1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j Cell Stem Cell. Author manuscript; available in PMC 2021 June 04.

Published in final edited form as:
Cell Stem Cell. 2020 June 04; 26(6): 910-925.e6. doi:10.1016/j.stem.2020.03.006.

A METFORMIN'RESPONSIVE METABOLIC PATHWAY CONTROLS DISTINCT STEPS IN GASTRIC PROGENITOR

FATE DECISIONS AND MATURATION

Zhi-Feng Miaol2T, Mahliyah Adkins-Threatsl:T, Joseph R. Burclaff!, Luciana H. Osakil,
Jing-Xu Sun®2, Yan Kefalovl, Zheng Hel3, Zhen-Ning Wang?, Jason C. Mills1:4.5:6
1Division of Gastroenterology, Department of Medicine, Washington University School of
Medicine

2Department of Surgical Oncology and General Surgery, Key Laboratory of Precision Diagnosis
and Treatment of Gastrointestinal Tumors, First Hospital of China Medical University

3Department of Radiation Oncology, First Hospital of China Medical University
4Department of Pathology and Immunology, Washington University School of Medicine
SDepartment of Developmental Biology, Washington University School of Medicine

6Lead Contact

Summary:

Cellular metabolism plays important functions in dictating stem cell behaviors, although its role in
stomach epithelial homeostasis has not been evaluated in depth. Here we show that the energy
sensor AMP Kinase (AMPK) governs gastric epithelial progenitor differentiation. Administering
the AMPK activator Metformin decreased epithelial progenitor proliferation and increased acid-
secreting parietal cells (PCs) in mice and organoids. AMPK activation targets KLF4, known to
govern progenitor proliferation and PC fate choice, and PGC1la, which we show controls PC
maturation after their specification. PC-specific deletion of AMPKa or PGC1la caused defective
PC maturation which could not be rescued by metformin. However, metformin treatment still
increased KLF4 levels and suppressed progenitor proliferation. Thus, AMPK activates KLF4 in
progenitors to reduce self-renewal and promote PC fate while AMPK-PGC1a activation within
the PC lineage promotes maturation, providing a potential suggestion for why metformin increases
acid secretion and reduces gastric cancer risk in humans.
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Mills and colleagues show the common diabetes drug metformin activates the cellular energy hub
AMP Kinase. AMPK slows mouse gastric stem cell proliferation, coaxing them to become acid-
pumping parietal cells; it also promotes parietal cell mitochondria accumulation to power acid
secretion. The results may explain gastric side effects of metformin.

Keywords
Paligenosis; ribosomes; mTORC1; mitochondria

INTRODUCTION

The concept that flux through metabolic pathways may govern stem cell self-renewal and
differentiation dates back at least a century but has been particularly bolstered by recent
evidence (Adami, 1900; Adami and Nicholls, 1910; Krock et al., 2011; Ryall et al., 2015;
Cliff et al., 2017; Rodriguez-Colman et al., 2017; Mattila et al., 2018). The enzyme AMP-
dependent protein kinase (AMPK) is one of the central sensors and regulators of cellular
metabolic activity that has recently been implicated in fate decisions and differentiation in
various systems. In tissue culture, mesenchymal stem cell differentiation into osteoblasts
versus adipocytes depends on an AMPK-mediated metabolic switch (Kim et al., 2012;
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Gautam et al., 2017). The drug metformin, which is commonly used to treat diabetes,
activates AMPK and causes mesenchymal stem cells to differentiate into osteoblasts (Chava
et al., 2018; Marofi et al., 2019). Likewise, AMPK governs embryonic stem cells choice of
ectodermal vs. endodermal fate (Young et al., 2016) and promotes endothelial cell
differentiation (Ohashi et al., 2010).

AMPK suppresses glycolysis and promotes oxidative phosphorylation in part by activating
the critical mitochondrial scaling factor PGCla (Jager et al., 2007; Decensi et al., 2010;
Theret et al., 2017). However, AMPK also activates the transcription factor Kruppel-like
factor 4 (KLF4) to arrest proliferation of vascular smooth muscle progenitors (Sunaga et al.,
2016). The role of KLF4 in most tissues is to promote cell cycle exit and differentiation of
progenitors. The effect of metformin—>MPK—PGC1la/KLF4 on stem cell proliferation and
lineage choice has not been addressed in adult epithelial cells /n vivo.

The constitutive stem cells of the body (corpus) of the gastric epithelium are thought to
inhabit the isthmus of the gastric unit, below the surface (pit) cells and above the acid-
secreting parietal cells (PCs). Isthmal stem cells constitutively refuel PCs, pit cells (which
migrate up the gland to the lumen), and mucous neck cells (which migrate down into the
gland) (Matsuo et al., 2017; Burclaff et al., 2019; Li et al., 2019a). Little is known about how
these stem cells decide to self-renew or differentiate (Saenz and Mills, 2018). KLF4 clearly
plays a role, as gastric deletion of K/f4increases stem cell proliferation with increased
census of mucous neck cells and decreased PC census (Katz et al., 2005; Li et al., 2012; Yu
et al., 2016). HNF4a also is known to suppress stem cell proliferation (Moore et al., 2016),
whereas STAT3, induced by ERK and CD44, increases proliferation after tissue damage
(Khurana et al., 2013).

Here, we show that metformin activated AMPK in mouse stomachs, increasing generation of
PCs and decreasing isthmal progenitor cell proliferation. In gastric organoids, metformin
also decreased proliferation and increased relative census of PC lineage cells, showing that
the change in cell fate allocation was epithelial-specific. Metformin activated KLF4 and
PGCla. However, in mice with PC-lineage-specific deletion of AMPK, only KLF4 was
activated; hence, KLF4 likely works in progenitor cells, not in cells of the PC lineage. Stem
cell proliferation was not affected in PpargcI™~ mice, indicating PGCla is not important for
stem cell fate choice. In contrast, PC-specific deletion of PGCla phenocopied PC-specific
deletion of AMPK and blocked metformin effects on PCs; hence, PGCla is critical for
effects of AMPK on PC maturation (eg on generating abundant, large mitochondria). Thus,
AMPK acts on stem cells, largely via KLF4, to slow proliferation and promote
differentiation to PCs. It acts on PGC1la to promote full numbers of functionally mature
PCs.

PCs are enriched for mitochondrial and AMPK-pathway-related transcripts

We analyzed mRNA expression profiles of flow-cytometry-sorted PCs from Afp4b-
cre;Rosa;mT/mG mice in which cells committed to the PC lineage fluoresce due to
induction of Jox-STOP-lox GFP (Lo et al., 2017) (SFig.1A). Gene set enrichment analysis
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(GSEA) showed PCs preferentially expressed mRNASs associated with mitochondria, fatty
acid oxidation and cellular respiration (Fig. 1A; SFig. 1B-J), consistent with PCs favoring
genes that regulate their abundant mitochondria and fuel their enormous complement of
acid-pumping H*-K*-ATPase (Mills et al., 2001; Lo et al., 2017; Abe et al., 2018). Genes
related to the master metabolic regulator AMPK were also PC-enriched (Fig. 1B;
SFig.1K,L).

The two isoforms of the catalytic subunit of AMPK are AMPKal and AMPKaZ2, encoded
by Prkaal and Prkaa2. AMPKa2 protein is largely PC-specific in humans according to the
Human Protein Atlas expression (Uhlen et al., 2017), consistent with what we observed in
mice (Fig.1C). Prkaa? mRNA was accordingly enriched 3.5x in sorted PCs vs. other gastric
epithelial cells (Supplementary Table 1). AMPKal antibodies appeared non-specific in
Protein Atlas, and we have likewise been unable to confirm protein localization in mice;
Prkaal expression was slightly enriched in sorted PCs (Supplementary Table 1).
RNAScope™ analysis of tissue mRNA expression corroborated antibody and transcriptomic
studies (SFig.1K,L) with preferential expression of PrkaaZin PCs and scattered labeling in
other cells, in particular isthmal progenitor and pit cells. Prkaal labeling was sparser with
slightly more in PCs and less in isthmal/pit cells. Thus, the AMPK signaling pathway
(especially the AMPKa2 isoform) (Supplementary Table 1) was preferentially expressed in
PCs with isthmal progenitors and many pit cells also positive.

Metformin decreased isthmal progenitor proliferation and increased PC census

We next administered the AMPK-inducing drug metformin (Lopez et al., 2016; Wang et al.,
2017; Steinberg and Carling, 2019) to determine the functional consequence of AMPK
expression. Within two weeks, the census of PCs increased nearly 3 per unit, mucous neck
decreased nearly 1 per unit; pit cells trended also towards loss of 1 (Fig.1D,E; SFig.2A;
Supplementary Table 2). Metformin decreased proliferation of the isthmal progenitor/stem
cells (Fig.1F,G).

To determine metformin effects in a disease model, we administered high-dose tamoxifen
(“TAM”), which causes PC-targeted, estrogen-independent toxicity that kills nearly all PCs
within 3 days (Huh et al., 2012; Saenz et al., 2016; Burclaff et al., 2017; Demitrack et al.,
2017) with subsequent de novo regeneration of the full PC complement by two weeks
(SFig.2B; SFig.2F-I). The TAM model recapitulates — in a rapid, synchronous, reversible
way — key aspects of the chronic PC atrophy that occurs during precancerous metaplasia and
autoimmune gastritis (Bockerstett et al., 2019; Burclaff et al., 2019). As expected, over 95%
of PCs died within 3 days after the first tamoxifen injection (Huh et al., 2012) (SFig.2F,G).
Metformin affected neither PC ablation nor the regenerative response (known as paligenosis)
of the digestive enzyme-secreting chief cells (GIF+, SOX9+ cells, SFig.2H,1).

We followed TAM +metformin mice for up to 2 weeks, the timepoint when the stomach has
largely recovered from the insult (SFig.2D). As expected, metformin during injury and
regeneration significantly increased the expression of AMPK pathway proteins (AMPKa,
KLF4 and PGC1la; Fig.2A) and mRNASs (Prkaal and PrkaaZ? Fig.2B). Moreover, the
activated, phosphorylated form of AMPKa (p-AMPKa) was markedly increased (Fig.2A).
The overall PC census was increased as was expression of genes enriched in PCs (Ezrin,
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Alp4band Vegfb, Fig.2C-E; SFig.2E). Finally, metformin significantly decreased isthmal
progenitor cell proliferation (Fig.2F,G). Thus, both in homeostasis and disease, metformin
increased PC number while suppressing proliferation of progenitors.

Nearly all PCs are generated de novo after TAM, and PC lifespan is at least 2 months
(Burclaff et al., 2019). Thus, we reasoned that increased PC census after metformin was not
via altered PC lifespan but, rather, was because AMPK activation in progenitor cells
increased differentiation towards the PC lineage. Using both canonical (Karam and Leblond,
1993) and recent (Burclaff et al., 2019) estimates of lifespan of PCs, pit cells, and mucous
neck cells, we calculated at homeostasis ~85% of proliferation in the isthmus normally fuels
pit cell turnover (SFig.2J), with 11% needed for neck cells and only 4% to maintain PCs. To
have achieved the increase in PC census, metformin-activated AMPK must have nearly
doubled (3.9—7.6%) the fraction of stem and progenitor proliferation devoted to generating
PCs. However, if metformin affected isthmal progenitors only by increasing commitment to
PCs, then well over 90% of proliferation would still be available for pit and neck cells. That
interpretation was supported by the modest decreases metformin induced in pit and neck
lineages. What was unclear was how metformin could maintain the overall census of each
lineage in the face of significantly decreased proliferation of isthmal progenitors: the bulk of
isthmal proliferation replenishes pit cells, so a twofold proliferation decrease should have
decreased pit cell census more substantially.

We hypothesized that if AMPK activation also increased pit cell lifespan, overall pit cell
census would be maintained even with less progenitor proliferation. Determining pit cell
lifespan is straightforward, as pit cells are born from isthmal progenitors and migrate
stepwise upwards towards the gastric lumen over 3-4 days (Karam and Leblond, 1993;
Burclaff et al., 2019). Accordingly, we performed pulse-chase experiments, injecting HD-
TAM xmetformin mice with EdU and chasing for 36h (~1 pit cell half-life). As
hypothesized, metformin caused dramatically increased retention of EdU-labeled cells in the
pit, indicating activating AMPK increased pit cell lifespan and slowed migration out of the
progenitor zone (SFig.2K).

Metformin increased PC lineage and decreased growth ex vivo in gastric organoids

To determine metformin directly affected PCs and stem/progenitor cells, we generated
gastric organoids from A#p4b-cre;ROSA mT/mG mice to follow the PC lineage via
membrane GFP. Previous work with these mice (Syder et al., 2004; Zhao et al., 2010; Huh et
al., 2012; Burclaff et al., 2017; Lo et al., 2017) has shown that /n vivo: 1) only PCs are GFP*
under homeostasis; 2) tdTomato* cells are not of the PC lineage; 3) TAM PC ablation causes
subsequent regeneration of the homeostatic state with all PCs GFP* and without any lineage
tracing of GFP* PC-lineage progeny into other cell lineages, confirming PC lineage
specificity, even following injury.

When the initial (15t generation) gastroids grown directly ex vivo from gastric body glands
were treated with metformin, gastroid size decreased, phenocopying the decreased
progenitor proliferation /in vivo (Fig.3A,B; SFig.3A,E). Furthermore, metformin caused a
fractional increase in cells of PC lineage as the ratio of GFP+/Tomato+ cell area was
elevated (Fig.3C). GFP-marked cells were confirmed as PC lineage-derived by co-label with
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the PC marker VEGFB (Fig.3F); cells with PC or PC precursor morphology (large cells with
abundant eosinophilic and vesicular cytoplasm and large, ovoid nuclei with homogeneous
chromatin) in H&E stains were also clearly identifiable (SFig.3A).

To further dissect the types of progenitors responsive to metformin, we first grew gastroids
without metformin for 1 week then dissociated 15t generation gastroids to single cells. Some
such 2nd generation gastroid clones were derived from progenitors that were PC-committed
and thus were all GFP*. Others derived either from multipotent stem cells or progenitors of
non-PC lineages (Tomato+). SFig.3B and 3F show in H&E sections and
immunofluorescence how 2" generation cultures comprise either larger gastroids lacking
PCs or smaller, less frequent gastroids composed of GFP-expressing cells with PC-lineage
morphology, confirming that Afp4b-cre-expressing PC-lineage progenitors can be identified
and propagated in gastroid cultures. Metformin, introduced to the single cell suspensions
upon replating, inhibited growth of both PC- and non-PC-specific progenitor-derived 2"
generation gastroids (Fig.3D,E; SFig.3B,F). Overall, the gastroid experiments indicate
metformin promotes multipotent progenitors to choose the PC fate and slows growth of both
PC-committed progenitor cells and other stem/progenitor cells. Finally, we performed
metformin dose-response experiments +the AMPK inhibitor Compound C on 15t generation
organoids. Growth of gastroids decreased with increasing dose of metformin, and specific
inhibition of AMPK resulted in near complete rescue of metformin effects (SFig.3C),
confirming that metformin acts via AMPK to slow epithelial cell progenitor proliferations.
Gastroids treated with Compound C alone trended towards increased size compared to
untreated controls, but the change was not significant (SFig.3D).

KLF4 and PGCla, downstream targets of AMPK, influenced PC fate choice and maturation

To our knowledge, the only gene suspected to regulate both gastric epithelial progenitor
proliferation and allocation to pit/neck/PC lineages is the transcription factor KLF4
(KrippeHlike factor 4), which causes cell cycle exit of progenitor cells in multiple tissues
(Hall et al., 2009; Bao et al., 2013; Wei et al., 2013; Hao et al., 2017). Induced loss of KLF4
in adult gastric epithelium increases mucous neck cells and isthmal progenitor proliferation
(Yu et al., 2016). Both embryonic and adult K/f4 deletion also decreases PC census (Katz et
al., 2005; Yu et al., 2016). Thus, loss of KLF4 causes essentially the inverse of our
metformin results.

As expected for a protein that dictates progenitor differentiation, we observed KLF4 was
expressed in the isthmal progenitor zone, though it was also expressed in pit cells, most
strongly near the isthmus (Fig.4A). In other tissues, AMPK activates KLF4 (Sunaga et al.,
2016). Accordingly, we had observed that metformin increased KLF4 both at homeostasis
and during recovery from TAM (Fig.2A). We reasoned KLF4 could affect when stem and
progenitor cells exit the cell cycle to differentiate towards either the pit or PC lineage.
Indeed, we commonly observed isthmal BrdU+ and/or KLF4+ cells with complex apical
ezrin folding, consistent with nascent expansion of Ezrin+ microvilli that develop into the
PC-specific canalicular network (Karam et al., 1997; Karam, 2010)(Fig.4A). Thus, PC
progenitors still capable of proliferation also expressed KLF4. Metformin significantly
increased the numbers of cells positive for both KLF4 and Ezrin at homeostasis, consistent
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with AMPK activation recruiting additional progenitor cells to commit to the PC lineage
(Fig.4B). We did not detect specific, nuclear KLF4 labeling in mature PCs, indicating KLF4
expression is lost as PC precursors mature. It takes ~14 days after the last TAM injection for
the gastric unit to regenerate the homeostatic census of the principal gastric cell lineages.
The first regenerated PCs with mature morphology arise at 4-5d. By 7d, mature PCs rapidly
emerge at which time, we noted a significant increase in KLF4+ cells (Fig.4A,C-D;
SFig.2C).

Because KLF4 expression is confined to pit cells and early PC progenitors (but not in mature
or developing PCs) it seemed unlikely that it was the sole factor governing AMPK effects on
PCs. Moreover, metformin increased PC number ~20% but increased expression of PC-
specific genes by ~100% (Fig.2B-E), suggesting metformin might affect gene expression or
function in existing PCs as well as increase generation of new ones.

One of the most important transcriptional effectors of AMPK that governs generation and
maintenance of key PC phenotypic features like mitochondria is the co-transcriptional
activator PGCla (Mills and Taghert, 2012; Yan et al., 2016; Koh et al., 2017). PGCla was
expressed in mature PCs with nuclear and/or punctate (likely mitochondrial) cytoplasmic
distribution. Nuclei of isthmal and lower pit cells in the proliferative zone were also
frequently positive (Fig.4E). As mentioned, metformin also increased gastric PGCla
expression (Fig.2A). PGCla is encoded by Ppargcla. Ppargcl'—stomachs showed no
significant change in isthmal progenitor proliferation nor lineage allocation (Fig.4E-H;
SFig.4A-E). However, PC morphology was aberrant, with stunted or abnormal ezrin
networks, implicating PGCla in PC maturation and function (Fig.4E; SFig.4A,B). We will
later explore this function of PGCla in more detail using a PC-specific deletion of PGCla.

During homeostasis, PC-lineage deletion of AMPK decreased PC census and increased
stem/progenitor cell proliferation

To determine how AMPK affected maturation and maintenance specifically in PCs, we
generated mice with PC-lineage-specific ablation of AMPK. As our analyses showed
possible expression of both isoforms of AMPK, we bred mice with PCs null for AMPKa
subunits by crossing Prkaa1oX/flox apq Prkaa20X/flox mice harboring the PC-specific,
constitutively expressed Azp4b-Cre transgene described above (Burclaff et al., 2017; Lo et
al., 2017). From our work and others’ we know that Afp4b-cre is first expressed in PC
progenitors capable of proliferating (Syder et al., 2004; Kim and Shivdasani, 2011;
McCracken et al., 2017).

Loss of all 4 alleles encoding AMPKa caused a more severe phenotype than loss of either
isoform alone (single isoform null data not shown). Atp4b-cre,Prkaal’4,Prkaa24 mice
showed a block in differentiation of progenitors into PCs or increased PC turnover, as the
number of PCs per unit was halved (Fig.5A,C,D; SFig.4F,G). Correlating with decreased PC
number, the pH of gastric contents was significantly increased (Fig.5B). AMPK-deficient
PCs showed marked morphological stunting as their nuclei frequently remained eccentric
(Fig.5A,C; SFig.4H), indicating that many of the PCs were immature (PC maturation is
characterized by increase in size, centripetal nuclear movement, and mitochondrial
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abundance) (Karam et al., 1997; Syder et al., 2004; Lo et al., 2017). AMPK-deficiency in
PCs also increased overall proliferation of undifferentiated cells (Fig.5E,F).

We next used Atpdb-cre;Prkaal®’A Prkaa2A mice to further distinguish effects of AMPK
on cell lineage fate choice of multipotent isthmal progenitors from effects on PC-committed
progenitors and PC maturation. GSEA analysis with the Broad compendium of Gene
Ontology (GO) genesets on expression profiles from Atp4b-cre;Prkaal?’2 -Prkaa2’4 and
control mice xmetformin showed that, in control mice, metformin significantly increased
expression of genes involved in energetics and mitochondria (Fig.6A, SFig.5A-E). That was
expected because most AMPK in wildtype stomachs is expressed in mature PCs, which are
abundant. In contrast, in mice lacking AMPK in PCs, metformin enriched a previously
masked cohort of gene sets associated with differentiation, development, and cell fate
choice, consistent with effects on stem and progenitor cells (Fig.6B; SFig.5F-J). We
predicted that stimulating AMPK in Atp4b-cre;Prkaal’4 Prkaa??’ mice would lead to
increased KLF4. Indeed, K/f4was one of the most metformin-enriched mRNAs in this
analysis (Fig.6C, shows metformin effects on transcriptional regulators regulated by
AMPK), and western blot confirmed a substantial increase in KLF4 upon metformin
treatment even when AMPK had been deleted from PCs (Fig.6H).

In homeostasis, mice have time to adjust to lack of AMPK in PCs, and changes in PC census
could have been due to chronic changes in PC turnover. To isolate AMPK effects
specifically to generation of PCs from progenitors, we also examined Afp4b-
cre;PrkaalA,Prkaa2Y2 mice during the height of regeneration 7 days after TAM. As
expected, there were profound defects in PC maturation at this timepoint, and generation of
new PCs from progenitors was halved. Metformin caused less dramatic but still significant
increase in PC number and decrease in proliferation, even in the absence of AMPK in PCs,
confirming that AMPK acts specifically in progenitor cells prior to commitment to the PC
lineage (Fig.6D-H). Moreover, Atp4b-cre;Prkaal’v2 Prkaa??V4 gastroids grew +metformin
similarly to those from control mice, indicating that AMPK dictates growth of progenitor
cells upstream of the PC lineage in a direct, epithelial-autonomous manner (SFig.6A,B).

Loss of PGCla in PCs largely phenocopied PC-specific AMPK deletion

We next explored the relationship between AMPK and its target PGC1la, because global loss
of PGCla had effects on PC maturation similar to loss of AMPK from PCs. We generated
Atodb-cre;Ppargc10%loX mice and confirmed loss of PGCla in the vast majority of PCs
(though ~20-30% escaped floxing of the allele; Fig.7B). PC-specific loss of PGCla
essentially recapitulated PC-specific loss of AMPK. Atpdb-cre;Ppargc1?A PCs were smaller
(Fig.7A,C,D) and had nuclei that remained in the eccentric, precursor position (SFig.6C-E).
As expected, PGC1la depended on AMPK, as AMPK-deleted PCs showed PGCla loss
(Fig.7B). When either AMPK or PGCla were deleted from PCs, PGCla in isthmal and
lower pit cells became more prominent. The loss of mature PCs, as expected, increased
gastric luminal pH (SFig.6F). Loss of either AMPK or PGCla decreased the mitochondrial
census markedly, with mutant PC mitochondria smaller and more heterogeneous in contours
(vs. uniformly ovoid in control) (Fig.7E-F, SFig.6H). Finally, in mutant PCs,
phosphorylated ribosomal protein S6 staining — which we have shown is a faithful indicator
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of mTORCL activity — increased, numerous free ribosomes were observed, and lysosomes
showed aberrant morphology. All those features correlate with loss of AMPK leading to
mMTORC1 activation (SFig.6G-H).

We next examined whether metformin rescued the maturation defects in AMPK/PGCla-
deficient PCs. Metformin treatment increased PC diameter and decreased gastric pH only in
Alp4b-cre control mice not in mice with AMPK- or PGCla-deficient PCs (SFig.7A,B,D—
G). Metformin also failed to normalize the eccentric PC nuclear localization in the mutant
mice (SFig.7C, H). Thus, metformin effects on PC maturation depended on PC expression
of AMPK and PGCla.

DISCUSSION

Here we show that the key sensor of the cellular energetic state, AMPK, plays a critical role
in epithelial tissue differentiation /n vivo. AMPK activation slowed gastric epithelial
progenitor cell proliferation, increased stem cell commitment to the PC lineage, and
promoted maturation of PCs from progenitors (Graphical Abstract). The slowing of
epithelial stem cell proliferation was coordinated with increased pit cell lifespan, which is
why metformin did not significantly affect the overall census of pit cells, even though nearly
90% of stem cell proliferation is normally dedicated to regenerating pit cells alone (Karam
and Leblond, 1993).

It has previously been shown that KLF4 is an AMPK target that causes progenitor cell exit
from the cell cycle and promotes differentiation in diverse tissues with the net effect of
KLF4 being to decrease turnover and increase lifespan (Bao et al., 2013; Ocampo et al.,
2016; Riera et al., 2016; Hao et al., 2017; Weir et al., 2017; White et al., 2018; Savini et al.,
2019). Previously, it had been shown that KLF4 was expressed in pit cells (Katz et al., 2005)
and that K/f4 deletion from the adult gastric epithelium increased isthmal progenitor
proliferation, decreased PCs, and increased neck cells (Yu et al., 2016). We show here that
KLF4 is upregulated by the AMPK activator metformin in the stomach and that it is
expressed in isthmal cells and early PC precursors as well as pit cells (Sunaga et al., 2016).
AMPK activation caused a lineage allocation phenotype that was essentially the inverse of
that seen with loss of KLF4, indicating a key mechanism of metformin and AMPK is on
epithelial stem/progenitor cell fate choice via KLF4.

AMPK appears to increase maturation of the PC lineage largely via PGCla activation.
Deletion of PGC1la specifically in PCs phenocopied PC-specific deletion of AMPK and
blocked metformin effects on PC maturation without changing metformin effects on isthmal
progenitor cell proliferation. Accordingly, loss of PGCla globally (ie in Ppargcla™" mice)
recapitulated the PC-specific PGCla phenotype. However, Ppargcla™~ stomachs, despite
lacking PGC1la in isthmal progenitor cells, did not show proliferation or lineage allocation
aberrations.

Together, our results show how a central cellular energy-sensing pathway can be critical not
just for transient intracellular adaptation to environmental conditions but can also influence
which cell lineages stem cells choose to replace. The most fundamental way to activate
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AMPK is via decreased cellular energy charge, specifically via decreased ATP relative to its
deenergized metabolites (AMP and ADP). Thus, it follows that isthmal stem and progenitor
cells, the most proliferative cells in the stomach, would slow proliferation in the face of an
energetic downturn. Why, however, increased AMPK would stimulate the energy-intensive
production of PCs, which are among the most energetically demanding cells in the body,
seems at first paradoxical. However, AMPK is also a critical inducer of mitochondrial
biogenesis via its effects on PGCla. PCs clearly depend on AMPK—PGC1a. for this
function. PCs also have constitutively high levels of lysosomes and of macroautophagic
puncta (Lo et al., 2017). We observe aberrant lysosome morphology in PCs lacking AMPK
and PGCla (SFig.6H), consistent with AMPK’s known role in suppressing mTORC1 and
activating autophagy (Saxton and Sabatini, 2017). Autophagy activation has also been
shown to be a means by which AMPK influences progenitor fate choice in other tissues (Li
et al., 2019b; Vidoni et al., 2019).

It seems likely that PC precursors also use a non-energetic route to activate AMPK during
their differentiation. A top candidate for that role would be LKB1 (STK11). Accordingly, we
note: 1) LKB1 is strongly positive in human PCs (Udd et al., 2010), which we observe also
in mice (not shown); 2) mutant LKBZ in humans with Peutz-Jeghers Syndrome and mice
causes polyps characterized by hyperproliferative stem cells with increased pit and mucous
neck cells and decreased PCs (similar to K774~ and opposite to metformin phenotype)
(Udd et al., 2010); 3) another LKBL1 target, the kinase MST4, is known to have a critical role
in regulating the massive apical ezrin network and the mature PC cytoskeleton (Jiang et al.,
2015; Yuan et al., 2017).

To our knowledge, this is the first demonstration that metabolic pathways regulate fate
choice and maturation /n vivo in epithelial cells, though there is a recently emerging
consensus that mesenchymal cells (eg those of fat and bone) can change cell fate based on
AMPK activation state (Lee and Long, 2018; Kwak et al., 2019; Li et al., 2019b). To date,
differentiation of epithelial cells has largely been studied within the context of changes in
transcription factors. For example, in the stomach, roles have been shown for SPDEF and
FOXQ1 (Verzi et al., 2008) in pit cell differentiation (Horst et al., 2010), MIST1
(BHLHAL5) in chief cell differentiation (Ramsey et al., 2007; Bredemeyer et al., 2009), and
HNF4a in regulating proliferation (Moore et al., 2016). But recent work has shown that key
metabolic byproducts like lactate and metabolism-modulating treatment like calorie
restriction can also affect proliferation and differentiation of intestinal stem cells (Yilmaz et
al., 2012; Rodriguez-Colman et al., 2017; Roper and Yilmaz, 2017; Shyh-Chang and Ng,
2017). And it has been shown that the key, energy-sensing complex that more or less
opposes AMPK function, mTORCY1, is critical for mediating the return of mature cells to a
progenitor cells state via paligenosis (Willet et al., 2018).

As mentioned, our overall understanding of how the gastric corpus epithelial stem cell works
has been limited relative to other organs. BMP signaling has been shown to regulate
proliferation (Todisco, 2017) and initial specification of PCs during embryonic development
(Maloum et al., 2011; McCracken et al., 2017). Sonic hedgehog contributes to longterm
homeostasis of stem cells and PCs (van den Brink, 2007; Zavros, 2008) though effects
directly on stem cells or fate choice during differentiation have not been elucidated. Finally,
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a series of genes necessary for PC function (eg Hiplr, Atpo4b, Clcn2), when lost, lead to slow
decrease in the PC population over the lifetime of a mouse, often with compensatory
increase in stem cell proliferation (Spicer et al., 2000; Franic et al., 2001; Jain et al., 2008;
Nighot et al., 2015).

Metformin is one of the most commonly prescribed drugs, and patients tend to take it
chronically. Our current results explain why patients on metformin may have increased acid
production (Molloy et al., 1980). The results might also explain several known effects of
metformin outside of its therapeutic function in lessening symptoms of type Il diabetes; eg:
decreased Vitamin B12, altered Ca2* absorption, and decreased risk for cancer (including
gastric cancer). A key player in Ca2* absorption from the diet is acid secreted by PCs (El-
Zaatari et al., 2010; Ye et al., 2015), potentially explaining this metformin effect. Vitamin
B12 deficiency is most commonly caused by lack of the protein that binds it for uptake in
the intestines: Gastric Intrinsic Factor (GIF). GIF is produced by PCs in humans via a
regulated secretory pathway, and regulated secretion depends on mTORC1-mediated
ribosome production and translation. AMPK suppresses those actions of mMTORC1.
Accordingly, we observed that AMPK-deficient PCs have increased ribosome biogenesis
(SFig.6H), though we could not see effects of metformin on GIF, as mouse GIF is produced
by chief cells. Finally, loss of PCs is the first known step in the progression to gastric cancer
(as well as a key aspect of polyposis in Peutz-Jeghers Syndrome), and metformin has been
shown to decrease risk for gastric cancer (Lee et al., 2016; Cheung et al., 2019). One might
also propose that metformin might be beneficial in decreasing odds of polyp formation in
Peutz-Jeghers Syndrome and might delay onset of metaplasia or progression of metaplasia
to gastric cancer.

STAR METHODS
LEAD CONTACT AND MATERIAL AVAILABILITY

Further information and requests for resources and reagents should directed to, and will be
fulfilled by the Lead Contact, Jason Mills (imills@wustl.edu). This study did not generate
new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All experiments involving animals were performed according to protocols approved
by the Washington University School of Medicine Animal Studies Committee. Mice were
kept in grouped housing and maintained in a specified-pathogen-free barrier facility under a
12 hour light cycle and fed regular chow. Wild type C57BL/6 mice, B6.129(Cg)-
GI(ROSA)26S0r™m4ACTB-tdTomato,-EGFP)Luo/ \Muzumdar et al., 2007) (Stock No: 007676,
referred as Rosa m7/mG) mice, Prkaal™1-15/m7 (Stock No: 014141, referred as
Prkaa10x/floxy mice, Prkaa2t™1-15/m7J (Stock No: 014142, referred as Prkaa2ox/flox) mice
and B6N.129(FVB)-Ppargcla!™2-1BrspJ (Stock No: 9666, referred as PGCla floX/floxy mice
and B6.129S4(FVB)-Ppargcla™1BrspA (Stock No: 008597, referred as Ppargel™") were all
purchased from Jackson Laboratories (Bar Harbor, ME). Afp4b-cre (Syder et al., 2004) is a
transgenic line expressing Cre recombinase driven by elements of the parietal cell-specific
promoter for the gene Atp4b. Atp4b-cre mice were crossed with Rosa mT/mG, Prkaal
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flox/flox  prkaa2 flox/flox and PG C1a0X/flox respectively to generate Atpdb-cre;Rosa mT/mG,
Atodb-cre;Prkaal &4, Atodb-cre;Prkaa2 /3 and Atpdb-cre; PGCla YA, Atp4b-
cre;Prkaal/4 were crossed with Atpdb-cre;Prkaa2 4 to generate Alp4b-cre;Prkaal

A4 priaa2 &4 mice. Each mouse used was genotyped by PCR amplification. For full list of
genotyping primers, see Supplementary Table 3. Experimental and control groups each
contained at least three mice, with representatives from both genders. There were no
differences in results observed between male and female mice. All mice used were between
8-12 weeks old. When possible, mice of equivalent age and gender (littermate controls) were
used for experimental and control groups otherwise, mice were randomly chosen and sorted
into experimental groups.

Gastroid culture—Gastric organoids (gastroids) collected from the gastric glands in the
corpus of the stomach were isolated from Atp4b-cre,Rosa mT/mG, Atp4b-cre, and Alp4b-
cre;Prkaal Y4 Prkaa2 &2 mice. Gastric glands were mechanically dissociated and incubated
in EDTA (Barker et al., 2010). Approximately 100 gastric glands were mixed with 50 pL of
Matrigel (Corning), plated in 24-well plates and cultured in Advanced DMEM/F12 medium
(Invitrogen), 50% Whnt3a conditioned medium, 10% R-Spondinl and Noggin conditioned
medium (Wen et al., 2017) supplemented with 10mM HEPES, 1X N-2, 1X B27, 1X
glutamax (Invitrogen), 1.25 mM N-Acetylcysteine (Sigma-Aldrich), 50 ng/mL EGF, 100
ng/mL FGF10 (Peprotech), 10 nM gastrin (Sigma-Aldrich) and 0.1% Primocin (Invivogen).
10 uM ROCK inhibitor (Y-27632, Sigma-Aldrich) was provided for the first generation
gastroids to prevent anoikis. 1 mM Metformin (Cayman Chemical Company) was added
with conditioned medium for gastroids treatment. Conditioned medium was changed every 3
days. Gastroids were cultured at 37°C and 5% CO2. For the metformin dosages curve, 15t
generation gastroids were treated with conditioned media and metformin at the following
concentrations: 40uM, 200uM, 1000uM metformin, and 1000uM metformin+5mM
Compound C (expressed logarithmically on graph) for 7 days before analysis. For gastroid
passage, gastroids were collected by mechanically dissociating the matrigel and centrifuged
at low speed, incubated with pre-warmed trypLE express (Gibco) for 5 min, pipette and
passed through a 40 um cell strainer. All gastroids were trypsinized to single cells under
microscope then transferred into new matrigel, and plated in 24 well-plates. Gastroids were
passaged every 7 days. In experiments where gastroids were passaged for multiple
generations, the first generation was not treated with Metformin. All subsequent passages
were introduced to metformin upon replating with fresh media. To embed gastroids,
culturing media was removed, gastroids were washed in DPBS, spun at 500xg for 5 minutes,
and fixed in 10% formalin on ice for 1 hour while shaking. Gastroids were washed in PBS,
moved to 70% ethanol, mounted in 3% agar and embedded in paraffin.

METHODS DETAILS

Drug Treatments—To induce parietal cell death, Tamoxifen (250mg/kg, Toronto
Research Chemicals Inc.) was injected intraperitoneally for three days. To prepare
Tamoxifen solution, 25 mg of dry tamoxifen was dissolved in 100 pL of 100 % ethanol.
Sonication was used to get Tamoxifen into solution and immediately transferred to 900 uL
of sunflower oil (Saenz et al., 2016). For metformin treatment, mice were gavaged daily with
metformin (300mg/kg dissolved in saline) (Babcook et al., 2014) or 3mg/ml in drinking
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water (Cuyas et al., 2018) to ensure direct exposure to the stomach. All mice were pretreated
with metformin daily alone for 7 days before Tamoxifen treatment. Mice were given an
intraperitoneal injection containing 5-bromo-2’-deoxyuridine (BrdU; 120 mg/kg) and 5-
fluoro-2’-deoxyuridine (12 mg/kg) in sterile water 90 min before sacrifice for all BrdU
labeling experiments. Mice were anesthetized with isothesia (Henry Schein Animal Health)
and sacrificed via cervical dislocation. Mouse stomachs were immediately excised and
flushed with PBS after sacrifice, and fixed in freshly prepared 10% formalin overnight and
moved to 70% ethanol before preparation for embedding. Stomach were cut into rings or
strips, embedded in 3% agar in a tissue cassette, and underwent routine paraffin processing.
Tissue was sectioned 5um thick and mounted on glass slides.

For 5-ethynyl-2’-deoxyuridine (EdU) pulse, all mice were pretreated with metformin daily
for 7 days followed by 3 days of Tamoxifen and metformin treatment. Mice were given an
intraperitoneal injection containing EdU (50mg/kg) in sterile water 36 hours before sacrifice.
Tissue was processed as above.

Immunofluorescence/lImmunohistochemistry/In situ hybridization—For
immunofluorescence, tissue microtome sections underwent a standard deparaffinization with
xylene and rehydration protocol and were antigen retrieved in sodium citrate buffer (2.94 g
sodium citrate, 500 uL Tween 20, pH 6.0) using a pressure cooker. Sections were blocked in
1% BSA, 0.3% Triton-X100 in PBS for one hour, left overnight with primary antibodies,
washed in PBS and incubated for one hour with secondary antibodies. Slides were washed in
PBS and mounted using ProLong Gold antifade mountant with DAPI (Molecular Probes)
and stored at 4°. EdU was detected using BaseClick Edu-488 Cell Proliferation kit as per the
manufacturer’s protocol. For immunohistochemistry, the following adjustments were made
to the immunofluorescence procedure, otherwise all steps were identical. An extra
quenching step was performed for 15 minutes in a methanol solution containing 1.5% H,0,
before antigen retrieval. After secondary antibody, color reaction was performed using
Vectastain Elite ABC HRP Kit (Peroxidase, Standard) (Vector Laboratories) as detailed per
the manufacturer’s protocol. Slides were exposed using DAB Substrate Kit (Thermo
Scientific) and mounted in Permount Mounting Medium (Fisher Chemical). Antibody
sources and dilutions are listed in Supplementary Table 4; Protein markers of various
stomach cell type were listed in Supplementary Table 7. Hematoxylin and eosin (H&E)
staining was performed by the Washington University in St. Louis DDRCC-AITAC
Morphology Core. /n Situ hybridization was used to detect RNA expression of Prkaal and
PrkaaZ using RNAscope 2.5 HD-Brown kit according to manufacturer’s instructions
(Advanced Cell Diagnostics). To reduce background staining in parietal cell, slides were
pretreated with 0.3M hydrochloric acid for 30 minutes. Negative controls were used
according to manufacturer’s instructions.

Gene Set Enrichment Analysis (GSEA)—For parietal cell isolation, stomachs from
Alp4b-cre;Rosa mT/mG mice were harvested and washed well with PBS as described
previously (Lo et al., 2017). The forestomach and antrum were removed. The remaining
corpus tissue was minced with a razor blade then mechanically dissociated using a 50 pm
Medicon (BD Biosciences) for two 30-second pulses. Tissue chunks were incubated in 10
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ml HBSS with 5 mM EDTA and 1 mM DTT with vigorous shaking for 1 h at 37°C, then run
through a 100 um filter. Any remaining chunks of tissue were incubated in 10 ml RPMI
1640 with 5% BSA (Sigma) and 1.5 mg/ml Dispase Il (Stem Cell Technologies) with
vigorous shaking for 1.5 h at 37°C, then filtered a gain. Dissociated cells were washed three
times with cold HBSS. Cells were resuspended in PBS with 1% BSA and 5 mM EDTA, then
sorted into a GFP+ population (parietal cells) and a tdTomato+ population (non-parietal
cells) in 500 ul RNA protect reagent (Qiagen) using a MoFlo FACS machine (Dako/
Cytomation). Parietal cell enrichment was verified via cyto-spinning a sample from the
enriched population onto glass slides and staining with hematoxylin and eosin. RNA was
isolated from both populations using an RNeasy Micro Kit (Qiagen), following the
manufacturers protocol. For microarray, samples were processed and hybridized to
Affymetrix Mouse Gene 2.0 ST by the Washington University Genome Technology Access
Core (GTAC). GeneChips were analyzed with Partek Genomic Suite 6.6 (Partek, Inc.)
analysis software using default settings (Subramanian et al., 2005).

Broad Institute GSEA software used to map gene symbols, then GSEA were run using
C5.BP (Gene Ontology Biological Process) v3.0 and v6.2, using publicly available GMX
files (Broad Institute).

Quantitative PCR—Total RNA was extracted from the corpus of the stomach and isolated
using RNeasy Mini Kit (Qiagen) per the manufacturer’s protocol. Quality of mMRNA was
verified with a BioTek Take3 spectrophotometer. RNA was treated with DNase |
(Invitrogen), and 1 ug RNA was reverse-transcribed to make cDNA with SuperScript 111
(Invitrogen) following the manufacturer’s protocol. gRT-PCR was performed using
PowerUp SYBR Green Master Mix (ThermoFisher) and gene specific primers on a
QuantStudio 3 PCR System (ThermoFisher) and data analyzed using QuantStudio Design &
Analysis Software. Every run was standardized to TATA Box Binding Protein (TBP) primers
and all samples were run in triplicate. All primers were exon-spanning when possible, (i.e.
for genes having multiple exons of sufficient length). For full list of gPCR primers, see
Supplementary Table 5.

Western Blots—Approximately 100 mg of mouse stomach corpus tissue was lysed in T-
PER Tissue Protein Extraction Reagent (Thermo) with 1x protease/phosphatase inhibitor
cocktail (Thermo). Protein concentrations were measured using the DC protein assay
(BioRad). 20-50 ug protein was separated using a 10% NuPAGE SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) gel (Thermo), then transferred to PVDF membranes
(Millipore). Membranes were incubated with primary antibody overnight at 4C then with
infrare d fluorescent dye-conjugated secondary antibodies (LI-COR Biosciences) for one
hour. Protein signal intensities were normalized against a tubulin loading control for each
sample. Antibody sources and dilutions are listed in Supplementary Table 4.

Basal Gastric Juice pH Measurement—Mice were fasted 12 hours prior to pH
measurements but given free access to water. Mice were anesthetized with isothesia (Henry
Schein Animal Health) and the gastrointestinal tract was exposed. With the gastroduodenal
junction clamped 0.2 cc of nonbuffered DNase-/RNase-free water (Sigma-Aldrich) was
injected into the stomach and aspirated after 4 min. The aspirate was centrifuged at 800g for
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3 min, and the pH was measured in triplicate with a recalibrated UB-10 (Denver
Instruments) using a combination PY-P22 probe with a 5-mm tip (Lo et al., 2017).

Electron Microscopy—Stomach corpus tissue was collected as described above, fixed
overnight at 4°C in modified Karnovsky’s fixative, and sectioned into rings. Tissue rings
were processed for EM by the Washington University in St. Louis Department of Pathology
and Immunology Electron Microscopy Facility.

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging and Quantifications—Fluorescence microscopy was performed using a Zeiss
Axiovert 200 microscope with an Axiocam MRM camera and Apotome Il instrument for
grid-based optical sectioning. Immunofluorescence images were taken on a Zeiss Apotome
(Zeiss). Bright field images were taken on a 2.0 HT Nanozoomer (Hamamatsu) whole slide
scanner or Olympus BX43 light microscope. For imaging of RNAscope samples, individual
images were taken at 40x and stitched together digitally. Images were analyzed and post-
imaging adjustments were performed with Adobe Photoshop CS6. All time points and
treatments were quantified with at least three mice, with representatives from both genders.
Quantification of BrdU+ proliferative cells was conducted by counting at least 40 fully
integrated glands from multiple, randomly selected regions of the stomach. Antral regions
were omitted from selection due to difference in cell population present in antral gastric
units. Parietal cell nucleus eccentricity was measured from the center of the nearest cell
membrane border to the nuclear membrane. Parietal cell number, nucleus eccentricity and
largest diameter were quantified using AxioVision 4.9.1 software (Zeiss). Quantifications of
PC number, PC size, proliferation, and nucleus eccentricity were conducted blindly to
prevent experimental bias. Mitochondria abundance was quantified using ImageJ (NIH).
Green/red area ratio analysis from gastroids was conducted using the Cytation 3 (Biotek)
Imaging and multi-mode microscope by exporting images into separate red or green
channels, green or red cells area of gastroids was measured automatically by Cytation 3.

Graphs and Statistics—All graphs and statistics were performed in Prism (GraphPad).
Sample sizes were determined based on power analysis to optimize statistical significance
mitigated by practical concerns to minimize wasting mice. For quantifications of BrdU+
cells, KLF4+ cells, PC number, PC size, nucleus eccentricity, and other cell lineages, each
data point graphed represents the mean value collected from a single mouse from which at
least 40 glands were counted unless otherwise stated in figure legends. Statistics for cell
counts and area measurements were done by Student’s f-test (in the case of pair-wise
analysis of significance). For comparisons between multiple groups, one-way ANOVA with
Dunnett’s multiple comparison post-hoc test was used to determine significance. Data were
generally expressed as mean + standard error of mean (SEM), as single datapoints plotted
were almost always means of 40+ counts, so means on plots were means of means. P < 0.05
was considered statistically significant for interpretation in the text. For the metformin dose-
response analysis, a paired t-test was performed on the area under curve calculated for
metformin-dosed and metformin plus AMPK inhibitor organoids from the same mouse with
the y-axis intercept at the vehicle treatment used as the left most point in the curve for both
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inhibitor and non-inhibitor-treated curves. Line art was generated in Adobe Illustrator,
Statistical analysis breakdown of all data is list in Supplementary Table 6.

DATA AND CODE AVAILABILITY

The accession number for the microarray data files reported in this paper is NCBI GEO:
GSE103570 and GSE141673

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103570

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141673

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

AMPK promotes generation of acid-secreting parietal cells from stem cells (73
characters)

Metformin slows progenitor cell proliferation by activating AMPK and KLF4 (73
characters)

Metformin induces parietal cell maturation by activating AMPK and PGCla (71
characters)
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Figure 1. Parietal cells express AMPK-pathway-related transcripts; metformin decreases isthmal
progenitor proliferation and increases parietal cell census

A. Gene set enrichment analysis (GSEA) of Affymetrix GeneChip expression profiles of
flow-sorted parietal cell (PCs) from Atp4b-cre;Rosa;mT/mG mice. Broad Gene Ontology
(GO) genesets with highest normalized enrichment and FDR are depicted.

B. GSEA plot for the Reactome Regulation of AMPK Stimulating Fatty Acid Oxidation
geneset.

C. Immunohistochemistry for AMPKa2. Scale bar, 30 um.

D. Immunofluorescence for PCs (VEGFB, white), mucous neck cells (lectin GSlI, green),
digestive-enzyme-secreting chief cells (Gastric Intrinsic Factor, GIF, red,) and nuclei (DAPI,
blue) in wildtype mouse stomach after 14 days metformin treatment. Scale bar, 30 um.
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E. Quantification of principle, corpus epithelial cell lineages of wildtype mouse stomach
after 14 days £metformin. Data represented as mean change £SEM in cell number from =35
gastric units in a metformin-treated mouse vs. its vehicle-treated control.

F. Immunohistochemistry for BrdU, a marker of cell cycle S-phase. Scale bar, 30 um.

G. Quantification of results as in panel (F). Each datapoint represents the mean BrdU™ cells
per gastric unit from >20 gastric units per mouse.

Statistical information: Significance calculated using two-tailed Student’s #test.
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Figure 2. Metformin decreases isthmal progenitor proliferation and increases parietal cell census
during regeneration from parietal cell ablation

A. Representative western blot of AMPKa pathway proteins (total AMPKa., p-AMPKa
Thrl72, KLF4, PGCla; B-tubulin as loading control) from wildtype mice whole stomach
body £3 days high-dose tamoxifen (TAM) £metformin (MET), euthanized at 14 days (see
SFig.2B-D for mouse treatment scheme).

B. gRT-PCR of AMPKa pathway genes (Prkaal, Prkaa2, Ppargcla, Thp used to normalize)
from wildtype mice whole stomach body after 3 days high-dose tamoxifen + metformin,
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euthanized at 14 days as for panel (A). Data represented as mean £SEM from each mouse
normalized to average AC; of vehicle-treated mice, n=3 independent experiments.

C. gRT-PCR for mRNAs expressed preferentially in PCs (Ezrin, Alp4b, Vegfb, Thp as
loading control) as for panel (B).

D. Immunofluorescence for PCs (VEGFB, white), mucous neck cells (lectin GSII, green),
chief cells (Gastric Intrinsic Factor, red) and nuclei (DAPI, blue) in wildtype mouse stomach
+ high-dose tamoxifen + metformin, euthanized at d14. Yellow dotted line depicts a single
gastric unit. Scale bar, 30 um.

E. Quantification of PC number as in panel (D). Each datapoint represents the mean number
of PCs per gastric unit from =40 gastric units per mouse.

F. Immunohistochemistry for BrdU. Red dotted line depicts a single gastric unit. Scale bar,
30 pm.

G. Quantification of BrdU+ cells as in panel (F). Each datapoint represents the mean number
of BrdU™ cells per gastric unit from =20 gastric units per mouse.

Statistical information: Significance calculated using one-tailed Student’s #test.
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Figure 3. Metformin decreases proliferation and increases relative representation of parietal cell
lineage ex vivo in gastric organoids
A. Gastric organoids derived directly from Atp4b-cre;ROSA mT/mG mice (“15t generation

gastroids). Red (tdTomato): non-parietal lineage cells; Green (GFP): PC lineage. Scale bar,
500 um; insets show magnified organoids at /efz, 200 um.

B. Quantification of diameter of 15t generation gastroids as in panel (A). Statistical
information: Each datapoint represents the mean value of all measurable organoids in all
wells from an individual mouse.

7
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C. Quantification of the relative representation (area) of PC lineage (green cells) vs. non-
parietal lineage cells (red) xmetformin. Each datapoint represents the mean value of all
measureable organoids in all wells from an individual mouse.

D. 2" generation gastroids were generated as clones from single cells dissociated from 15t
generation gastroids. Metformin or vehicle was introduced as single cell suspensions were
replated. Scale bar, 500 um; box area, 200 pm.

E. Quantification of diameter of 2"d generation gastroids as in panel (D). Each datapoint
represents the mean value of all measurable organoids in all wells from an individual mouse.
F. Immunofluorescence for GFP (anti-GFP here is pseudocolored red) co-labeled with PC
marker VEGFB (green), and nuclei (blue, DAPI) in 2"d generation gastroid. Scale bar, 50
pm.

Statistical information: Significance calculated using one-tailed Student’s #test.
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Figure 4. KLF4 and PGC1la are downstream targets of AMPK that influence progenitor cell
behavior and parietal cell maturation
A. Immunofluorescence for KLF4 (red) expression with proliferation (BrdU, white), and

PCs (thick Ezrin, green) in wildtype mice stomachs after 3 days high-dose tamoxifen
+metformin, euthanized at d7. Insets show apparent stages in progenitor cell fate choice
towards PC lineage. Progenitor cells were BrdU+ with scant apical ezrin (blue inset, cell
outlined). BrdU+/KLF4+ cells with slightly thicker apical ezrin were consistent with early
differentiation, likely towards PC fate (pink inset, cell outlined). The gold inset shows a
BrdU+ and KLF4+ cell with thick, apical ezrin, specific to the PC lineage. Scattered mucous
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neck cells (yellow arrowhead) were BrdU+, yet lacked detectable ezrin and were never
KLF4+. White arrowhead marks non-epithelial and/or non-specific labeling. Scale bar, 30
pm.

B. Quantification of KLF4+/Ezrin+ cells in wildtype mice with 14 days +metformin at
homeostasis. Each datapoint represents the mean value of KLF4+/Ezrin+ cells per gastric
from =80 gastric units per mouse.

C. Immunohistochemistry images of KLF4 staining of wildtype mice stomachs after 3 days
high-dose tamoxifen xmetformin, euthanized at d7. Scale bar, 30 um.

D. Quantification of KLF4+ cells as in panel (C). Each datapoint represents the mean value
of KLF4+ cells per gastric from =40 gastric units per mouse.

E. Immunofluorescence for homeostatic PGC1la. (green) expression with PCs (Ezrin, red)
and nuclei marker (DAPI, blue) in stomachs from wildtype and PpargcI™~ mice. Inset
highlights intracellular staining pattern. Scale bar, 30 um, 15 for inset.

F. Quantification of principal, corpus epithelial cell lineages in wildtype and Ppargc1™~
mouse stomach in homeostasis. Data represented as mean difference in mutant vs. control
cell count +SEM (=20 gastric units counted mouse). Significance calculated using two-tailed
Student’s #test; error bars are +SEM.

G. Immunohistochemistry for BrdU in wildtype and Apargci-/— mouse stomach in
homeostasis. Scale bar, 30 um

H. Quantification of BrdU+ cells as in panel (F). Each datapoint represents the mean value
of BrdU™ cells per gastric unit from =80 gastric units per mouse. Significance calculated
using two-tailed Student’s #test.

Statistical information: Significance calculated using one-tailed Student’s #test unless
otherwise stated.
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Figure 5. Parietal cell-lineage deletion of AMPK decreases parietal cell census and increases
progenitor cell proliferation in homeostasis

A. Immunohistochemistry of AMPKa.2 expression in Atpdb-cre;PrkaalA:Prkaa2V2 mice
in homeostasis. Boxed area highlights a mutant PC, with characteristic eccentric nucleus and
reduced size and an escaper PC that looks essentially normal. Scale bar, 30 um.

B. Quantification of gastric juice pH value of Atp4b-cre;Prkaal’4 Prkaa?d and Atp4b-cre
control mice Each datapoint represents the pH value from an individual mouse.
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C. Immunofluorescence for PCs (VEGFB, red), mucous neck cells (lectin GSII, green), and
nuclei (DAPI, blue) from Atp4b-cre;Prkaal;,Prkaa2V2 and Atp4b-cre mice. Scale bar, 30
pm.

D. Quantification of VEGFB™ PCs as in panel (C). Each datapoint represents the mean
number of PCs per gastric unit from =35 gastric units per mouse.

E. Immunohistochemistry images of BrdU staining of Afp4b-cre,Prkaal’4 Prkaa2’2 and
Atp4b-cre control mice in homeostasis. Scale bar, 30 um.

F. Quantification of VEGFB+ cells as in panel (E). Each datapoint represents the mean value
of BrdU™ cells per gastric unit from =40 gastric units counted per mouse.

Statistical information: Significance calculated using two-tailed Student’s #test.
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Figure 6. Metformin still decreases progenitor proliferation and fate choice but not parietal cell
maturation in mice with PC-specific AMPK deletion

A. GSEA analysis of top hits from the Broad Gene Ontology (GO) genesets in 14d-
metformintreated wildtype (WT) vs. vehicle-treated wildtype mice are depicted.

B. GSEA analysis of top hits from GO genesets as for panel (A) for Atp4b-cre;
Prkaal?2-Prkaa2A mice treated with 14 days of metformin vs vehicle treatment are

depicted.

C. Heat map depicting data from panels (A-B) of AMPK targets that are known
transcriptional regulators (K/f4, Haac5, Foxo3, Ep300) across the 4 conditions/genotypes.
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Gene expression is expressed as fold change relative to vehicle-treated control genotype
mice.

D. Immunofluorescence for PCs (red, VEGFB); mucous neck cells (green, GSII), and nuclei
(blue, DAPI) from Atp4b-cre;Prkaal’A, Prkaa?4 and Atp4b-cre control mice after 3 days
high-dose tamoxifen xmetformin during mid-regeneration timepoint (euthanized at d7).
Scale bar, 30 pm.

E. Immunohistochemistry of BrdU staining in mice treated as for panel (D). Scale bar, 30
pm.

F. Quantification of VEGFB+ PC number as in panel (D). Each datapoint represents mean
value of PCs per gastric unit from =35 gastric units per mouse.

G. Quantification of BrdU+ cells per gastric unit as in panel (E). Each datapoint represents
the mean value of BrdU™* cells per gastric unit from =40 gastric units per mouse.

H. Western blot of whole stomach body at homeostasis, showing AMPKa pathway proteins
(PAMPKa Thrl72, KLF4; B-tubulin as loading control) from Atp4b-
cre;Prkaal’4,Prkaa2’2 and Atp4b-cre control mice xmetformin, euthanasia at d14.
Statistical information: Significance calculated using one-tailed Student’s #test.
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Figure 7. AMPKa and its target PGC1la dictate maturation of the parietal cell lineage
A. Immunofluorescence for PCs (red, VEGFB); mucous neck cells (green, GSII) and nuclei

(blue, DAPI) from Atp4b-cre;PpargcI?2 mice. Scale bar, 30 pm.

B. Immunofluorescence for PGCla (green), Ezrin (red), and nuclei (blue, DAPI) in Atp4b-
cre; PrkaalA Prkaa23, Atp4b-cre;Ppargcl?2 and Atp4b-cre control mice. Yellow boxes
highlight PCs with PGC1la., white boxes highlight those without PGCla. Scale bar, 30 um.
C. Quantification of PC size as in panel (A) and Fig.5C. Each datapoint represents the mean
PC size from =200 PCs per mouse. Significance calculated using an ANOVA with multiple
comparisons to the Afp4b-cre control (Dunnett post-hoc test).

D. Immunofluorescence for anti-Cytochrome C (green, mitochondria), Ezrin (red, PC), and
nuclei (blue, DAPI) in Atp4b-cre;Prkaal?’A Prkaa?3, Atp4b-cre;Ppargcl2 and Atpdb-cre
control mice. PCs in mutant mice were small and had markedly aberrant ezrin and
cytochrome C distribution (arrowheads). Scale bar, 30 um.

E. Transmission EM of control and mutant mice. Electron dense regions at periphery of
mutant cells contained scattered mitochondria and abundant free ribosomes (higher
magnification to visualize mitochondrial and ribosomal morphology of the same cells are
shown in SFig.6H). Scale bar, 2 um.
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F. Quantification of mitochondria per PC from tEM images as for panel (E). Each datapoints
represents a single PC scored from tEM of =60 PCs. Significance calculated using ANOVA
with Dunnett multiple comparisons to the Afp4b-cre control.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
goat anti-VEGFB Santa Cruz Catifsc-1876;
RRID:AB_2213301
rabbit anti-human gastric intrinsic factor gift of Dr. N/A
David Alpers,
Washington
University
mouse anti-LKB1 Cell Signaling | Cat#sc-32245;
RRID:AB_627890
rabbit anti-AMPKa Cell Signaling | Cat#2532;
RRID:AB_330331
rabbit anti-AMPKa2 Sigma- Cat#HPA044540;
Aldrich RRID:AB_2678977
rabbit anti-Sox9 Millipore Cat#AB5535;
RRID:AB_2239761
rabbit anti-PGCla Abcam Cat#ab54481;
RRID:AB_881987
rabbit anti-gastrin Abcam Cat#ab53085;
RRID:AB_2108243
rabbit anti-GFP Santa Cruz Cat#sc-8334;
RRID:AB_641123
rabbit anti-Ki67 ABCAM Cat#ab15580;
RRID:AB_443209
rabbit anti-phospho-S6 Ribosomal Protein (Ser240/244) Cell Signaling | Cat# 2215S;
RRID:AB_331682
Mouse anti-Ezrin Santa Cruz Cat#sc-58758;
RRID:AB_783303
mouse anti-cytochromeC Abcam Cat#ab13575;
RRID:AB_300470
mouse anti-GFP Santa Cruz Cat#tsc-9996;
RRID:AB_627695
mouse anti-BrdU DSHB Cat#G3G4;
RRID:AB_2618097
mouse anti-Mucin5AC Abcam Cat# ab3649 RRID:
AB_2146844
fluorescently conjugated GSII lectin; Alexa Fluor 647 Invitrogen Cat#L.32451
Prkaal Probe-RNAscope 2.5 HD- Brown ACD Cat#430831
PrkaaZ2 Probe-RNAscope 2.5 HD-Brown ACD Cat#430841
Bacterial and Virus Strains
Biological Samples
Chemicals, Peptides, and Recombinant Proteins
Tamoxifen Toronto Cat#T00600
Research
Chemicals Inc
Metformin Cayman Cat#1115-70-4
Chemical
Company
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REAGENT or RESOURCE SOURCE IDENTIFIER

5-Bromo-2-deoxyuridine (BrdU) Sigma- Cat#B5002
Aldrich

EDTA Thermo-fisher | Cat#AM2691

DTT Gold Cat#DTT10
Biotechnology

BSA Sigma- Cat#A7906
Aldrich

Matrigel Corning Cat#354234

Triton X-100 Lab Chem Cat#L.C262801

Dispase Il Stem Cell Cat#D4693-1G

Technologies

Advanced DMEM/F12 Invitrogen Cat#12634-010
HEPES Gibco Cat#15630-080
Glutamax Gibco Cat#35050-061
N- Acetylcysteine Sigma- Cat#A9165
Aldrich
EGF Peprotech Cat#315-09
FGF10 Peprotech Cat#100-26
Gastrin Sigma- Cat#G9020
Aldrich
ROCK Inhibitor (y-27632) Sigma- Cat#Y0503
Aldrich
N-2 Gibco Cat#17502-048
B27 Gibco Cat#17504-044
Primocin Invivogen Cat#ant-pm-1,2
trypLE Express Gibco Cat#12605-028
R-Spondin Peprotech Cat#120-38
Noggin Peprotech Cat#120-10C
Whnt3a Peprotech Cat#315-20
DPBS Gibco Cat#14190-136
Dorsomorphin 2 HCI (Compound C) SelleckChem Cat#S7306

Isothesia Henry Schein Cat#NDC11695-6776-2
Animal
Health

Tween20 Sigma- Cat#P5927
Aldrich

ProLong Gold antifade mountant with Molecular Cat#P36930
Probes

DAPI

Permount Mounting Medium Fisher Cat#SP150
Chemical

DNase | Invitrogen Cat# 18047019

SuperScript 11 Invitrogen Cat# 11752050

PowerUp SYBR Green Master Mix ThermoFisher | Cat# A25742

RNA Protect Reagent Qiagen Cat# 76526
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REAGENT or RESOURCE SOURCE IDENTIFIER

T-PER Tissue Protein Extraction Reagent ThermoFisher | Cat#78510

5-fluoro-2’-deoxyuridine Sigma- Cat# FO503
Aldrich

Critical Commercial Assays

RNeasy Micro Kit Qiagen Cat#74004

Vectastain Elite ABC HRP Kit Vector Cat#PK6100
Laboratories

DAB Substrate Kit Thermo Cat#36000
Scientific

RNeasy Mini Kit Qiagen Cat#74104

EdU Cell Proliferation Kit BaseClick Cat# BCK-EdU488

GeneChip™ Mouse Gene 2.0 ST Array Affymetrix Cat#902119

Deposited Data

Microarray data files NBCI Gene GSE103570; GSE141673
Expression

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: Alp4b-cre: B6.FVB-Tg(Atp4b-cre)1Jig/icmiJ Jackson RRID:IMSR_ JAX:

Laboratories

030656

Mouse: Rosa mT/mG: B6.129(Cq)-Gt(ROSA)26Sor mHACTE-tdTomato,-EGFR)LuoN (m T/mG)

Jackson
laboratories

RRID:IMSR_JAX:007676

Mouse: Wild type C57BL/6

Jackson
laboratories

RRID:IMSR_JAX:000664

Mouse: Prkaal "0/fox ; Prkaa1tm-15m/

Jackson
laboratories

RRID:IMSR_JAX:014141

Mouse: Prkaa2 flox/flox . priaa2m1.15jmJ

Jackson
laboratories

RRID:IMSR_JAX:014142

Mouse: PGCIla fo/flox : B6N.129(FVB)-Ppargclam218rsp/d

Jackson
laboratories

RRID:IMSR_JAX:009666

Mouse: PGCla ™~ : B6.129S4(FVB)-PpargclamiBrspl

Jackson
laboratories

RRID:IMSR_JAX:008597

Oligonucleotides

Primers for gPCR, see Table S5 This paper N/A
Primers for mouse genotyping, see Table S3 This paper N/A
Recombinant DNA

Software and Algorithms

QuantStudio3 Design and Analysis Software ThermoFisher | https://

www.thermofisher.com/us/
en/home/technical-
resources/software-
downloads/ab-
quantstudio-3-and-5-real-
time-pcr-system.html

Photoshop CS6 Adobe RRID:SCR_014199;
https://www.adobe.com/
downloads.html

Partek Genomic Suite 6.6 Partex http://www.partek.com/

Incorporated partek-genomics-suite/
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REAGENT or RESOURCE SOURCE IDENTIFIER
GSEA-P Software Broad RRID:SCR_003199; http://
Institute software.broadinstitute.org/
gsea/index.jsp
NDP.View2 Hamamatsu Cat#U12388-01
Photonics
Prism 3 GraphPad RRID:SCR_002798;
https://
www.graphpad.com/
scientific-software/prism/
Cytation 3 cell imaging multi-mode reader BioTek Cat# BTCYT3MV
Image J NIH https://imagej.nih.gov/ij/
AxioVision 4.9.1 Zeiss https://www.zeiss.com/
microscopy/us/downloads/
axiovision-downloads.html
Other
REACTOME_ACTIVATED_AMPK_STIMULATES_FATTY_ACID_OXIDATION_IN_MUSCLE | N/A RRID:SCR_003199;
REACT_11163
GO_CELLULAR_RESPIRATION MGI Gene RRID:SCR_006447;
Ontology G0:0045333
GO_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_ASSEMBLY MGI Gene RRID:SCR_006447;
Ontology G0:0033108
GO_OXIDATIVE_PHOSPHORYLATION MGI Gene RRID:SCR_006447,
Ontology G0:0006119
GO_ELECTRON_TRANSPORT_CHAIN MGI Gene RRID:SCR_006447;
Ontology G0:0022900
GO_ENERGY_DERIVATION_BY_OXIDATION_OF_ORGANIC_COMPOUNDS MGI Gene RRID:SCR_006447;
Ontology G0:0015980
GO_GENERATION_OF_PRECURSOR_METABOLITES_AND_ENERGY MGI Gene RRID:SCR_006447;
Ontology G0:0006091
GO_ORGANIC_ACID_CATABOLIC_PROCESS MGI Gene RRID:SCR_006447;
Ontology G0:0016054
GO_DIGESTIVE_SYSTEM_PROCESS MGI Gene RRID:SCR_006447;
Ontology G0:0022600
GO_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_I_BIOGENESIS MGI Gene RRID:SCR_006447,
Ontology
GO_MITOCHONDRIAL_TRANSLATION MGI Gene RRID:SCR_006447;
Ontology G0:0032543
GO_EPIDERMIS_DEVELOPMENT MGI Gene RRID:SCR_006447;
Ontology G0:0008544
GO_EPITHELIAL_CELL_DIFFERENTIATION MGI Gene RRID:SCR_006447;
Ontology G0:0030855
GO_MORPHOGENESIS_OF_AN_EPITHELIUM MGI Gene RRID:SCR_006447;
Ontology G0:0002009
GO_TISSUE_DEVELOPMENT MGI Gene RRID:SCR_006447
Ontology
GO_REGULATION_OF_EMBRYONIC_DEVELOPMENT MGI Gene RRID:SCR_006447,
Ontology G0:0045995
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