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ABSTRACT

Hepatocellular carcinoma (HCC) is the second deadly cancer in the world and still lacks curative treatment. Aerobic glycolysis, or Warburg effect,
is a major resistance mechanism induced by first-line treatment of HCC, sorafenib, and is regulated by the master regulator of metabolism, AMPK.
Activation of AMPK is required for resistance; however, activation dynamics of AMPK and its regulation is rarely studied. Engineering cells to
express an AMPK activity biosensor, we monitor AMPK activation in single HCC cells in a high throughput manner during sorafenib-induced drug
resistance. Sorafenib induces transient activation of AMPK, duration of which is dependent on glucose. Inhibiting glycolysis shortens AMPK
activation; whereas increasing glycolysis increases its activation duration. Our data highlight that activation duration of AMPK is important for

cancer evasion of therapeutic treatment and glycolysis is a key regulator of activation duration of AMPK.
© 2023 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

AMP-activated protein kinase (AMPK) is a heterotrimeric protein kinase
and functions as a sensor and guardian of energy homeostasis [1].
Upon energy deficiency in forms of nutrient or oxygen deprivation,
cellular AMP/ADP:ATP ratio increases and the accumulated AMP ac-
tivates AMPK through binding with its y subunit to elicit conformational
changes that facilitate phosphorylation at threonine 172 and decrease
its dephosphorylation. Besides sensing adenine nucleotide levels,
AMPK senses the absence of glucose [2,3], or an increase in intra-
cellular calcium [4—6] and is also post-translationally regulated by
other pathways, such as AKT or S6K, reactive oxygen species and
ubiquitination [1]. Once AMPK is activated, it phosphorylates up to 100
substrates to promote catabolism and inhibit anabolism in order to
restore energy homeostasis. It remains unclear how AMPK coordi-
nately regulates so many substrates and pathways.

Spatial and temporal regulation of AMPK diversifies its function [7].
Spatially, AMPK is acutely activated on lysosome by the vATPase-
Regulator-adolase-AXIN-LKB1 complex upon glucose depletion [8].
High or moderate elevations of AMP activate AMPK on mitochondria or
in cytoplasm respectively [9]. In response to cardiac ischemia/reper-
fusion, y2-AMPK translocates into the nucleus and suppresses pre-
rDNA transcription and ER stress to reduce infarct size [10]. So,
different signals elicit compartmentalization of AMPK to allow selective
regulation of its targets. Compared with spatial regulation, temporal

modulation of AMPK has been less studied. During hypoxia, AMPK
activity increases at 1 ~ 2 h, decreases at 4 ~8 h, and peaks at 15 hin
H9C2 cells [11]. CCCP, a mitochondrial uncoupler, causes acute AMPK
activation after 2 min to phosphorylate ULK1, which then activates
Parkin and mitophagy [12]. AMPK is required for the inhibition of
mTORC1 by oligomycin at the early stage (0~ 1 h), but not at the later
stage [13]. It is speculated that acute effects of AMPK are to revert
energy deficiency and chronic effects modulate transcription or
organelle biogenesis/recycling [7,12]. To better understand the tem-
poral role of AMPK on regulating energy homeostasis, it is worthwhile
to measure its activation dynamics more accurately.

AMPK activity reporter (AMPKAR) is built to enable real-time monitoring
of temporal and spatial changes of AMPK in living cells [14]. In energy
deficiency, AMPK is activated in subcellular regions with different ki-
netics, with the fastest activation in cytoplasm [15]. Recently, a single-
fluorophore AMPKAR (ExRai AMPKAR) was developed and used to
discover nuclear AMPK activity and spatial regulation of AMPK by
upstream kinases [16]. AMPK also showed steady or oscillatory forms
of activation in response to different metabolic perturbations [17].
When AMPKAR was used to monitor the AMPK activity in vivo, it
elucidated tissue-specific activation of AMPK such that metformin
activates AMPK in the liver and AICAR in the skeletal muscle [18].
AMPKAR measures the dynamic changes of AMPK in response to
energy stresses, providing new insights for the understanding of AMPK
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regulation on energy homeostasis as well as pharmacology of drugs
that modulate AMPK.

AMPK is a drug target for treating type Il diabetes, obesity and cancer
[19]. Sorafenib (NEXAVAR®, BAY43-9006) is a small molecule multi-
kinase inhibitor approved as first-line treatment for advanced renal cell
carcinoma, hepatocellular carcinoma (HCC) and thyroid cancer. How-
ever, therapeutic effect of sorafenib is often overcome by primary or
acquired drug resistance, one of which is “Warburg effect”, or aerobic
glycolysis [20]. Inhibiting aerobic glycolysis through HK2 [21], PFKFB3
[22], PDK1 [23] inhibition or fasting [24] acts synergistically with
sorafenib to kill HCCs. AMPK is essential in regulating resistance in
HCCs such that AMPKa. knockdown increases cell death in response to
sorafenib and a glycolysis inhibitor and AMPK also up-regulates
glycolysis [25]. Despite the important role of AMPK in sorafenib-
induced Warburg effect, the dynamics of AMPK activity during this
therapy remains unclear. To answer this question, we established
hepatocellular carcinoma cells with AMPKAR to measure AMPK dy-
namics at the single-cell level. Elucidation of this could facilitate the
understanding of drug resistance origination and maintenance in
sorafenib treatment.

2. MATERIALS AND METHODS

2.1. Huh7 general culture

Cells were cultured in growth medium (DMEM+10% FBS) to reach
logarithmic growth stage and were harvested to seed at specified
density in different plates. Cells were then cultured for 24 h in a
37 °C,5% CO, incubator. After pre-culture, medium was exchanged to
DMEM without FBS to synchronize cells for 14 h. Then, media with
different glucose concentrations were replaced 1 or 2 h before drug
treatment. Al DMEM media contain 1 mM pyruvate and 4 mM -
glutamine.

2.2. Generation of Huh7 cells with AMPKAR2 biosensor

Cells were seeded onto 6-well plates at a density of 2.5 x 10° cells/
well and cultured in a 37 °C,5% CO, incubator. When cells reached
60—80% confluency, they were co-transfected with the pPBJ-puro-
AMPKAR2-nes and the pCMV-hyPBase plasmids at a ratio of 2:1 using
jetPRIME transfection reagent according to the manufacturer’s in-
structions. 48 h after transfection, Huh7 cells with stable expression of
AMPKAR2 were selected with puromycin at concentrations of 1.0—
4.0 pg/mL for 12—14 days. Then, cells with high expression of
AMPKAR2 were sorted by fluorescence activated cell sorting and
grown from single sorted cells.

2.3. High content imaging

Huh7 cells expressing AMPKAR2 were imaged using the ImageXpress
Micro Confocal High Content Imaging System (Molecular Devices).
Cells were seeded into a 24-well glass bottom plate at a density of
9 x 10*well and cultured as in “Huh7 general culture”. One hour
before shooting, medium was replaced with DMEM (without FBS,
without phenol red, with HEPES) with different glucose concentrations
after washing once with 1x PBS solution. During imaging, cells were
placed in a 37 °C, 5% CO, environment. After about 1 h of baseline
imaging, different drugs were added using a 4x or 5xconcentrated
concentration. Sorafenib was treated at 10 pM, so it was prepared as a
50 1M (5x) stock before adding to cells. DMSO level was limited to be
<0.2%. For dual drug stimulation, second drug was added at a 4 x or
5x concentration after three images had been acquired since the first
drug addition. To obtain fluorescence from both mTurquoise2 (cyan
fluorescence protein, CFP) and YPet (yellow fluorescence protein, YFP)

channels, blue light filtered by 438/29 nm was used to excite cells, and
light emitted around 483/32 nm and 562/40 nm was collected. Images
were acquired every 6 min except after each drug addition, which took
15~30 min. Compound C was treated at 10 uM, 2-DG at 25 or
100 mM, glucose at 12.5 or 25 mM.

2.4. Image analysis

Images were imported to Fiji as an image sequence. Fiji plugin
TrackMate-Cellpose was used to detect single cell masks and track cell
trajectories in the image sequences. A pre-trained neural network model
based on the cellpose algorithm was used to identify the cytoplasm of
cells. Initial guess for cell diameter, a cellpose model parameter, was set
to 30 pixels. All the spots converted from cell masks were reserved for
subsequent analysis. Linear assignment problem (LAP) Tracker was
selected to track cell trajectories. Other parameters were set as default.
The cytoplasm after excluding the nucleus was selected as the region of
interest (ROI) for each cell, and fluorescent intensity of ROIs were
calculated by customized matlab scripts (https://github.com/xyttyxy/
bjmu). Average fluorescence intensity of mTurquoise2 (CFP) or YPet
(YFP) in regions of interest (ROIs) at every time point was calculated, and
background fluorescence intensity at the corresponding time points of
each channel was subtracted. AMPK index was calculated as follows:
ratios of mTurquoise2 to YPet were calculated and multiplied by —1.
This value was added by 1 to set most values to be positive numbers in
each experiment. For most experiments, manual selection of 30 ~ 100
ROIs in different cells was performed and the results were consistent
with the automatic analysis (data not shown). For FRET ratio analysis in
Figure 1B, images were background corrected and fluorescence in-
tensity of YPet or mTurquoise2 in the cytoplasm was quantified. The
ratio of fluorescence intensity between YPet and mTurquiose2 was
calculated and used accordingly to pseudo-color single cells.

2.5. Activation duration of AMPK analysis

Activation duration of AMPK was analyzed by MATLAB (MathWorks,
R2019b) based on AMPK index derived from analyzing fluorescence
ratios that correlates with AMPK activity. In these curves, continuous
decreases occur after a sudden rise of index, and the decline rate
slows down gradually. Deactivation point of AMPK is defined as the
starting point of a continuous decrease in AMPK index. Slopes between
each adjacent time point of AMPK index were calculated. Positive
slopes were set to 0, while negative slopes unchanged. Then, the time
point where the slope value changed most is the deactivation point of
AMPK. Additionally, for the curves that have a slight decline followed by
an increase, we rule out this “dip” region by analyzing whether there is
a significant increase after the time point, and then we take this point
as the starting point to find the time where the slope value changed
most again. Activation duration of AMPK equals to the time difference
between the deactivation points and time 0. For the curves that fluc-
tuate without a continuous decline, activation duration of AMPK is set
to the maximum time of imaging.

2.6. CCK8 assay

Cells were seeded evenly into 96-well plates at a density of 1.2 x 10%
well and cultured as in “Huh7 general culture”. Edge wells were sealed
with 100 pL/well of 1 x PBS solution. Media with different glucose
concentrations (0 ~25 mM) were replaced 2 h before drug treatment.
After treating with different combinations of drugs (sorafenib, compound
C, 2-DG, glucose) for designated times, 10 puL CCK-8 reagent (Target-
Mol) was added to each well. Plates were incubated for 2 h and
absorbance at 450 nm was measured by a FlexStataion 3 microplate
reader.
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Figure 1: Glucose extends activation duration of AMPK in response to sorafenib. (A) Viability of Huh7-AMPKAR2 cells treated with sorafenib (SFB, 10 uM) in different glucose
concentration for 3 h. (B) FRET signal of AMPKAR2 was calculated by the ratio of fluorescence intensity of YPet to mTurquoise2, color-coded and projected onto cells treated with
SFB (10 uM) in different glucose cultures. (C) Viability of Huh7-AMPKAR2 cells cultured in high glucose and treated with sorafenib + compound C (both at 10 uM). (D) Percent of
dead cells in response to sorafenib & compound C in different glucose concentration measured by flow cytometry. (E—H) Single cell traces of AMPK index in Huh7-AMPKAR2 cells
treated with sorafenib and cultured at 0, 2.5, 5 and 25 mM of glucose. (I) Mean (solid line) and 95% confidence interval (shades) for traces of AMPK index from (E—H). Arrow: time
point of sorafenib addition. (J) Activation duration of AMPK to sorafenib at different glucose concentrations. ***p < 0.001. Data representative of three independent experiments.
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2.7. Seahorse assay

Cells were seeded evenly into Seahorse XF96 cell culture plates
(Agilent) at a density of 6.25 x 10° cells/well and cultured as in
“Huh7 general culture”. About 2 h before the test, cells were moved
to a non-CO-, incubator at 37 °C and incubated for 1 h 1 h prior to
the test, cell suspension was replaced with the Seahorse Basal
DMEM at 37 °C (with appropriate concentration of glucose, 4 mM L-
glutamine, 1 mM sodium pyruvate and 1% penicillin-streptomycin
solution) and incubated in a non-CO» incubator at 37 °C for 1 h.
Drugs were prepared at 8x to 10x concentrations with the cor-
responding media as in each well and added into ports of Seahorse
XF96 cartridge plates which have been hydrated overnight. XFe96
Extracellular Flux Analyzer (Agilent) was used to measure oxygen
consumption rate and extracellular acidification rate of cells with
different drug treatments.

2.8. Metabolomics

Huh7-AMPKAR2 cells cultured in high glucose (25 mM) and treated
with DMSO or sorafenib and subsequently treated with or without
25 mM 2-DG were collected by lysing in 80% methanol (HPLC-grade,
pre-chilled at —80 °C). Similarly, cells cultured in low glucose
(2.5 mM) and treated with DMSO or sorafenib and subsequently
treated with or without 22.5 mM glucose were collected. Samples
were incubated in —80 °C overnight and centrifuged at 14,000 g for
20 min at 4 °C. Supernatant was transferred into a fresh tube. Samples
were dried using a speedvac at room temperature and sent immedi-
ately to the facility for metabolomics quantification.

Targeted metabolomics, focused on TCA cycle, glycolysis pathway,
pentose phosphate pathway, amino acids and purine metabolism, was
analyzed by TSQ Quantiva (Thermo, CA). C18-based reverse phase
chromatography was done with 10 mM tributylamine, 15 mM acetate
in water and 100% methanol as mobile phase A and B respectively. A
25-minute gradient from 5% to 90% mobile B was used. Positive-
negative ion switching mode was performed for data acquisition.
The resolution for Q1 and Q3 are both 0.7FWHM. The source voltage
was 3500v for positive and 2500v for negative ion mode. The source
parameters are as follows: spray voltage: 3000v; capillary tempera-
ture: 320 °C; heater temperature: 300 °C; sheath gas flow rate: 35;
auxiliary gas flow rate: 10. Metabolite identification was done based on
Tracefinder search with a home-built database containing about 300
compounds.

2.9. Western blot

Cells were seeded onto 6-well plates at a density of 3.5 x 10° cells/
well and cultured as in “Huh7 general culture”. After drug treatment,
media was removed and cells were washed once with cold 1xPBS.
Cells were lysed on ice for 30 min with the RIPA buffer with protease
and phosphatase inhibitors. Cells were scraped off the plate and
centrifuged at 12,000 RPM for 20 min at 4 °C. Supernatant was
transferred into new tubes and protein concentration was deter-
mined by the BCA method. Proteins were heated at 95~ 100 °C for
5 min and 16~24 pg total protein was loaded onto a poly-
acrylamide gel at 7.5—10%. After electrophoresis and wet transfer,
PVDF membranes were blocked by 5% non-fat milk or 3% BSA
(bovine serum albumin) in TBST for 2 h at room temperature. Then,
blots were incubated with a primary antibody diluted at 1:1000
(except B-actin at 1:20000) in TBST with 1.5% BSA overnight at
4 °C. After TBST wash for 3 times, blots were incubated with the
corresponding secondary antibodies and visualization through
enhanced chemiluminescence and X-ray films. Gray values of bands
were quantified using ImageJ.

2.10. Flow cytometry

Drug-treated Huh-7-AMPKAR2 cells were washed with 1xPBS twice,
dissociated by accutase treatment and stained with eBioscience™
Fixable Viability Dye eFluor™ 660 at 1:1000 in PBS following the
manufacturer’s protocol. After incubation at 4 °C for 30 min, cells were
washed with PBS once and re-suspended in PBS. Cells were filtered
through a 40 pum strainer and analyzed by a flow cytometer
immediately.

3. RESULTS

3.1. Activation duration of AMPK is longer in high glucose-induced
resistance to sorafenib treatment

To monitor AMPK activity and study its role in drug resistance in single
HCCs in real time, we generated Huh7 cells that stably express a
fluorescence resonance energy transfer (FRET)-based biosensor,
AMPKAR2 [17] (see also Figure. S1A), termed Huh7-AMPKAR2 cells.
Consistent with previous studies [23], Huh7-AMPKAR2 cells showed
higher level of drug resistance to sorafenib in high glucose as cell
viability was increased by 2 ~ 4 folds in high glucose (25 mM) than in
no or low glucose (0 or 2.5 mM, Figure 1A). In addition, the fraction of
dead cells induced by sorafenib was increased from 18% in 25 mM
glucose to 29% in 0 mM glucose, indicating higher drug resistance in
high glucose culture (Figure 1D). To evaluate the dynamics of AMPK in
this sorafenib-resistant cell model, we measured AMPK activity in live
Huh7-AMPKAR2 cells via FRET-based high content imaging. We
observed that sorafenib induced transient activation of AMPK at any
glucose concentration, however the dynamics of AMPK activity varied
among treatments and cells (Figure 1B). Cells cultured at 25 mM
glucose had the longest activation duration of AMPK in a heteroge-
neous manner (Figure 1B). To validate that AMPK plays an important
role in Huh7’s resistance to sorafenib at high glucose, we used
compound C to inhibit AMPK activity. Compound C treatment caused a
decrease in cell viability (from ~40% to 30%, Figure 1C), and an
increase in cell death (from 18% to 27% in 25 mM glucose culture, and
from 24% to 31% in 5 mM glucose culture, Figure 1D), indicating the
importance of AMPK in maintaining cell viability and in preventing cell
death in response to sorafenib.

To test whether the dynamics of AMPK activity has a correlation with
the glucose-dependent drug resistance, we segmented and traced 200
to 400 single cells automatically over 3~ 4 h of drug treatments, and
analyzed the fluorescent intensities of CFP and YFP encoded by
AMPKAR2. AMPK index correlates better with the percentage of acti-
vated AMPK than the FRET ratio [17], so it was used as a surrogate
measurement of AMPK activity. Sorafenib induced an acute increase in
the AMPK index right after administration, and maintained AMPK index
for different duration in different glucose cultures (Figure 1E-I). Acti-
vation duration of AMPK, defined by the time span between the initial
rise and when AMPK indexes fall to the baseline levels, was increased
in a glucose-dependent manner (Figure 11,J). Activation duration of
AMPK to sorafenib was 90.4, 122.6, 127.4 and 141.9 min in average
at 0, 2.5, 5 and 25 mM glucose and the differences were significant
between high and medium or medium and no glucose conditions
(Figure 1J). To validate that Huh7-AMPKAR2 cells respond to AMPK
activation, we treated cells with an AMPK activator, A769662, or a
glycolysis inhibitor, lodoacetate, as positive controls. AMPK index was
increased to a similar level by these two drugs (Figures. S1B—S1D)
and ACC phosphorylation, which is a gold standard for measuring
AMPK activity, was also increased to a similar level by these treat-
ments (Figure. STE). To rule out that AMPK deactivation is a result of
cell death, we quantified cell death based on entry of fluorescence into
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nuclei (as the AMPKAR?2 sensor has a nucleus exclusion signal and it is
normally expressed in cytoplasm). Reduction of the AMPK index pro-
ceeded the re-localization of AMPKAR2 to nuclei or cell death by many
time points, indicating that deactivation happened before cell death
(Figure. S2). Therefore, activation duration of AMPK in response to
sorafenib increases with glucose concentration and correlates with
higher cell viability or drug resistance.

To validate the inhibitory effect of sorafenib on mitochondrial respi-
ration, we examined the oxygen consumption by seahorse experi-
ments. About half an hour after sorafenib treatment, oxygen
consumption rate (OCR) was decreased to a similar extent from
93.3 & 13.5 pmol/min to 35.6 = 8.2 pmol/min in no glucose and from
97.6 + 10.1 to 40.5 + 7.7 in 25 mM glucose (Figure. S3A). This
suggests that sorafenib inhibits mitochondrial respiration similarly at
different glucose concentrations. To confirm that cells in high glucose
culture consumed more glucose, we measured extracellular acidifi-
cation rate (ECAR) of Huh7-AMPKAR2 cells cultured in no or high
glucose. ECAR was increased from 16.5 4= 2.7 mpH/min in no glucose
to 27.0 & 1.8 mpH/min in high glucose, indicating that cells metab-
olized more glucose into lactate in the later condition (Figures. S3C and
S3D). As solvent for sorafenib, DMSO (dimethyl sulfoxide) was added
at the same amount and the same time as sorafenib as a negative
control. AMPK index did not change in response to DMSO at any
glucose concentration, supporting that the changes in AMPK index
induced by sorafenib was not due to the blank solvent (Figures. S3E—
S3l). Basal AMPK index was higher in no glucose than in the higher
glucose concentrations (Figure. S3l), consistent with AMPK activation
in response to glucose depletion and the result in Figure 1I.

3.2. Glycolysis is necessary for maintaining AMPK activation in
response to sorafenib in high glucose

As higher glucose concentration and glycolysis correlate with longer
AMPK activation induced by sorafenib, we asked whether glycolysis is
necessary for maintaining AMPK activation. To test whether glycolysis
is necessary for maintaining AMPK activation, we used 2-deoxy-
glucose (2-DG), a competitive inhibitor of hexokinase Il that catalyzes
the first step in glycolysis. As the high glucose media contain 25 mM
glucose, we chose 2-DG at the same or 4-fold concentration of glucose
to inhibit glycolysis. To test whether 2-DG inhibits glycolysis at the
selected dose, we measured ECAR when cells were treated with
DMSO0/sorafenib and 2-DG sequentially in high glucose. In both DMSO-
and sorafenib-treated condition, 2-DG acutely inhibited ECAR, but not
OCR, as soon as 6 min after stimulation (Fig 2B,A). When glycolysis
was inhibited by 2-DG (25 or 100 mM) after sorafenib pretreatment,
activation duration of AMPK was significantly shortened (Figure 2G)
and nearly no cell had sustained activation for the entire imaging
period compared with the control (Figure 2C,D & 2E). The inhibitory
effect of 100 mM 2-DG on activation duration of AMPK was slightly
stronger than 25 mM 2-DG (Figure 2F,G). In controls with sequential
treatment of DMSO and 2-DG, AMPK index was not affected by DMSO,
but elevated by 2-DG (25 or 100 mM) (Figures. S4A—S4C). This is as
expected, as 2-DG inhibits ATP generation from glycolysis and acti-
vates AMPK, and suggests that the inhibition of AMPK by 2DG under
sorafenib treatment is not due to 2DG alone. Since high concentration
of 2-DG causes other off-target effects, such as ER stress and changes
in calcium [26,27], we tested another inhibitor of glycolysis, 3-(3-
pyridinyl)-1-(4-pyridinyl)-2-propen-1-one  (3P0), which inhibits
PFKFB3 [28]. Consistent with the effects of 2-DG, 3P0 shortened
activation duration of AMPK after sorafenib pretreatment (Figure. S6).
These results collectively show that glycolysis is required for main-
taining AMPK activation under sorafenib treatment in high glucose.
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To support the results of FRET experiments, western blot was used to
measure ACC phosphorylation as a readout of AMPK activity. Similar to
the increases in AMPK index after sorafenib treatment in the FRET
experiments, ACC phosphorylation was increased by sorafenib at
15 min and 2 h (Figure 2l). When 2-DG was added after DMSO, it
increased AMPK activity similarly as in the FRET experiments (Figure 2I
& S4). When 2-DG was added 30 min after sorafenib, the combination
inhibited ACC phosphorylation compared with sorafenib alone
(Figure 21,J). This is also consistent with the findings in FRET that 2-DG
shortened AMPK activation (Figure 2G). 2-DG in combination with
sorafenib also decreased cell viability (Figure 2H), indicating the crucial
role of glycolysis in maintaining viability in response to sorafenib.
Since AMPK activity is regulated by AMP or ADP to ATP ratios, we
measured the levels of these adenine nucleotides in different drug
treatments and found that the AMP/ATP or ADP/ATP ratio was
increased when sorafenib was supplemented (Figures. S4E—S4G).
The AMP/ATP ratio was further increased by the combination of sor-
afenib and 2-DG, compared with sorafenib alone (Figure. S7B), which
would increase AMPK activity. However, AMPK activity was inhibited by
the combination of sorafenib and 2-DG than sorafenib alone as
measured in FRET or western blots, so this cannot be caused by the
AMP/ATP ratio. This indicates that factors other than adenine nucle-
otides are responsible for how glycolysis regulates AMPK dynamics
under sorafenib treatment.

3.3. Glycolysis is sufficient for maintaining AMPK activation in
response to sorafenib in low glucose

To test whether glycolysis is sufficient to maintain AMPK activation
under sorafenib treatment, we supplemented glucose to the final
concentrations of 12.5 or 25 mM in no or low glucose (0 or 2.5 mM
glucose) culture. When glucose was added to cells cultured in no
glucose at about 30 min after DMSO or sorafenib, ECAR was increased
from 16.7 4+ 2.0 to 26.4 + 2.3 and 14.2 + 3.3 t0 229 + 5.6
respectively, but OCR was not changed significantly (Figure 3A,B). This
suggests that glucose supplementation increases glycolysis meta-
bolism into lactate. When Huh7-AMPKAR2 cells were cultured in low
glucose (2.5 mM) and treated with sorafenib, very few cells (3.6%) had
persistent AMPK activation over the duration of imaging (~ 200 min in
total, Figure 3C). However, glucose supplementation to 12.5 mM or to
25 mM caused 45.0% or 71.0% of cells to have persistent AMPK
activation over the duration of imaging (Figure 3D,E). The average
activation duration of AMPK after sorafenib treatment was 91.1, 159.8
and 180.6 min in cells cultured in low glucose, glucose supplemented
t0 12.5 mM or to 25 mM (Figure 3G). 25 mM glucose supplementation
extended the average activation duration of AMPK longer than
12.5 mM (Figure 3F,G). Similarly, when Huh7-AMPKAR2 cells were
cultured in no glucose and glucose was supplemented about 30 min
after sorafenib treatment, AMPK activation was also extended. 39.6%
of cells in 12.5 mM glucose and 57.6% cells in 25 mM glucose had
persistent AMPK activation over the duration of imaging (~223 min,
Figure S5A-S5C, S5G, S5H). For Huh7-AMPKAR2 cells cultured in no or
low glucose and treated with DMSO, AMPK activity was reduced by
glucose supplementation (Figures. S5D—S5F, S51—S5M). This is as
expected, as glucose supplementation may increase ATP generation
from glycolysis and inhibit AMPK, and suggests that the maintenance
of the AMPK activity by glucose supplementation during sorafenib
treatment was not due to glucose alone. In summary, we find that
increasing glucose and its metabolism to lactate drive persistent AMPK
activation under sorafenib treatment.

To validate the results obtained by FRET, we measured ACC phos-
phorylation levels by western blots. ACC phosphorylation was
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increased by glucose supplementation after sorafenib treatment
compared with sorafenib alone, indicating an increased or maintained
AMPK activation with the drug combination (Figure 31,J). In contrary,
ACC phosphorylation was maintained or slightly decreased by glucose
supplementation after DMSO compared with DMSO alone (Figure 3l).
The results of western blot experiments were consistent with those of
the FRET experiments. Glucose in combination with sorafenib also
increased cell viability (Figure 3H), indicating the crucial role of
glycolysis in maintaining viability in response to sorafenib. To study
whether the promotion of AMPK activity by glycolysis in sorafenib pre-
treatment is caused by adenine nucleotide ratios, we measured the
levels of AMP, ADP and ATP in these treatments. The AMP to ATP ratio
was decreased in the sorafenib + glucose condition, compared with
sorafenib alone, which would cause a decrease in the AMPK activity
(Figure. S5N-S5P and S7A). However, we observed that glucose
supplementation increased the AMPK activity in single cells under
sorafenib treatment, so this is not due to the changes in AMP/ATP.

4. DISCUSSION

Aerobic glycolysis or “Warburg effect” is a general and essential
mechanism for cancer cells to evade mitochondrial inhibition under
normoxia, or just a preferred route over oxidative phosphorylation to
obtain ATP. It is regulated by many signaling pathways, including
AMPK, PI3K/AKT, HIF-1a, c-Myc and a number of noncoding RNAs
[20]. Since AMPK is very sensitive to changes in AMP/ATP ratio upon
mitochondrial inhibition, it is activated and promotes glycolysis as an
adaptive mechanism for HCC survival in response to sorafenib.
Consistent with previous findings [25,29—32], high dose of sorafenib
induces full AMPK activation within 15 min of treatment. By monitoring
AMPK activity in real time in living cells, we find that the activation of
AMPK induced by sorafenib is transient and its activation duration is
prolonged with the increase of glucose concentration. Longer activa-
tion of AMPK, rather than higher levels of activation, correlates with
better survival of HCCs in response to sorafenib in high glucose.
Increasing glycolysis extends AMPK activation, whereas inhibiting
glycolysis shortens it. It is well accepted that AMPK activates glycolysis
which in turn inhibits AMPK activity through restoring energy levels.
However, in sorafenib treatment, the regulation of glycolysis on AMPK
was reversed such that glycolysis maintains AMPK activation. This
regulation was not mediated by the AMP/ATP ratio, and warrants
further exploration. Our findings suggest that glycolysis promotes
sorafenib resistance through maintaining AMPK activation.

The role of AMPK in tumorigenesis and metastasis is still under debate.
As a downstream target of the tumor suppressor gene LKB1, AMPK is
thought to suppress tumor initiation. AMPKa. knockout mice have an
increased occurrence of Myc-drive lymphoma [33]. AMPK inhibits
multiple cell growth pathways and promotes cell cycle arrest [19]. Due
to its inhibitory role in tumor development, many AMPK activators
(including metformin, phenformin or salicylates) are in clinical testing
for treating multiple types of cancer. However, activating AMPK may be
undesirable for established cancer in certain contexts, as this kinase
aids cell survival under energetic stresses. AMPK-induced glycolysis is
an important acquired resistance for a number of cancers under
hypoxia [20]. AMPK also promotes tolerance to Ras inhibition by
stimulating autophagy [34]. Therefore, effects of AMPK should be
considered carefully based on tumor stage, tumor type and microen-
vironment. In the context of sorafenib-treated HCCs, accumulating
evidence support that increasing glycolysis is an adaptive mechanism
and AMPK is essential in this adaptation [20,25]. However, AMPK can
either promote [20,35—37] or inhibit [38—42] glycolysis depending on

the contexts; this discrepancy could be due to temporal dynamics of
AMPK activity, selective regulation of AMPK on downstream targets,
the crosstalk between AMPK with other glycolysis regulators, or the
heterogeneous drug sensitivity in single cells. In terms of temporal
regulation, short-term activation of AMPK increases glucose uptake
and lactate production, but long-term activation of AMPK inhibits
mTORC1 and hinders glucose metabolism in breast cancer cells
treated with sorafenib [31]. Although it remains to be verified whether
this mechanism is applicable to HCCs, it indicates that different du-
rations of AMPK activation may regulate different pathways to control
cancer proliferation, apoptosis, resistance and therapeutic effects. Our
study is not enough to resolve the controversial role of AMPK in cancer
development, but supports that AMPK is essential for maintaining cell
survival in HCC resistance to sorafenib and that activation duration of
AMPK may play an important role in drug resistance.

AMPKAR has recently been applied to study heterogeneity of cancer
metabolism. A study monitored the real-time activity of AMPK in
response to multiple oxidative phosphorylation inhibitors and showed
that there were subclones resistant to AMPK activation induced by
the inhibitors in multiple cancer cell types [43]. This insensitivity
involves a combination of factors such as increased glucose uptake,
decreased protein biosynthesis, and GO/G1 cell cycle arrest. This
state can last for at least several hours and can be inherited during
cell division. Similar intercellular metabolic heterogeneity was
observed in our study (AMPK activity was heterogenerous among
cells in response to sorafenib in high glucose), but we did not observe
resistant subclones at the early time points. Sorafenib, as an inhibitor
of mitochondrial respiration, induced AMPK activation in almost all
Huh7 cells in the initial 15 min. We focused more on the total acti-
vation duration of AMPK and found that the duration of AMPK acti-
vation was negatively correlated with the sensitivity of HCC cells to
sorafenib. It suggests that HCCs may be divided into subclones ac-
cording to AMPK activation duration. To elucidate the molecular
determinants of activation duration and drug sensitivity, we ought to
profile the cells using the multi-omics approach or engineer the cells
to express other biosensors which simultaneously monitor glycolysis,
adenosine levels, cell cycle stage and so on.

Current study is limited in that it only studied AMPK dynamics in a
single HCC cell line in response to one drug over a short period of time,
it remains unclear whether the duration of AMPK activation is impor-
tant in different cancer types, drugs or with longer treatment. Also, it is
unclear whether AMPK dynamics is important in vivo. To study this, we
should use xenograft models with Huh7-AMPKAR2 cells or transgenic
mice expressing AMPKAR2. It remains to be tested whether thera-
peutic effects of sorafenib is modulated by AMPK dynamics in other
solid tumors. This study shows that the AMP to ATP ratio was not the
reason for sustained AMPK activation in response to sorafenib and high
glucose, but has yet to find the factor downstream of glycolysis that
activates AMPK. Since Huh7 cells express both LKB1 and CaMKK2
[44], these kinases may regulate AMPK activities. It could be that
glycolysis regulates signaling pathways that are linked with LKB1 or
CaMKK2 to regulate AMPK activity, or it acts through reactive oxygen
species or the ubiquitin-based degradation to regulate AMPK. As cell
morphology before cell death induced by sorafenib were different in
different glucose, this suggests different modes of deaths in response
to sorafenib in different glucose. Sorafenib can induce both ferroptosis
[45] and apoptosis. AMPK induced by energy stress inhibits ferroptosis
[46] and AMPK is activated by no glucose, so the cell death induced by
sorafenib in no glucose is unlikely to be ferroptosis. But the exact
modes of death in different glucose concentration and whether this
plays a role in drug resistance need further clarification.
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In summary, we provide the first evidence that glycolysis extends
activation duration of AMPK during Warburg effect induced by sor-
afenib. This temporal regulation represents a new dimension where
AMPK can reprogram metabolism and is an inherent property of AMPK
regulation that has been neglected. Method of quantifying AMPK dy-
namics in both high-throughput and single-cell formats in response to
therapeutics developed in this paper can be easily applied to other
AMPK activators or inhibitors, or to study roles of AMPK in other cancer
or metabolic diseases.
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