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ABSTRACT
Patient- derived organoids represent a novel platform to recapitulate the cancer cells in the patient tissue. While cancer hetero-
geneity has been extensively studied by a number of omics approaches, little is known about the spatiotemporal kinase activity 
dynamics. Here we applied a live imaging approach to organoids derived from 10 pancreatic ductal adenocarcinoma (PDAC) pa-
tients to comprehensively understand their heterogeneous growth potential and drug responses. By automated wide- area image 
acquisitions and analyses, the PDAC cells were non- selectively observed to evaluate their heterogeneous growth patterns. We 
monitored single- cell ERK and AMPK activities to relate cellular dynamics to molecular dynamics. Furthermore, we evaluated 
two anti- cancer drugs, a MEK inhibitor, PD0325901, and an autophagy inhibitor, hydroxychloroquine (HCQ), by our analysis 
platform. Our analyses revealed a phase- dependent regulation of PDAC organoid growth, where ERK activity is necessary for the 
early phase and AMPK activity is necessary for the late stage of organoid growth. Consistently, we found PD0325901 and HCQ 
target distinct organoid populations, revealing their combination is widely effective to the heterogeneous cancer cell population 
in a range of PDAC patient- derived organoid lines. Together, our live imaging quantitatively characterized the growth and drug 
sensitivity of human PDAC organoids at multiple levels: in single cells, single organoids, and individual patients. This study will 
pave the way for understanding the cancer heterogeneity and promote the development of new drugs that eradicate intractable 
cancer.
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1   |   Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most 
malignant cancers, with its 5- year survival rate being around 
10% [1]. Because of the high prevalence of oncogenic mutation 
of KRAS gene (> 90%) [2], ERK (extracellular signal- regulated 
kinase) signaling pathway has been the central drug target of 
PDAC [3]. Despite the development of numerous drugs target-
ing the signal pathway [4–13], most chemicals did not show 
significant efficacy in clinical trials, which includes, SOS in-
hibitor [14], MEK inhibitors [15–18], and ERK inhibitor [19].

Cellular autophagy signal is enhanced in KRAS mutant PDAC 
cells [20]. Autophagy activation correlates with shorter disease- 
free periods in patients [21] and an autophagy inhibitor, hy-
droxychloroquine (HCQ) suppressed tumor growth in a PDAC 
mouse model [22]. However, a clinical study showed that HCQ 
monotherapy has limited efficacy [23]. Recently, combination 
therapies targeting autophagy and growth signaling pathways 
have emerged as a promising strategy to synergistically suppress 
malignant cancer [24–26].

Organoid culture of patient- derived cancer cells is a novel 
culture system that mimics cancer cells in the human tissue 
[27–31]. Studies show PDAC organoids of different transcrip-
tional signatures have varied drug responses [28, 32–36], and 
the drug efficacy correlates with the prognosis of the patients 
[33, 34]. However, the heterogeneous feature of organoids 
proposes technical challenges as an experimental model. 
Individual tumors are heterogenous at the histological, ge-
nomic, and transcriptomic levels [37–39]. Besides, tumor 
heterogeneity dynamically changes by time [40]. While mul-
tiple omics approaches revealed single- cell heterogeneity 
[29, 40–43], its temporal changes need to be complemented by 
live imaging approaches.

Here, we applied a live imaging approach to 10 PDAC patient- 
derived organoids to investigate the activity of ERK and AMP- 
activated protein kinase (AMPK) as proxies of cell growth and 
autophagy signal. Our quantitative analysis revealed the spatio-
temporal landscape of human PDAC cells and phase- dependent 
roles of ERK and AMPK activity in the organoid growth. We 
show that the combination of the two targets is effective in a 
wide range of human PDAC organoid lines.

2   |   Materials and Methods

2.1   |   Plasmids

The lentiviral plasmid for EKAREN5 is a kind gift from Dr. 
Hugo Snippert (University Medical Center Utrecht, Addgene 
167823). EKAREN5- gl- NLS and EKAREN5- gl- NLS- TA were 
reported previously [44]. The synonymous codon variant 
YPet cassette was obtained from EKARrEV- NLS [45] by PCR. 
AMPKAR- EV plasmid was previously published [46]. These 
biosensors were subcloned into pCSII lentiviral backbone 
(RIKEN).

2.2   |   FRET Imaging of HeLa Cells Expressing 
EKAREN5-gl- NLS

HeLa cells were purchased from the Human Science Research 
Resources Bank and maintained in DMEM containing 10% FBS 
(Sigma- Aldrich). HeLa cells expressing EKAREN5- gl- NLS were 
plated onto an 8- well chamber (IWAKI) coated with 150 μg/mL 
collagen solution. Following starvation for 1 h in FluoroBright 
DMEM (gibco) supplemented with 2 mM L- glutamine, the cells 
were observed by FV10i laser scanning confocal microscope 
(Evident). Images were acquired by preset dye settings of ECFP 
and EYFP in Fluoview software.

2.3   |   PDAC Organoid Culture

PDAC organoids were established under the approval from 
Kyoto University Certified Review Board and Kyoto University 
Graduate School and Faculty of Medicine, Ethics Committee 
(G0738) and cultured in Matrigel (Corning, 356231) with or-
ganoid culture complete medium, which is phenol red- free 
DMEM/F- 12 medium (Thermo Fisher Scientific) supple-
mented with 10 mM HEPES (Thermo Fisher Scientific), 500 μM 
Sodium Pyruvate (Thermo Fisher Scientific), Penicillin–
Streptomycin (Nacalai tesque), 2 mM GlutaMax (Thermo 
Fisher Scientific), 100 ng/mL Wnt- 3a (R&D Systems), 500 ng/
mL R- spondin 1 (R&D Systems), 100 ng/mL Noggin (R&D 
Systems), 100 ng/mL FGF- 10 (Pepro Tech), 50 ng/mL EGF 
(Pepro Tech), 10 nM Gastrin I human (Sigma- Aldrich), 500 nM 
A- 83- 01 (FUJIFILM Wako Pure Chemical Corporation), 1x 
B- 27 Supplement (Thermo Fisher Scientific, 17504044), 10 mM 
Nicotinamide (Sigma- Aldrich), and 1 mM N- acetyl- L- cysteine 
(Sigma- Aldrich).

2.4   |   Lentivirus Production and Infection

Lenti- X 293T cells (Clontech) were cultured in DMEM 
(FUJIFILM Wako Pure Chemical Corporation) supplemented 
with 10% FBS (Nichirei) and 1% Penicillin–Streptomycin. Lenti- X 
293T cells were co- transfected with pCSII lentiviral plasmid, 
pCMV- VSV- G- RSV- Rev (RIKEN) and psPAX2 (Addgene 12260). 
After 2 days of incubation, viruses were collected and concen-
trated by PEG6000. For lentivirus infection, the concentrated 
virus particles were added to the organoid culture together with 
10 μM Y27632 and 10 μg/mL polybrene (Nacalai tesque) and cen-
trifuged at 600 g for 60 min.

2.5   |   Microscopy

Phase contrast images (Figure 1A) of cultured organoids were 
acquired by Axiovert 25 microscope (Carl Zeiss) with 20×/0.30 
NA dry objective lens (Carl Zeiss) and Digital single lens reflex 
camera D5100 (Nikon).

For two- photon microscope observation, an Olympus LV110- 
MPE incubator microscope equipped with InSight DeepSee 
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Laser (Spectra- Physics) and an IR- cut filter (Olympus, 
32BA750RIF) was used. We used a 25×/1.05 NA water objective 
lens (Olympus, XLPLN25XWMP2) and the 840 nm laser for the 
excitation of FRET probes. For CFP signals, dichroic mirrors 
(Olympus, SDM505, and RDM445XL) and an emission filter 
(Olympus, 32BA460- 500) were used. For FRET signals, dichroic 
mirrors (Olympus, SDM505, and SDM570) and an emission fil-
ter (Olympus, 32BA520- 560) were used.

For confocal observation and fluorescence lifetime imaging, TCS 
SP8 X FALCON (Leica Microsystems) equipped with a Pulsed 
Diode Laser (PicoQuant, PDL 800- D) was used. We used an HCPL 
APO 20×/0.75 CS2 dry lens (Leica Microsystems, 11506517), and 
440 nm laser was used to excite the FRET probes. CFP signals 
and FRET signals were detected by Leica HyD detector (Leica 
Microsystems) (CFP: 459–487 nm, FRET: 512–534 nm).

2.6   |   Microscopic Observation of PDAC Organoids

For live imaging, 1000 cells were seeded on a grass- bottom 96 
well plate (Iwaki). 63 Z slices were acquired with a 3 μm step for 
each viewfield.

2.7   |   Reagents

PD0325901 (FUJIFILM Wako Pure Chemical Corporation), HCQ 
(Selleck Chemicals LLC), Compound C (FUJIFILM Wako Pure 
Chemical Corporation), TPA (12- O- Tetradecanoylphorbol- 13- Acet
ate, Sigma Aldrich), SCH772984 (Selleck Chemicals), 2- DG (Sigma 
Aldrich), and Compound C (Selleck Chemicals) were used.

2.8   |   Image Analysis

PDAC organoids expressing EKAREN5- gl- NLS and AMPKAR- EV 
were segmented by ImageJ plugins Trackmate [47] and Cellpose 
[48], respectively. The segmented cells were subjected to a cluster 
analysis using Matlab software (Mathworks) where cells within 
20 μm of Euclidean distance are recognized as single organoids.

2.9   |   Quantitative Analysis of PDAC Organoids

Organoids were recognized as cell clusters of ≥ 10 cells (Figure 2A). 
Organoid formation efficiency was calculated as the proportion of 
the number of organoids among the total number of cell clusters.

FIGURE 1    |    Live imaging strategy for PDAC patient- derived organoid lines. (A) Bright- field images of 10 human PDAC organoid lines (KYK or-
ganoids). Scale bar, 50 μm. (B) Genetic profile of the KYK organoid lines. UPD: Uniparental disomy, HomoDel: Homozygous deletion. (C) Photos of 
the incubator two- photon microscope (above) and schematics of the experimental set- up (below). (D, E) Bright- field images and intensity- modulated 
display (IMD) images of ERK activity (FRET/CFP) in PDAC organoids expressing EKAREN5- gl- NLS (D) or AMPKAR- EV (E). Numbers indicate the 
relative depth from the top of the organoid.
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2.10   |   Statistical Analysis

Excel software (Microsoft) was used for all the statistical 
analyses. Paired and unpaired Student's t- tests were used to 
statistically examine the differences in ERK activity and its het-
erogeneity (standard deviation). Data are shown as means ± SD, 
and a p- value < 0.05 was considered as statistically significant 
(*p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant). Linear 
regression and correlation coefficient (R) were obtained by Excel 
software.

2.11   |   Code Availability

The codes in this study are available from the corresponding au-
thor upon reasonable request.

3   |   Results

3.1   |   Quantitative Live Imaging of ERK and AMPK 
Kinase Activity in PDAC Patient- Derived Organoids

We used 10 PDAC patient- derived organoids (KYK001–KYK077) 
with varied morphological features and genetic backgrounds 
(Figure 1A,B). To comprehensively observe the heterogeneous 
PDAC cell population, we acquired Z- stack (1200–1500 μm) 
images of the whole gel area of the PDAC cells by tile- scan of 
multiple viewfields (49–64 viewfields, 12.7–16.5 mm2) using a 

multiphoton microscope equipped with an incubator system 
though the number of organoid lines is limited by the micro-
scope availability and image acquisition time (10–12 h for each 
organoid line) (Figure 1C). The patient- derived organoids were 
transduced with Förster resonance energy transfer (FRET) 
probes for ERK and AMPK. For ERK activity, we used nucleus- 
located EKAREN5- gl- NLS, which is a modified version of 
EKAREN5 [49] designed to reduce the homology of the two flu-
orescence protein sequences that can potentially cause homolo-
gous recombination during retroviral induction [50] (Figure 1D 
and Figure S1A–C). For AMPK activity, we used a previously re-
ported cytoplasm- located probe, AMPKAR- EV [46] (Figure 1E). 
We confirmed the expression level of the biosensors does 
not affect the FRET ratio (FRET/CFP) values (Figure  S1D). 
Furthermore, we used a kinase- dead negative control biosensor, 
EKAREN5- gl- NLS- TA (Figure  S1E) to pharmacologically test 
the dynamic ranges of EKAREN5- gl- NLS and AMPKAR- EV 
(Figure S1F,G). Because of the autofluorescence of Compound 
C (Figure S1G), we performed FLIM imaging of KYK054 cells 
expressing the ERK and AMPK probes and confirmed their re-
sponses to the activators and inhibitors (Figure S1H–K).

3.2   |   Quantitative Evaluation of Heterogeneous 
Growth Potentials of Human PDAC Cells

We performed a single- cell segmentation using ImageJ plugins, 
Trackmate [47, 51] for nucleus- located EKAREN5- gl- NLS and 
Cellpose [48] for cytoplasm- located AMPKAR- EV. Furthermore, 

FIGURE 2    |    Quantitative evaluation of the growth of PDAC organoid lines. (A) Schematic showing the segmentation of single cells and single 
organoids. Cells within distances of 20 μm are recognized as cell clusters, and cell clusters of ≥ 10 cells are recognized as organoids. (B) Spatial 
mappings of individual organoids in KYK002 (left) and KYK011 (right) organoid lines cultured for 7 days. Colors indicate distinct organoids. (C–F) 
Organoid formation efficiency (C, see Section 2), the total cell number (D), the average number of cells in organoids (E), and the cell number in the 
largest organoid observed (F) in the 10 PDAC organoid lines. The organoid lines are ordered from top to bottom in descending order.

 13497006, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16439 by C

ochrane Japan, W
iley O

nline L
ibrary on [28/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 12

we segmented individual cell clusters by a cluster analysis where 
cells within 20 μm distances are segmented as a single cell clus-
ter (Figure  2A). In this study, we defined “organoids” as cell 
clusters of ≥ 10 cells. The human PDAC organoids cultured for 
7 days showed heterogeneous growth potentials (Figure 2B and 
Figure S2). For instance, KYK002 organoids were homogeneous 
in size while KYK011 showed organoids of various sizes. We 
evaluated the proportion of organoids among the total cell clus-
ters, which we hereafter call “organoid formation efficiency.” In 
line with previous studies [52], only a small fraction of the cells 
formed organoids (Figure 2C). Notably, the overall cell growth 
was not necessarily correlated with the cell numbers of the larg-
est organoid in each organoid line, the average cell number of or-
ganoids, nor the organoid formation efficiency, highlighting the 
advantage of our quantitative approach (Figure 2C–F). Indeed, 
despite the distinctive difference between KYK002 and KYK011 
in their organoid size, the two organoid lines showed similar or-
ganoid formation efficiency. This suggests that the KYK011 cell 
population is mainly occupied by fewer but highly proliferative 
organoids. The common KRAS G12V mutation in the two or-
ganoid lines (Figure 1B) suggests organoid growth is regulated 
by multiple factors not limited to KRAS gene mutation. Because 
of these varied growth patterns, we evaluated the growth of the 
organoid lines by four distinct standards: total cell number, av-
erage organoid size, the cell number of the largest organoid, and 
the organoid formation efficiency (Figure 2C–F). Together, our 
non- selective and automated live imaging approach provided us 
with multiple readouts to quantitatively evaluate the heteroge-
neous growth potential of human PDAC cells.

3.3   |   ERK Activity Contributes to the Early Phase 
of Human PDAC Organoid Growth

Next, we related the heterogeneous cell growth of PDAC cells to 
the ERK signal activity. The spatial mapping of ERK activity in 
the 10 patient- derived organoid lines showed varied ERK activ-
ity patterns (Figure 3A and Figure S3). We did not find obvious 
spatial differences of ERK activity in the Matrigel (e.g., center vs. 
periphery) (Figure 3A and Figure S3), but we found the activity 
is fluctuating by time in three organoid lines, which may con-
tribute to the spatial heterogeneous of ERK activity (Figure S4). 
Our quantitative analysis (Figure 2A) revealed the ERK activ-
ity dynamics from multiple perspectives. For example, KYK002 
and KYK011 showed high average ERK activity, while KYK077 
showed the lowest average activity (Figure 3B). In contrast, the 
degree of heterogeneity was high in KYK011 and KYK077, and 
intermediate in KYK002. Although neither the average ERK 
activity nor its heterogeneity was correlated with the organ-
oid formation efficiency (Figure 3C) or the overall cell growth 
(Figure  S5A), both the average ERK activity and its heteroge-
neity were positively correlated with the average organoid size 
(Figure 3D, R = 0.56 and R = 0.51) and the size of the largest or-
ganoid (Figure S5B, R = 0.57 and R = 0.62). This highlights the 
significance of observing individual organoids rather than in-
directly measuring their growth by other methods such as MTT 
assay. Additionally, we found that ERK activity is relatively 
homogeneous in cells comprising each organoid compared to 
organoid- to- organoid ERK activity heterogeneity, suggesting 
the involvement of cell–cell interactions and local paracrine sig-
nals (Figure 3E). Furthermore, examination of ERK activity in 

individual organoids revealed organoids with lower cell num-
bers tend to have higher ERK activity in some organoid lines, 
KYK001, 006, 011, 027, and 041 (Figure 3F and Figure S6). This 
suggests that high ERK activity contributes to early- stage organ-
oid growth rather than late- stage growth.

3.4   |   Inverse Correlation of ERK and AMPK 
Activity in Human PDAC Organoid

To investigate the role of autophagy signaling pathway, we mon-
itored AMP- activated protein kinase (AMPK) activity using 
AMPKAR- EV [46]. As observed in ERK activity, AMPK activity 
was highly heterogeneous between individual cells, organoids, 
and patients (Figure 4A,B, and Figure S7). We found that AMPK 
activity is higher at the periphery in some organoid lines includ-
ing KYK001, KYK036, and KYK054 (Figure 4A and Figure S7). 
The overall average AMPK activity was high in KYK077, inter-
mediate in KYK027, and low in KYK036. In contrast, the degree 
of heterogeneity was high in KYK041 and low in KYK069 cells, 
suggesting the AMPK activity and its heterogeneity are differen-
tially regulated in the 10 organoid lines (Figure 4B). As observed 
in ERK activity, single- cell AMPK activity was also fluctuating 
by time in the three organoid lines (Figure  S8). The more in-
tense fluctuations of AMPK activity than those of ERK activity 
(Figure S4) may explain the high spatial heterogeneity. Organoid 
formation efficiency was mildly correlated with AMPK activity 
but not its heterogeneity (Figure 4C, R = 0.39 and R = 0.021). The 
average organoid size was negatively correlated with AMPK ac-
tivity, which is in sharp contrast to the positive correlation ob-
served with ERK activity (Figure 3D and Figure 4D, R = −0.63). 
Consistently, we found strong negative correlations between the 
average AMPK activity and the total cell number or the larg-
est organoid size (Figure S9A,B, R = −0.88 and R = −0.61). On 
the other hand, the heterogeneity of AMPK activity was not 
correlated with the organoid formation efficiency, the average 
organoid size, the total cell number, or the largest organoid 
size (Figure 4C,D and Figure S9A,B). This inverse correlation 
of AMPK activity and organoid growth suggests the metabolic 
adaptation of the PDAC organoids to the nutrient conditions. As 
seen in ERK activity, AMPK activity showed low heterogeneity 
inside each organoid compared to the overall heterogeneity be-
tween organoids (Figure 4E). In sharp contrast to ERK activity, 
large organoids tend to have higher AMPK activity (Figure 4F 
and Figure S10), which suggests a role of AMPK activity in the 
late- stage growth of organoids while ERK activity is important 
in the early- phase growth of organoids. Supporting this, the 
average ERK and AMPK activities were inversely correlated 
(Figure  4G, R = −0.65). These results show the phase depen-
dency of organoid growth on the two signaling pathways, ERK 
and AMPK.

3.5   |   The Emergence of Resistant Human 
PDAC Organoids by Long- Term Pharmacological 
Inhibition of ERK

Given the heterogeneity of ERK and AMPK activities, we pharma-
cologically inhibited ERK and autophagy to examine their effects 
on organoid growth. The PDAC cells were cultured with or with-
out a MEK inhibitor, PD0325901, for 13 days. For each condition, 
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a total of 25 (5 × 5) view fields (6.47 mm2) were observed by a two- 
photon microscope and the drug effect was evaluated by (1) the 
total cell number (Figure 5A), (2) the total number of organoids 
(Figure 5B), and (3) the size of the largest organoid (Figure 5C) 
because the organoid formation efficiency and the average or-
ganoid size reflect the survived cell population rather than the 
inhibitory effect of the drug. As a result, PD0325901 showed var-
ied effects on individual organoid growth. While the growth of 
KYK001, KYK002, KYK006, KYK027, KYK054, and KYK077 
cells was almost completely blocked as indicated by the low val-
ues in the three growth indicators (Figure  5A–C) and the spa-
tial mappings (Figure 5D and Figure S11), KYK036 and KYK041 
cells showed a large organoid comparable to a organoid in the 
negative control organoid even in the presence of the inhibitor, 
and KYK011 and KYK069 showed a contradictory promotion 
of cell growth. Intriguingly, despite the decreased ERK activity 

immediately after the MEK inhibitor treatment (Figure 5E), the 
long- term (13 days) inhibitor- treated groups showed comparable 
or even higher ERK activity than the control groups (Figure 5F). 
We revisited the same observation area at Day 0, 3, 6, 9, and 13 in 
KYK041 and found the ERK activity is maintained even in the 
presence of the MEK inhibitor for a long term at a comparable 
level to the control group (Figure S12). This resistance suggests 
a possible decrease in phosphatase activity or activation of other 
relevant kinases such as ERK5 [53].

3.6   |   Resistance of Small PDAC Organoids Against 
Autophagy Inhibitor

Next, we tested an autophagy inhibitor, HCQ. We confirmed 
that HCQ does not affect intensity- based ratiometric analysis 

FIGURE 3    |    Spatial ERK activity dynamics in PDAC organoid lines. (A) Spatial mappings of single- cell ERK activity (FRET/CFP) in KYK002 
(left), KYK011 (middle), and KYK077 (right) were cultured for 7 days. (B) Average (left) and standard deviation (right) of ERK activity (FRET/CFP) 
of the 10 PDAC organoid lines. (C, D) The association of organoid formation efficiency (C) or average organoid size (D) with average ERK activity 
(FRET/CFP) (left) and its standard deviation (right). Numbers indicate the serial number of KYK organoid lines. Linear regression and correlation 
coefficient (R) are shown. (E) Standard deviation of ERK activity of single cells (cell–cell) and that of average ERK activity of single organoids (or-
ganoid–organoid). Values are shown as mean ± SD. p Value is shown by a two- tailed unpaired Student's t- test. (F) The association between average 
ERK activity and the number of cells in the individual cell clusters of KYK011. Red and gray dots indicate organoids (≥ 10 cells) and cell clusters of 9 
or fewer cells, respectively. ***p < 0.001.
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using EKAREN5- gl- NLS- TA (Figure  S1L). By two- photon mi-
croscope observation, we found HCQ invariably suppressed 
the overall cell growth in all 10 PDAC organoid lines examined 
(Figure 6A–C and Figure S13). HCQ- treated PDAC cells did not 
show large organoids as seen in PD0325901- treated PDAC cells 
(Figure 6C). However, we found small organoids persisted even in 
the presence of HCQ as indicated by the relatively high number of 

organoids compared to that in PD0325901- treated cells (Figure 5B 
and Figure  6B). This was consistent with the spatial mapping 
analysis, showing small cell clusters even under HCQ treatment 
(Figure 6D and Figure S13). Consistently, repetitive observations 
of the same area in KYK054 revealed the surviving cells persisted 
evading cell death and partially showing proliferative capacity 
(Figure S14). AMPK activity in the organoids that survived under 

FIGURE 4    |    Spatial single- cell AMPK activity dynamics in human PDAC organoid lines. (A) Spatial mappings of single- cell AMPK activity 
(FRET/CFP) in KYK027 (left), KYK036 (middle), and KYK077 (right) organoid lines cultured for 13 days. (B) Average (left) and standard deviation 
(right) of AMPK activity (FRET/CFP) of organoids in the 10 PDAC organoid lines. (C, D) The association of organoid formation efficiency (C) or aver-
age organoid size (D) with average AMPK activity (FRET/CFP) (left) and the standard deviation (right). Numbers indicate the serial number of KYK 
organoid lines. Linear regression and correlation coefficient (R) are shown. (E) Standard deviation of AMPK activity of single cells (cell–cell) and that 
of average AMPK activity of single organoids (organoid–organoid). Values are shown by mean ± SD. p Value was obtained by two- tailed unpaired 
Student's t- test. (F) The association of average AMPK activity and the number of cells in the individual cell clusters of KYK011. Red and gray dots 
indicate organoids (≥ 10 cells) and cell clusters of lower than 10 cells, respectively. (G) The association of ERK activity with AMPK activity. Numbers 
indicate the serial number of KYK organoid lines. Linear regression and correlation coefficient (R) are shown. ***p < 0.001.
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HCQ treatment was significantly reduced, which suggests that 
the growth suppression is attributed to the reduced AMPK activ-
ity and the resistance occurs downstream of AMPK (Figure 6D,E 
and Figure S13). We compare the effect of HCQ with an AMPK 
inhibitor, Compound C, and found both of the drugs show similar 
anti- tumor effects in individual overall cell growth and organoid 
formation (Figure S15), which suggests the anti- tumor effect of 
HCQ is mediated by AMPK activity inhibition. These distinct ef-
fects of HCQ on small and large organoids support the idea that 
AMPK activity plays a role in late- phase organoid growth.

3.7   |   Synergistic Growth Inhibition of PDAC 
Organoids by MEK Inhibitor and HCQ

Given the distinct functions of the MEK inhibitor and autoph-
agy inhibitor, we tested a combination treatment of PD0325901 
and HCQ by confocal microscope observation. The PDAC 

organoids were cultured for 6 days before treatment to examine 
their effects on mature organoids. The combination treatment 
significantly suppressed the growth of most human PDAC or-
ganoid lines compared to PD0325901 or HCQ treatment alone, 
as indicated by the total cell number (Figure 7A), the number 
of organoids (Figure  7B), and the cell number of the largest 
organoid (Figure  7C). Note that we failed to observe KYK069 
cells as they lost growth potential during this study. Spatial 
mappings show significant suppressive effects of the combina-
tory treatment except in KYK011 and KYK027 (Figure 7D and 
Figure  S16). Interestingly, AMPK activity was not reduced by 
the combination treatment in contrast to HCQ treatment alone 
(Figure 6E and Figure 7E), which suggests a possible compen-
satory mechanism where MEK inhibition leads to the activation 
of AMPK. These results show the combinatory inhibition of the 
cell growth signal and autophagy signal has a synergistic, or at 
least an additive effect on a wide range of human PDAC organ-
oid lines.

FIGURE 5    |    The efficacy of MEK inhibitor treatment in human PDAC organoid lines. (A–C) The total cell number (A), the number of organ-
oids (B), and the number of cells in the largest organoid (C) in the DMSO or 200 nM PD0325901- treated PDAC organoids in the 10 organoid lines. 
(D) Spatial mappings of single- cell ERK activity (FRET/CFP) in KYK027 (left), KYK036 (middle), and KYK069 (right) organoid line treated with 
DDW (top) or 200 nM PD0325901 (bottom) for 13 days. (E) Time series of average ERK activity (FRET/CFP) of DMSO or 200 nM PD0325901- treated 
KYK054 cells. Data are shown by mean ± SD. (F) Average ERK activity (FRET/CFP) of DMSO or 200 nM PD0325901- treated PDAC organoids in 
the 10 organoid lines. The average of the 10 organoid lines is indicated by red thick bars. p Value was obtained by two- tailed paired Student's t- test.
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4   |   Discussion

Cancer patient- derived organoid culture represents an experi-
mental model that mimics cancer cells in patients and preserves 
the genomic and transcriptomic profile. However, methodolo-
gies to understand the spatiotemporal cancer heterogeneity have 
yet to be established. Here, we employed a comprehensive live 
imaging approach to observe the heterogeneous cancer popu-
lation without selection bias. Our large image dataset provides 
multi- level tumor heterogeneity from cell–cell, organoid–or-
ganoid, and patient–patient levels evaluated from different per-
spectives: the overall cell number, the number of organoids, the 
average organoid size, the largest organoid size, and the organ-
oid formation efficiency.

We found ERK activity becomes lower while AMPK activ-
ity becomes higher during organoid growth, which suggests 

the distinct roles of the cellular growth signal and autophagy 
signal in the early and late phases. Consistently, while both 
PD0325901 and HCQ suppressed the overall cell growth, the 
surviving organoids were different: a small number of large 
organoids emerged under PD0325901 treatment while a large 
number of small organoids persisted under HCQ treatment. 
This result supports studies showing the efficacy of the com-
bination strategy of the growth signal and autophagy path-
way inhibitors [24–26]. Compared with other comprehensive 
approaches such as kinome and RNA- seq analyses, our ap-
proaches are limited by the number of target molecules ana-
lyzed. However, live imaging approaches benefit in revealing 
single- cell temporal dynamics such as fluctuating activities 
(Figures S4 and S8) and tracking the efficacy of drug treatment 
in the same tumor cells (Figures S12 and S14). Our compre-
hensive evaluation of heterogeneous tumor cell proliferation 
and underlying kinase activities will provide a new insight 

FIGURE 6    |    The efficacy of autophagy inhibitor treatment in human PDAC organoid lines. (A–C) The total cell number (A), the number of or-
ganoids (B), and the number of cells in the largest organoid (C) in the DDW or 50 μM hydroxychloroquine (HCQ)- treated PDAC organoids in the 10 
organoid lines. (D) Spatial mappings of single- cell AMPK activity (FRET/CFP) in KYK027 (left), KYK036 (middle), and KYK069 (right) organoid line 
treated with DDW (top) or 50 μM HCQ (bottom) for 9 days. (E) Average AMPK activity (FRET/CFP) of DDW or 50 μM HCQ- treated PDAC organoids 
in the 10 organoid lines. The average of the 10 organoid lines is indicated by red thick bars. p Value was obtained by two- tailed unpaired Student's 
t- test. ***p < 0.001.
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into the current evaluation of drug efficacy such as IC50 and 
the realization of personalized medicine that eradicates the 
whole cancer cell population.

Together, our study provides quantitative cellular and mo-
lecular dynamics during the growth of organoids and the 
treatment to anti- cancer drugs. In conjunction with further 
advancement of single- cell omics studies especially spatial 
transcriptomics, live imaging will play an important role in 
understanding the temporal dynamics of cancer heterogeneity 
for the achievement of personalized medicine for individual 
cancer patients.
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