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SUMMARY

Our findings demonstrate that glycolytic activity is neces-
sary to maintain intestinal stem cell (ISC) self-renewal and
that limiting glycolysis contributes to the generation of
secretory lineages from ISCs. The inability to fine-tune
glycolysis in ISCs subsequently disturbs the balance be-
tween self-renewal and differentiation.

BACKGROUND AND AIMS: The intestinal mucosa undergoes a
continual process of proliferation, differentiation, and
apoptosis. An imbalance in this highly regimented process
within the intestinal crypts is associated with several intestinal
pathologies. Although metabolic changes are known to play a
pivotal role in cell proliferation and differentiation, how
glycolysis contributes to intestinal epithelial homeostasis re-
mains to be defined.

METHODS: Small intestines were harvested from mice with
specific hexokinase 2 (HK2) deletion in the intestinal epithe-
lium or LGR5þ stem cells. Glycolysis was measured using the
Seahorse XFe96 analyzer. Expression of phospho-p38 mitogen-
activated protein kinase, the transcription factor atonal
homolog 1, and intestinal cell differentiation markers lysozyme,
mucin 2, and chromogranin A were determined by Western
blot, quantitative real-time reverse transcription polymerase
chain reaction, or immunofluorescence, and immunohisto-
chemistry staining.

RESULTS: HK2 is a target gene of Wnt signaling in intestinal
epithelium. HK2 knockout or inhibition of glycolysis resulted in
increased numbers of Paneth, goblet, and enteroendocrine cells
and decreased intestinal stem cell self-renewal. Mechanistically,
HK2 knockout resulted in activation of p38 mitogen-activated
protein kinase and increased expression of ATOH1; inhibition
of p38 mitogen-activated protein kinase signaling attenuated
the phenotypes induced by HK2 knockout in intestinal orga-
noids. HK2 knockout significantly decreased glycolysis and
lactate production in intestinal organoids; supplementation of
lactate or pyruvate reversed the phenotypes induced by HK2
knockout.

CONCLUSIONS: Our results show that HK2 regulates intestinal
stem cell self-renewal and differentiation through p38 mitogen-
activated protein kinase/atonal homolog 1 signaling pathway. Our
findings demonstrate an essential role for glycolysis in maintenance
of intestinal stem cell function. (Cell Mol Gastroenterol Hepatol
2023;15:931–947; https://doi.org/10.1016/j.jcmgh.2022.12.012)
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he mammalian intestinal mucosa undergoes a dy-
Abbreviations used in this paper: 2-DG, 2-desoxyglucose; 4-OHT, 4-
hydroxytamoxifen; ANG4, angiogenin 4; CGA, chromogranin A; DEFA,
defensin; GFP, green fluorescent protein; HK2, hexokinase 2; IBD, in-
flammatory bowel disease; IF, immunofluorescence; ISC, intestinal
stem cell; ISH, in situ hybridization; KO, knockout; LYZ, lysozyme;
MAPK, mitogen-activated protein kinase; MUC2, mucin 2; OXPHOS,
oxidative phosphorylation; PBS, phosphate-buffered saline; qPCR,
quantitative real-time reverse transcription polymerase chain reaction;
TAM, tamoxifen; WT, wild-type.
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Tnamic process of constant and rapid renewal char-
acterized by active proliferation of crypt-based stem cells
localized near the base of the crypts.1 As these cells progress
up the crypt-villus axis, there is cessation of proliferation
and subsequent differentiation into 1 of 4 main primary cell
types (enterocytes, goblet cells, Paneth cells, and enter-
oendocrine cells).1,2 An imbalance in this highly regimented
and orderly process is associated with common intestinal
pathologies, including colorectal cancer and inflammatory
bowel disease (IBD), which cause significant morbidity and
mortality.3,4

Metabolic changes play a pivotal role in regulating cell
proliferation and differentiation.5 Normal tissue- and cell-
specific metabolic pathways are tightly regulated during
differentiation and perform unique functions in specific cell
contexts.5 Compared with their differentiated progeny, stem
cells are characterized by distinct metabolic activities with a
higher glycolysis and a lower fraction of oxidative phos-
phorylation (OXPHOS).6 Moreover, Paneth cells provide
lactate to support the high OXPHOS and mitochondrial ac-
tivity in LGR5þ intestinal stem cells (ISCs) of small intestinal
organoids.7 Previously, we showed that intestinal cell dif-
ferentiation is associated with decreased glycolysis.8 How-
ever, it is not entirely known if and how the altered
glycolysis affects the fate of discrete subtypes of intestinal
epithelial cells and their molecular characteristics during
differentiation, and this represents a major gap in the un-
derstanding of intestinal homeostasis. Elucidation of the
effects of altered metabolism that governs development,
survival, and function of discrete intestinal cell types may
provide more suitable and selective therapeutic approaches
for improving intestinal regeneration and function in
patients.

Hexokinases (HKs) are critical enzymes regulating the
irreversible bioconversion of glucose to glucose-6-
phosphate in glucose metabolism. Four major HK iso-
forms, denoted as HK1, HK2, HK3, and HK4 (also known as
glucokinase or GCK), are expressed in mammalian tissues.9

Clinical and animal studies indicate that HK2 likely plays a
critical role in the pathogenesis of diseases, such as ischemic
injury and cancers.10-12 In the intestine, HK2, a major
contributor to increased glycolysis,13 is predominantly
expressed by intestinal epithelial cells.14 Loss of epithelial
HK2 protects against acute intestinal inflammation14; how-
ever, its overall function in ISC proliferation and differen-
tiation remains poorly understood. Considering the
importance of glycolysis in intestinal disorders, it is critical
to better understand the exact roles that glycolysis and HK2
play in ISC function. Here, we provide evidence that
HK2 plays an important role in regulation of ISC self-
renewal and differentiation. Complete ablation of HK2 is
embryonically lethal.15 Therefore, we used HK2f/f; Villin-
creERT2 and HK2f/f; LGR5-EGFP-IRES-creERT2 conditional
intestinal knockout (KO) models and found that HK2 con-
tributes to the maintenance of ISC function.
Results
HK2 Is Regulated by Wnt Signaling in Intestinal
Cells

To determine the role of glycolysis in the intestine, we
first determined the differential expression of HKs in in-
testinal cells. Analysis of single-cell transcriptome data of
small intestine epithelial cells from Haber et al.16 demon-
strated that HK2 was mainly expressed in goblet, enter-
oendocrine, and stem cells (Figure 1A). In contrast, HK1 and
HK4 (GCK) are mainly expressed in Tuft and endocrine cells,
respectively, whereas HK3 is less expressed in intestinal
epithelium. These results suggest that HK2 is the main
isoform expressed in the intestinal epithelium. Ubiquitously
expressed HK2 was noted in crypts as shown by in situ
hybridization (ISH) (Figure 1B). Moreover, dual ISH
confirmed the concordance between LGR5 and HK2
expression in the intestine (Figure 1C). These data sug-
gested a possible role for HK2 in the maintenance of goblet,
enteroendocrine, and LGR5þ ISCs in the small bowel. To
further analyze the concordance of LGR5 and HK2 expres-
sion, we isolated intestinal crypts from LGR5-EGFP-IRES-
creERT2 knock-in mice by flow cytometry of intestinal cells
with high green fluorescent protein (GFP) expression
(LGR5-GFPhigh ISCs) and the more differentiated GFPlow

progenitors.17 Similar to the expression pattern of ISC
markers LGR5 and ASCL2, HK2 was mainly expressed in
LGR5-GFPhigh ISCs (Figure 1D).

Because Wnt signaling plays a critical role in ISC self-
renewal and differentiation, we next used the organoid
culture system to determine whether HK2 expression was
regulated by Wnt signaling. Treatment with CHIR99021, a
Wnt agonist,18 increased mRNA expression of HK2 and
AXIN2, a well-known Wnt target gene (Figure 1E). In
contrast, treatment with the tankyrase inhibitor, XAV939,
which antagonizes Wnt,18 dose-dependently decreased HK2
and AXIN2 mRNA expression (Figure 1F). We next deter-
mined whether loss of APC could increase HK2 expression
because APC mutation leads to hyperactivation of Wnt
signaling.19 We isolated the crypts from APCf/f (wild-type
[WT]) or APCf/f; Villin-creERT2 mice and cultured for
growing organoids. The organoids were treated with 4-
hydroxytamoxifen (4-OHT) to induce the deletion of APC.
As shown in Figure 1G, APC deletion (APC KO) resulted in
increased HK2 and AXIN2 mRNA expression. Similarly, the
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increased HK2 expression was further demonstrated in the
intestinal epithelium isolated from APC f/þ; Villin-cre mice
(Figure 1H). These results demonstrate that HK2, which is
mainly expressed in ISCs, is regulated by Wnt signaling,
suggesting that HK2 may play a critical role in ISC self-
renewal and differentiation.

HK2 Loss Increases Intestinal Cell Differentiation
We have shown that intestinal cell differentiation is

associated with decreased glycolysis.8 To determine the role
of HK2 in the intestine, we crossed HK2f/f mice to Villi-
creERT2 mice and engineered HK2f/f; Villin-creERT2, a con-
ditional intestinal KO model that disrupts HK2 in all intes-
tinal epithelial cell types on tamoxifen (TAM)
administration. We administered 5 doses of TAM starting at
postnatal day 45 to HK2 KO (HK2f/f; Villin-creERT2) and WT
control mice (HK2f/f); 5 days post-TAM, intestinal tissues
were harvested for analysis (Figure 2A).

Administration of TAM specifically reduced HK2 expres-
sion in the intestinal epithelium as noted by Western blot
(Figure 2B), quantitative real-time reverse transcription
polymerase chain reaction (qPCR) (Figure 2C), and ISH
(Figure 2D). Intestinal HK2 loss resulted in an increase in the
number of goblet cells in the small bowel as noted by mucin
2 (MUC2) (Figure 2E and F) and Alcian blue staining
(Figure 2G and H). Staining the intestinal sections from HK2
KO mice for lysozyme (LYZ) revealed an obvious increase in
Paneth cells (Figure 2I–K). Moreover, the number of LYZþ

cells in the upper crypts of HK2 KO mice was also signifi-
cantly increased (Figure 2I and K). Furthermore, increased
chromogranin A (CGA)þ enteroendocrine cells were found in
the small intestine of HK2 KO mice (Figure 2L and M). Thus,
our studies indicate that HK2 KO results in ISC differentiation
toward the secretory lineage. HK2 KO did not alter body
weight (Figure 3A), colon and small intestinal length
(Figure 3B and C), morphology of the small intestine and
villus length or crypt depth (Figure 3D), and the proliferation
as determined by Brdu incorporation (Figure 3E and F).

Loss of HK2 Represses Intestinal Stemness
To further investigate the role of HK2 in regulating ISC

maintenance, we generated a stem cell–specific HK2 KO
mouse model HK2f/f; LGR5-EGFP-IRES-creERT2 mouse,
Figure 1. (See previous page). HK2 is a target gene of Wnt sig
by scRNA sequencing. “pct.1” is the percentage of HK2 expres
the percentage of HK2 expressing cells in the rest of cells (eg, a
mature; EP, enterocyte progenitor. TA, transit amplifying; G1, G
scope brown staining of HK2 in intestinal crypts from WT mice.
Paneth cells. RNA scope duplex staining of HK2 (brown) with
expressed in GFPhigh cells. Small intestine crypts from the LGR5
Typsin LE for 30 minutes to obtain single cells. GFPhigh and GFP
Expression of ASCl2, LGR5, and HK2 was determined by qPC
intestinal crypts from jejunum of WT mice were harvested and
vehicle control (DMSO) or Wnt agonist CHIR99021 (D) or Wnt an
expression of HK2 and AXIN2 was analyzed by qPCR (n ¼ 5 m
creERT2 mice were harvested and seeded into 24-well plates a
mM) for 24 hours to induce knockout of APC expression. Fou
expression of HK2 and AXIN2 was determined by qPCR (n ¼ 3 m
and APCf/þ; Villin-cre mice. Intestinal mucosa from 3-month
***P< .005.
where the LGR5 knock-in allele permits the isolation of
LGR5-GFPhigh containing ISCs by flow cytometry and the
deletion of HK2 in the GFPhigh subset of ISCs on TAM
administration (Figure 4A). This model is often used to
quantify GFPhigh containing ISCs and GFPlow pro-
genitors.20,21 We ablated HK2 in 6-week-old LGR5-GFP
mice (Figure 4A) and intestinal cells with high GFP
expression (Lgr5-GFPhigh ISCs) and lower GFP expression
(Lgr5-GFPlow progenitors) were gated. HK2 loss decreased
the frequency of LGR5-GFPhigh containing ISCs by 50%
(Figure 4B).

Intestinal organoids, generated from whole crypts,
represent an established model system for studying intes-
tinal development and maintenance. We next determined
the effects of HK2 loss on growth of intestinal organoids.
The activity of ISCs was assessed based on their ability to
drive the formation of organoids.22,23 Crypts were isolated
from WT control or HK2f/f; Villin-creERT2 mice at Day 5
after the last TAM injection and cultured to grow organoids.
Organoids cultured from WT control mice continued to
grow and underwent extensive budding. By contrast, HK2
deletion led to a decrease in crypt organoid-forming ca-
pacity (Figure 4C) and the formation of small organoids
(Figure 4D and E) with no effect on cell death (Figure 4F).
As an assessment of the renewal capacity of organoid-
forming cells,24 we next tested whether HK2 was required
for the formation of secondary organoids. Interestingly,
HK2-deficient organoids generated secondary organoids at
much lower rates than HK2 WT control organoids
(Figure 4G). Our results suggest that HK2 loss represses ISC
self-renewal (ie, fewer ISC numbers with less organoid-
forming potential).

To further determine the role of HK2 in intestinal cell
differentiation, crypts isolated from WT control or HK2f/f;
Villin-creERT2 mice were cultured, and the organoids were
treated with 4-OHT to induce HK2 deletion (Figure 5A).
Treatment with 4-OHT results in the decreased expression
of HK2 (Figure 5B), formation of small organoids, and
decreased number of lobes per organoid (Figure 5C–E),
another indicator of stem cell function.25 As observed in
mouse intestine, HK2 deletion in organoids increased levels
of many secretory cell markers, such as MUC2, LYZ, and CGA
and GCG (Figure 5F-G). Paneth cells contain distinct
naling in intestinal cells. (A) Expression of HKs was analyzed
sing cells in the selected cell type (eg, Goblet). The “pct.2” is
ll non-Goblet cells). EI, enterocyte immature; EM, enterocyte
1/S cell-cycle phase; G2, G2/M cell-cycle phase. ( B) RNA-
(C) HK2 is mainly expressed in LGR5-positive cells but not in
LGR5 (red) in WT jejunum crypts. (D) HK2 is more highly

-EGFP-IRES-creERT2 mice were harvested and digested with
low cells were isolated by fluorescence-activated cell sorting.
R. Data represent mean±SD (n ¼ 4 mice). (E and F) Small
seeded in 24-well plates. Organoids were treated with either
tagonist XAV939 (E) for 3 days. Total RNA was extracted and
ice). (G) Small intestinal crypts from APCf/f and APCf/f; Villin-
nd cultured for 24 hours followed by treatment with 4-OHT (1
r days after removing 4-OHT, total RNA was extracted and
ice). (H) Western blotting analysis of protein expression in WT
-old mice was collected for analysis. *P< .05; **P < .01;
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cytoplasmic granules for exocytosis of antimicrobial pep-
tides, such as LYZ, defensins (DEFA), and angiogenin 4
(ANG4). We next determined whether HK2 KO affects
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compared with WT mice (Figure 5F), further demonstrating
that HK2 deficiency promotes Paneth cell differentiation.
HK2 deletion in organoids increased number of secretory
cell lineages was also demonstrated by IF staining
(Figure 5H). Together, these data demonstrate that loss of
HK2 in the small bowel not only represses ISC self-renewal
but also shifts early differentiation within the crypt toward
the secretory lineage (ie, greater numbers of Paneth, goblet,
and enteroendocrine cells).

HK2 regulates ISC self-renewal and
differentiation through the regulation of p38
mitogen-activated protein kinase (MAPK)/ATOH1
pathway

To determine the mechanisms involved in the regulation
of ISC function by HK2/glycolysis, we used glycolysis inhibitor
2-desoxyglucose (2-DG). Similar to HK2 KO, treatment of
organoids with 2-DG repressed organoid growth and
increased differentiation (Figure 6A–C). Interestingly, we
found that 2-DG treatment resulted in an increase in ATOH1
mRNA expression (Figure 7A). Because ATOH1 is required for
differentiation of secretory cell lineages in the small bowel,26

our results suggest that glycolysis regulates secretory lineage
generation through ATOH1. p38 MAPK alpha is required for
secretory differentiation.27 Moreover, 2-DG has been shown to
induce energy stress through the inhibition of glycolysis and
subsequent activation of the p38 MAPK pathway in mouse
embryonic fibroblast cells.28 We next determined whether
inhibition of glycolysis using 2-DG affects the activation of p38
MAPK in intestinal cells. As shown in Figure 7B, treatment of
intestinal cells with 2-DG resulted in the increased activation
of p38 MAPK as noted by the increased phosphorylation of
p38 MAPK. Consistent with results using 2-DG, we found that
HK2 KO increased ATOH1 mRNA expression (Figure 7C) and
p38 MAPK phosphorylation in HK2 KO organoids (Figure 7D).
Therefore, these results demonstrate that HK2 regulates
secretory cell differentiation through increased ATOH1
expression and activation of p38 MAPK.

Because inhibition of p38 MAPK has been shown to
repress ATOH1 expression in intestinal epithelial cells,27 we
next tested whether activation of p38 MAPK mediates the
phenotypes induced by HK2 KO. Organoids derived from
HK2 KO mice showed decreased growth, which was rescued
by addition of SB202190, a selective p38 MAPK inhibitor
(Figure 7E and F). Moreover, HK2 KO increased expression
of LYZ, MUC2, ATOH1, and CGA; this increase was blocked by
inhibition of p38 MAPK (Figure 7G and H). Importantly,
Figure 2. (See previous page). HK2 loss increases differentiat
mouse model, including the timeline of TAM injection and tissue
small intestine mucosa, kidney, and liver tissues fromWT and HK
crypts was determined by qPCR (n ¼ 3 mice). (D) The expressio
staining of jejunum from WT and HK2 KO mice with DAPI and M
mice; at least 20 villi were counted from each mouse). (G) AB sta
ABþ goblet cell in villi (at least 20 villi counted per mouse; n ¼ 7 m
DAPI and LYZ. (J) Quantification of LYZþ Paneth cells in crypt (n
(K) Quantification of number of LYZþ cells in the upper crypts b
counted from each mouse). (L) IF staining of jejunum from WT
CGAþ EE cell in crypts (n ¼ 5 mice; at least 20 villi were count
these results suggest that activation of p38 MAPK is
required for HK2 KO repression of ISC self-renewal and
promotion of ISC differentiation.

Lactate Reverses the Phenotypes Induced by
HK2 Knockout

To further study the HK2/glycolytic activity involved in
HK2-dependent regulation of ISC function, we next
assessed glycolysis by measuring extracellular acidification
rate in crypt organoids as described.29 As shown in
Figure 8A, HK2 KO results in decreased extracellular
acidification rate, which is associated with decreased
glycolytic capacity. Consistent with these results, decreased
lactate production was noted in HK2 KO organoids
compared with HK2 WT organoids (Figure 8B), indicating
impairment of glycolytic activity in organoids with HK2
deletion. We next tested whether supplementation of
lactate could rescue the repressed organoid size and
increased secretory lineages in the HK2 KO organoids. As
shown in Figure 8C and D, supplementation of lactate
partially restored the organoid size in the 4-OHT-induced
HK2 KO organoids. We further observed that lactate at-
tenuates or blocks the increased secretory lineage markers
and ATOH1 expression in the HK2-deficient organoids
(Figure 8E). Moreover, addition of lactate attenuates the
increased p38 MAPK phosphorylation induced by HK2 KO
in organoids (Figure 8F). Similar results were noted in
organoids treated with pyruvate, another glycolytic prod-
uct. Pyruvate attenuates or blocks the increased secretory
lineage markers and ATOH1 expression in the HK2-defi-
cient organoids (Figure 9). These results show that lactate/
pyruvate treatment rescues the phenotypic consequences
of HK2 deficiency in intestinal cells and further implicates
a crucial role for HK2/glycolysis in promoting ISC self-
renewal and repressing ISC differentiation.

Discussion
Metabolic changes are known to play a pivotal role in cell

proliferation and differentiation.5 However, it is not entirely
known if and how the altered glycolysis affects the fate of
discrete subtypes of intestinal epithelial cells and their
molecular characteristics during differentiation. The present
study identifies HK2 as a critical enzyme for the maintenance
of ISC homeostasis. Deleting HK2 in LGR5þISCs repressed ISC
stemness, and HK2 KO or inhibition of glycolysis increased the
number of Paneth, goblet, and enteroendocrine cells and
repressed ISC self-renewal. Moreover, HK2 regulates ISC self-
ion of secretory cells. (A) Schematic of HK2f/f; Villin-creERT2
collection. (B) Western blotting analysis of HK2 expression in
2 KO mice. (C) Expression of HK2 in WT and HK2 KO jejunum
n of HK2 in WT and HK2 KO mice was analyzed by ISH. (E) IF
UC2. (F) Quantification of MUC2þ goblet cells in villus (n ¼ 10
ining of jejunum of WT and HK2 KO mice. (H) Quantification of
ice). (I) IF staining of jejunum from WT and HK2 KO mice with

¼ 10 mice; at least 20 crypts were counted from each mouse).
ased on LYZ IF staining (n ¼ 10 mice; at least 20 crypts were
and HK2 KO mice with DAPI and CGA. (M) Quantification of
ed from each mouse). ***P< .005.



0

5

10

15

20

25

A B C
M

ou
se

 w
ei

gh
t (

g)
  

ns 30 

20 

10 

0 
WT KO 

Sm
al

l i
nt

es
�n

e 
le

ng
th

 (c
m

) 

ns 40 

20 

10 

0 

30 

WT KO 

Co
lo

n 
le

ng
th

 (c
m

) 

ns 10 

4 

2 

0 

6 

8 

WT KO 

D

Villus 

Crypt 

WT KO 

Scale bar = 100 μm 
W
T

K
O

0

100

200

300

400

Vi
llu

s l
en

gt
h 

(μ
m

)  
  

ns 
400 

200 

100 

0 

300 

WT KO W
T

K
O

0

50

100

Cr
yp

t l
en

gt
h 

(μ
m

)  
  

ns 
100 

50 

25 

0 

75 

WT KO 

E
WT KO 

2 h 

Scale bars = 50 μm 
0

2

4

6

8

10

WT KO 

ns 
10 

4 

2 

0 

6 

8 

Br
du

 +  c
el

ls/
 

cr
yp

t 

F

Scale bars = 50 μm 

WT KO 
24 h 

WT KO 

Br
du

+  c
el

l m
ig

ra
�o

n 
di

st
an

ce
 (μ

m
) 

0

50

100

150

200 ns 200 

100 

50 

0 

150 

WT KO 

ns 

Br
du

+  c
el

ls 
vi

llu
s-

cr
yp

t a
xi

s 

25 

5 

0 

10 

15 

20 
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renewal and differentiation through the regulation of the p38
MAPK/ATOH1 signaling pathway. Importantly, these findings
demonstrate that fine-tuned glycolysis is critical for the
maintenance of ISC function.

Our findings identify HK2 as a target gene of Wnt
signaling in the intestinal epithelium. Activation of Wnt/b-
catenin has been shown to promote glycolysis.30,31 Our
results suggest that Wnt regulates glycolysis, at least in
part, through regulation of HK2 expression. Moreover,
Wnt signaling plays a critical role in ISC self-renewal and
differentiation. The balance between self-renewal and
differentiation in ISCs is regulated by Wnt signaling. We
found that HK2 is mainly expressed in LGR5-GFPhigh ISCs
compared with the more differentiated GFPlow pro-
genitors. In addition, our findings show that HK2 con-
tributes to ISC self-renewal and HK2 KO promotes ISC
differentiation into Paneth cells, goblet cells, and enter-
oendocrine cells. Therefore, we show that HK2, as a target
gene of Wnt signaling, mediates the function of Wnt
signaling in the regulation of ISC self-renewal and
differentiation.

Immature intestinal epithelial cells, a product of the ISCs,
differentiate into absorptive or secretory cells. We found
that loss of HK2 increased the expression of ATOH1, which is
required for secretory lineage generation in the intestine,26

implying that HK2 regulates secretory cell differentiation
through the regulation of ATOH1 expression. We also found
Figure 5. (See previous page). HK2 deficiency promotes sec
organoid model, including the timeline of 4-OHT treatment and
qPCR (n ¼ 5 mice) and Western blot (n ¼ 3 mice). (C) Representa
the budding number of WT and HK2 KO organoids (at least 3
result from 3 biologic independent experiments is shown. (E) Or
(at least 30 organoids were measured per mouse; n ¼ 4 mice). (F
GCG in organoids from indicated genotypes (n ¼ 4–5 mice).
determined by Western blot. LYZ signals from 3 mice were qua
respect to a-tubulin. (H) IF staining of LYZ (left), MUC2 (middl
***P< .005.
that HK2 regulated ATOH1 through p38 MAPK signaling.
Activation of p38 MAPK contributes to aging associated ISC
exhaustion.32 p38 MAPK inhibition is required for long-term
maintenance of human intestinal organoids.33 In addition,
intestine-specific p38a KO mice showed a decreased secre-
tory differentiation in intestine.27 Our findings identify p38
MAPK and ATOH1 as downstream signaling molecules of
HK2 and reveal a critical role for HK2/p38 MAPK/ATOH1
pathway in the regulation of secretory lineage generation in
the intestine.

Importantly, we demonstrate that HK2 deficiency pro-
motes ISC differentiation resulting in increased secretory
lineage cells. Recently, it has been shown that deletion of
HK2, which is highly expressed in intestinal epithelium from
patients with IBD, protects against dextran sulfate
sodium–induced acute intestinal colitis in mice.14 However,
the mechanisms involved in this protection are not clear.
Alterations in intestinal epithelial cells subtypes, including
reduced numbers of goblet and Paneth cells, are frequently
observed in inflammatory conditions.34 Dysfunction of
goblet and Paneth cells is often observed in patients with
IBD and can contribute to disease pathogenesis.35-38 In
addition, Paneth cell defects contribute to the origin of gut
inflammation in models of IBD,39 and Paneth cell dysfunc-
tion contributes to mucosal dysbiosis in patients with IBD
and in mouse models.36,40,41 Mucus secreted from goblet
cells serves as an important barrier to prevent pathogens
retory cell differentiation in organoids. (A) Schematic of the
organoid collection. (B) HK2 expression was determined by
tive image of WT and HK2 KO organoids. (D) Quantification of
0 organoids were measured per mouse). One representative
ganoid size derived from indicated genotypes was quantified
) qPCR analysis for MUC2, LYZ, ANG4, and DEFA5, CGA and
(G) LYZ protein expression in WT and HK2 KO organoids
ntitated densitometrically and expressed as fold change with
e), and CGA (right) in WT and HK2 KO organoids. **P< .01;
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from invading the mucosa.42 The abnormal differentiation of
goblet cells results in the deficient synthesis and secretion
of mucins and thus intestinal mucosal barrier dysfunction.42

Our findings suggest that deletion of HK2 may contribute to
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testinal inflammation, our results show that HK2 deletion
can also repress ISC self-renewal, suggesting a limitation
in the consideration of targeting HK2 as a therapeutic
option for chronic inflammation.

Compared with the differentiated progeny cells, stem
cells are often characterized by distinct metabolic activities
with higher glycolysis and a lower fraction of mitochondrial
OXPHOS.6 We showed that HK2 KO in ISCs decreased ISC
self-renewal. Moreover, HK2 KO decreased glycolytic activ-
ity and lactate production in intestinal cells, whereas sup-
plementation of lactate or pyruvate reversed these
phenotypes induced by HK2 KO. Our results demonstrate
that glycolysis in ISCs is critical for the maintenance of ISC
function. Our study establishes a paradigm wherein glycol-
ysis plays a direct role in controlling ISC fate. Previously, we
have shown that intestinal cell differentiation is associated
with decreased glycolysis.8 In agreement with our findings,
other investigators have shown that proliferative cells in
intestinal crypt are characterized by a glycolytic metabolic
phenotype, whereas differentiated intestinal epithelium
maintain an OXPHOS phenotype.43 Activating mitochondrial
OXPHOS by substitution of glucose with galactose has
shown to promote ISC differentiation.7 Together, these
findings suggest that ISCs show a preference for glycolysis
for self-renewal but shift to an OXPHOS-dependent meta-
bolism driving differentiation.

Previously, Rodriguez-Colman et al.7 showed that
OXPHOS in ISCs and glycolysis in Paneth cells are required
to support ISC function; however, this study was limited by
using only in vitro epithelial cell cultures. In addition,
whether and how altered glycolysis in ISCs affects ISC self-
renewal and differentiation is not known. In contrast, our
study provides several lines of evidence demonstrating a
critical role of glycolysis to directly promote ISC function:
(1) HK2, a major contributor to increased glycolysis,13 is
mainly expressed in ISC but not in Paneth cells; (2) specific
deletion of HK2 in ISCs repressed ISC stemness; and (3)
inhibition of glycolysis or specific deletion of HK2 in ISCs
promotes ISC differentiation. Our results demonstrate that
glycolysis in ISCs is required to support ISC function.

In conclusion, our findings demonstrate that glycolysis is
necessary and sufficient to maintain ISC self-renewal and
that limiting glycolysis contributes to the generation of
secretory lineages from ISCs. The inability to fine-tune
glycolysis in ISCs subsequently disturbs the balance
Figure 7. (See previous page). HK2 regulates ISC self-renew
ATOH1 pathway. (A and B) Small intestine organoids from WT
increased ATOH1 mRNA expression (A) and p38 phosphorylatio
experiments was quantitated densitometrically and expressed
Crypts from HK2f/f and HK2f/f; Villin-creERT2 mice were treate
increased the expression of ATOH1 in organoids as noted in C
testinal organoids as shown in D. Phosphorylated p38 MAPK sig
quantitated densitometrically and expressed as fold change w
HK2f/f; Villin-creERT2 mice were treated with 4-OHT for 24 hours
together with 4-OHT for 24 hours and alone for an additional
organoid size on HK2 KO as noted in E. Quantification of the size
(at least 30 organoids per mouse were measured; n ¼ 3 mic
expression of secretory markers in HK2 KO organoids as shown
increased LYZ protein expression in HK2 KO organoids as sho
between self-renewal and differentiation. Elucidation of the
effects of altered glycolysis that govern the function of
discrete intestinal cell types may provide more suitable and
selective therapeutic approaches for improving intestinal
regeneration and function in patients.

Materials and Methods
Mouse Strains

To investigate the necessity of HK2 in maintaining ISC
functions, we obtained HK2f/f mice from Dr Nissim Hay44

(College of Medicine, University of Illinois at Chicago) and
crossed them with LGR5-EGFP-IRES-creERT2 mice
(B6.129P2-Lgr5tm1(cre/ERT2)Cle/J, Strain #008875) to
generate HK2f/f; LGR5-EGFP-IRES-creERT2 mice. HK2f/f; Vil-
lin-creERT2 mice were generated by crossing HK2f/f mice to
Villi-creERT2 mice (B6.Cg-Tg[Vil1-cre/ERT2]23Syr/J, Strain
#020282). As control animals, we used littermate HK2f/f

mice, referred to as WT mice. Apc15lox mice (B6.129P2-
Apctm1Rsmi/RfoJ, Strain #029275) were crossed with Villin-
creERT2 mice to generate APCf/f; Villin-creERT2 mice. APC/
Villin-cre mouse colonies were established by mating Villin-
cre mice (B6.Cg-Tg[Vil1-cre]1000Gum/J, Strain # 021504)
with APC mice (C57BL/6-Apctm1Tyj/J, Strain #009045).

Mice were maintained on a 12 hours light/dark schedule
in filter top isolators with autoclaved water under specific
pathogen-free conditions and fed autoclaved standard lab-
oratory chow ad libitum. Age- and gender-matched mice
were used for all experiments. All animal procedures were
conducted in accordance with National Institutes of Health
guidelines and were approved by the University of Kentucky
Institutional Animal Care and Use Committee.

Mouse Intestinal Crypt Isolation and Organoid
Culture

Intestinal crypts and villi were isolated as previously
reported.45 Briefly, mouse small intestine was opened
longitudinally, washed with ice-cold phosphate-buffered
saline (PBS) to remove the luminal contents, and cut into 2-
to 4-mm pieces. The intestinal fragments were incubated in
ice-cold PBS containing 10 mM EDTA for 60minutes at 4�C.
Crypts were released by shaking with ice-cold PBS. Washing
in ice-cold PBS was repeated until most of the crypts were
released, as determined by microscopic analysis. Crypt
suspensions were passed through a 70-mm cell strainer and
al and differentiation through the regulation of p38 MAPK/
mice were treated with 2-DG for 3 days. Treatment with 2-DG
n (B). Phosphorylated p38 MAPK expression from 3 separate
as fold change with respect to total p38 MAPK. (C and D)
d with 4-OHT for 24 hours to induce KO of HK2. HK2 KO
(n ¼ 5 mice). HK2 KO increased p38 phosphorylation in in-
nals from HK2WT (n ¼ 3 mice) and HK2 KO (n ¼ 3 mice) were
ith respect to total p38 MAPK. (E–H) Crypts from HK2f/f and
to induce KO of HK2; the p38 inhibitor SB202190 was added
4 days. Inhibition of p38 MAPK attenuated the decrease in
of organoids derived from indicated genotypes is shown in F
e). Inhibition of the p38 pathway attenuated the increased
in G (n ¼ 3 mice). Inhibition of the p38 pathway attenuated the
wn in H. *P< .05; **P< .01; ***P< .005.
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organoids (n ¼ 4 wells). One representative result from 3 biologic independent experiments is shown. (B) The crypts from HK2f/f and
HK2f/f; Villin-creERT2 mice were incubated, and organoids were treated with 4-OHT for 24 hours to induce KO of HK2. Three days
after 4-OHT treatment, culture media was collected, and lactate in the media was measured and results normalized by total DNA
amount (n ¼ 3 mice). (C–F) The crypts from HK2f/f and HK2f/f; Villin-creERT2 mice were cultured and crypt organoids treated with
4-OHT for 24 hours to induce KO of HK2. Lactate (10 mM) was added to the medium together with 4-OHT for 24 hours and
continuous treatment for an additional 4 days. Supplementation of lactate attenuated the decrease in organoid size induced by HK2
KO as shown inC. Quantification of the size of organoids derived from indicated genotypes is shown in D (at least 30 organoids were
measured per mouse; n ¼ 3 mice). Supplementation of lactate attenuated the increased expression of secretory markers in HK2 KO
organoids as shown in E (n ¼ 3 mice). Supplementation of lactate attenuated activation of p38 MAPK associated with HK2 KO as
noted in the Western blot shown in F. *P < .05; **P < .01; ***P < .001.
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HK2 KO. The crypts from
HK2f/f and HK2f/f; Villin-
creERT2 mice were cultured
and crypt organoids treated
with 4-OHT for 24 hours to
induce KO of HK2. Sodium
pyruvate (10 mM) was added to
the medium together with
4-OHT for 24 hours and
continuous treatment for an
additional 4 days. qPCR anal-
ysis for MUC2, LYZ, CGA, and
ATOH1 mRNA expression in
organoids from indicated ge-
notypes (n ¼ 3 mice). *P< .05;
***P< .005.

944 Li et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 4
centrifuged at 300� g for 5minutes. Isolated crypts were
mixed with Matrigel and cultured in IntestiCult Organoid
Growth Medium (Mouse, stem cell tech Catalog # 06005) as
described previously.7 Colony-forming efficiency was
calculated by plating 200 crypts and assessing organoid
formation 3 days after initiation of cultures as described.21

The organoid area was measured as described.46 Briefly,
the surface area of organoids was measured by taking
several random nonoverlapping photographs of organoids
using a microscope. Photographs were analyzed using
ImageJ software. Organoid perimeters for area measure-
ments were defined manually. Measurements from HK2 WT
organoids were compared with HK2 KO organoids to
determine the relative area change. Secondary colony for-
mation was determined as described.24 Briefly, the same
number of crypts from HK2f/f and HK2f/f; Villin-creERT2
mice was cultured and treated with 4-OHT for 24 hours to
induce KO of HK2. After removal of 4-OHT, crypt organoids
were continually cultured for 4 days. Then, 1 well of orga-
noids from WT and HK2 KO was incubated for 2 minutes in
TrypLE Express (Invitrogen) to form fragments of w10–20
cells and then plated into 4 wells. The number of organoids
recovered from each well was quantified.
Seahorse Analysis
Agilent Seahorse Analyzer was used to measure extra-

cellular acidification rate in organoids as described.47

Briefly, intestinal crypts from HK2f/f and HK2f/f; Villin-
creET2 mice were seeded in 24-well plates and treated with
4-OHT for 24 hours to induce HK2 deletion. Two days after
4-OHT treatment, the organoids were transferred to XFe96
cell culture microplates and cultured for an additional 24
hours before measurement. Extracellular acidification rate
was measured on addition of glucose to induce glycolytic
flux, oligomycin to induce the glycolytic reserve, and 2-DG to
inhibit glycolysis. Extracellular acidification rate values per
group were normalized to the total amount of DNA present
in all wells of the according group.

In Situ Hybridization
ISH was carried out on the Ventana Discovery Ultra

platform, using RNAScope VS Universal HRP (for single-
plex) (Advanced Cell Diagnostics) or RNAScope VS Duplex
Reagent (dual stain) (Advanced Cell Diagnostics) with
RNAScope probes directed against Ms-HK2 and Ms-LGR5
(Advanced Cell Diagnostics). Staining conditions were opti-
mized on the test tissue using RNAScope’s Ms-PPIB probe as
a positive control, and DapB probe as negative control
before staining with probes of interest.

Histology
Sections from WT and HK2 KO mice were stained with

hematoxylin-eosin as described.48 Morphology was assessed
in high-quality sections containing nonfragmented villi. Vil-
lus height and crypt depth were measured with Aperio
ImageScope – Pathology Slide Viewing Software (Leica
Biosystems Imaging, Inc, Vista, CA) as described.45 Briefly,
crypt depth was measured as the length between the
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bottom of the crypts and the crypt-villus junction; villus
height was determined by the length between the crypt-
villus junction and the top of the villus. At least 20 well-
oriented crypts and villi were counted per mouse by a
single blinded observer.

Immunofluorescence, Immunohistochemistry,
and Alcian Blue Staining

Immunofluorescence (IF), immunohistochemistry, and
Alcian blue staining were performed as described previously.48

Tissues were processed for routine IF or immunohistochem-
istry staining using the following antibodies: rabbit anti-LYZ
(Diagnostic BioSystems, Pleasanton, CA), anti-MUC2 (Ther-
mofisher), and anti-CGA (Santa Cruz, Dallas, TX). Negative
control animals (including no primary antibody or isotype-
matched mouse IgG) were used in each assessment. Alcian
blue staining was performed according to standard protocol
using Alcian blue pH 2.5 Stain Kit (Dako, Carpinteria, CA).

BrdU Assay
Five days after the final TAM administration, mice were

injected with 100 mL of BrdU (10 mg/mL, intraperitoneally)
(BD Pharmingen) at 2 or 24 hours before sacrifice. A small
section of jejunum tissues was processed for routine im-
munostaining. For proliferation, the percentage of BrdU-
positive cells relative to total cell number per crypt or per
villus-crypt axis was quantified. Migration distance was
measured as the distance from the bottom of crypts to
foremost BrdU positive enterocytes as described.49

Fluorescence-Activated Cell Sorting
Crypts were harvested from the proximal jejunum (w10

cm) of LGR5-eGFP-IRES-creERT2 mice by 60-minute incuba-
tion with ice-cold EDTA/PBS (10 mM) and filtered through a
70-mm strainer. Crypts were dissociated by incubating with
TypLE for 20 minutes (Gibco, Waltham, MA; 12604013) at
37o C. TrypLE was stopped by adding Advanced DMEM
(Gibco; 12491015) containing 10% fetal bovine serum (Gibco;
10270106) and dissociated cells were passed through a 40-
mm strainer. For EpCAMþ isolation, cells were stained with PI
(Life Technologies) and anti-EpCAM antibody (eBioscience)
and gated on GFPhigh (stem cells) and GFPlow (progenitors).
Cell sorting was performed on a BD fluorescence-activated
cell sorting Aria II System as described.50

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction Analysis

Total RNA was extracted and treated with DNase
(Promega, Madison, WI). Synthesis of cDNA was performed
using reagents in the TaqMan Reverse Transcription Re-
agents Kit (Applied Biosystems, Foster City, CA). TaqMan
probe and primers were purchased from Applied Bio-
systems. qPCR was performed as described previously.8

Lactate Production Analysis
The crypts from HK2f/f and HK2f/f; Villin-creERT2 mice

were collected and cultured. Crypt organoids were treated
with 4-OHT for 24 hours to induce KO of HK2. After removal
of 4-OHT, organoids were continually cultured for 2 days.
Culture medium was replaced with the fresh medium 24
hours before organoid harvesting. The lactate concentration
in the medium was measured using an EnzyChrom L-Lactate
Assay Kit (BioAssay Systems ECLC-100). The DNA isolated
from the organoids was used for normalization of lactate
concentration.

Western Blot Analysis
Western blotting was performed as described.8 Anti-

bodies to HK2 (Genetex), phospho-p38, p38, and a-tubulin
(all from Cell Signaling) and LYZ (Diagnostic BioSystems)
were used.

Reanalysis of Bulk RNA-Seq
We reanalyzed the single-cell transcriptome data of

small intestine epithelial cells (EpCAMþ, CD45-, TER-119-,
and CD31-)16 containing 7216 cells. The Unique Molecular
Identifier count matrix and cell cluster labels were
retrieved from GSE92332. Unique Molecular Identifier
counts were normalized by sequencing depth for each cell,
multiplied by a scale factor 10,000, and then natural log
transformed.51 Dot plots were used to visualize the
expression of selected genes.51 Dot size represents the
fraction of cells in the cluster that express the gene; color
indicates the mean expression in expressing cells, relative
to other clusters. Differential expression tests were car-
ried out using FindAllMarkers function based on Wilcoxon
rank sum test.51

Statistical Analysis
For in vitro experiments and in vivo studies, comparisons

of HK2, LYZþ, MUC2þ, and CGAþ, extracellular acidification
rate, morphology, IF, and immunohistochemistry between 2
groups were performed using 2-sample Student t test or
analysis of variance for multiple groups with contrast state-
ments. Adjustment in P values because of multiple pairwise
testing between groups was performed using the Holm step-
down procedure. Linear mixed models were used for in vivo
studies comparing WT and HK2 KO to account for multiple
observations from multiple crypts and villi per mouse.
Normality and equality of variance assumptions for study end
points were assessed to determine validity of statistical tests
and models. Bar graphs represent mean ± standard deviation
levels in each group. For in vitro studies, 3 replicates were
used for each cell culture condition and each experiment was
repeated at least 3 times. Representative data from the repeat
experiments are presented. All data from animal samples with
measurement of study end points were included in the anal-
ysis. All authors had access to the study data and have
reviewed and approved the final manuscript.
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