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SUMMARY
We have established 3 dimensional organoids from patients
with esophageal and oropharyngeal squamous cell carcinomas. We show that 3-dimensional organoids reveal resistance mechanisms and provide a robust platform to predict
therapy response in the setting of personalized medicine.

BACKGROUND & AIMS: Oropharyngeal and esophageal squamous cell carcinomas, especially the latter, are a lethal disease,
featuring intratumoral cancer cell heterogeneity and therapy

resistance. To facilitate cancer therapy in personalized medicine,
three-dimensional (3D) organoids may be useful for functional
characterization of cancer cells ex vivo. We investigated the
feasibility and the utility of patient-derived 3D organoids of
esophageal and oropharyngeal squamous cell carcinomas.
METHODS: We generated 3D organoids from paired biopsies
representing tumors and adjacent normal mucosa from therapy-naïve patients and cell lines. We evaluated growth and
structures of 3D organoids treated with 5-ﬂuorouracil ex vivo.
RESULTS: Tumor-derived 3D organoids were grown successfully from 15 out of 21 patients (71.4%) and passaged with
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recapitulation of the histopathology of the original tumors.
Successful formation of tumor-derived 3D organoids was
associated signiﬁcantly with poor response to presurgical
neoadjuvant chemotherapy or chemoradiation therapy in
informative patients (P ¼ 0.0357, progressive and stable diseases, n ¼ 10 vs. partial response, n ¼ 6). The 3D organoid
formation capability and 5-ﬂuorouracil resistance were
accounted for by cancer cells with high CD44 expression
and autophagy, respectively. Such cancer cells were found to
be enriched in patient-derived 3D organoids surviving
5-ﬂuorouracil treatment.
CONCLUSIONS: The single cell-based 3D organoid system
may serve as a highly efﬁcient platform to explore cancer
therapeutics and therapy resistance mechanisms in conjunction with morphological and functional assays with implications for translation in personalized medicine. (Cell Mol
Gastroenterol Hepatol 2019;7:73–91; https://doi.org/10.1016/
j.jcmgh.2018.09.003)
Keywords: 3D Organoids; Autophagy; CD44; 5-Fluorouracil.

S

quamous cell carcinomas (SCCs) of the oropharynx
and the esophagus are anatomically and clinically
distinct diseases, yet share a number of histopathological
characteristics and genetic as well as environmental risk
factors in their pathogenesis.1 In particular, esophageal SCC
(ESCC) is the deadliest of all human SCCs, and is common
worldwide.2 The poor clinical outcome of ESCC is associated
with late diagnosis at advanced stages, therapy resistance,
and early recurrence.3 To treat patients with ESCC and
oropharyngeal SCC (OPSCC), combined chemotherapy with
5-ﬂuorouracil (5FU), platinum drugs, or taxanes as well as
radiation are performed along with or without endoscopic
resection, ablation, or open surgery.4,5 Therapy resistance
can be attributed to multiple biological processes such as
epithelial-mesenchymal transition (EMT)6 and autophagy.7,8
Frequent genetic alterations in ESCC include tumor suppressor p53 mutations,1 which may negate therapy-induced
apoptotic cell death while promoting EMT, invasive growth,
and metastasis. Early recurrence may be accounted for by a
subset of ESCC cells referred to as cancer stem-like cells with
high tumor-initiating capability. Such cells are characterized by
high CD44 expression (CD44H)9 and linked to cell invasion,
metastasis, chemotherapy resistance, and poor prognosis.10–12
The generation and maintenance of intratumoral ESCC
CD44H cells may involve EMT and autophagy, thereby
contributing to poor prognosis in patients.13 It is currently
difﬁcult to evaluate functional properties of ESCC cells and
predict therapeutic response in a clinical setting, hampering
the development of effective personalized medicine.
The 3-dimensional (3D) organoid system is a cell
culture–based physiologically relevant platform,14 featuring
tissue-like architecture grown in a mount of basement
membrane extract with media containing niche factors. The
morphological and functional characteristics of a variety of
tissue types have been recapitulated in 3D organoids
generated from single-cell suspensions or cell aggregates
isolated from murine and human tissues as well as stem
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cells propagated in culture.14,15 The 3D organoid system has
been utilized to study intestinal epithelial homeostatic
mechanisms and malignant transformation.16,17 3D organoids may serve as an excellent tool to explore genes and
pathways altered during disease progression, gene-drug
association, and personalized therapy design. Patientderived tumor organoids have been generated and characterized for colorectal, pancreatic, and prostate cancers18–20;
however, ESCC and OPSCC 3D organoids remain to be
investigated. Herein, we have described for the ﬁrst time
tumor organoid formation from ESCC and OPSCC patients.
Tumor-derived 3D organoids from therapy-naïve ESCC patients appear to predict therapy resistance. In tumorderived 3D organoids, we ﬁnd that chemotherapy may
induce CD44H cells with high autophagic capability, thus
revealing single cell–derived heterogeneous tumor cell
populations with certain therapy resistance mechanisms.

Results
Generation of 3D Organoids From Endoscopic
Biopsies From Patients
To generate 3D organoids from therapy-naïve patients
with ESCC or OPSCC (Table 1), we prepared single cell
suspensions from both tumors and adjacent normal mucosa
biopsies (Figure 1). We fed the cells suspended in Matrigel
with fully supplemented aDMEM/F12þ as utilized to
generate 3D organoids for a variety of human gastrointestinal normal and neoplastic tissues21 and murine normal
esophagus.22 We detected the growth of spherical structures typically by day 6 under phase-contrast microscopy.
They continued to grow to 50–200 mm in diameter by day
14. We deﬁned such structures as 3D organoids (Figure 2A).
There was no signiﬁcant difference in average size of primary 3D organoids from normal mucosa of 3 independent
patients compared with their counterparts from tumors
(Figure 2A). Excluding 4 tumor samples we had to discontinue culture due to fungal contamination, 3D structures
were successfully generated from 15 of 21 tumors (71.4%)
and 12 out of 18 adjacent normal mucosa (66.7%) at a
0.1%–1% organoid formation rate (Table 2). The normal
mucosa-derived 3D structures reached a plateau in size by
day 14 while a subset of tumor-derived 3D organoids
continued to grow over the time period of 2–3 weeks. Six of
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Table 1.Patients Subjected to Biopsy Before Surgery
Neoadjuvant Therapya

3D Organoids
Patient

Type

Stage

Grade

Normal

Tumor

Type

Clinical
response

Histological
response

Surgical
Resection

ESCC

III

mod

-

þ

CT

PD

n/ab

-

4

ESCC

IV

poor

þ

þ

CT

PD

1

þ

5

ESCC

III

well

þ

þ

CRT

SD

n/ab

-

6

ESCC

III

well

-

-

CRT

SD

1

þ

8

ESCC

III

mod

þ

þ

CRT

SD

n/ab

-

9

ESCC

III

mod

þ

-

CRT

PR

3

þ

10

ESCC

III

poor

þ

þ

CT

PD

n/ab

-

12

ESCC

III

mod

þ

þ

CRT

SD

n/ab

-

13

ESCC

III

poor

-

-

CRT

PR

3

þ

14

ESCC

III

mod

-

-

CRT

PR

3

þ

15

ESCC

IV

well

þ

þ

CRT

SD

1

þ

16

ESCC

III

mod

þ

þ

CT

SD

1

þ

17

ESCC

III

poor

þ

-

CRT

PR

n/ab

-

18

ESCC

III

mod

þ

þ

CRT

PR

1

þ

19

ESCC

III

well

þ

þ

CRT

PR

1

þ

20

ESCC

IV

poor

þ

þ

CRT

PD

n/ab

-

23

OPSCC

IV

mod

n.d.

þ

n.d.

n/a

n/a

þ

24

OPSCC

IV

mod

n.d.

þ

n.d.

n/a

n/a

þ

25

OPSCC

IV

poor

n.d.

þ

n.d.

n/a

n/a

þ

26

OPSCC

III

poor

n.d.

þ

n.d.

n/a

n/a

þ

27

OPSCC

III

mod

n.d.

-

n.d.

n/a

n/a

þ

NOTE. The formation of 3D organoids was evaluated every other day and determined at day 14. The failure of 3D organoid formation was conﬁrmed at day 21 following an
extended observation period. Four patients (2, 3, 7, 11) were excluded for analyses due to microbial (fungal) contamination of tumor organoid culture. Two patients (21, 22)
were used for ﬂow cytometry only (Figure 5). We excluded these 2 patients in this table. Two patients underwent surgery in stage IV. Patient 4 underwent esophagectomy
following chemotherapy that decreased the size of metastatic liver tumor; however, clinical response was assessed as PD for multiple metastatic liver lesions newly
identiﬁed during the esophagectomy. Patient 15 was eligible for surgery for distant lymph node metastasis based on a guideline by the Japanese classiﬁcation of
Esophageal Cancer, 11th edition.48
CRT, chemoradiation therapy; CT, chemotherapy; mod, moderately differentiated; n/a, not available; n.d., not determined (3D organoids) or not done (neoadjuvant
therapy); PD, progressive disease; poor, poorly differentiated; PR, partial response; SD, stable disease; well, well-differentiated.
a
Neoadjuvant therapy was performed before surgery.
b
No surgery performed.
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Biopsy at endoscopy
Tumor (ESCC or OPSCC)
Normal mucosa

Biopsy

Enzymatic dissociation
Filtration
Cell strainer
(70μm)

ESCC cell lines

Cell count/viability check

Single cell suspension
(Day 0) in Matrigel™
± 5FU

3D organoids
(P0)

± 5FU

3D organoids
(P1)

14 (42.9%) of tumor-derived, but not normal mucosaderived, 3D organoids were successfully passaged at least
once (P1-P7) to exhibit a continuous growth (Figure 2B).

Morphological Characterization of 3D Organoids
We examined next the parafﬁn-embedded organoid
culture products morphologically. 3D organoids from
normal mucosa displayed histologically non-neoplastic
epithelial cell nests with normal nuclear features, limited
proliferation and squamous cell differentiation as corroborated by keratinization (Figure 3A). The esophageal
epithelium of human undergoes terminal differentiation,

Analyses
Organoid formation
Organoid structure
WST-1 assays
Flow Cytometry
(CD44 and autophagy)
Cryopreservation

Figure 1. 3D organoids
generation and analyses.
Biopsies from tumors and
adjacent normal mucosa
were taken at the time of
diagnostic endoscopy and
enzymatically dissociated
and ﬁltrated to prepare
single-cell suspensions in
Matrigel to initiate 3D organoid culture. The resulting
3D products were subjected
to morphological and functional assays at P0 and
subsequent passages (P1
or later) with or without
pharmacological treatments
(eg, 5FU). Scale bar ¼ 100
mm.

passive migration toward the luminal surface and ultimately
desquamation into the lumen. Unlike the normal human
esophageal epithelium, esophageal epithelium cells in the
center of the 3D organoid cannot desquamate following
terminal differentiation. They show keratinization (corniﬁcation) in the center of the 3D organoid after the differentiation gradient, representing an artefactual aspect of this
model system.23,24 By contrast, 3D organoids from tumors
contained structures with neoplastic characteristics, hereafter referred to as SCC 3D organoids, which were
compatible with poorly differentiated SCC, featuring atypical
cells with high nuclear/cytoplasmic ratio (Figure 3B). IHC
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Figure 2. Growth kinetics of patient-derived 3D organoids. 3D organoids grown from normal mucosa and tumors were
photomicrographed under phase-contrast microscopy. (A) Representative images of primary 3D organoids at day 13 from
paired normal mucosa and tumor biopsies. The average size (mean ± SD) of primary 3D organoids (P0) from 3 independent
patients (biological replicates) were plotted at indicated time points as in the growth curve (right). ns, not signiﬁcant vs normal
mucosa. (B) The representative images of passaged tumor-derived 3D organoids (passage 4 [P4]) are shown (left) along with
the corresponding growth curve (right). The growth curve demonstrates the average size (mean ± SD) of ESCC 3D organoids
from 2 independent patients (biological replicates). *P < .05 vs all earlier indicated time points. Scale bar ¼ 100 mm. All data
were presented as mean ± SD. Student’s t test was used to examine statistical signiﬁcance.

for Ki-67 revealed the highly proliferative nature of SCC
cells in 3D organoids. A subset of patients displayed upregulation of the tumor suppressor p53 protein in SCC 3D
organoids, indicating accumulation of dysfunctional mutant
p53 protein,25,26 and thus recapitulating this aspect of the
original tumors. 3D organoids arising from the primary tumors contained the above described histologically nonneoplastic structures from normal mucosa (Table 3 and
Figure 3C). The non-neoplastic nature of such structures
was corroborated by their disappearance in passaged
tumor-derived 3D organoids (data not shown), the lack of
p53 stabilization and lower proliferation (Ki67 labeling index) (Figure 3C and D) compared with their SCC counterparts (eg, patient 4) (Figure 3B). Five of 12 (41.7%) of
tumor biopsies gave rise to 3D organoids comprising >30%
SCC-compatible structures (Table 3). In such patients, 3D
organoids were readily passaged (P2-P7) with growth
properties, proliferation and p53 expression that were
comparable from passage to passage (Figure 3B); however,
the majority of tumor biopsies produced predominantly
non-neoplastic structures over SCC-compatible structures
(Table 3), suggesting that the aDMEM/F12þ medium may
be more permissive for normal cells to form 3D organoids
than SCC cells.
We next generated 3D organoids utilizing human ESCC
cell lines (Figure 4A–D) to compare with biopsy-derived

primary SCC 3D organoids (Figures 2 and 3). Their growth
properties and morphological characteristics were comparable; however, ESCC cell lines formed 3D organoids less
efﬁciently in the aDMEM/F12þ medium compared with
conventional cell culture media (ie, RPMI1640 and DMEM
supplemented with 10% FBS) used to establish and maintain
ESCC cell lines (Figure 4; and data not shown). This showed
that some reagents in aDMEM/F12þ medium would work as
an inhibitor for growing SCC 3D organoids. Nevertheless,
tumor biopsy-derived 3D organoids barely grew in
RPMI1640 and DMEM containing 10% FBS (data not shown).
Interestingly, the successful formation of patient-derived
tumor organoids was signiﬁcantly associated with poor
therapy response in the patients from whom biopsies were
taken before chemotherapy or chemoradiotherapy (Tables 4
and 5). Such a ﬁnding suggests that the current 3D organoid
culture conditions may be utilized clinically to predict
therapy response because they may be more permissive for
the formation of 3D organoids by SCC cells with a capability
of adaptation or survival under therapy-related stress.

3D Organoids Recapitulate Intratumoral
Functional Cancer Cell Heterogeneity
High autophagic activity in tumors correlates with poor
clinical outcome in ESCC patients.13 SCC tissues comprise
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Table 2.3D Organoids Formation Frequency per Organoid Size From ESCC Patients
Normal Mucosa-Derived 3D Organoids
Patient

50–100 mm

100–200 mm

Tumor-Derived 3D Organoids

200 mm

50–100 mm

100–200 mm

200 mm

1

0

0

0

22 ± 11

4 ± 1.3

4

43 ± 6.7

25 ± 5.0

8 ± 2.6

70 ± 12

26 ± 6.5

5

9 ± 1.3

0.8 ± 0.4

0

78 ± 12

39 ± 7.5

0

8

56 ± 12

15 ± 4.0

0

22 ± 3.2

9 ± 2.4

0

9

52 ± 1.5

28 ± 1.7

0

0

0

0

10

27a

11a

0

31 ± 3.2

33 ± 5.4

2.1 ± 0.7

12

25 ± 6.1

13 ± 4.0

0

105 ± 7.8

58 ± 3.3

0.3 ± 0.2

15

n.d.

n.d.

n.d.

93 ± 20

4 ± 1.8

0

16

n.d.

n.d.

n.d.

113 ± 8.7

16 ± 2.8

1.1 ± 0.4

237 ± 56

4 ± 0.3

0

0

0

74 ± 3.8

3 ± 0.7

83 ± 6.4

56 ± 4.5

21 ± 1.9

0
7 ± 3.2

17

>200

18

120 ± 5.3

19

>200

92 ± 4.3

8 ± 1.2

84 ± 17

55 ± 9.2

22 ± 4.5

20

>200

107 ± 5.4

4 ± 0.8

>200

27 ± 4.2

0.2 ± 0.1

NOTE. Values are mean ± SD. The 3D organoid formation rate from ESCC patients was determined at day 14 as the average
number of organoids formed from 2  104 cells seeded per well. 3–10 independent wells were used except patient 10.
n.d., not determined (due to a small number of viable cells isolated from a biopsy).
a
Single well only for 3D organoids from normal mucosa.

heterogeneous cancer cells and other cell types. Tumor cell
heterogeneity was documented in patient biopsies, representing both ESCC and OPSCC, via ﬂow cytometry that
revealed a broader range of cell surface CD44 expression
within tumors compared with adjacent normal mucosa
(Figure 5A and B) where >99% of CD44-positive cells were
negative for CD45, a marker for immune cells. Moreover,
tumor cells with high CD44 expression (CD44H) contained
more autophagic vesicles (AVs) (Figure 5A and B), suggesting that CD44H cells may have a higher autophagic capacity to cope with a variety of stressors present in the
tumor microenvironment. This is in line with the role of
autophagy-mediated redox regulation in ESCC CD44H cell
homeostasis.13 To our knowledge this is the ﬁrst report
documenting high autophagic activities in live CD44H SCC
cells within patient tumor biopsies. Nonepithelial cell
types such as inﬂammatory cells and ﬁbroblasts barely
grew in aDMEM/F12þ medium, indicating that the cell
culture medium is more permissive for epithelial cells to
grow in 3D. We next evaluated the extent to which the
organoid culture conditions may recapitulate the intratumoral SCC cell heterogeneity in single cell-derived SCC 3D
organoids. To that end, we utilized TE11, an extensively
characterized ESCC cell line13,27,28 to compare cell surface
expression of CD44 in 3D organoids and xenograft tumors
grown in immunodeﬁcient mice. Flow cytometry revealed a
similar cell surface CD44 expression pattern in both
3D organoids and xenograft tumors (data not shown).
Moreover, AV content was increased within CD44H cells
and comparable between 3D organoids and xenograft
tumors (Figure 5C). Thus, the 3D organoid culture conditions may maintain the functional heterogeneity of intratumoral SCC cells.

3D Organoids Reveal Potentially Therapy
Resistant SCC Cell Populations Characterized by
High CD44 Expression and Autophagy
Given the observed relationship between increased
tumor organoid formation and therapy resistance in patients
(Tables 4 and 5), we hypothesized that therapy-refractory
CD44H cells are more capable of SCC 3D organoid formation.
We asked ﬁrst how 3D organoid culture conditions may
inﬂuence SCC cell response to 5FU, a standard SCC chemotherapy agent. To that end, TE11 and 5FU-resistant derivative of TE11 (TE11R) cells were exposed to a variety of
5FU concentrations in monolayer culture as well as established 3D organoid structures for 72 hours in 96-well plates.
Following 5FU treatment, we have determined the half
maximal inhibitory concentration (IC50) via WST1 assays.
The IC50 conﬁrmed higher 5FU resistance of TE11R cells as
compared with parental TE11 cells in both monolayer and
3D organoid culture conditions. Additionally, the IC50
revealed increased 5FU resistance of parental TE11 cells in
3D organoids compared with monolayer culture conditions
(Figure 6A). Phase-contrast imaging documented disintegrated 3D structures in response to 5FU treatment
(Figure 6B). H&E staining conﬁrmed apoptotic cells with
increased vacuolization and nuclear fragmentation as well
as decreased cell adhesiveness and increased intercellular
spaces (Figure 6C).
We next carried out ﬂow cytometry analysis of TE11 and
TE11R cells to determine cell surface CD44 expression.
TE11R cells showed higher CD44 expression than parental
TE11 cells (Figure 6D) and that TE11R cells were more
capable of forming 3D organoids than parental TE11 cells
(Figure 6E), suggesting the link between organoid formation
capacity to therapy resistant CD44H subset of SCC cells.
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Table 3.Frequency of Organoid Types Within Patient TumorDerived 3D Organoids
Tumor-Derived 3D Organoids Content
Non-Neoplastic
(%)

Neoplastic
(SCC-Compatible) (%)

1

n.d.

n.d.

4

28

72

5

100

0

8

95

5

10

86

14

Patient

12

100

0

15

n.d.

n.d.

16

67

33

18

100

0

19

92

8

20

87

13

23

25

75

24

67

33

26

11

89

NOTE. The primary 3D organoids (P0) generated directly from
ESCC and OPSCC patient biopsies were evaluated by H&E
staining for the frequency of 3D structures with nonneoplastic and neoplastic characteristics. Each organoid
type was determined by evaluating 15–119 spherical structures (>50 mm) for each patient except patient 16 where only
3 3D organoid structures were detected throughout all H&E
slides examined. None of the 3D organoids from normal
mucosa contained neoplastic organoids.
n.d., not determined.

We investigated further the utility of 3D organoids as a
platform to characterize therapy resistant SCC cells. To that
end, we analyzed SCC cells surviving 5FU exposure in 3D
organoids. When 3D organoids were analyzed by ﬂow
cytometry following 5FU treatment, dissociated 3D organoids demonstrated an enrichment of CD44H cell populations (Figure 6F). Since CD44H cells display a higher
capacity of autophagy,13 we determined autophagic ﬂux in

TE11 3D organoids. The presence of basal autophagic ﬂux
was documented by ﬂow cytometry as increased AV content
in established 3D organoid structures in the presence of
Chloroquine (CQ), a pharmacological inhibitor of autophagic
ﬂux. 5FU increased AV content that was augmented further
by concurrent CQ treatment (Figure 6G), indicating the
presence of the autophagic ﬂux in cells treated with 5FU.
Moreover, CQ increased 5FU-mediated cytotoxicity in TE11
3D organoids (Figure 6H), suggesting that autophagy may
facilitate the survival of TE11 cells upon 5FU treatment.
Finally, we tested patient tumor-derived 3D organoids
for 5FU treatment. Tumor-derived primary 3D organoids
(passage 0) from 3 independent OPSCC patients responded
to 5FU to a variable degree, reﬂecting upon the IC50 values
(Figure 7A). As observed in TE11 3D organoids treated with
5FU (Figure 6), phase-contrast imaging and H&E staining
showed that 5FU treatment decreased cell adhesiveness to
increase the intracellular spaces, thereby disintegrating the
3D structures with concurrent nuclear fragmentation in SCC
cells (Figure 7B and C), suggesting 5FU-induced apoptotic
cell death in primary tumor-derived 3D organoids. We
suspected that coexisting non-neoplastic 3D structures
within primary tumor-derived 3D organoids (Figure 3C,
Table 3) may increase the overall 5FU sensitivity, leading to
an underestimation of the IC50 values for SCC cells present
in 3D organoids. Therefore, we exposed passaged tumorderived 3D organoids where non-neoplastic structures
were eliminated. There was a signiﬁcant increase in IC50 for
the passaged 3D organoids in 2 independent patients tested
(patients 23 and 26) (Figure 7A), suggesting that 5FU
resistance may have increased in secondary 3D organoids
(P1) compared with primary 3D organoids (P0). The
increased IC50 in the passaged 3D organoids may be
accounted for by an enrichment of SCC cells. However,
tumor-derived primary 3D organoids from the above
patients contained 25% or a smaller fraction of nonneoplastic 3D structures (Table 3). Thus, the increased
IC50 may be explained by an increase in therapy-resistant
CD44H cells or activation of cytoprotective mechanisms
such as autophagy. We analyzed the 5FU-surviving SCC cells
in patient tumor-derived 3D organoids by ﬂow cytometry,

Figure 3. (See previous page). Morphological analysis of patient-derived 3D organoids. Biopsies and 3D organoids
representing (A) normal mucosa and (B–E) tumors from indicated patients were morphologically analyzed by H&E staining, IHC
for p53, Ki-67, and cleaved LC3. (A) Normal mucosa gave rise to non-neoplastic 3D organoids with a clear concentric
stratiﬁcation or stratiﬁed squamous cell differentiation gradient, approximately reproducing all layers of a stratiﬁed squamous
epithelium with basaloid and spinous cells in the periphery and stratum corneum-like squames in the center. Tumor biopsies
gave rise to both (B) neoplastic and (C) non-neoplastic 3D structures. (B) Tumor-derived neoplastic 3D structures (SCC 3D
organoids) feature lack clear differentiation pattern although the eosinophilic cytoplasm of most cells point to a squamous
differentiation, and thus, compatible with poorly differentiated squamous cell carcinoma. There is mild to moderate nuclear
atypia noted. (C) Tumor-derived non-neoplastic 3D organoids contain cells with very little or no nuclear atypia (patient 12). The
majority of non-neoplastic structures feature focal incomplete keratinization without clear stratiﬁcation (patient 5). The minority
of non-neoplastic structures display stratiﬁcation (ie, a concentric complete keratinization [patient 4]), a rare cystic form with
squamous differentiation with very little or no terminally differentiated squamous (horny layer-like) cells. Scale bar ¼ 100 mm for
tissue sections; (A, C) 20 mm for 3D organoids. Scale bar ¼ 100 mm for tissue sections (patient 4); 20 mm for 3D organoids
(patient 4); and (B) 50 mm for 3D organoids (patients 10 and 16). (D) Ki67 labeling index was determined in tumor-derived
neoplastic (SCC compatible) and non-neoplastic 3D structures (10 per each group) from multiple patients as biological replicates (3 independent patients for neoplastic 3D organoids and 7 independent patients for non-neoplastic 3D organoids). Data
were presented as mean ± SD. Student’s t test was used to examine statistical signiﬁcance. *P < .05, vs non-neoplastic
organoids. (E) Cleaved LC3 was stained in tumor biopsies and corresponding SCC 3D organoids. Scale bar ¼ 100 mm for
tissue sections; and 50 mm for 3D organoids.
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Figure 4. Morphological characteristics and functional analysis of cell line–derived ESCC 3D organoids. ESCC 3D
organoids were grown with TE11 cells in indicated cell culture media to acquire (A) phase contrast images and evaluate
(B) organoid growth (size) at indicated time points. (C) Organoid formation rate was determined at day 11. RPMI1640 and
DMEM are supplemented with 10% FBS. aDMEM/F12þ is fully supplemented as used to grow patient-derived 3D organoids.
Scale bar ¼100 mm. (B) Data are presented as mean ± SD of at least 7 organoids. Data represent 3 independent experiments
with similar results and 1-way analysis of variance with multiple comparisons (Tukey) was performed for each (B) time point in
and (C) condition. *P < .05 vs RPMI1640, n ¼ 3. (D) 3D organoids were grown with indicated ESCC cell lines in RPMI-10% FBS
for morphological analyses by H&E staining. All tested cell lines give rise to solid 3D organoids comprising atypical cells with
high nuclear/cytoplasmic ratio. Organoids from TE4, TE9 and TE10 show more basophilic cells with moderate to severe atypia.
TE11 organoids show more eosinophilic cytoplasm and little nuclear atypia. TE8 and TE5 organoids represent intermediate
variants with moderate atypia and eosinophilic cytoplasm. Scale bar ¼ 100 mm.

which revealed an enrichment of CD44H cells in 5FUtreated 3D organoids from patient 23, but not patient 26
(Figure 7D). However, 5FU increased the overall AV contents in 3D organoids from both patients 23 and 26
(Figure 7E). These observations suggest that 5FU-treated
patient tumor-derived 3D organoids may reveal a patientto-patient variability in mechanisms for 5FU-resistance.
We have previously demonstrated that poor prognosis in
ESCC patients is associated with high ESCC cell expression
of cleaved LC3, a marker of active autophagic ﬂux.11 When
we evaluated cleaved LC3 by IHC in patient biopsies and
tumor-derived 3D organoids, 44% of tumor biopsies (n ¼
16) displayed moderate to intense expression of cleaved
LC3 as expected11 and that was maintained in 3D organoids
(Figure 3E); however, there was no correlation between
expression of cleaved LC3 in tumor biopsies and successful
formation of tumor-derived 3D organoids (data not shown),
albeit a small sample size. Thus, basal autophagy level was
not predictive of the organoid formation.

Discussion
We describe for the ﬁrst time the successful generation
and characterization of tumor-derived 3D organoids from
patients with SCCs and provide proof of principle about
their utility as a robust platform to analyze cancer cell
heterogeneity, evaluate therapy response and explore
therapy resistance mechanisms with the potential of translation in the setting of personalized medicine for ESCC and
OPSCC. To date, current therapies for these cancers require
ongoing attention for improvement in survival rates. Unlike
other esophageal 3D culture systems such as multicellular
spheroid culture under free-ﬂoating conditions (see Whelan
et al24 for an extensive review), our 3D organoids are
deﬁned as single cell-derived spherical structures grown in
Matrigel with advantages (Table 6) including the capacity of
determining stemness (self-renewal) and fate of cells.
Importantly, analyses of SCC 3D organoids for proliferation,
p53 expression, cell surface CD44 expression, and
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Table 4.Tumor Organoids Formation and Response to
Chemotherapy or Chemoradiation Therapy in ESCC
Patients

Table 5.Tumor Organoids Formation and Histological
Response to Chemotherapy or Chemoradiation
Therapy in ESCC Patients

Therapeutic Response
Tumor-Derived 3D
Organoids formation
Success (n ¼ 11)
Failure (n ¼ 5)

Histological Response

PDþSD
(n ¼ 10)

PR
(n ¼ 6)

P
value

Tumor-Derived 3D
organoids formation

9
1

2
4

.0357

Success (n ¼ 5)
Failure (n ¼ 4)

NOTE. There was no patient with complete response.
Although oncologists typically classify SD as a clinical
response, stable disease (SD), either alone or combination
with partial response (PR), was not associated with successful organoid formation. Fisher’s exact test was used to
examine statistical signiﬁcance.
PD, progressive disease.

autophagy of SCC organoids revealed faithful recapitulation
of key genetic, morphological and functional characteristics
of the original tumors.
Conventional SCC cell lines are established in monolayer
culture over 1–3 months at a low success rate (<40%).29
Neoadjuvant therapy in current standard ESCC care makes
isolation of viable SCC cells difﬁcult from surgically resected
tumors. Circumventing these problems, our protocol permits 3D organoid growth in a relatively short time period
(typically within 2 weeks) with a small number of cells
(2  104 cells/well and w4–5  105 live cells/biopsy)
available via diagnostic biopsies from patients before therapeutic intervention. Moreover, 96-well plates were used to
determine 3D organoid formation rate and cell viability
under a phase-contrast microscopy and WST1 assays,
respectively, indicating that tumor-derived 3D organoids
could be evaluated in a moderate-to-high throughput
manner.
Limitations (Table 6) in our protocol include sporadic
fungal contamination despite prophylactic Amphotericin B
(Fungizone) treatment, owing to likely a unique microbiota
in the stenotic tumor-bearing oropharyngeal and esophageal
tract. Excluding the patients with fungal contamination, the
success rate of 3D organoid formation from tumor samples
was approximately 70%, potentially due to impaired cell
viability during cell isolation from biopsies or less epithelial
cell contents (ie, more stroma cell contents) in biopsies.
Moreover, a subset of tumor-derived 3D organoids contained histologically non-neoplastic cells and that 9 of 12
(75%) tumor-derived 3D organoids contained more nonneoplastic than neoplastic structures under our cell culture conditions (Table 3). Additionally, none of our SCC 3D
organoids, unlike normal mucosa-derived organoids, displayed apparent keratinization or corniﬁcation, a hallmark
of well-differentiated squamous cell carcinomas, despite the
histological grade of the originating tumors. These observations indicated that the aDMEM/F12þ-based medium may
not be permissive for propagation of well-differentiated SCC
cells or ex vivo differentiation of SCC cells. The higher success rate of ESCC 3D organoid formation from patients

Grade 1
(n ¼ 6)

Grade 2 or 3
(n ¼ 3)

P
Value

5
1

0
3

.0476

NOTE. There was no patient with Grade 0 after chemotherapy or chemoradiation therapy. Fisher’s exact test was
used to examine statistical signiﬁcance.

whose tumors display therapeutic resistance (Tables 4
and 5), albeit the small sample size, suggests also that our
organoid culture conditions may be permissive for SCC cells
with an increased capability of coping with stress. Providing
cytoprotection under oxidative stress, autophagy is activated in ESCC patients who experience early recurrence and
poor prognosis and that autophagy-mediated redox homeostasis is essential for CD44H cell generation and maintenance in ESCC13; however, the success of patient tumorderived 3D organoid formation was not linked to the autophagic activity in biopsies (data not shown). Although
CD44H cells in patient biopsies are likely to display a high
organoid formation capability as suggested by TE11 CD44H
cells (Figure 5C), we could analyze CD44H cell content in 4
patients only (Figure 5B). Extensive studies with larger
sample sizes are warranted as a future direction to compare
patient-derived 3D organoids from therapy-responders and
non-responders, and establish the relationship between
autophagy activity or CD44H cell content in tumor biopsies
and the organoid formation. While CD44 is a wellestablished marker of stemness and malignant attributes
in ESCC and OPSCC,13,28,30 other markers may inﬂuence 3D
organoid formation, and can be explored.
The fully supplemented aDMEM/F12þ medium contains
factors and agents that facilitate self-renewal of normal murine esophageal stem cells and has been successfully utilized
for murine esophageal 3D organoids22,31,32; however, our
normal mucosa-derived 3D organoids failed to be passaged,
suggesting a potential species difference in the requirement
of medium components. In this regard, we have optimized a
condition that permits multiple passages for both murine and
human normal esophageal 3D organoids,23 although it is
currently unknown whether this condition is permissive for
SCC 3D organoid growth. In addition, agents such as
SB202190, a p38 MAPK inhibitor used in the aDMEM/F12þbased medium may be inhibitory for tumor growth.33 The
aDMEM/F12þ-based medium without SB2022190 and other
supplements has been utilized to grow organoids from
chemical carcinogen-induced murine tongue squamous cell
carcinoma.34 Thus, further optimization may be needed for
3D organoid formation from human ESCC, OPSCC, and
potentially other squamous cell carcinomas.
Experiments using clinically relevant concentrations of
5FU35 revealed lower 5FU sensitivity (ie, higher IC50) in 3D
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organoids compared with monolayer cultures (Figures 6A
and 7A). drug resistance may be accounted for by cell
intrinsic properties such as CD44 expression, autophagy and
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EMT. Although we have not explored EMT in this study,
EMT has been documented in murine ESCC 3D organoids.28
Additionally, Matrigel and the 3D structures may limit drug
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diffusion; however, the cytotoxic effect of 5FU was not
limited to the periphery of the 3D structures (Figures 6C
and 7C). Patient-derived 3D organoids with evidence of 5FU
resistance contained CD44H cells with increased autophagy
capacity (Figure 7D and E). Thus, 3D organoids can be used
as a tool to identify therapy resistance mechanisms while
predicting therapy response. SCC cell lines, including unique
drug-resistant derivatives,36 provide references of IC50 for
therapeutic agents. Additionally, they will provide quality
control to calibrate the inﬂuence of variables such as
different lots of Matrigel and medium components to grow
multiple biopsy-derived 3D organoids in expanded studies.
The successful use of 96-well plates to evaluate cell proliferation and drug response has established the feasibility for
SCC 3D organoids to serve a platform in moderate-to-high
throughput drug screening. In addition to chemotherapeutics, radiation therapy and molecularly targeted therapeutics could be tested either alone or in combination.
Identiﬁcation of molecular determinants in therapy resistance will be facilitated by unbiased sequencing studies of
patient-derived 3D organoids for genomic and epigenetic
landscape1 and gene expression proﬁling of a library of
well-annotated patient tumor-derived 3D organoids. Such a
study is currently underway.
Given the importance of the tumor microenvironment,
investigation of SCC-relevant niche factors and optimization
of conditions for co-culturing with immune cells, endothelial
cells, and cancer-associated ﬁbroblasts is meritorious,24
especially given the advent and expansion for indications
of immune checkpoint inhibitors in cancer therapy. Integration of the immune system in 3D organoid culture may
open up new avenues of investigation. Additional future
applications of 3D organoids in the clinical setting include
analysis of precancerous conditions (ie, dysplasia) and
metastatic lesions.

Materials and Methods
Patients and Treatment
In accordance with Institutional Review Board–approved
protocols and guidelines at each participating institution,
biopsies were taken from tumors and adjacent normal
mucosa upon diagnostic endoscopy from therapy-naïve
ESCC and OPSCC patients between October 2015 and May
2018. Twenty ESCC patients were enrolled at Kagoshima
University. One ESCC and 5 OPSCC patients were enrolled at
the Hospital of the University of Pennsylvania. One ESCC
patient was enrolled at Osaka University. Staging was done
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as described (Table 1).37 At Kagoshima University, 15 ESCC
patients received chemoradiation therapy and 5 patients
received chemotherapy alone according to published protocols.38 Therapy response was classiﬁed clinically into
complete response, partial response, stable disease, and
progressive disease as described.39 When ESCC patients
underwent surgery 4 weeks after chemotherapy or chemoradiation therapy, histology of resected tumors was
evaluated for therapeutic efﬁcacy as described40,41 where
grade 0 or 1 was ineffective and grade 2 or 3 was effective.

Cell Lines, Monolayer, and 3D Organoid Culture
ESCC cell lines (TE series)42,43 were grown in RPMI1640
(11875093, Thermo Fisher Scientiﬁc, Waltham, MA) containing 10% fetal bovine serum (FBS) (SH3007103, Thermo
Fisher Scientiﬁc) and 100-U/mL penicillin and 100-mg/mL
streptomycin (15140122, Thermo Fisher Scientiﬁc), at 37 C
in a humidiﬁed atmosphere of 5% CO2. A 5FU-resistant
derivative of TE11 (TE11R) was previously described.44,45
Cell authentication was externally done by short-tandem
repeat DNA proﬁling at the American Type Culture Collection (Manassas, VA).
To generate 3D organoids, each piece of the biopsies
was rinsed in saline (0.9% NaCl) (S7653, Sigma-Aldrich,
St. Louis, MO), and minced immediately with scissors and
incubated for 45 minutes at 37 C in a 1-mL cocktail
comprising 6.25-mg/mL dispase I (354235, BD Biosciences,
San Jose, CA), 5-mg/mL collagenase (17018029, Thermo
Fisher Scientiﬁc), 10-mM ROCK inhibitor Y27632 (1254,
R&D Systems, Minneapolis, MN), and 0.5-mg/mL Fungizone
(15290018, Thermo Fisher Scientiﬁc) with a periodical
mixing (wonce every 10 minutes) via Vortex-Genie 2
(Scientiﬁc Industries, Bohemia, NY). The solution was
replaced with - mL 0.25% trypsin/EDTA (R001100, Thermo
Fisher Scientiﬁc) and incubated for 10 minutes at 37 C. The
trypsin activity was then neutralized with 6-mL 250 mg/L
soybean trypsin inhibitor (T9128, Sigma-Aldrich) in Dulbecco’s phosphate-buffered saline (DPBS) (10010023,
Thermo Fisher Scientiﬁc). The enzymatically dissociated
tissue was forced through a 70-mm cell strainer (22-363548, Thermo Fisher Scientiﬁc) and cells were pelleted via
centrifugation at 2000 rpm for 5 minutes at room temperature. Cells were then resuspended in 1-mL advanced Dulbecco’s modiﬁed Eagle medium (DMEM)/F12 (12491015,
Thermo Fisher Scientiﬁc) containing 100-U/mL penicillin
and 100-mg/mL streptomycin (15140122, Thermo Fisher
Scientiﬁc), 1GlutaMAX (35050061, Thermo Fisher

Figure 5. (See previous page). Tumor biopsies and TE11 3D organoids contain CD44H SCC cells with high autophagic
activities. Intratumoral heterogeneity was evaluated by ﬂow cytometry for cell surface markers and autophagic activities.
Biopsies from tumors and adjacent normal mucosa from 2 ESCC and 2 OPSCC patients were dissociated for ﬂow cytometry
to detect CD44H cells and AV content (Cyto-ID). (A) The representative histograms of patient 21. (B) All 4 patients (biological
replicates) showed an increased CD44H cell content in tumors compared with normal mucosa (*P < .05, vs normal, n ¼ 3 by
Student’s t test) and an increased AV content in CD44H cells as compared with CD44L cells (*P < .05, vs CD44L, n ¼ 3 by
Student’s t test) within tumor biopsies. (C) The cell surface expression pattern of CD44 of TE11 ESCC cells was analyzed in
xenograft tumors and 3D organoids. The AV content (Cyto-ID) in CD44H cells was compared with the bulk population of TE11
cells in xenograft tumors and 3D organoids. Representative histogram plots (left) are shown with the corresponding quantiﬁcation (right) from 3 independent experiments with similar results (*P < .05 vs bulk, n ¼ 3 by Student’s t test). All data are
presented as mean ± SD.
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Scientiﬁc), and 1HEPES (15630080, Thermo Fisher
Scientiﬁc) (aDMEM/F12þ). The Countess II FL Automated
Cell Counter (Thermo Fisher Scientiﬁc) was used to count
cells where Trypan blue exclusion test was done to determine cell viability. The cell suspension (4  105/mL) was
mixed further with 10 volume of ice-cold Matrigel
(354234, Corning, Corning, NY) and 2  104 cells in 50 mL of
Matrigel were seeded into each well of the ﬂat bottom 24well plates. After solidiﬁcation, 500 mL of aDMEM/F12þ
supplemented with 1N2 (17502048, Thermo Fisher Scientiﬁc), 1 B27 supplements (17504044, Thermo Fisher
Scientiﬁc), 0.1-mM N-acetyl-L-cysteine (A7250, SigmaAldrich), 50-ng/mL recombinant human EGF (236-EG,
R&D Systems), 2% Noggin/R-Spondin–conditioned media,
100-ng/mL recombinant human Wnt3A (5036-WN, R&D
Systems), 500-nM A83-01 (2939, R&D Systems), 10-nM
SB202190 (1264, R&D Systems), 10-nM gastrin (3006,
R&D Systems), 10-nM nicotinamide (N0636, Sigma-Aldrich),
and 10-mM Y27632, was added, a composition described for
murine esophageal 3D organoids22 and replenished every
other day. 3D organoids were grown for 10–14 days at 37 C
in a humidiﬁed atmosphere of 5% CO2. When ESCC cell lines
were used to generate 3D organoids, monolayer cultures
were trypsinized to prepare cell suspensions. Under an
inverted phase-contrast microscope (Apotome, Carl Zeiss,
Jena, Germany), growing organoids were observed and
photomicrographed to determine their number and size.
Organoid formation rate was deﬁned as the average number
of 50-mm spherical structures at day 14 that was divided
by the total number of cells seeded in each well at day 0.
When indicated, 3D organoids were grown in the presence
or absence of 5FU (F6627, Sigma-Aldrich) or chloroquine
(CQ) (C6628, Sigma-Aldrich) at indicated concentrations
after organoid structure was established at day 8. Dimethyl
sulfoxide (BP231-1, Thermo Fisher Scientiﬁc) was used as
vehicle for 5FU. CQ was reconstituted in water as
described.13 3D organoids were recovered by digesting
Matrigel with Dispase I (354235, BD Biosciences, 1U/mL),
embedded in iPGell (GSPG20-1, GenoStaff, Tokyo, Japan) and
ﬁxed overnight in 4.0% paraformaldehyde for histological
analyses. Alternatively, isolated organoids were dissociated
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by incubation with 0.25% Trypsin-EDTA, Y27632 and
DNase I (1010415901, Sigma-Aldrich) into single cell suspensions and passaged.

WST1 Assays and Half Maximal Inhibitory
Concentration Determination
Cell survival and the half maximal inhibitory concentration (IC50) for 5FU were determined as described.36 TE11
cells were seeded at the density of 200 cells in 5 mL Matrigel
with 100-mL medium per well in 96-well plates. To treat
patient-derived 3D organoids with 5FU, cells dissociated
from biopsies were seeded at the density of 4,000 cells in
5 mL Matrigel with 100mL medium per well in 96-well plates.
Established 3D organoids were untreated or treated with
5FU at a range of ﬁnal concentrations (10–3–103 mM) for 72
hours, and further incubated with WST-1 reagent
(11644807001, Sigma-Aldrich) (10 mL per well) for 2 hours
before colorimetric cell proliferation assays, according to the
manufacturer’s instructions. Dose response curves were
generated in GraphPad Prism 7.0 using the least squares ﬁt
(ordinary) with variable slope (4 parameters). Outliers were
eliminated using the built-in outlier detection method. All
experiments were performed in triplicate.

Histology and Immunohistochemistry
Parafﬁn-embedded biopsies and 3D organoid products
were serially sectioned and subjected to hematoxylin and
eosin (H&E) staining and immunohistochemistry (IHC) as
described previously.13,46 For IHC, sections were incubated
with anti-p53 polyclonal antibody (M7001, 1:200; Dako,
Copenhagen, Denmark) or anti-Ki67 monoclonal antibody
(M7240, 1:800; Dako), or anticleaved light chain 3 (LC3)
polyclonal antibody (AP1805a, 1:250; Abgent, San Diego,
CA) overnight at 4 C. H&E stained slides were evaluated by
2 pathologists (SN and AKS) blind to clinical data and conditions. Ki-67 labeling index was determined by counting at
least 10 organoids per group.

Xenograft Tumors
Xenograft tumors of TE11 cells were formed in immunodeﬁcient mice (NU/J) for ﬂow cytometry under an

Figure 6. (See previous page). Evaluation of 5FU treatment and the relationship between CD44H cells and autophagy in
TE11 3D organoids. TE11 and TE11R cells were analyzed for 5FU sensitivity. (A) WST1 assays were performed to determine
5FU IC50. 3D organoids were grown with TE11 and TE11R cells for 8 days. The established 3D organoids and subconﬂuent
monolayer culture (control) were treated with indicated concentrations of 5FU for 72 hours. Representative dose response
curves for TE11 and TE11R under indicated conditions are shown (left) along with the IC50 and R2 values in the table (right). Cell
morphology was assessed (B) under a phase-contrast microscopy and (C) by H&E staining. (B) Note that TE11 organoids
treated with 5FU displayed disorganized structure (right). Scale bar ¼ (B) 100 mm, (C) 50 mm. (A–C) Data represent 2 independent experiments with similar results with 3 samples per condition in each experiment. TE11 and TE11R were analyzed for
(D) CD44H cell content and (E) organoid formation capability. (D) Flow cytometry was used to evaluate cell surface CD44
expression in monolayer culture. Representative histogram plots (top) and quantiﬁcation (bottom) of CD44 expression are
shown. (E) Organoid formation rate was compared by seeding an equal number of TE11 and TE11R cells. (D, E) Data represent
2 independent experiments with similar results with 3 samples per condition in each experiment. (D, E) *P < .05 vs TE11; n ¼ 3
by Student’s t test. (F) CD44H cell content, (G) autophagy activity (Cyto-ID), and (H) cell viability (4’,6-diamidino-2phenylindole) were evaluated by ﬂow cytometry in established 3D organoids following treatment for 72 hours with or
without 5FU at a sublethal concentration (100 mM) along with or without 1 mg/mL CQ, a pharmacological inhibitor of autophagic ﬂux. (G) Representative histogram plots (left) are shown with the corresponding quantiﬁcation (right). All data are
presented as mean ± SD. *P < .05 vs 5FU (-) CQ (-); #P < .05 vs 5FU (þ) CQ (-). ns, not signiﬁcant; n ¼ 2 to 3 by 1-way analysis
of variance with multiple comparisons (Tukey). (F–H) Data represent 2 independent experiments with similar results.
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Table 6.Characteristics of the Patient Tumor Biopsy–Derived SCC 3D Organoids in this Study
Unique Features/Advantages

Technical Limitations/Unknown Factors

 Endoscopic biopsies as starting materials (w5  10 live
cells/biopsy)
 Need of small number of cells
2  104 cells/well in 24-well plates
0.2–4  103 cells/well in 96-well plates
 Single cell-derived spherical structure
 Rapid growth (10–14 days)
 >70% overall success
 May predict patient therapy response
 Passaged to evaluate self-renewing cell populations (eg,
CD44H cells)
 Recapitulation of key genetic, morphological and functional
characteristics of the original tumors (eg, p53 mutations,
autophagy)
 Serve as a platform for a variety of assays (eg, IHC, ﬂow
cytometry, colorimetric proliferation assays)
 Pharmacological treatments
 IC50 determination for drugs
 Translatable in personalized medicine

 Cell viability
 Fungal contamination from original tissues (biopsies)
 Inﬂuence of coexisting nonepithelial cells (eg, immune cells,
ﬁbroblasts)
 Medium/cell culture conditions may not support SCC 3D organoid
growth from all patients
 Medium/cell culture conditions are not speciﬁc for SCC cells and
permissive for concurrent growth of non-neoplastic 3D organoids
 Lack of 3D organoids compatible with well-differentiated SCCs
 Potential enrichment of cell populations with growth advantage
and drug resistance
 IC50 for drugs may be underestimated by coexisting nonneoplastic 3D organoids, especially in tumor-derived primary 3D
organoids
 Long-term cryopreservation
 Transportation (long distance)

Institutional Animal Care and Use Committee-approved
protocol. In brief, cells were suspended in 50% Matrigel
and implanted subcutaneously into the dorsal ﬂanks of 4
week old female athymic nu/nu mice (Taconic Biosciences,
Hudson, NY, USA). Tumor growth was monitored using
digital calipers. Tumors were harvested and minced into 1
mm3 pieces and incubated in Dulbecco’s Modiﬁed Eagle
Medium (DMEM, 11965, Thermo Fisher Scientiﬁc) containing 1 mg/mL collagenase I (C9263-1G, Sigma-Aldrich) at
37 C for 90 minutes. Following centrifugation, residual tissue pieces were digested in 0.05% trypsin-EDTA (2530062,
Thermo Fisher Scientiﬁc) at 37 C for 10 minutes and then
with 1 U/mL Dispase (354235, BD Biosciences) and 100mg/
mL DNase I (1010415901, Sigma-Aldrich) at 37 C for 10
minutes. Dissociated tumor cells were ﬁltrated, rinsed and
collected into a 5 mL round bottom tube with a 40 mm cell
strainer cap (352235, BD Biosciences) with DPBS and pelleted by centrifugation at 1,500 rpm for 5 minutes at 4 C.

containing 1% bovine serum albumin (A2058, SigmaAldrich). 4’,6-Diamidino-2-phenylindole (D1306, Thermo
Fisher Scientiﬁc) was used to determine cell viability. Cells
were subjected to ﬂow cytometry for cell surface expression
of CD44 as described13,47 where cells were stained with
APC-anti-CD44 (1:20; 31118; BD Biosciences) on ice for
30 minutes. AVs were determined with Cyto-ID ﬂuorescent
dye (ENZ-51031-K200, Enzo Life Sciences, Farmingdale, NY)
as described13,46 where cells were incubated with Cyto-ID at
1:1000 in DPBS containing 5% FBS and 1% bovine serum
albumin at 37 C for 30 minutes. Unstained cells were utilized
to establish the background ﬂuorescence. The mean ﬂuorescence in live cells was determined for each sample and is
presented after subtraction of background ﬂuorescence.

5

Flow Cytometry for Cell Surface Markers
and Autophagy
Flow cytometry was performed using FACSCalibur,
FACSCanto, or LSR II cytometers (BD Biosciences) and FlowJo
software (Tree Star, Ashland, OR). Cells suspended in DPBS

Statistical Analyses
Data were analyzed as indicated using the GraphPad
Prism 7.0 software (GraphPad, La Jolla, CA). Equal variance
across groups being compared was conﬁrmed by Bartlett’s
test for analysis of variance (ANOVA) or F test (Student’s
t test). Statistical analysis of group differences was performed using the ﬁsher’s exact test and done using SAS
statistical software (SAS Institute, Cary, NC). P value of <.05
was considered signiﬁcant.

Figure 7. (See previous page). Evaluation of 5FU-induced cytotoxicity, CD44H cells and autophagy in patient tumorderived 3D organoids. OPSCC patient tumor-derived 3D organoids were treated with indicated concentrations of 5FU for
72 hours. WST1 assays were performed to determine 5FU IC50. (A) Representative dose response curves for primary (P0) and
secondary (P1) 3D organoids from patient 23 (left) are shown along with the IC50 and R square values in the table for 3 independent patients as biological replicates (right). Cell morphology was assessed (B) under phase-contrast microscopy and
(C) by H&E staining. Scale bar ¼ 100 mm. (D, E) Tumor-derived 3D organoids from 3 independent patients were grown for
7 days followed by treatment with indicated concentrations of 5FU for 72 hours. (D) CD44H cell content and (E) AV content
(Cyto-ID) were evaluated by ﬂow cytometry. The representative histograms of patient 23 (left) are shown with the corresponding quantiﬁcation (right); data of patients 23, 24, and 26 (3 biological replicates) are presented as mean ± SD. (D, E) Oneway analysis of variance with multiple comparisons (Tukey) was used to examine statistical signiﬁcance. *P < .05 vs 0 mM
(n ¼ 3) in each patient. not signiﬁcant (ns) vs 0 mM (n ¼ 3) in each patient. #No technical replicate was available due to the small
number of viable cells that were recovered from 3D organoids in patient 24.
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