfe,

2017). Cadaveric islets respond at a similar magnitude to high

glucose and the KATP channel inhibitor tolbutamide challenge

separated by a return to baseline secretion with KATP channel

activator diazoxide exposure as has been previously reported

(Henquin et al., 2015). Further exposure to the cAMP/PKA acti-

vator forskolin increases insulin release in cadaveric islets (Fig-

ure 2A). SC-b cells exhibited a weaker response to glucose

than cadaveric islets with a slight reduction in insulin release after

diazoxide exposure. In contrast, tolbutamide challenge induced

a large magnitude of insulin release, approaching the magnitude

of secretion observed in cadaveric islets. Further potentiation of

insulin secretion after forskolin exposure had a strong effect on

SC-b cell insulin release, resulting in a similar magnitude of

approximately 0.1% of total insulin content per minute in both

cell types (Figure 2B). These results demonstrate that SC-b cell

KATP channels are functional and regulate (re)polarization in a

time period and magnitude similar to cadaveric islets.

Live-Cell Labeling of Zinc Content to Isolate SC-b Cells
Clusters of differentiated SC-b cells are heterogenous (Rezania

et al., 2014; Pagliuca et al., 2014; Russ et al., 2015), containing

a and b cells as well as other endocrine and non-endocrine cells,
(F) Mitotracker Green dye uptake in human cadaveric islets (above) and SC-b ce

(G and H) ATP-independent insulin secretion in dynamic perifusion of cadaveric

For all experiments shown, individually labeled samples in a legend or separate c

Data are represented as mean ± SD.
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and might more appropriately be called SC-islets (Veres et al.,

2019). To minimize this heterogeneity, we devised a method to

isolate SC-b cells using zinc content-based sorting. Zinc coordi-

nates the storage of hexameric, crystalline insulin in the secretory

vesicles of b cells (Dodson and Steiner, 1998). Use of colorimetric

and fluorescent zinc-binding dyes has facilitated imaging and

sorting of islet b cells in human and rodents (Lukowiak et al.,

2001; Burdette et al., 2003; Meeusen et al., 2011; Latif et al.,

1988). The live-cell dye 6-methoxy-8-p-toluenesulfonamido-quin-

oline (TSQ) has an excitation/emission spectrum in the UV/violet

range, allowing for combinations of other more common spectra

at longer wavelengths (Meeusen et al., 2011). TSQHigh cells are

observable by flow cytometry, and the size of this population re-

flects the total size of the insulin+ population in SC-islets (Fig-

ure S1A). Using this approach, it is possible to enrich the endo-

crine SC-b population from differentiations in pluripotent cell

lines as well as cadaveric islets (Figure S1B) (Davis et al., 2019).

Glucose Uptake and Oxidative Phosphorylation
To investigate glucose metabolism in SC-b cells, we measured

their capacity to transport glucose across the cell membrane.

Using the fluorescent glucose analog 2-NBDG (Zou et al.,

2005), flow-cytometric analysis of glucose uptake appears

similar in the TSQHigh population of SC-b cells to that of cadav-

eric islets (Figure 2C). We also observed a glucose-dependent

increase in oxygen consumption rate (OCR) after glucose chal-

lenge in both cadaveric islets and SC-b cells following TSQ-sort-

ing and reaggregation (Figures 2D and 2E). However, there was a

substantial difference in maximal OCR capacity after decoupling

the inner mitochondrial membrane using carbonyl cyanide 4-(tri-

fluoromethoxy)phenylhydrazone (FCCP). While cadaveric islets

maintain a spare respiratory capacity sustained for more than

1 h after exposure to FCCP, SC-b cells are unable to maintain

fully uncoupled OCR and rapidly lose electron transport chain

activity. Quantifying ATP synthase-driven OCR (rate of OCR

above ATP synthase inhibition with oligomycin A) confirmed

this difference between the two b cell sources (Figure S1C).

Interestingly, the comparison of mitochondrial content with

both flow cytometry (MitoTracker Green FM dye) and real-time

PCR from genomic and mitochondrial DNA, showed that SC-b

cells contain equal or higher amounts of mitochondrial mass

per cell compared to cadaveric islets (Figures 2F and S1D) (Phil-

lips et al., 2014). These results suggest that SC-b cells contain

metabolically dysfunctional mitochondria or that there is an

insufficient metabolic supply to sustain the electron transport

chain during glucose challenge while decoupled.

ATP-Independent Insulin Secretion Pathway
b cell release of insulin also occurs through pathways other than

KATP channel-mediated depolarization. This is driven by prod-

ucts of glucose metabolism and is referred to as the KATP-inde-

pendent pathway of insulin release (Komatsu et al., 2013). To

assess this process, we perifused SC-b cells or cadaveric islets
lls (below).

islets (G) or SC-b cells (H).

olors within a graph denote a unique biological replicate within an experiment.



Figure 3. MIMOSA Metabolomic Profiling of SC-b Cells

(A) Outline of experimental protocol for metabolomic profiling using MIMOSA, starting with reaggregates of SC-b cells sorted for TSQ and propidium iodide (PI)

fluorescence.

(B–D) Atomic percent enrichment (APE) of 13C in dihydroxyacetone phosphate (B), glycerol-3-phosphate (C), and phosphoenol pyruvate (PEP) (D).

(E and F) APE of malate M+3 (Purple) and PEP M+2 (Green) in cadaveric islets (E) and SC-b cells (F).

(G) Dihydroxyacetone phosphate (DHAP), glycerol-3-phosphate (G3P), and PEP pool size in cadaveric islets (purple) and SC-b clusters (green).

(legend continued on next page)

Cell Reports 31, 107623, May 12, 2020 5

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
with 100 mM tolbutamide to maintain b cell depolarization in the

presence of low, 2.8 mM glucose. After 20 min, glucose levels

were increased in the presence of constant tolbutamide. Cadav-

eric islets exhibited variable but on average higher secretion of in-

sulin after glucose challenge (Figure 2G), as metabolism of

glucose further potentiates insulin release independent of KATP

channel activity. In contrast, SC-b cells did not increase insulin

secretion (Figure 2H) after increasingglucose levels. This supports

the hypothesis that glucose metabolism is deficient in SC-b cells,

as both KATP-dependent and -independent glucose-induced in-

sulin release are diminished. Thus, the metabolism of glucose it-

self is the process inhibiting full GSIS in SC-b cells.

Quantification of SC-b Cell Metabolism
After demonstrating SC-b cells do not metabolize and sense

glucose as well as islets, we sought to characterize glucose

metabolism in SC-b cells using an unbiased approach. We uti-

lized the recently developed mass isotopomer multi-ordinate

spectral analysis (MIMOSA) technique pairing 13C glucose

tracing and mass spectrometry (Alves et al., 2015) to track flux

through glycolysis and the TCA cycle in stimulatory glucose con-

ditions. This analysis allows for measuring both mass and posi-

tion of labeled carbons to infer contribution from distinct meta-

bolic pools derived from labeled glucose. Utilizing TSQ

enrichment of SC-b cells as described earlier (Davis et al.,

2019), reaggregates of 5,000 cells were cultured after sorting

for 72 h. The resulting enriched clusters contained a majority of

SC-b cells in addition to a smaller population of poly-hormonal

cells. Clusters composed of more than half SC-b cells and of

this total cell number/cluster are similar to the composition of un-

sorted cadaveric islets that were used as controls (Hart and

Powers, 2019; Brissova et al., 2005) (Figure S1B). Clusters en-

riched to this level also resemble recent reports of purified and

reaggregated differentiated cells to improve GSIS phenotypes

in vitro (Nair et al., 2019; Veres et al., 2019). As previously

described (Alves et al., 2015), cells were incubated in 9 mM

glucose and 4 mM glutamine for 3 h in base DMEM medium to

establish steady-statemetabolism in a stimulatory concentration

of glucose before exposure to the same medium with uniformly

labeled 13C glucose (Figure 3A). Analyzing 13C accumulation as

a function of atomic percent enrichment (APE), we first quantified

buildup of labeled glycolytic intermediates. Accumulation of 13C

in the early glycolysis-derived metabolites dihydroxyacetone

phosphate, glycerol-3-phosphate, and phosphoenolpyruvate

(PEP) derived from 2-phosphoglycerate (PEP M+3) occurred at

similar rates over the first 15 min of exposure in cadaveric islets

(n = 6) and SC-b cells (n = 6) (Figures 3B–3D).

Mitochondrial Metabolism
Major differences in 13C enrichment between SC-b cells and

cadaveric islets appeared in mitochondrial metabolite pools
(H) Adjusted PEPCK-M activity to PEP metabolite pool size.

(I) Western blot for pyruvate carboxylase (PC) and PEPCK-M enzyme expression.

together for ease of presentation.

(J) Summary of results from MIMOSA metabolomic profiling. Metabolites in red a

Statistical analysis in (G) was performed using a two-way ANOVA with Sidak’s m

mean ± SEM.
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involved in anaplerosis and cataplerosis. As the TCA cycle pro-

duces NADH from pyruvate metabolism, intermediates in the cy-

cle are also used in other mitochondrial processes and in the

cytoplasm (Jensen et al., 2008). Anaplerosis is the process of

‘‘refilling’’ metabolites of the TCA cycle to sustain mitochondrial

metabolism, maintaining a balance between their loss (cataple-

rosis) and replenishment to sustain oxidative phosphorylation

to produce ATP. 13C accumulation in malate from anaplerotic

generation of oxaloacetate (malate M+3) and phosphoenolpyr-

uvate (PEP) derived from oxaloacetate (PEP M+2) was much

slower in SC-b cells than cadaveric islets (Figures 3E and 3F).

Mitochondria-derived PEP drives GSIS in the islet, and loss of

its production is incompatible with successful insulin secretory

responses (Kibbey et al., 2007; Stark et al., 2009; Jesinkey

et al., 2019). Further examination of PEP levels in SC-b cells re-

vealed that the total PEP metabolite pool derived from both

glycolysis and oxaloacetate was also much smaller in SC-b cells

than cadaveric islets (Figure 3G). Normalizing the calculated

mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M)

enzymatic activity to the PEP pool size reveals even lower SC-

b cell PEPCK-Mactivity compared to cadaveric islets (Figure 3H).

Low PEPCK-M flux is not due to a lack of the enzyme, as both

pyruvate carboxylase (PC) and PEPCK-M are highly expressed

in SC-b cells and cadaveric islets (Figure 3I). These reactions

ensure sufficient TCA cycle intermediate concentrations to

maintain continuous activity within mitochondria. In rodents,

PEPCK-M-derived PEP provides as much as 40% of the pyru-

vate pool during high-glucose challenge and loss of either

PEPCK-M or the GTP-specific isoform of succinyl CoA-synthe-

tase (SCS-GTP) abrogates GSIS (Stark et al., 2009; Jesinkey

et al., 2019). The lack of PEPCK-M activity observed in this

experiment is incompatible with robust GSIS, as it will prevent

the coupling of mitochondrial GTP production with insulin secre-

tion. While the enzymatic components for this cycle are ex-

pressed in SC-b cells, it appears that the glucose-induced ana-

plerotic flux through PC that occurs during glucose challenge in

the normal islet is not achieved in differentiated SC-b cells

cultured in stimulatory glucose concentrations (Figure 3J) (Jesin-

key et al., 2019; Alves et al., 2015; Jensen et al., 2006, 2008).

Dilution of 13C Signal in Citrate
13C label enrichment in TCA cycle metabolites in the pyruvate

dehydrogenase-mediated ‘‘forward direction’’ was similar be-

tween SC-b cells and cadaveric islets in all pools examined

except for citrate, which had a surprising and significantly lower

APE than downstream metabolites in SC-b cells. This lower

enrichment indicates that a large fraction of citrate was in

disequilibrium throughout the cell, consistent with a citrate

pool excluded from the mitochondria of SC-b cells, as we do

not observe dilution of 13C label in the subsequent steps of the

TCA cycle (Figure S2A). The citrate transporter (CIC) antiports
Images from the same experiment at different exposures per blot were edited

re inferred to be decreased from MIMOSA analysis.

ultiple-comparisons test. Error bars represent SEM. Data are represented as
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mitochondrial PEP and malate in exchange for citrate in the cell

(Stark et al., 2009). The observed reduction in PEP and malate

replenishment could decrease exchange via the CIC, causing

the abnormal citrate labeling in these experiments. Slowed or in-

hibited citrate metabolism might also contribute to lower meta-

bolic flux and dampened GSIS driven by a lack of PEPCK-M

activity.

TCA Cycle Metabolites as Secretagogues
PEPCK-M depends on mitochondrial GTP derived from enzyme

activity of the SCS-GTP (Stark et al., 2009; Jesinkey et al., 2019).

Loss of this enzyme inhibits PEPCK-M activity as GTP is no

longer generated from the TCA cycle. Cell-permeable forms of

metabolites that have methyl ester groups to facilitate diffusion

across the membrane have been valuable tool compounds to

study effects of specific metabolic intermediates on GSIS (Jain

et al., 1975; Kabra et al., 2017; MacDonald, 1993). To test the ef-

fects ofmetabolites on insulin release, SC-b differentiations were

dissociated and reaggregated for 48 h before static GSIS assays

were performed in 96-well V-bottom plates. We activated

PEPCK-M and PEP cycling to drive the TCA cycle by exposing

SC-b cells to mono-methyl succinate (MacDonald, 1993; Mac-

Donald and Fahien, 1990) to test whether stimulating the TCA cy-

cle with exogenous succinate would result in PEPCK-M synthe-

sis of PEP and induce insulin secretion. Strikingly, in contrast to

high glucose, methyl-succinate exposure resulted in insulin

secretion to the same levels as KCl exposure in SC-b cells and

cadaveric islets (Figure 4A). We also tested SC-b response to

other TCA cycle substrates including methyl-pyruvate (Kabra

et al., 2017), a-ketoisocaproic acid (Heissig et al., 2005), and

b-hydroxybutyrate (Figures 4B, S3A, and S3B), all of which raise

matrix acetyl CoA. In all cases, we observed insulin release in

both SC-b cells and cadaveric islets. On average, both a-ketoi-

socaproate and b-hydroxybutyrate exhibited lower secretion

than high glucose in human islets. In contrast, SC-b cells ex-

hibited lower secretion at 10 mM but very strong secretion at

20 mM levels.

A Bottleneck in Glycolysis Limits GSIS
Because robust insulin secretion is induced with all mitochon-

drial substrates tested, we worked forward through glycolysis

to identify the earliest glucose-derived metabolite inducer of

SC-b cell insulin secretion. The non-polar metabolites glyceral-

dehyde and dihydroxyacetone are cell-permeable fuel sources

that contribute to metabolism at the steps of glyceraldehyde-

3-phosphate and dihydroxyacetone phosphate, respectively

(Figures 4C and S3C) (Jain et al., 1975; Juntti-Berggren et al.,

2003; MacDonald and Fahien, 1990). These two intermediates

are produced after the six-carbon chain of fructose 1,6-bisphos-

phate is cleaved into two, three-carbon chains by aldolase

(Marsh and Lebherz, 1992). In both cases, we observed low insu-

lin secretion response in SC-b cells at the same magnitude of

high glucose, but full insulin secretion response in cadaveric is-

lets at the level of KCl. These results also support our earlier ob-

servations that glucose uptake in SC-b cells is normal. As

glucose is transported into SC-b cells but does not fully stimulate

insulin release, bypassing the proximal metabolic steps down-

stream of glucokinase also does not enhance insulin secretion.
Following these results, we exposed SC-b cells and cadaveric

islets to glyceric acid, the non-phosphorylated precursor to 2-

and 3-phosphoglycerate and the downstream metabolite from

glyceraldehyde-3-phosphate metabolism. In this condition,

SC-b cells secrete insulin at the samemagnitude as KCl depolar-

ization in response to glyceric acid, identical to the response

observed in cadaveric islets to glucose and other secretagogues

(Figures 4D and S3D). To further validate this result, we exposed

SC-b cells to methylated forms of 2- and 3- phosphoglycerate,

which are cell-permeable and metabolized (Hitosugi et al.,

2012). Methyl-2 andmethyl-3 phosphoglycerate both stimulated

insulin release at a magnitude indistinguishable from KCl chal-

lenge (Figures 4E and 4F). These results demonstrate the ability

of SC-b cells to sense and respond to changes in metabolic flux

and point to the metabolism of glyceraldehyde-3-phosphate as

the defect, or bottleneck, preventing full GSIS in SC-b cells (Fig-

ure 4G). Because glucose is present in fasting and intermediate

stimulatory conditions, we repeated these results in the absence

of glucose or its presence at a stimulatory level to determine

whether these intermediates require or potentiate the effects of

glucose in SC-b cells (Figures S3E and S3F). For both TCA cycle

stimulation using monomethyl-succinate and activation of

glycolysis using methyl-3-phosphoglycerate (m-3-PG), these re-

sults were independent of glucose concentration and were not

enhanced by its presence at a higher level. Finally, we tested

whether the ability to stimulate full, islet-like insulin secretion

with intermediate metabolites is conserved in SC-b cells derived

from other pluripotent cell sources. We differentiated the 1016,

non-diabetic iPS cell line using the same differentiation protocol

into SC-b cells and repeated our GSIS experiments using m-3-

PG and methyl-succinate (n = 4) (Figures S3G and S3H). In

both cases, we observed the same magnitude of insulin release

in KCl and the respective metabolite, indistinguishable from the

patterns observed in hES-derived SC-b cells. These findings

further support that this disconnect in glucose sensing observed

in SC-b cells is conserved in genetically distinct cell lines and a

fundamental characteristic of in vitro-differentiated islets.

Insulin Secretion in SC-b Cells after m-3-PG Exposure
All metabolites downstream of the GAPDH and PGK1 reactions,

beginning with m-3-PG, stimulate insulin release at the level of

cadaveric islet responses to those intermediate metabolites

and KCl-positive controls. To determine whether SC-b cells

secrete insulin in an appropriate temporal pattern after exposure

to glyceric acid, we perifused SC-b cells with 10 mM glyceric

acid or glyceraldehyde, the cell-permeable, unphosphorylated

forms of 3-phosphoglycerate and glyceraldehyde-3-phophate,

respectively (Figure 5A). Insulin secretion occurred in a bi-phasic

manner with a first and second phase of insulin release after

glyceric acid exposure but not glyceraldehyde. This biphasic in-

sulin secretion at the magnitude of a KCl challenge has not been

previously obtained by any other in vitro manipulation of SC-b

cells (Pagliuca et al., 2014; Russ et al., 2015; Rezania et al.,

2014; Nair et al., 2019; Velazco-Cruz et al., 2019). The peak of

first-phase insulin release after glyceric acid challenge matched

the magnitude of KCl challenge, in contrast to glyceraldehyde

exposure. Quantifying insulin secreted by integrating area under

the curve and normalizing to total time in low glucose and each
Cell Reports 31, 107623, May 12, 2020 7



Figure 4. Some Cell-Permeable Intermediates Drive Insulin Secretion in SC-b Cells
Intermediate metabolite insulin secretion responses for cadaveric islets and SC-b cells. Cadaveric islets or differentiated SC-b cells were dissociated and re-

aggregated for 48–72 h before 1-h incubation in indicated conditions after a 2-h fast at 2.8 mM glucose.

(A) Mono-methyl succinate response profiles in cadaveric islets (left) and SC-b cells (right).

(B and C) Response profiles to methyl-pyruvate (B) and glyceraldehyde (C) in cadaveric islets and SC-b cells.

(D) SC-b response to glycerate.

(E) SC-b response to methyl-3-phosphoglyerate (m-3-PG).

(F) SC-b response to methyl-2-phosphoglyerate (m-2-PG).

(G) Schematic representation of metabolite effects on SC-b cell insulin secretion. Metabolites entering the TCA cycle or late glycolysis successfully induce insulin

release (blue arrows). Cell-permeable metabolites of early glycolysis or glucose itself generate a much smaller magnitude of insulin release (red arrows).

Data points are individual replicate values. Colors denote separate batches of differentiated cells, treated as biological replicates. The p values were calculated

using a two-way ANOVA with Dunnett’s multiple testing correction. For all experiments shown, color denotes a unique biological replicate within an experiment.

Replicates within a biological group are the same color. Data are represented as mean ± SD.
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treatment, intermediate 10 mM glyceric acid exposure achieved

a much higher level of insulin release than glyceraldehyde (Fig-

ure 5B), confirming findings using static GSIS assays.
8 Cell Reports 31, 107623, May 12, 2020
We sought to identify mechanisms responsible for insulin

release after exposure to intermediate metabolites in SC-b cells.

We first demonstrated insulin secretion induced by these



Figure 5. Metabolic Stimulation of Glycolysis Drives Physiological Insulin Secretion in SC-b Cells

(A) Dynamic perifusion of SC-b cells with 10 mM glyceric acid (green) or 10 mM glyceraldehyde (purple). G2.8 and G16.7 refer to 2.8 and 16.7 mM glucose,

respectively.

(B) Area under the curve from dynamic GSIS data in (A).

(C) Insulin secretion stimulated by m-3-PG is ablated by inhibition of ATP synthase using oligomycin A.

(D) Blocking anaplerotic pyruvate carboxylase activity using phenylacetate disrupts m-3-PG effect on insulin secretion.

(E) ATP-independent insulin secretion is also stimulated in SC-b cells using m-3-PG.

(legend continued on next page)
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intermediates results from their metabolism. Inhibition of ATP

synthase and production of cytoplasmic ATP/ADP flux neces-

sary for b cell depolarization using oligomycin A was sufficient

to ablate insulin secretion after m-3-PG or methyl-succinate

challenge in low glucose (Figures 5C and S4A). Earlier metabolo-

mic analysis specifically revealed a lack of glucose-stimulated

anaplerotic cycling underlying the lack of GSIS in SC-b cells.

To demonstrate that these intermediates achieve insulin secre-

tion by inducing anaplerosis, we inhibited activity of pyruvate

carboxylase, responsible for the same glucose-stimulated ana-

plerotic cycle identified as deficient in our metabolomic analysis,

using phenylacetate (Bahl et al., 1997). This was sufficient to

ablate the effects of both m-3-PG and methyl-succinate, further

demonstrating that these intermediate substrates are metabo-

lized and stimulate insulin secretion by rescuing defective ana-

plerotic cycling (Figures 5D and S4B). Previous data presented

in Figure 2H suggested the lack of GSIS is partially caused by

a lack of KATP-independent insulin release after glucose chal-

lenge in SC-b cells. This same experiment using m-3-PG

robustly induces insulin secretion in the presence of tolbuta-

mide, demonstrating metabolism of 3-PG produces both

KATP-dependent and KATP-independent signals that drive

GSIS in vitro (Figure 5E) (Komatsu et al., 2013). We also attemp-

ted to quantify the change in ATP/ADP ratios after each glucose

or intermediate challenge condition. SC-islets cells were fasted

for 2 h followed by a 10-min exposure to each condition, and ly-

sates were analyzed by mass spectrometry. The ATP/ADP ratio

did show an upward trend with m-3-PG exposure but was not

statistically significant when measured in unsorted clusters (Fig-

ure S4C). We also demonstrated that these intermediates do not

affect cell viability when dissociated SC-b cells are fasted and

exposed to glucose, m-3-PG, or methyl-succinate (Figure S4D).

We next tested whether insulin secretion is accompanied by

cytosolic calcium flux with exposure to m-3-PG. TSQ-sorted

and reaggregated SC-b cells were immobilized on Matrigel and

exposed to the live-cell cytosolic calcium indicator Fluo-4 (Kenty

andMelton, 2015). Clusters were imaged for 5min before and af-

ter challenge with 16.7 mM glucose, 30 mM KCl, 100 mM tolbu-

tamide, or 10 mM m-3-PG (Figures 5F–5J). As expected, SC-b

cells undergo a smaller calcium flux in glucose compared to

that following a KCl challenge or tolbutamide challenge. In

contrast, we observed a significant calcium flux after exposing

SC-b cells to m-3-PG. Quantifying the area under the curve for

in these experiments, the magnitude of calcium release is similar

between m-3-PG and tolbutamide conditions but not high-

glucose challenge (Figure S4E). Calcium fluxes propagate as a

wave across SC-b clusters after m-3-PG exposure, similar to

other reports using other cell-permeable intermediates that

bypass early glycolysis (Dahlgren et al., 2005), suggesting SC-

b clusters formed interconnected organoids after enrichment

and re-aggregation. The connectivity of these reaggregates

may underlie improvements inGSIS after reaggregation reported
(F–I) Calcium flux in TSQ-enriched SC-b cells after high glucose (F), low glucose

(J) Images from Fluo-4 signal during fasting (top row) and 20 s after exposure wi

The p values for (B), (C), and (D) were calculated using a two-way ANOVAwith Dun

a unique biological replicate within an experiment. Replicates within a biologica

labeled sample is a biological replicate from a separate differentiation.
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recently (Videos S1, S2, S3, and S4) (Nair et al., 2019; Veres et al.,

2019).

GAPDH Activity Is Reduced in SC-b Cells
Bypassing GAPDH and PGK1 enzymatic activity in SC-b cell

glycolysis results in insulin secretion at the same magnitude as

the positive control KCl and that observed in cadaveric islets.

This insulin secretion effect also works in part through anapler-

otic cycling. To determine whether PEP levels change after

exposure to m-3-PG, SC-islets were fasted in 2.8 mM glucose

and subsequently exposed to low glucose, high glucose, or

low glucose with 10 mM m-3-PG for 10 min before lysis. Expo-

sure to m-3-PG robustly increased cellular PEP content (Fig-

ure 6A), both confirming that m-3-PG is metabolized in the cell

and demonstrating that PEP levels are increased as physiolog-

ical insulin release is stimulated. We also tested whether expo-

sure to m-3-PG affected the cellular redox state and NAD/

NADH balance. Mass spectrometry analysis of SC-islets after

10-min exposure to glucose or m-3-PG following a 2-h fast re-

veals a decreasing but not statistically significant trend in the to-

tal cellular NAD/NADH ratio in both high glucose andm-3-PG ex-

posures (Figure S5A).

Protein levels of both GAPDH and PGK1 enzymes are compa-

rable in SC-b cells and cadaveric islets, suggesting that inhibition

of GSIS is not due to a lack of either enzyme’s abundance (Fig-

ure 6B). To measure the enzymatic activity for both GAPDH and

PGK1, fresh lysates from cadaveric islets, undifferentiated hES

cells, or differentiated SC-b clusters were collected and assayed

for GAPDH or PGK activity. Both GAPDH (Figures 6C and S5C)

and, to a lesser magnitude, PGK1 (Figures 6D and S5D) ex-

hibited lower enzyme activity per microgram of lysate than hu-

man cadaveric islets. GAPDH functions as a tetramer composed

of two dimers that loosely associate with PGK1 (Hoagland and

Teller, 1969; Tomokuni et al., 2010), converting glyceralde-

hyde-3-phosphate to 3-phosphoglycerate through its short-

lived, unstable 1,3-bisphosphoglycerate intermediate. To visu-

alize the active GAPDH enzyme conformation in live cells, cadav-

eric islets, undifferentiated pluripotent stem cells (hES), and SC-

b cells were briefly exposed to the cell-permeable cross-linking

agent disuccinimidyl suberate (DSS), and lysates were analyzed

by western blot. Islets and hES cell lysates contained similar

amounts of active GAPDH multimers, which are present at

much lower levels in differentiated SC-b cells (Figure 6E).

Furthermore, wewere able to determine that loss of thismultimer

occurs during pancreatic specification in our differentiation pro-

tocol (Figure S5B). Loss of GAPDH enzymatic activity has been

observed in contexts of acetylation and S-nitrosylation during

cell stress, although we do not detect significant levels of these

post-translational modifications in GAPDH immunoprecipitated

from SC-islets (Figures S5E–S5G) (Suarez et al., 2015; Jayaguru

and Mohr, 2011; Sen et al., 2008; Hara et al., 2005; Mazzola and

Sirover, 2003). We also attempted to detect any post-
with 30 mM KCl (G), 100 mM tolbutamide (H), or 10 mM m-3-PG (I).

th the indicated KRB solution (bottom row). Scale bars represent 500 mm.

nett’s multiple hypothesis correction. For all experiments shown, color denotes

l group are the same color. Data are represented as mean ± SD. In (A), each



Figure 6. Activity of GAPDH Is Perturbed in SC-b Cells

(A) Quantification of cellular PEP in different GSIS conditions from SC-islets.

(B)Western blot of lysates from differentiated SC-b cells and cadaveric islets for GAPDH and PGK1. These human islet lysates were from samples used in GAPDH

and PGK activity assays. Each band is a separate preparation of human islets or differentiation of SC-b cells.

(C) GAPDH enzyme activity in cadaveric islets, undifferentiated human embryonic stem cells (hES), and differentiated SC-b cells.

(D) PGK activity in cadaveric islets, undifferentiated hES cells, and differentiated SC-b cells.

(legend continued on next page)
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translational modifications of PGK1 but were unable to detect

these marks on the protein (data not shown).

After demonstrating reduced GAPDH and slightly lower PGK1

activities, we attempted to increase GAPDH, PGK1, or both en-

zymes’ activities and measured GSIS in each condition. Using

lentiviral overexpression of GAPDH, PGK1, or a combination of

both enzymes, we achieved an infection efficiency of approxi-

mately 97% in each condition (Figure S5H). However, we did

not see any shift in stimulation index after lentiviral overexpres-

sion in SC-b cells (n = 6) (Figures 6F and S5I).

We also attempted to chemically activate GAPDH and PGK

using previously published small molecules. GAPDH is known

to be nitrosylated and acetylated to inhibit its functional activity,

although we did not see strong signal for these post-translational

modifications after immunoprecipitation. We used two com-

pounds shown to prevent inhibition of GAPDH, deprenyl hydro-

chloride and the inducible nitric oxide synthase inhibitor 1400W,

to prevent acetylation and nitrosylation, respectively (Figures

S5J and S5K) (Jia et al., 2014; Hara et al., 2006). We did not

observe a change in glucose stimulation of SC-b cells in either

condition. Similarly, we also tried to activate PGK activity by

enhancing its ability to release ATP for more enzymatic proces-

sivity by treating cells with Terazosin (Figure S5L) and by inhibit-

ing PTEN, which was recently reported to suppress PGK activity

by reversing its autophosphorylation at tyrosine 324 (Figure S5M)

(Qian et al., 2019). We did not observe any change in glucose

responsiveness using Terazosin to stimulate ATP release, and

observed a small but significant shift in stimulation index after

bpV exposure to inhibit PTEN activity. Our ability to slightly

improve insulin release by targeting these steps in glycolysis

further suggests these enzyme activities are the location of the

bottleneck in GSIS for SC-b cells, but that the molecular targets

of these small molecules are not likely responsible for the defi-

cient GSIS phenotype in SC-islets. It is also possible that the

bottleneck at the GAPDH and PGK1 steps of glycolysis are

caused by parallel metabolic processes in SC-b cells that indi-

rectly create this blockade in glucose metabolism at the activ-

ities of GAPDH and PGK1.

Taken together, these results demonstrate that GSIS in SC-b

cells is limited by the enzymatic conversion of glyceraldehyde-

3-phosphate to 3-phosphoglycerate, which is catalyzed by the

enzymesGAPDH and PGK1. Both enzymes, in particular GAPDH,

exhibit reduced enzyme activity in SC-islet lysates compared to

cadaveric islets. This decreased capacity to flux carbons from

glucose through late glycolysis and the TCA cycle results in

decreased mitochondrial GTP production and its subsequent

stimulation of PEP cycling through PEPCK-M (Figure 6G), as

was detected through metabolomic analysis, and is directly

affected by exposure of SC-b cells to metabolizable substrates

downstream of the GAPDH and PGK1 reactions in glycolysis.
(E) GAPDH western blot of lysates from DSS-cross-linking in primary islets, hES

(F) GSIS on GAPDH and PGK1-overexpressing SC-b cells.

(G) Model of SC-b cell inhibition of GSIS caused by decreased GAPDH activity u

The p values were calculated using two-way ANOVA with Dunnett’s multiple hypo

replicate within an experiment. Replicates within a biological group are the same

human islets (separate donors), SC-b cells (separate differentiations), and hES ce

from the same experiment were edited together for ease of presentation. Data a
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Rescue of these processes through the use of cell-permeable in-

termediates results in islet-like insulin secretion in bothmagnitude

and pattern of release when the activity of GAPDH and PGK1 are

made unnecessary for glucose-dependent metabolism. We do

not yet know whether increased enzyme activity from GAPDH,

or PGK1, or both will be sufficient to rescue glucose responsive-

ness in SC-b cells, but this work has pinpointed these two enzy-

matic steps as the disconnect between glucose uptake and

glucose sensing in SC-b cells. Further analysis of how glucose

metabolism changes during differentiation of pluripotent cells

in vitro and how metabolism of these cells changes as trans-

planted SC-b cells undergo in vivo functional maturation will

shed light on how early and late glycolysis are disconnected in

differentiated SC-b cells in vitro. In summary, this report demon-

strates a bottleneck in glycolysis mutes the GSIS response of

SC-b cells in vitro—a deficiency correlated with decreased

enzyme activities of GAPDH, and to a smaller degree, PGK1.

Treating differentiated SC-b cells with metabolized, cell-perme-

able intermediates that skip these enzymatic steps in glycolysis

results in islet-like insulin secretion and acts through the same

mechanisms that underlie glucose sensing in functional islets.

Determining the cause of this inhibition and how to couple early

glycolysis to PEP flux in vitro should generate SC-b cells with a

GSIS profile indistinguishable from human cadaveric islets.

DISCUSSION

Insulin secretory capacity is an essential characteristic of the

islet. While nearly all reports of insulin-producing cells differenti-

ated from human pluripotent stem cells in vitro have measured

this phenomenon, their glucose sensing and regulation of insulin

secretion have not achieved themagnitude or patterns of release

observed with human cadaveric islets in vitro. We demonstrate

here that the insulin secretion capacity of SC-b cells is very

similar to healthy cadaveric islets in their ability to regulate de-

and re-polarization of the cell membrane and secrete more

than 10%of their insulin content over 60min after direct depolar-

ization with KCl or by manipulating their KATP channel activity.

These results suggest that the muted ability of SC-b cells to

secrete insulin in response to glucose is a metabolic failure,

not a defect in secretory machinery. Furthermore, maximal insu-

lin release after challenge with metabolic intermediates in both

cadaveric islets and SC-b cells occurs at a similar magnitude

to KCl response.

Recent publications on stem cell-derived b cells have sought to

understand how changes in culture or differentiation factors affect

the GSIS phenotype in vitro (Velazco-Cruz et al., 2019; Nair et al.,

2019; Ghazizadeh et al., 2017; Yoshihara et al., 2016). Some ex-

periments pointed to mitochondrial activity as a component of

improved in vitro function (Nair et al., 2019), but to date a direct
cells, and differentiated SC-b cells.

nderlying decreased PEP flux.

thesis correction. For all experiments shown, color denotes a unique biological

color. Each data point in (C) and (D) represents a unique biological replicate for

lls (different passages). Spaces in western blot panels indicate where images

re represented as mean ± SD.
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mechanism for improved function has remained elusive. Our

approach to investigate glucose-driven metabolic flux in SC-b

cells and cadaveric islets revealed a lack of PEPCK-M activity in

differentiated stem cells. While TCA cycle metabolism is stimu-

lated during glucose challenge, anaplerotic cycling through PC

in the mitochondria is a more robustly activated metabolic

response to glucose challenge in the islet (Jesinkey et al., 2019;

Alves et al., 2015; Jensen et al., 2008). In the SC-b cell, slowglyco-

lytic flux appears to limit downstream PEPCK-M-facilitated GSIS

and can be rescued by using cell-permeable metabolites. The

slowed PEPCK-M activity prevents a necessary mitochondrial

GTP sensing mechanism from coupling increased glucose meta-

bolism to PEP cycling—a process that has recently been

described as an obligate component of b cell glucose responsive-

ness (Stark and Kibbey, 2014; Stark et al., 2009; Kibbey et al.,

2007). An increased cytosolic ATP/ADP ratio, derived from oxida-

tive phosphorylation in mitochondria under high-glucose condi-

tions is a major driver of depolarization and insulin release, and

this flux is necessary for glucose responsiveness as loss of mito-

chondrial activity abrogatesGSIS in the islet aswell as cell-perme-

able intermediate-induced insulin release in SC-b cells. The pre-

sent findings remind us that other signals derived from the

mitochondria can play a role in the GSIS mechanism and warrant

attention as we study and fine-tune SC-b cells with the aim of ob-

taining the most functionally mature cells possible by directed dif-

ferentiation of pluripotent stem cells.

Other glycolytic enzymes including fructose 1,6-bisphospha-

tase and hexokinase aremore commonly regarded asmajor reg-

ulators of the rate of cytoplasmic metabolism (Lenzen, 2014).

However, bypassing these regulatory steps in glycolysis of SC-

b cells does not result in robust insulin release. GAPDH does

represent a potential regulator of glycolysis, as its activity is

regulated by NAD+ availability and its activity provides substrate

for the first ATP-generating step of glycolysis (White and Garcin,

2017; Zhang et al., 2015). The islet b cell has unique metabolic

properties, downregulating enzymes nearly ubiquitously ex-

pressed in other tissues and expressing glycolytic enzymes

that play a regulatory role absent in other tissues (Lemaire

et al., 2016; Pullen et al., 2010). Glucokinase in the b cell has

an uncharacteristically high KM and is uninhibited by rises in

cytosolic glucose-6-phosphate (Sener et al., 1986; Meglasson

andMatschinsky, 1984). Islets also exhibit increased expression

of glucose-6-phosphatase (G6PC2), which further regulates the

first glycolytic intermediate pool of the b cell (Hutton andO’Brien,

2009), glucose 6-phosphate. It appears that GAPDH or PGKmay

play a limiting role in SC-b cell glucose metabolism and sensing,

or that activity of these enzymes are indirectly inhibited due to an

abnormal metabolic state in glycolysis, which ultimately pre-

vents glucose-induced anaplerotic flux in differentiated SC-b

cells in vitro. The magnitude of reduced GAPDH activity

observed in cell lysates from SC-b cells, compared with human

islets or undifferentiated hES cells, may not be low enough to

prevent glycolytic flux andGSIS alone, as GAPDH has high enzy-

matic capacity. However, this may be due to conditions of the

in vitro assay providing unlimited substrate or relieving a pro-

tein-protein interaction suppressing GAPDH activity within the

SC-b cell. Whether this bottleneck in glucose metabolism is a

unique characteristic of in vitro-differentiated human SC-islets
or reflects GAPDH and PGK1 regulation in the bona fide b cell re-

mains to be determined.

This study was able to analyzemetabolism of glucose in differ-

entiated SC-b cells, identifying suppressed generation of PEP

within the mitochondria as a consequence of a glycolytic defi-

ciency. We were further able to pinpoint the disconnect between

early and late glycolysis in SC-b cell glucose response and

demonstrated bypassing this bottleneck in glycolysis results in

dramatic increases in intracellular PEP, accompanying a mature

islet-like insulin secretion profile. This ability to induce insulin

secretion is conserved across both hES and iPS-derived SC-b

cells and appears to be a general characteristic of differentiated

SC-islets. At the location of this metabolic disconnect between

late and early glycolysis are the reactions of GAPDH and

PGK1. We were also able to detect reduced GAPDH activity in

differentiated SC-b cells. However, we were unable to rescue

this enzyme’s activity to confer islet-like glucose responsiveness

in SC-b cells. It remains unknown whether this defect is caused

by a post-translational modification we were unable to detect

with proteomic analysis or whether this defect is caused by

another metabolic imbalance within the SC-b cell that indirectly

prevents enzymatic conversion of glyceraldehyde-3-phosphate

to 3-phosphoglycerate. Further studies will be required to deter-

mine which of these possibilities is responsible for the lack of

glucose responsiveness in SC-b cells. Toward the goal of pro-

ducing a fully islet-like glucose response in vitro from differenti-

ated SC-b cells, we have identified the location of the major

block in glucose metabolism and sensing in differentiated islets

and identified other fuel sources that can be used to stimulate

metabolism-driven insulin release in SC-b cells that act through

the same pathways that facilitate GSIS, which will be useful for

the SC-b community.

SC-b cells also appear to metabolize a-ketoisocaproate and

b-hydroxybutyrate at a higher level than islets, as they are able

to stimulate insulin release at high concentrations in non-stimula-

tory glucoseconcentrations,whereas functionallymature islets do

not (MacDonald, 2007). This may be related to the decreased

glycolytic flux we have observed if basal metabolism is adapted

to sustain normal cellular function in the presence of this decou-

pling of early and late glycolysis. This difference from human islet

physiologymay be reconciled when protocols to differentiate fully

glucose-responsive SC-b cells are developed. SC-b cell in vitro

physiology is important if these cells are to be effectively used in

screens for insulinotropic factors or compounds to stimulate b

cell proliferation, as glucose plays central roles in both processes

(Bonner-Weir et al., 1989). Our findings suggest that metabolic in-

termediates can recapitulate some aspects of b cell physiology

and could be used with current protocols to simulate glucose-

induced proliferation, glucotoxicity, or insulin secretion toward

discovery of new anti-diabetes therapies.

Bypassing GAPDH and PGK activity with cell-permeable me-

tabolites results in robust, bi-phasic insulin release, which has

not been previously observed in SC-b cells. In contrast, other pre-

viously published glycolytic intermediates, immediately upstream

of these activities, do not improve the magnitude of insulin

released over that observed with glucose challenge. The magni-

tude and fold-change of insulin secretion in both the first and sec-

ond phases of release equals that of a KCl challenge. SC-b cells
Cell Reports 31, 107623, May 12, 2020 13
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have the capacity to sense metabolic flux in a nutrient-rich envi-

ronment, but their GSIS phenotype is limited by a bottleneck in

glucose metabolism, which is not yet mature in vitro but may be

corrected in vivo, as SC-b GSIS profiles improve over time after

transplantation into mice (Robert et al., 2018; Motté et al., 2014).

How this bottleneck forms during in vitro differentiation and its

mechanismare questions that still remain. Determining themolec-

ular nature of this glycolytic disconnect and appropriately

coupling early and late glycolysis in the SC-b cell to stimulate

PEPCK-M cycling in high glucose will significantly advance the

field toward production of functionally mature SC-b cells, indistin-

guishable from bona fide human islets, for disease modeling and

cell therapies for diabetic patients.
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Antibodies

Rat anti-C-peptide Developmental Studies

Hybridoma Bank at the

University of Iowa

GN-ID4; RRID:AB_2255626

Mouse anti-NKX6.1 Developmental Studies

Hybridoma Bank at the

University of Iowa

F55A12; RRID:AB_532379

Rabbit anti-Beta Tubulin Cell Signaling Technology 2128; RRID:AB_823664

Mouse anti-PGK1/2 Santa Cruz Biotechnology SC-48342; RRID:AB_628116

Rabbit anti-GAPDH Cell Signaling Technology 5174; RRID:AB_10622025

Rabbit anti-PC Sigma Aldrich HPA043922; RRID:AB_2678732

Rabbit anti-PCK2 Cell Signaling Technology 8565; RRID:AB_11217628

Biological Samples

Human Cadaveric Islets See Table S1 N/A

Chemicals, Peptides, and Recombinant Proteins

Phenylacetate Sigma Aldrich P16621

Tris-HCl pH 8.5 VWR 100219-630

Disposable spinner flasks Corning CLS3578

mTeSR basal medium StemCell Technologies, Inc. 85850

MCDB131 Basal Medium Sigma Aldrich M8537

Fetal Bovine Serum Life Technologies 16000044

Fluo-4 Life Technologies F14217

Oligomycin A Fisher Scientific 49545510MG

Disuccinyl Suberate Life Technologies 4449754

U-13C Glucose Cambridge Isotope Laboratories CLM-1396-0.25

L-Glutamine Sigma Aldrich G3126

TSQ Fisher Scientific 50850395

Propidium Iodide Sigma Aldrich P4864

Sodium Fluoride Sigma Aldrich 919

96 well V-bottom plates Fisher Scientific 12565460

methyl Succinate Sigma Aldrich P4241-50EA

Methyl-pyruvate VWR AAA13966

Glyceraldehyde Sigma Aldrich 49800

Glyceric Acid Santa Cruz Biotechnology SC-234508

Dihydroxyacetone Santa Cruz Biotechnology SC499029

B-hydroxybutyrate Sigma Aldrich 166898

Ketoisocaproate VWR AAH60076-03

D-3-Phosphoglyceric Acid Santa Cruz Biotechnology SC-214793B

D-2-Phosphoglyceric Acid Sigma Aldrich 79470

Tolbutamide Sigma Aldrich T0891

Diazoxide Sigma Aldrich D9035

Forskolin Fisher Scientific NC9084630

MitoTracker Green FM Life Technologies M7514

RIPA Lysis Buffer Fisher Scientific P189901

Glucose Sigma Aldrich G7021
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Potassium Chloride Sigma Aldrich P9541

Sodium Chloride Sigma Aldrich S3014

Calcium Chloride Sigma Aldrich C7902

Magnesium Sulfate Sigma Aldrich M7506

Sodium Phosphate, Dibasic Sigma Aldrich S3264

Potassium Phosphate, Monobasic Sigma Aldrich P9791

Sodium Bicarbonate Sigma Aldrich S5761

HEPES Buffer Life Technologies 15630080

Dynabeads Protein G Life Technologies 10003D

Bovine Serume Albumin,

Fatty acid-free, Fraction V

EMD Millipore 126575

2-NBDG Life Technologies N13195

Critical Commercial Assays

Seahorse 24 Xf Mito Fuel Stress Test Agilent 103015-100

Seahorse 24 well islet capture plate Agilent 101122-100

PGK1 Activity Assay Biovision K194

GAPDH enzyme activity assay Abcam ab204732

PEP colorimetric Assay Sigma Aldrich MAK102-1KT

Alpco Human Insulin ELISA APCO Diagnostics 80-INSHUU-E10.1

Experimental Models: Cell Lines

HUES8 hES Derived In-house N/A

1016 iPS Columbia University N/A

Oligonucleotides

B2M Forward:

GCTGGGTAGCTCTAAACAATGTATTCA

This Paper adapted from

Phillips et al., 2014

N/A

B2M Reverse:

CCATGTACTAACAAATGTCTAAAATGGT

This Paper adapted from

Phillips et al., 2014

N/A

B2M FAM Probe:

CAGCAGCCTATTCTGC

This Paper adapted from

Phillips et al., 2014

N/A

mtMajArc Forward:

CTGTTCCCCAACCTTTTCCT

This Paper adapted from

Phillips et al., 2014

N/A

mtMajArc Reverse:

CCATGATTGTGAGGGGTAGG

This Paper adapted from

Phillips et al., 2014

N/A

mtMajArc FAM Probe:

GACCCCCTAACAACCCCC

This Paper adapted from

Phillips et al., 2014

N/A

mtMinArc Forward:

CTAAATAGCCCACACGTTCCC

This Paper adapted from

Phillips et al., 2014

N/A

mtMinArc Reverse:

AGAGCTCCCGTGAGTGGTTA

This Paper adapted from

Phillips et al., 2014

N/A

mtMinArc FAM Probe:

CATCACGATGGATCACAGGT

This Paper adapted from

Phillips et al., 2014

N/A

Recombinant DNA

Empty Myc-DDK Lentivirus Plasmid Origene PS100064; http://www.origene.com/

catalog/vectors/lentiviral-gene-

expression-vectors/ps100064/

plenti-c-myc-ddk-lentiviral-gene-

expression-vector

GAPDH Myc-DDK Lentivirus Plasmid Origene RC202309L1; https://www.origene.com/

cDNA_clone/LentiORF/NM_002046/

RC202309L1V/GAPDH.aspx

PGK1 Myc-DDK Lentivirus Plasmid Origene RC211172L1
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Software and Algorithms

Prism Graphpad N/A

Wave Agilent N/A

Zen Zeiss N/A

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Flowjo Becton, Dickinson and Company N/A

Other

AxioZoom 16 N/A

BioRep Dynamic Perifusion System N/A

Seahorse XFe 24 well Analyzer N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Douglas

A. Melton (dmelton@harvard.edu).

Materials Availability
This study did not generate any unique reagents. When appropriate, details and source information to synthesize non-commercially

available intermediate chemicals are provided and original literature source cited. The corresponding author can be contacted for

further details.

Data and Code Availability
Underlying data and modeling of mass spectra in C-Wave are available upon request from the corresponding author.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Embryonic Stem Cell and Induced Pluripotent Stem Cell Lines
Pluripotent stem cell lines were used in accordance with approval by Harvard University’s Embryonic Stem Cell Research Oversight

(ESCRO) committee. HUES8 is amale human embryonic stem cell line derived at Harvard University in theMelton Laboratory. 1016 is

a male induced pluripotent stem cell (iPSC) line derived at Columbia University. Both lines were maintained in 3-dimensional suspen-

sion cultures and regularly karyotyped.

Cadaveric Donor Islets
Islets for study were purchased from Prodo Laboratories, NDRI, and the University of Miami. All islets were isolated from healthy do-

nors at the time of death and used within 7 days of shipment. All islet studies were performed in accordance with IRB approved pro-

cedures at Harvard University under protocol IRB16-0013. For all studies, replicates of human islets represent separately procured

and tested human cadaveric islet batches. For more information on islet preparations used, see Table S1.

METHOD DETAILS

Culture and Passage of Pluripotent Stem Cells
Pluripotent stem cell lines were cultured in mTeSR 1�media. Both planar and suspension cultures were fed with fresh medium every

24 hours. After dissociation with TriplE trypsin or Accutase for planar or suspension cultures, respectively, cells were re-plated using

a 1:1000 dilution of Rho Kinase inhibitor Y27632 for the first 24 hours-post split to maintain cell survival. Planar cultures were main-

tained on tissue culture plates pre-coated using maintenance Matrigel from Stem Cell Technologies previously described (Pagliuca

et al., 2014). After dissociation cells were counted using a Vi-cell automated cell counter and plated at a density of 65,000 cells per

cm2. Suspensionmaintenance lines were dissociated and re-seeded every 72 hours at a concentration of 0.5million cells per mL and

planar cells were dissociated and re-plated every 72-96 hours depending on survival and confluency at the time of passage.

Differentiation of SC-b Cells
Differentiation of SC-b cells were accomplished using the protocol previously published (Pagliuca et al., 2014) with the following ad-

justments. Suspension cultures were differentiated 48- or 72-hours post-seeding once clusters achieved an average diameter or
Cell Reports 31, 107623, May 12, 2020 e3
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approximately 200 mm. Stage 2 induction of foregut endoderm was carried out for 48 hours rather than 72 hours. Stage 3 induction

was performed in the absence of the BMP inhibitor LDN, and stage 4 differentiations were performed including 1:1000 dilutions of

Rho Kinase inhibitor to improve cell survival and cluster integrity as well as a 1:2000 dilution of Activin A. Finally, stage 6 clusters were

either maintained in CMRLS + 10% FBS as previously described, or in a simpler MCDB131-based medium used in stages 3 and 4 of

the differentiation protocol. CMRLS was used when comparing metabolism of SC-b cells and cadaveric islets for consistency in cul-

ture medium used. For other GSIS-based experiments S3 base medium was used.

Use of Fluorescent Zinc Dyes
SC-b cells were sorted using TSQ live cell dye purchased from ENZO life sciences. TSQ was resuspended at a concentration of

25 mg / mL in DMSO and diluted at 1:2000 in PBS or FACS buffer before analysis by flow cytometry. Analysis when sorting or on

the LSR II was performed using an ultraviolet light source. Use of TSQwith the Fortessa or Attune NxT was performed using the violet

channel.

FACS Isolation of SC-b Cells
SC-b cells were dissociated and resuspended in FACS buffer containing 2%Hyclone FBS, 0.5%BSA, 25 mMEDTA, and 1:1000 dilu-

tion of Rho Kinase inhibitor filtered with a 0.4 mM sterile filter. After resuspension and addition of TSQ and Propidium Iodide (1:100)

cells were kept on ice and sorted using either the FACSARIA III, MoFlo XDP, or MoFlo Astrios in the Harvard Bauer Flow Cytometry

Core. After enrichment of SC-b cells samples were spun down at 350 rcf. and used for their downstream applications as described

elsewhere.

Oxygen Consumption Rate Assays
Oxygen consumption was measured using the Seahorse XFe24 analyzer with islet capture microplates. Plates were pre-

pared as described by the manufacturer with sensors calibrated overnight in XF calibration buffer at 37 degrees in atmo-

spheric conditions without CO2 supplementation. Approximately 40 human islets or SC-b cluster reaggregates were assayed

for oxygen consumption rate in each well of an islet capture plate. Each biological replicate had at least four technical rep-

licates which were averaged for presentation of oxygen consumption rate. Islet material was allowed to recover for up to 96

hours after reaggregation or shipping for human islets. Basal Seahorse XF Medium contained 2.8 mM glucose and 1% Hy-

clone FBS. Each experiment was run with a 2 minute mix, 2 minute wait, and 5 minute measurement period for all data

points collected. All data was normalized to a sample of islets or clusters collected while plates were prepared and lysed

for BCA protein content analysis.

Static GSIS Assays
Stage 6 cells were dissociated using accutase and triturated before quenching in S3 medium. After resuspension in basal me-

dium with a 1:1000 dilution of Rho Kinase inhibitor cells were counted and resuspended at a concentration of 50,000 cells per

mL. Using a multichannel pipette and trough, 96-well V-bottom low attachment plates were filled with 100 mL per well of cell

suspension and spun at 230 rcf. for 5 minutes in plates. Clusters were allowed to re-aggregate for at least 48 hours and fed

at 48-hour intervals after reaggregation. Medium was aspirated using a 12-well aspirating manifold after spinning re-aggregates

to the bottom of each well. Fresh Kreb’s Ringer Buffer was prepared for each experiment from salts to improve consistency of

results. Plates were spun down and cells were washed twice in low, 2.8 mM Glucose KRB. Plates were allowed to fast for

120 minutes at 37 degrees in 2.8 mM glucose KRB followed by another wash step and replacement of KRB with low, high,

KCl, or other treatments in KRB as described per experiment. Plates were spun, incubated for 1 hour at 37 degrees in a 5%

CO2 incubator, re-spun and the top 70 mL of supernatant collected and some representative wells were lysed in 100mL of

RIPA to calculate total insulin content per cell. Supernatant was re-spun in 96 well PCR plates at 350 rcf. and the top 50 mL

of supernatant was collected and frozen at �20 degrees until analysis. For all experiments provided, SC-b samples refer to

distinct, individually differentiated samples of SC-b cells. The same sample was never used twice for a single experiment or

used on separate days for the same data analysis. In all experiments, the value, n, refers to biological replicates of separate

human islet donors or SC-b differentiations.

Dynamic GSIS Perifusion Assays
KRB was prepared the same as described above. Clusters were allowed to fast in low, 2.8 mM glucose for 2 hours followed by

loading into dynamic perifusion chambers as described previously (Bentsi-Barnes et al., 2011) in the BioRep perifusion instrument.

After cell loading, low glucose KRBwas flowed over chambers for 30minutes at a rate of 100 mL per minute to allow clusters to adjust

to the change in flow pressure. Supernatant was then collected and frozen at�20 degrees before analysis. Total insulin content was

calculated by lysing the same volume of clusters and running a 1:1000 dilution of this lysate alongside perifusion samples at the time

of ELISA assay. In dynamic perifusion experiments, approximately 20 islets or SC-b clusters were measured for each technical repli-

cate, of which three were performed per biological replicate. Human islets or SC-b 1/2/3 refers to human islet donor or SC-b differ-

entiation number 1/2/3 for which each data point is the average of 3 technical replicates each consisting of approximately 20 islets or

differentiated clusters.
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Insulin ELISAs
Insulin samples were stored as previously described before thawing at room temperature on the day of analysis. Samples were

loaded into either the Alpco human insulin ELISA for in vitroGSIS analysis or ultrasensitive human insulin ELISAs for in vivomaturation

GSIS samples as described in the manufacturer’s protocol. After developing ELISA plates and stopping the reaction, absorbance

was read at 450 nm and 605 nm for sample and background absorbance, respectively. Lysed insulin content samples were also

run at a 1:100 dilution in RIPA buffer simultaneously. Each plate run contained its own standard set for internal control. For dynamic

perifusion assays samples were serially diluted for an appropriate absorbance value.

Quantification of Mitochondrial Content
Mitochondrial mtDNA content was analyzed using Real Time PCR and primers as previously described (Phillips et al., 2014). Primers

were custom-ordered through Thermo Fisher using the same sequences. Mitochondrial mass was also measured using MitoTracker

Green as a measure of total mass. After incubation in MitoTracker Green as described by the manufacturer in suspension, cells were

washed and analyzed by flow cytometry. Genomic DNA was extracted using the DNEasy Blood and Tissue DNA isolation kit by

QIAGEN.

MIMOSA 13C Tracing
SC-b clusters were enriched using TSQ-based sorting and reaggregation. After reaggregation cells were washed and incubated in

simple DMEM medium (D5030, Sigma-Aldrich) created from powder on the day of analysis using 4 mM Glutamine and 9 mM

Glucose as previously described (Alves et al., 2015). After allowing clusters to reach steady state metabolism for 3 hours, clusters

were treated with uniformly labeled 13C glucose (Cambridge Isotope Laboratories) for 0-180 minutes followed by lysis in quench

buffer described by Alves et al. After quenching, samples were frozen on dry ice and shipped overnight to Yale University for Mass

Spectrometric analysis. Analysis was carried out using electrospray into an ABSCIEX 5500 QTRAP with SelexION differential

mobility separation using the same settings in multiple reaction monitoring in negative mode as previously described (Alves

et al., 2015). Values were generated as a function of signal enrichment and described at Atomic Percent Enrichment (APE). Final

values were calculated at Yale University by TA using Wave software and using the same standards for labeled intermediates as

described in Alves et al. (2015).

Western Blot
Protein samples were collected in RIPA buffer containing Protease and Phosphatase inhibitors. After lysis samples were quantified

using Pierce BCA Rapid Gold Protein Assay. After calculation samples were diluted to a mass of 5 ug protein and combined with

Pierce loading buffer and reducing reagent. After boiling for 10 minutes samples were run using BioRad AnyKD gels and transferred

onto nitrocellulosemembranes. Membranes were blocked for 30minutes in 3%BCA in TBST and primary antibodies were incubated

overnight in 0.1% BCA in TBST according to manufacturer suggested primary antibody dilutions. HRP-conjugated secondary anti-

bodies were incubated at a 1:10,000 dilution and developed either on film or in the BioRad ChemiDoc instrument.

Intermediate Metabolite Treatment
Intermediate metabolite GSIS assays were performed as described above, using low glucose basal KRB solution and supplemented

with 5, 10, and 20 mM metabolite mixture. Metabolites were measured as powder and added to KRB.

Generation of m-2-PG and m-3-PG
Generation of methylated 2-PG and 3-PG was achieved using the same protocol described previously (Hitosugi et al., 2012). Sam-

ples were added as salt to HCl in methanol andmixed at room temperature. Samples were then dried, resulting in a white solid which

was weighed and used for experiments described in the manuscript. Resulting compounds were confirmed using nuclear magnetic

resonance. These samples were kept at 4 degrees when not in use.

Calcium Flux Imaging
TSQ-sorted clusters were plated in maintenance Matrigel as described previously. Fluorescence was quantified using the Ax-

iozoom V16 instrument in the Harvard Center for Biological Imaging. Image analysis was performed in ImageJ after collection

and generation of image files in ZEN software. Clusters were allowed to fast for 2 hours before dye incorporation. Clusters were

then washed 3 times and maintained in low glucose KRB until replacement with KRB with indicated additions. All images were

collected using 50 mSec exposure times. Images were then separated into individual channels and the green channel of each

set of clusters was concatenated as pre- and post-treatment in a single file. Images were normalized based on intensity to 0-

150 using ImageJ software and converted into .AVI files shown in the supplemental material. Regions of interest (3 per cluster)

were drawn and measured for each frame of the experiment. Image intensity values per ROI were then normalized to the

average intensity during fasting conditions and quantified as a ratio over the average fasting ROI intensity normalized to

area and background without cells for each individual sample. Data were then graphed in Prism software and the area under

the curve for each condition was calculated and used to determine statistical differences in Fluo-4 intensity during each

treatment.
Cell Reports 31, 107623, May 12, 2020 e5



Article
ll

OPEN ACCESS
Immunoprecipitation
Clusters were lysed in Pierce IP Lysis buffer containing HALT protease/phosphatase inhibitor cocktail dilution at 1:100. After quan-

tifying protein concentration 500 mg of lysate was incubated in primary antibody overnight at 4 degrees according to manufacturer

recommended antibody dilutions. After overnight incubation Protein G Dynabeads were washed in IP Lysis buffer and incubated with

shaking for 1 hour at 4 degrees. After incubation beads were washed in IP Lysis buffer and protein was eluted from beads using

boiling in SDS-Urea buffer. Samples were evenly diluted and run in western blot without quantification but normalized using H+L

bands.

Mass Spectrometry Analysis of Post-translational Modifications
After immunoprecipitation and confirmation via western blot, SDS-PAGE gels were run and expected bands for GAPDH and PGK1

were cut out from the gel without stain. After bandswere cut from the gels, the samples werewashed in 50%acetonitrile for 2 hours at

room temperature to dehydrate samples. Gel blocks were then stored at 4 degrees until analysis by the Bauer Proteomics Core at

Harvard.

Live Cell Protein Cross-linking
Live cells were crosslinked using the cell-permeable DSS compound from Thermo Fisher. Cells were incubated in PBS with 5mM

DSS compound for 30 minutes. The reaction was quenched by addition of 1M Tris-HCl. Clusters were spun down and quenched

using RIPA. Protein concentration was determined as described for western blots above and bands for monomer and multimers

were cut apart in the membrane and developed separately for improved clarity.

GAPDH Activity Assays
GAPDH activity was determined using the Abcam GAPDH colorimetric assay kit (ab204732). Lysates were collected in the provided

buffer on ice and quantified by BCA assay. 5 mg of lysate was then loaded into each reaction in a 96 well plate including background

wells numbering three and one, respectively. Background reactions excluded glyceraldehyde-3-phosphate substrate for the GAPDH

reaction. This assay monitors the conversion of the substrate glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate and NADH.

NADH generated from GAPDH activity present in cell lysates is coupled to a proprietary developer with the kit in each reaction mix,

using NADH generated by GAPDH to drive a second colorimetric reaction in each well. After addition of reaction mix, the plate was

incubated at 37 degrees for the duration of the assay. The assaywasmaintained at pH 7.2 as permanufacturer instructions. Eachwell

was scanned every 30 s, and in all experiments at least one replicate of SC-islets, human islets, and undifferentiated human embry-

onic stem cells were included for comparison, totaling approximately 16 reactions plus NADH standards in duplicate. Accumulation

of NADH was indirectly monitored at 450 nm to detect the developer reaction product in kinetic mode for 15 minutes. After normal-

ization to background, the change in NADH over time was calculated using the first two time points collected from each experiment,

normalized to change in time and protein loaded. Data shown of the raw conversion values are the first 10 time points of the reaction.

PGK Activity Assay
PGK activity was determined using the BioVision PGK activity assay (K194) Cell lysates were collected on ice using the provided lysis

buffer and quantified by BCA assay. 5 mg of lysate was loaded into each reaction in the provided 96well plates. Each sample was read

in triplicate with a single background reaction omitting the PGK substrate, 3-phosphoglyceric acid. This reaction converts 3-phos-

phoglycerate and ATP to ADP and 1,3-Bisphosphoglycerate. This reaction is coupled to a second, proprietary ‘‘developer’’ reaction

to consume NADH included within the reaction. As with GAPDH activity assays, each experiment contained at least one biological

replicate of each cell type for human cadaveric islets, SC-islets, and undifferentiated human embryonic stem cells. NADH consump-

tion was monitored using kinetic reading mode on a FluoStar optima plate reader at 340 nm every 30 s at room temperature. Con-

sumption of NADH was calculated using provided NADH standards after normalizing each set of reactions to the matched back-

ground control sample. For the activity assay reported the first two time points were used to quantify PGK activity. Data shown

are the first ten data points of the NADH consumed in this reaction.

Mass Spectrometry Quantification of NAD/NADH and ATP/ADP Ratios
SC-islets were fasted in 2.8 mM glucose KRB for 2 hours followed by exposure to low glucose (2.8 mM glucose), high glucose

(16.7 mM), or low glucose with 5 mM m-3-PG. Clusters of cells were then snap-frozen on dry ice and lysed in 75% Ethanol and

2.5 mM HEPES (pH 7.1) extraction buffer containing 1.33 mM labeled ATP (Cambridge Isotope Laboratories DLM-8922-CA-20) in-

ternal standard, for 10minutes at 80�Cwith vortexing. Lysates were centrifuged at max speed for 10minutes at 4�C and the aqueous

fraction was dried and resuspended in 1% acetic acid in water, pH 9 to preserve NAD redox state.

Lentiviral Overexpression of GAPDH and PGK1
All overexpression plasmids were purchased from Origene as frozen plasmids, all derived from the parental pLenti-C-Myc-DDK

backbone (RC202309L1). 293T cells were plated in Poly-L-Lysine-coated 15 cm2 dishes and lipofected using Trans-IT 293 reagent

(Mirus) and supernatant was collected after 72 hours. Supernatant was concentrated using Lenti-X concentrator (Takara) and pres-

ence of viral particles were confirmed using Lenti Go-Stix (Takara). Lentivirus was then resuspended in S3 medium and cells were
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exposed overnight at 37 degrees in a 5%CO2 incubator followed by washing in fresh medium every 24 hours for 3 days, followed by

dissociation and reaggregation as described for static GSIS and insulin release analyzed as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are described in detail where reported. Statistical analyses were carried out usingGraphpad Prism software. Sta-

tistical assays were performed as described in each figure legend. Any outlier values in GSIS data were identified using Dixon’s Q test

and excluded if the Q test values exceeded a 95%confidence interval. n represents number of biological replicates in all cases where

reported. Biological replicates refer to unique donor-derived batches of human islets or unique differentiations of SC-islets produced

from unique suspension cultures.
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Figure S1. Zinc enrichment of SC-β cells. Related to Figure 2. A) TSQ staining of unsorted 

SC-β clusters for sorting. B) Flow cytometry quantification of an SC-β differentiation before (left) 

and after (right) sorting and for TSQ content. C) OCR from ATP synthesis normalized by 

subtraction of oligomycin A basal OCR in human islets (n=4) and SC-β cells (n=3). D) 
Quantification of mtDNA copy number ratio to genomic DNA using real time PCR in human islets 

(n=5), human embryonic stem cells (hES) (n=3) and SC-β cells (n=6). Data are represented as 

mean ± SD. 

 

Figure S2. MIMOSA metabolomic profiling of SC-β cells. Related to Figure 3. A) APE of 13C 

in citrate metabolite pool after 180-minute exposure in SC-β cells (n=6) and human islets (n=6). 

Data are represented as mean ± SEM. 



 

Figure S3. Effects of secretagogues on SC-β cells and cadaveric islets. Related to Figure 
4. A) Effect of α-Ketoisocaproate (KIC), B) β hydroxybutyrate, and C) Dihydroxyacetone on insulin 

secretion in cadaveric islets (left) and SC-β cells (right). D) Cadaveric islet response to glyceric 

acid challenge. E) Effects of glucose in mono-methyl-succinate and F) m-3-PG challenge of SC-

β cells. G) Response to m-3-PG and H) methyl-succinate in 1016 iPS-derived SC-β cells is 

identical to that observed in HUES8 hES cell-derived SC-β cells. For all experiments shown, color 

denotes a unique biological replicate within an experiment. Replicates within a biological group 

are the same color. Data are represented as mean ± SD. 

 



 

Figure S4. SC-β response to metabolic intermediates. Related to Figure 5. A) Inhibition of 

ATP Synthase reduces insulin secretion stimulated by mono-methyl-succinate. B) Exposure to 

phenylacetate reduces methyl-succinate stimulated insulin secretion. C) ATP/ADP ratios 

determined by mass spectrometry after 10-minute exposure to each condition (n=4) shown as a 

box and whiskers plot. D) Viability of SC-β cells after GSIS challenge in suspension in each 

condition (n=3). E) Comparison of areas under the curve for each challenge condition in glucose 

(n=4), m-3-PG (n=4), tolbutamide (n=3), and KCl (n=3). For all experiments shown, color denotes 

a unique biological replicate within an experiment. Replicates within a biological group are the 

same color. Data are represented as mean ± SD and 10-90 percentiles in C. 

 



 

 

 

 

 



Figure S5. GAPDH inhibition in SC-β cell differentiations. Related to Figure 6. A) NADH/NAD 

ratios measured by mass spectrometry after a 10-minute exposure to the indicated condition (n=4) 

shown as a box and whiskers plot. B) GAPDH multimer western blots during differentiation of SC-

β cells. hES: human embryonic stem cells. DE: definitive endoderm. PP1 Pancreatic progenitor 

1. PP2: pancreatic progenitor 2. EP: endocrine progenitor. Top and bottom panels are different 

exposures from the same blot. C) Raw NADH values used to calculate GAPDH enzymatic activity 

and D) PGK activity enzyme activity. E) Western blot for GAPDH after immunoprecipitation. F) 
Mass spectrometry analysis of S-Nitrosylation and G) Lysine acetylation of the GAPDH protein in 

SC-β cells (n=4) and cadaveric islets (n=4). H) Percent of insulin-positive SC-β cells immune-

positive for lentiviral myc-tag measured by flow cytometry. I) GSIS data used to calculate 

stimulation indices (n=6). J) Effect of Deprenyl on GSIS (n=5). K) effect of 1400W on GSIS in SC-

β cells (n=5). L) Effect of Terazosin on insulin secretion in SC-β cells (n=5). M) Effect of bpV on 

GSIS in SC-β cells (n=5). For all experiments shown, color denotes a unique biological replicate 

within an experiment. Replicates within a biological group are the same color. Data are 

represented as mean ± SD and 10-90 percentiles in A. Spaces in western blot panels indicate 

where blots from the same experiment were edited together for ease of presentation. 
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