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The recent advent of robust methods to grow human tissues as 3D organoids allows us to recapitulate the 3D architecture of
tumors in an in vitro setting and offers a new orthogonal approach for drug discovery. However, organoid culturing with extracel-
lular matrix to support 3D architecture has been challenging for high-throughput screening (HTS)-based drug discovery due to
technical difficulties. Using genetically engineered human colon organoids as a model system, here we report our effort to minia-
turize such 3D organoid culture with extracellular matrix support in high-density plates to enable HTS. We first established orga-
noid culturing in a 384-well plate format and validated its application in a cell viability HTS assay by screening a 2036-compound
library. We further miniaturized the 3D organoid culturing in a 1536-well ultra-HTS format and demonstrated its robust perfor-
mance for large-scale primary compound screening. Our miniaturized organoid culturing method may be adapted to other types
of organoids. By leveraging the power of 3D organoid culture in a high-density plate format, we provide a physiologically relevant
screening platform to model tumors to accelerate organoid-based research and drug discovery.
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Introduction
High-throughput screening (HTS) is the process in which

large compound libraries, ranging from thousands to millions
of compounds, are tested for the activity against biological or
disease-related targets. HTS has been widely used for early
drug discovery in both industry and more recently in academia.
It requires the use of automation, miniaturized assays, and
large-scale data analysis (Broach and Thorner, 1996; Fox et al.,
1999; Carnero, 2006; Inglese et al., 2007). Due to technical
simplicity and ease of handling, traditionally cell growth and
proliferation assays in 2D adherent cell monolayers on plastic
surfaces have been widely used in the HTS field for the discov-
ery of new cancer drugs (Breslin and O’Driscoll, 2013).

However, transformed human cell lines cultured in 2D have
complex mutational background and heterogeneity as a result
of long-term passaging. Cell culturing in 2D does not account
for the extracellular microenvironment, cell–cell interactions,
and cell–matrix interactions normally found in tissues (Skardal
et al., 2016). In addition, 2D culturing does not capture the dis-
ease heterogeneity observed in vivo. Consequently, the value
of traditional 2D cell culturing in predicting clinical response
has been challenged. Other cancer models, such as in vivo
mouse models or the most advanced patient-derived xenograft
mouse models, utilize mice to allow drug sensitivity testing for
human patient tumors in vivo. However, these models are low
throughput, restricted by cost and animal usage, and the
tumors are grown in a mouse cancer context. A new technology
platform that recapitulates in vivo properties of human tumors
while allowing HTS operations for therapeutic discovery is
much needed for accelerated discovery of novel agents in a
disease-relevant environment. Emerging 3D organoid cancer
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models may address some of the deficiencies that exist with
established human cancer cell lines and the animal models.
Organoids, which recapitulate 3D structure and multilineage
differentiation of diverse human tissues or tumors, represent a
potentially powerful tool for HTS (Huch et al., 2013; Katano
et al., 2013; Kim et al., 2019). Compared to the traditional 2D
culture using transformed cell lines, primary organoids have
the advantage of retaining the characteristics of the cancer
cells from the original patient’s tissue, including their differen-
tiated morphology and response to drugs (Clevers, 2016;
Weeber et al., 2017; Abbasi, 2018; Sachs et al., 2018;
Vlachogiannis et al., 2018). Therefore, organoids provide a new
physiologically relevant disease model for drug discovery.

The use of organoids for HTS, however, is hampered by a
number of technical challenges. It can be difficult to grow orga-
noids to sufficient scale for conventional HTS formats. The re-
quirement of extracellular matrix (ECM) to support the 3D
architecture of organoids renders culturing in mini-wells of a
high-density microplate for HTS, such as 384-well or 1536-well
plates, highly challenging. Furthermore, the cost for organoid
culturing reagents and ECM is quite high. Thus, a miniaturized
format in high-density plates for streamlined and reproducible
culturing of organoids will be essential for large-scale HTS.
Most drug response testing using 3D organoids in 3D matrices
is currently performed in lower throughput 96-well or larger
well plates, mostly in a manual fashion, with limited number of
testing compounds (Vlachogiannis et al., 2018; Li et al., 2019;
Saito et al., 2019). Recent efforts have demonstrated the feasi-
bility of using 384-well plate formats with 3D organoid cultures
in CultrexVR basement membrane extract (BME) gel (van de
Wetering et al., 2015; Boehnke et al., 2016; Verissimo et al.,
2016) or in Matrigel (Boehnke et al., 2016). Even so, 3D orga-
noids have not been routinely applied to large-scale compound
screening, e.g. >2000 compounds. With our past experience in
assay development and HTS (Johns et al., 2014), through exten-
sive optimization, we have achieved the miniaturization of 3D
organoid culturing with BME support in both 384-well plates for
HTS and 1536-well plates for ultra-HTS (uHTS). Using
genetically engineered human colon KRASG12D organoids as a
model system, we demonstrated the feasibility of our
miniaturized 3D organoid culture platform for large-scale com-
pound screening in a 1536-well uHTS format.

Results
Cryo-preserved frozen organoids for expansion

For large-scale screening, it is essential to generate organo-
ids with sufficient numbers and consistent properties. One way
to achieve this goal is to generate and cryo-preserve batches of
organoids that could be recovered for specific applications. To
determine whether organoids can be stored and recovered
from frozen stocks in liquid nitrogen tanks as that for cell lines,
we tested the recovery and growth of cryo-preserved organoids.
Frozen oncogene-transformed human colon KRASG12D

organoids were established by CRISPR knock-in of the mutant
KRASG12D allele into human colon APC�/� organoids as will be
described elsewhere. These human colon APC�/�;KRASG12D

organoids were shipped frozen and recovered in BME gel as 50

ml droplets in 24-well plates. Indeed, the recovered human co-
lon KRASG12D organoids from frozen vials exhibited progressive
and robust growth as monitored using white field images over
the course of 20 days (Figure 1A and B). The genotype of the
engineered APC�/�;KRASG12D organoids with the KRASG12D mu-
tation was verified using KRASG12D-specific antibodies, show-
ing the expression of KRASG12D protein by western blotting
analysis of cell lysates (Figure 1C). These data demonstrate
that organoids can be cryo-preserved for long-term storage and
re-grown upon cryo-recovery for expansion. These data support
previous studies on cryopreservation of organoids for biobank-
ing (van de Wetering et al., 2015; Sachs et al., 2018; Yao et al.,
2020).

Miniaturization of 3D organoid cultures in a 384-well plate
format

To explore the feasibility of culturing organoids in a miniatur-
ized plate format for HTS, we first optimized the growth condi-
tions of organoids in a 384-well plate format by evaluating the
ratio of the organoids/BME gel, dispensing methods and the
volume of the matrix mixture, and the time course of organoid
growth. As shown in Figure 2A, organoids growing in 24-well
plates were collected, re-suspended in BME gel, and dispensed
into wells of a 384-well plate. The growth of organoids over the
incubation period was monitored by white light images using
ImageXpressmicro automated imaging system. In Figure 2B, the
organoids cultured in a 384-well plate showed progressive
growth over time. After 3 days of culturing, the size of organo-
ids became significantly larger compared with that of the 1-
day culture. Unlike the growth in a 24-well plate where organo-
ids continued their growth over 20 days with repeated medium
changes (Figure 1A and B), the growth of organoids in a 384-
well plate reached a steady state around Day 7. Therefore, we
selected Day 7 culture as the endpoint for compound testing in
a 384-well plate.

To quantify the growth of organoids, the CellTiter Blue cell vi-
ability assay was used to monitor the metabolic activity of cells
in the organoids. CellTiter Blue reagent was dispensed to 384-
well plates and the fluorescence intensity (FI) was measured.
The FI is correlated with numbers of viable cells in the well. As
shown in Figure 2C, wells with organoids generated significant
FI signal compared with that of blank control wells with medium
only. For HTS applications, evaluation of well-to-well variations
and the robustness of the assay are essential. Therefore, the Z0

factor and the signal-to-background (S/B) ratio parameters
were calculated. The Z0 factor is used to evaluate performance
uniformity of the assay for HTS without testing compounds. Z0

>0.5 and <1 indicates the assay is robust with minimal varia-
tion for screening (Zhang et al., 1999). Indeed, the Z0 of the
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organoid viability assay in a 384-well plate was 0.7 and S/B

was 6.3, exhibiting robust performance suitable for HTS in this
format.

Utilization of the 3D organoid culture in a 384-well format for

HTS
To demonstrate the utility of the 384-well cultured organoids

for HTS, we carried out a cell viability screening with the Emory
Enriched Bioactive Library (EEBL) (Mo et al., 2019). This library
includes 2036 FDA-approved and bioactive compounds and

was screened against the above colon APC�/�;KRASG12D orga-
noids. The organoids were seeded into 384-well plates and in-

cubated for 4 days to allow organoid growth before testing
compounds were added. Upon incubation for 3 days, CellTiter

Blue reagent was used to evaluate cell viability.
We first evaluated the performance of the screening using

the set of control wells without organoids in each plate. Each
screening plate included one column (16 wells) of DMSO con-

trol for the maximum signal of organoids and one column (16

wells) of blank control for the minimal signal. The Z0 and S/B
were calculated for six 384-well screening plates. The organo-

ids cultured in 384-well plates gave rise to significant FI signal
with the CellTiter Blue viability assay. The Z0 factors were all

>0.5 (Figure 3A) and S/B were all >6 (Figure 3B), indicating a
robust and high-quality HTS assay for the screening.

The effect of library compounds on organoid growth was ex-
amined and expressed as % Inhibition based on the controls of
each plate. The results of the screening with the 2036-com-
pound library are shown as the scatter plot in Figure 3C. Fifty-
six primary hits were obtained based on the hit cutoff at %
Inhibition >60. An example hit map from one screening plate is
shown (Figure 3D). To evaluate the day-to-day and batch-to-
batch reproducibility, the screen was repeated on a different
day with a different passage of organoids. As shown in
Figure 3E, we observed tight correlation between two indepen-
dent screens, demonstrating the consistency and reproducibil-
ity of the organoid HTS viability assay.

To confirm the results from the primary screening, top hits
were cherry-picked from the library stock and tested in a dose–
response confirmatory screen with triplicates per sample. Forty-
three compounds passed the dose–response validation.
Confirmed hits that showed IC50 < 3 mM were re-purchased
and re-tested in a dose–response format with a different batch
of the APC�/�;KRASG12D organoids. A number of positive hits
showed consistent inhibitory effects. Two proteasome inhibi-
tors, bortezomib (Figure 4A) and carfilzomib (Figure 4B), exhib-
ited dose-dependent inhibition of organoid growth with IC50

Figure 1 Morphological evaluation and biochemical confirmation of human colon organoids from cryo-preserved frozen samples.
(A) Recovered human colon APC�/�;KRASG12D organoids from frozen stocks. Frozen vials of organoids were thawed at 37

�C, re-suspended
in BME gel, and plated into a 24-well plate as a 50-ml droplet/well. The medium was refreshed every 3–4 days. The growth of organoids
was monitored with the ImageXpressmicro automated-imaging system (10� objective). (B) Robust growth of human colon APC�/�;KRASG12D

organoids (4� objective). Representative images from two different wells of a 24-well plate are shown. All the images shown are merged
images of Z-stack using ImageXpress software. (C) The KRASG12D protein expression of human colon APC�/�;KRASG12D organoids was con-
firmed in comparison to that of APC�/�;KRASWT organoids. Organoids were collected for western blotting analysis with anti-KRASG12D-spe-
cific antibody.
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around 2.5 and 1.5 nM, respectively. MLN 9708, another pro-
teasome inhibitor, also exhibited a similar effect with IC50 of
280 nM. These data suggest that the KRASG12D-driven tumors
may depend on proteasome function for their survival.
Additional compounds, PF04691502, a PI3K/mTOR inhibitor
(Figure 4D), YM155, a survivin inhibitor (Figure 4E), and brefel-
din A, a protein transporter inhibitor (Figure 4F) showed signifi-
cant inhibitory effect on organoid growth. The IC50 for
PF04691502, YM155, and brefeldin A were 150, 28, and 8 nM,
respectively. These results suggest that the 384-well viability
assay format for the 3D organoids offers robust performance
and is able to reveal differential compound effects for hit
identification.

Orthogonal imaging-based assay for hit confirmation
To further confirm the compound effects with an orthog-

onal approach, we developed an imaging-based assay to
monitor the phenotypic change of live and dead cells of
organoids in a 384-well plate format. In this assay, we
used a three-dye system with Hoechst 33342 for cell
tracking, Calcein-AM for live cells, and propidium iodide
(PI) for dead cells through staining nucleus, live, and
dead cells, respectively (Jiang et al., 2016; Chan et al.,
2017). As shown in Figure 5, control organoids with DMSO
treatment exhibited a donut-shaped morphology under
bright field, with an integrated ‘ring’ structure at outer

edge and shallow in the center. Live-cell staining with
Calcein-AM showed a similar pattern with bright green
fluorescence at the outer edge. Only weak PI staining for
dead cell was observed (upper panel). After the organoids
were treated with hit compounds, such as MLN9708 as
shown in the middle panel and ABT-263 in the bottom
panel, the morphology of organoids changed compared
with that of the DMSO control (Figure 5). The integrity of
organoids’ ‘ring’ structures disappeared and the organoid
shapes became disorganized with aggregated dark spots
under white field images. Furthermore, the drug-treated
organoids exhibited weak green fluorescence from Calcein-
AM live-cell staining and strong PI staining signal, indicat-
ing reduced viable cells and increased number of dead
cells. These imaging results are consistent with cell viabil-
ity assay data, providing a complementary approach to fur-
ther validate the effect of compounds on the growth
properties of organoids.

Together, these results from the pilot screening and the
dose–response confirmatory assay suggest that the 3D
organoid viability assay in a 384-well format allows the
identification of hit compounds. We identified and vali-
dated a panel of compounds that have shown high potency
on the growth inhibition of human colon organoids with
KRASG12D mutations. These results support the scale-up of
compound screening for developing KRASG12D-targeted
therapeutics.

Figure 2 Culturing of human colon organoids in a 384-well plate format. (A) Scheme for miniaturizing organoid culture in a 384-well plate.
Organoids growing in BME gel in the 24-well plate were collected and re-suspended in ice-cold BME gel. The organoid cells/BME gel mix-
ture (8 ml/well) was dispensed into a 384-well plate. After incubation for 30 min at 37

�C, warm organoid culture medium (35 ml) was dis-
pensed to each well. The plate was incubated for up to 8 days without replacing the medium. (B) The organoids growing in a 384-well plate
was monitored using ImageXpressmicro and showed progressing growth over the time. (C) The growth of organoids in 384-well plate was
quantified by CellTiter Blue cell viability assay and showed robust FI signals for HTS with Z0 of 0.7 and S/B ratio of 6.3.
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Miniaturization of the 3D organoid culture system in a 1536-
well plate format for uHTS

To further scale up the organoid screening, additional minia-
turization of the culturing system is needed. One of the major
bottlenecks for large-scale 3D organoid screening is the ex-
pansion and growth of a sufficient number of organoids.
Reducing the volume needed with enhanced detection sensi-
tivity might help address this challenge. To reduce the growth
culture volume and enable efficient large-scale screening, we
examined the possibility of further miniaturizing the 3D orga-
noid culturing system to allow the growth of 3D APC�/�;
KRASG12Dorganoids in a 1536-well plate format. Optimization

of culturing conditions and streamlined operational proce-
dures enabled fast processing of organoid seeding and effi-
cient cooling for 3D matrix dispensing with BME gel. The
growth of organoids in a 1536-well format was monitored by
bright field imaging. As shown in Figure 6A, the 1536-well
plate organoids showed progressive growth over time (top
panel), with similar growth pattern to the 384-well plate (bot-
tom panel). To test the feasibility of using the 3D uHTS organo-
ids system for compound evaluation, we compared the effect
of a selected hit compound from the 384-well pilot screening,
ABT-263, on the growth of organoids between 1536-well and
384-well plate formats. As shown in Figure 6B, the dose–

Figure 3 Screening of the EEBL library with the human colon organoids in a 384-well plate format. Human colon APC�/�;KRASG12D organo-
ids cultured in 384-well plates were treated with library compounds (0.1 ml, final at 4.6 mM). The plates were incubated for 3 days and sub-
jected to CellTiter Blue cell viability assay. The effect of compounds on the growth of KRASG12D organoids was calculated as % Inhibition
based on each plate and analyzed using Cambridge BioAssay software. (A and B) Performance evaluation with Z0 factors (A) and S/B (B)
across six 384-well screening plates. (C) Scatter plot of compound effects (% Inhibition) from the HTS. (D) An example plate hit map.
(E) Correlation between two independent screens.
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response curves of the compound tested in a 1536-well plate
and that tested in the 384-well format were almost identical,
showing similar performance of the growth inhibitory effect of
the test compound in both HTS and uHTS format.

To advance the 1536-well organoid uHTS viability assay for
screening as a proof of concept, we carried out a primary
screen with a diverse chemical library of 10240 compounds in
1536-well plates. To assess the quality of the screening in such
an uHTS format, we evaluated the well-to-well and plate-to-
plate variations. As shown in Figure 6B, the Z0 factor was >0.5
and S/B was >5 across the screening plates, demonstrating a
robust and sensitive assay performance. The screening results
were shown as a scatter plot in Figure 6C. From this uHTS, 18

primary hits were identified with hit cutoff at % Inhibition >60.
These hits will be further characterized with additional assays
in separate studies.

Altogether, these results demonstrate the feasibility of our
optimized 3D 1536-well uHTS format for organoid viability
screening. The expanding and utilization of our uHTS organoid
platform will enable large-scale primary compound screening
to accelerate 3D organoid-based drug discovery. In summary,
we have established a cost-effective protocol for 3D organoid
compound screening in both 384-well and 1536-well plate for-
mats. The work flow we describe here, as summarized in
Figure 7, could be adapted to suit various HTS automation
systems.

Figure 4 Dose–response curves of selected top hits. (A–C) Three proteasome inhibitors, bortezomib (A), carfilzomib (B), and MLN9708 (C), showed
potent inhibitory effect on the growth of organoids. (D–F) The PI3K/mTOR inhibitor PF04691502 (D), the survivin inhibitor YM155 (E), and the pro-
tein transporter inhibitor brefeldin A (F) inhibited organoid growth in a dose-dependent manner. Tested hit compounds were re-purchased for the
dose–response study. The effect of compounds on organoid growth was expressed as % of Control. Data shown are mean from triplicate samples
with SD and analyzed using GraphPad Prism software.
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Discussion
Early drug discovery relies on the use of 2D cell-based

assays to screen and determine the potency of active lead com-
pounds. Due to its simplicity and easy handling, 2D cultures of
established cell lines have been widely used for compound
screening, drug sensitivity testing, and pharmacogenomics pro-
filing. Such established cell lines can be maintained using
standardized culturing methods. It is relatively straightforward
to culture and prepare large quantities of cells for HTS and
uHTS. However, 2D cultured cells often exhibit a flattened mor-
phology and altered signaling networks compared to cancer
cells in tumor tissue in vivo (Weaver et al., 2002). Thus, the re-
sponse to drugs in cancer cells may not always accurately re-
flect their response in vivo (Weaver et al., 2002). Therefore,
physiologically relevant models for screening are highly desir-
able in order to increase the returns of HTS-enabled drug dis-
covery efforts.

Organoid-based technologies have been widespread in re-
cent years due to their unique 3D structures that recapitulate
organ structure, multilineage differentiation, and physiology.
They represent near-physiological models for use in both basic
and translational research (Drost and Clevers, 2018; Yang
et al., 2018; Castellon, 2019; Kim et al., 2019). In addition,
organoids can be expanded, cryo-preserved in biobanks, and
manipulated by genetic modification using modern techniques
similar to those established for traditional 2D culture of trans-
formed cell lines. Importantly, it has been shown that patient-

derived organoids recapitulate histological and genetic fea-
tures of original tumors and the responses of patients to drugs
in the clinic (Sachs et al., 2018; Vlachogiannis et al., 2018). 3D
organoid-based screening platforms as a new generation of
physiologically relevant models are expected to bridge the gap
between traditional 2D cultures and in vivo mouse models to
facilitate drug discovery and personalized medicine. Despite
numerous potential advantages, organoids have been vastly
underutilized for drug discovery due to many challenges to im-
plement 3D organoids for HTS. Robust execution of HTS
requires a sufficient number of cells/organoids. Culturing and
propagating 3D organoids is not only dependent on the hetero-
geneous nature of organoid growth, which is beyond the scope
of this study but also requires special technical skills. While
optimizing conditions to enable scale-up organoid culture will
be valuable, miniaturization of the 3D organoid culturing sys-
tem to a 1536-well format will not only enable screening a large
number of chemicals with a limited number of organoids, but
also will drastically reduce the cost of large-scale screening.

Even though 3D spheroid-based viability assay has been suc-
cessfully miniaturized for drug screening, including in 1536-
well plate format (Madoux et al., 2017; Griner et al., 2018; Hou
et al., 2018), culturing of such spheroids typically does not re-
quire the use of ECM to support their 3D architecture. They are
freely floating cell aggregates from a single cell type or from a
mixture of cells that are often cultured in ultra-low attachment
plates to promote cell self-aggregation into sphere-shaped 3D

Figure 5 Imaging analysis of cell fate of organoids in a 384-well plate format. Organoids growing in a 384-well plate (4 days) were treated
with DMSO, MLN9708, or ABT-263 (5 mM) for 3 days. A combination of dyes diluted in PBS containing Hoechst 33342, Calcein-AM, and PI
was added and incubated for 30 min. The bright field and fluorescence images were captured with the ImageXpressmicro automated imag-
ing system using Z-stack. The representative merged images from Z-stack for DMSO control, MLN9708, and ABT-263 treatment are shown.
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Figure 6 Miniaturized 3D organoid assays in a 1536-well plate format for uHTS. (A) Growth of human colon APC�/�;KRASG12D organoids in
1536-well vs. 384-well plates was compared. (B) The effect of compounds, ABT-263 as an example, exhibited very similar inhibitory effect
on the growth of APC�/�;KRASG12D organoids between 384-well and 1536-well plate formats. (C) Performance evaluation for the uHTS via-
bility assay with organoids showing Z0 (>0.5) and S/B (>5) scores across the screening plates. (D) Scatter plot of primary screening of a
10240-diversity compound library in a 1536-well uHTS format. Screening data were analyzed using Cambridge BioAssay software. The ef-
fect of compounds on the growth of APC�/�;KRASG12D organoids was calculated as % Inhibition per plate.
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structures. Unlike traditional 2D cell culture or the 3D spheroid
culture, 3D organoid culture requires a semi-solid form of ECM
to support organoid growth within a 3D architecture. ECM is vi-
tal to support epithelial stem cell proliferation, differentiation,
and propagation and to maintain their form as an organoid.
Matric components include laminin, collagen IV, entactin, and
heparan sulfate proteoglycans that may induce ECM signaling
suitable for organoid formation. Currently, the most commonly
used ECM for organoid culture is a soluble form of gelatinous
protein mixture extracted from mouse Engelbreth-Holm-Swarm
(EHS) tumor tissue, which provides a natural ECM hydrogel that
polymerizes at 37

�C to form a reconstituted basement mem-
brane. Two commercial products, CultrexVR BME by Trevigen and
Matrigel by Corning, have both been successfully used to sup-
port 3D organoid culture. However, handling ECM for auto-
mated HTS operations presents challenges, as it is supplied as
frozen stock stored at �80

�C, maintains soluble form at cold
temperatures (4�C), and solidifies easily while processing at
room temperature. HTS requires robust assay platforms amend-
able to automation with minimal day-to-day or batch-to-batch
variations. In an HTS setting, a liquid dispenser is generally
used to automatically dispense cells or reagents into 384/
1536-well plates. Most of the dispensers, e.g. Multidrop Combi
dispenser, use specialized dispensing tubing or cassettes. One
end of the tubing is inserted into a conical tube containing cells
or reagents and the other end with eight-channel pipetting tips
that is attached into instrument in alignment with the Society
for Biomolecular Screening (SBS) standard plate dimensions
for precisely dispensing into 96/384/1536-well plates. Due to
the high viscosity of the soluble form of BME gel and its poly-
merization feature upon exposure to warm environment, such
as room temperature, it is easy to block the dispensing tubing
and tips, especially for low-volume dispensing tubing (<10 ml).
Dead volume is also required to fill up the tubing before dis-
pensing into microplates. Therefore, extra volume of at least 2

ml is normally required. The cost of BME gel or Matrigel and
organoid culture medium is relatively high. Therefore, in order
to enable 3D organoid screening using Matrigel or BME as sup-
porting matrix, miniaturization to achieve reduced volume and

robust readouts is essential, yet challenging. Currently, only
small scales, e.g. <100 compounds, have been tested as
proof-of-concept to exam the response of 3D organoids in ECM
to drugs (Gao et al., 2014; van de Wetering et al., 2015;
Schutte et al., 2017; Sachs et al., 2018; Li et al., 2019). The
use of 3D organoids in ECM for large-scale compound screen-
ing has not been reported in the HTS field so far. Our work
reported here represents a major advancement in culturing the
organoids in a 3D matrix in 384-well and 1536-well plate format
that enables uHTS campaign.

We utilized the genetically engineered organoids to model
colorectal cancer (CRC) with an oncogenic KRAS mutation as a
model system for HTS and uHTS platform development. KRAS
mutations are amongst the most pervasive genetic alterations
in human cancer (Wood et al., 2007). CRC is one of the most
common cancers worldwide (Ferlay et al., 2015). However, di-
rect therapeutic targeting of constitutively active mutant KRAS
has proven challenging despite considerable effort. Attempts
to develop targeted therapies for this genomic subset of
patients have been largely unsuccessful, although therapeutic
targeting of KRASG12C tumors has now advanced to phase II
clinical trials, offering much hope for patients (Canon et al.,
2019). Thus, establishing a screening platform to target can-
cers with KRAS mutations is expected to have significant
implications.

The use of genetically transformed mutant KRAS organoids
derived from primary wild-type organoids has numerous advan-
tages over transformed cell lines. The primary wild-type organo-
ids maintain native differentiation and 3D tissue architecture
and allow mutant KRAS-targeting screening to be performed in
well-defined human genetic backgrounds devoid of confound-
ing mutations, which commonly occur in long-term passaging
of 2D cancer cell lines. Previously, we used genetically engi-
neered mouse colon KRASG12D organoids derived from WT orga-
noids of normal mouse colon with KRASG12D oncogene
transformation as a model system (Ootani et al., 2009; Li et al.,
2014). Here we used CRISPR to knock-in KRASG12D into human
colon APC�/� organoids, which was used as starting material
to first develop and miniaturize a 3D organoid growth assay in

Figure 7 Work flow of 3D organoid culture for compound screening in 384-well HTS and 1536-well uHTS formats.
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a 384-well format for HTS using automation. For our organoid
cultures, we used CultrexVR reduced growth factor BME as sup-
porting ECM, which is processed to reduce matrix-associated
growth factors and provides a defined model system for orga-
noid culture. Consistent with our selection, BME has been used
successfully for supporting many tissues or tumor-derived orga-
noid culture as a 3D scaffold (Crespo et al., 2017; Sachs et al.,
2018; Suzuki et al., 2018).

Our application of the HTS viability assay with KRASG12D-car-
rying 3D organoids was validated in a pilot screen of 2036 FDA-
approved and bioactive compounds. Dose–response confirma-
tory screening provided further evidence for a panel of com-
pounds that inhibit the KRASG12D organoid growth, raising the
possibility of KRASG12D-dependent targets or pathways. Our
results support the recent clinical trial of bortezomib in non-
small cell lung cancer with two exceptional responders, both of
whom had KRASG12D mutant tumors (Drilon et al., 2019). We
also confirmed two proteasome inhibitors, carfilzomib and
MLN9708, which potently inhibit the growth of KRASG12D orga-
noids. These results are consistent with previous studies that
KRAS-mutant tumor cells have increased proteasomal activity
and are vulnerable to proteasome inhibition (Luo et al., 2009;
Steckel et al., 2012). In addition to proteasome inhibitors, we
have confirmed that two additional compounds, the PI3K/
mTOR inhibitor PF04691502 and the survivin inhibitor YM155,
attenuate the growth of KRASG12D organoids. Previous studies
have indicated the role of PI3K signaling activation in initiating
KRASG12D-driven tumorigenesis (Castellano et al., 2013; Green
et al., 2015). High expression levels of survivin, encoded by
the BIRC5 gene, in KRAS-mutant lung adenocarcinomas are sig-
nificantly associated with poorer patient outcomes (Sumi et al.,
2018). These results suggest that the KRASG12D organoid-based
HTS viability assay platform may offer an effective approach
for the discovery of mutant KRAS-targeted therapeutics.
Interestingly, brefeldin A, a fungal product, efficiently inhibits
the growth of KRASG12D organoids. Brefeldin A is a specific in-
hibitor of protein trafficking, which blocks the protein transport
from the endoplasmic reticulum (ER) to the Golgi complex,
leading to ER stress and Golgi stress, and the induction of apo-
ptosis (Zhu et al., 2000). How brefeldin A functions to affect
KRAS signaling remains to be established.

To further increase the throughput after optimization, we
have successfully miniaturized our 3D organoid culture into a
1536-well uHTS format. The robustness and assay performance
of the miniaturized uHTS viability assay for screening were
assessed by a 10240 compound screen. The reduced volume
of 2 ml of cells mixed with BME per well in a 1536-well plate not
only significantly decreased the number of organoids needed
for screening but also reduced the cost for BME or other ECM
matrix needed. Reduced volume also allows cost-saving for ex-
pensive organoid culture medium. This miniaturized organoid
culture system with the support of the 3D matrix in a 1536-well
format is readily applicable for scaling up for primary com-
pound screening.

Moreover, our established protocols for miniaturized 3D orga-
noid culture in 384-well and 1536-well formats could be adapted
for other types of organoids. Even though BME gel was used in this
study, we do not expect technical challenges with using other
types of ECM, such as Matrigel. Combining the power of primary
organoids with a defined genetic background with advanced HTS
technologies, our miniaturized 3D organoid culture platform pro-
vides an enabling technology to accelerate basic and translational
research using physiologically relevant disease models.

Materials and methods
Materials

BME gel (CultrexVR reduced growth factor basement mem-
brane extract, type 2 (RGF BME-2), 3533-005-02) was pur-
chased from Trevagen. Advanced DMEM/F12 medium, N2

supplement, B-27 supplement, HEPES, GlutaMAX-I, Penicillin
and streptomycin, G-418, and hygromycin B were obtained
from Invitrogen. [Leu15]-gastrin 1 human, nicotinamide, N-ace-
tylcysteine, human insulin, human transferring, and fetal bo-
vine serum (FBS) were obtained from Sigma-Aldrich. A83-01

was acquired from R&D Systems Inc. SB202190, Y-27632, and
CHIR99021 were purchased from Cayman Chemical. FGF10

and EGF were purchased from PeproTech. TrypLE express and
phosphate-buffered saline (PBS) were obtained from Gibco-
Thermo Fisher Scientific Inc.

WRN (Wnt3A, RSPO1, Noggin)-conditioned medium
WRN-conditioned medium was prepared using L-WRN cells

that were purchased from ATCC (CRL-3276). The L-WRN cells
were derived by transfecting L-Wnt3A cells (ATCC CRL-2647)
with an R-spondin 3 and Noggin co-expressing vector. Briefly,
the cells purchased from ATCC were recovered and cultured
with Dulbecco’s modified Eagle’s medium (ATCC, 30-2002) sup-
plemented with 10% FBS, 0.5 mg/ml G-418, and 0.5 mg/ml
hygromycin B. Once the cells reached confluence, they were se-
quentially split and cultured in T-150 flasks (25 ml cell suspen-
sion). Upon reaching confluence, the medium was collected by
centrifugation (2000� g, 5 min) and stored at 4

�C. This is
the batch 1 of conditioned medium. The remaining cells in the
T-150 flasks were continuously cultured by adding 25 ml of me-
dium for 24 h to repeat the process of collecting additional
batches of conditioned medium, which are combined and
stored in aliquots at �20

�C before use.

Medium for human colon organoid culturing and passaging
The complete organoid culture medium was prepared, which

includes the following components: advanced DMEM/F-12 cell
culture medium with 50% WRN-conditioned medium, HEPES (1
mM, pH 7.4), 1� glutamax, nicotinamine (10 mM), N-acetylcys-
teine (1 mM), 1� B27 supplement, 1� N2 supplement,
[Leu15]-gastrin 1 human (10 nM), A83-01 (0.5 mM), SB202190
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(10 mM), human transferrin (7.5 mg/ml), human recombinant
EGF (50 ng/ml), recombinant human FGF (100 ng/ml), and nor-
mocin (100 mg/ml). Organoid starting/passing medium was
prepared by adding Y-27632 (Rho kinase inhibitor; 10 mM) and
CHIR 99021 (GSK-3 inhibitor; 2.5 mM) into complete organoid
culture medium.

Recovery of organoids from frozen stock
Human colon KRASG12D organoids were generated by engi-

neering normal colon tissue organoids and characterized as
previously described (Ootani et al., 2009). The frozen organo-
ids were shipped and thawed quickly in a 37

�C water bath and
washed five times using PBS (500� g, 5 min). The cell pellets
were then re-suspended in ice-cold BME gel and placed in the
center of a 24-well plate (50 ml droplet/well). After incubating
at 37

�C till the BME gel was solidified, organoid passaging me-
dium (0.5 ml) was added to the wells. The organoids were incu-
bated in the cell culture incubator at 37

�C with 5% CO2. The
medium was replaced and refreshed with complete organoid
culture medium every 3 days.

Organoid culture expansion
The organoids growing in 24-well plates were collected and

placed in a 15-ml conical tube. After washing with PBS once
(1000 rpm, 5 min), TrypLE express was added and incubated in
a 37

�C water bath for 15 min to dissociate the cells.
Trypsinization was stopped with FBS, and digested cell clusters
were washed three times with PBS. During the PBS washing,
the tube containing cells in PBS was mixed well by inverting up-
side down for >5 times to dissociate the cells further mechani-
cally. The cell pellets were re-suspended in ice-cold BME gel at
desired volume (normally 1:3 ratio splitting) and re-plated as a
50-ml droplet/well in a 24-well plate. The organoids were ini-
tially cultured with 0.5 ml/well passaging medium for 3 days af-
ter re-plating and then refreshed with 0.5 ml/well completed
organoid culture medium every 3 days.

Western blotting analysis
The KRASG12D expression of organoids was determined by

western blotting analysis. After dissociating organoids from
BME gel by TrypLE express and harvesting the cells, cells were
washed with PBS buffer, then lysed in 0.5% Triton buffer
(20 mM Tris, pH 8.0, 137 mM NaCl, 5% glycerol, 0.5% Triton X-
100, Protease Inhibitor (Sigma, P8340)), and centrifuged for
10 min at 4

�C. Total protein was quantified with BCA assay
(Thermo Fisher, 23227). Equal amounts of the protein were
mixed with 2� Laemmli sample buffer (BioRad, 161-0737), in-
cubated at 95

�C for 5 min, and then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–
PAGE). Western blotting was carried out following a standard
protocol. The membrane was incubated with primary antibody

in TBST buffer at 4
�C overnight, followed by incubation with

corresponding horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature, and then visualized us-
ing the SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher, 34580). The following antibodies
were used: anti-KRAS at 1:1000 (Proteintech, 12063-1-AP);
anti-RASG12D at 1:1000 (Cell Signaling Technology, 14429);
anti-b-actin at 1:5000 (Sigma, A5441); goat-anti-rabbit IgG at
1:5000 (Jackson ImmunoResearch, 111-035-003), and goat-
anti-mouse IgG at 1:5000 (Jackson ImmunoResearch, 115-035-
003).

Miniaturization of organoid culture and viability assay in a 384-
well HTS format

The organoids growing in 24-well plate were harvested as de-
scribed above and re-suspended in ice-cold BME gel to form
the cells/BME gel mixture. The cells/BME gel mixture (8 ll/
well) was dispensed into 384-well plates using Multidrop
Combi dispenser (Thermo Fisher Scientific). To avoid the BME
gel solidified during dispensing, the dispensing cassette was
pre-chilled at 4

�C and the 50-ml conical tube containing cells/
BME gel mixture was placed in ice during dispensing process.
The plates were immediately centrifuged at low speed, e.g.
300� g, for 1 min to ensure the uniform distribution of the
cells/BME gel in the wells across the entire plate.
Centrifugation also helps to remove any bubbles during dis-
pensing. After incubating the plates at cell culture incubator for
30 min, 35 ml of warm completed organoid culture medium was
dispensed to each well. The plates were then sealed with gas-
permeable plate sealer (Breathe-Easy Sealing Film, Diversified
Biotech, BEM-1) and incubated in the cell incubator.

The viability of organoids in 384-well plate was determined
by CellTiter Blue reagent (Promega). Briefly, at the end of the
organoid culturing process, CellTiter Blue reagent (5 ml) was
added to each well in 384-well plates. After incubation at 37

�C
for 4 h, the FI was measured using the PHERAstar FSX multi-
label plate reader (BMG LABTECH) with excitation (Ex.) at 540/
20 nm and emission (Em.) at 590/20 nm.

HTS with the organoid viability assay in 384-well plates
The EEBL that contains a total of 2036 compounds was used

for HTS. The collection includes FDA-approved and bioactive
compounds with known activities, targeting >20 signaling path-
way (Mo et al., 2019). Organoids were cultured in 384-well
plates and incubated at 37

�C as described above to allow orga-
noid formation. Library compounds diluted in DMSO (0.1 ml)
were added to each well using Pin-tool integrated with Beckman
NX automated liquid handling system (Beckman Coulter,
Danaher Corporation). To avoid the pin-tool inserted into cells/
BME gel layer at the bottom of the well, the pin-tool dispense
height was carefully optimized and set at the height that the
bottom of pin-tool was above the cells/BME gel layer while still
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inside the medium layer for accurate compound transfer. The
plates were centrifuged at 600� g for 5 min to ensure the uni-
form distribution of the compound into wells. The final com-
pound concentration was 4.6 mM and the final DMSO was 0.2%.
The plates were sealed with gas-permeable plate sealer. After
incubation with compounds for 3 days, the CellTiter Blue re-
agent (5 ml/well) was dispensed to each well. The plates were
incubated for 4 h and FI was measured using PHERAstar FSX.

Organoid image capture in multi-well plates using the auto-
mated imaging system

The phase images of the organoids growing in 24-, 384-, or
1536-well plates were captured using ImageXpressmicro XLS
(Molecule Devices) using 10� objective. Z-stack was applied
with minimum projection to merge the Z-stack images using
ImageXpress software.

Multiplexed imaging of organoids in 384-well plates
Calcein-AM and PI (Invitrogen) were used to monitor the live and

dead cells of organoids in a 384-well plate format. Hoechst 33342

(Invitrogen) was used for staining nucleus. For this assay, 5 ml of
staining solution containing Calcein-AM (final at 4 mM), PI (final at
10 mg/ml), and Hoechst 33342 (final at 10 mg/ml) was added to
the wells of a 384-well plate. After incubation for 30 min, the
images were acquired using ImageXpressmicro with Z-stacks for
each channel. The FITC filter set with Ex. 482/35 nm and Em. 536/
40 nm was used for imaging Calcein-AM-stained live cells and the
TXRED filter set with Ex. 562/40 nm and Em. 624/40 nm was used
for imaging dead cells stained with PI.

Miniaturization of organoid growth and viability assay in a
1536-well plate format for uHTS

Organoids growing in 24-well plates were harvested and
mixed with ice-cold BME gel. The cells/BME gel mixture (2
ml/well, �400 cells) was dispensed into a black-wall clear-
bottom 1536-well plate (Corning, 3893) using a Multidrop
Combi dispenser. The dispensing cassette was pre-chilled at
4
�C and the cells/BME gel mixture was placed in ice during

dispensing. The plates were immediately centrifuged as de-
scribed above. After incubating the plate for 30 min to allow
BME gel solidified, 5 ml warm organoids growth medium was
dispensed to each well. The plate was sealed with gas-
permeable sealer and incubated in a cell culture incubator.
For compound testing and library screening, testing com-
pounds (0.1 ml) were added into each well using pin-tool as
described above. The plates were centrifuged at 600� g for
5 min and sealed with the gas-permeable sealing membrane.
After incubation with compounds for indicated days, the
CellTiter Blue reagent (1 ml/well) was dispensed into wells.
The plates were incubated for 6 h and FI was measured using
PHERAstar FSX.

Data analysis
Screening data were analyzed using the CambridgeSoft

Bioassay software. The performance of the organoid viability
assay in 384-well and 1536-well plates for HTS or uHTS was
evaluated by Z’ factor and S/B ratio, which were calculated as
the following equations:

Z0 ¼ 1 – ð3SDDMSO control þ 3SDblankÞ=ðFIDMSO control– FIblankÞ

and

S=B ¼ FIDMSO control=FIblank;

where SDDMSO control and SDblank are the standard deviations
and FIDMSO control and FIblank are the corresponding average FI
signals for the wells with DMSO control and blank with medium
only without cells, respectively. A Z0 factor between 0.5 and 1.0
indicates that the assay is robust for HTS (Zhang et al., 1999).

The effect of compound on the growth of organoids was
expressed as % of Control or % Inhibition based on per plate
and calculated as the following equations:

% of Control ¼ ðFIcompound– FIblankÞ=ðFIDMSO control– FIblankÞ � 100

and

% Inhibition ¼ 100 – % of Control:
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