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SUMMARY
Human embryonic stem cells (hESCs) provide a platform for studying human development and understanding mechanisms underlying

diseases. Retinoblastoma-1 (RB1) is a key regulator of cell cycling, of which biallelic inactivation initiates retinoblastoma, the most com-

mon congenital intraocular malignancy. We developed a model to study the role of RB1 in early development and tumor formation by

generating RB1-null hESCs using CRISPR/Cas9. RB1�/� hESCs initiated extremely large teratomas, with neural expansions similar to

those of trilateral retinoblastoma tumors, in which retinoblastoma is accompanied by intracranial neural tumors. Teratoma analysis

further revealed a role for the transcription factor ZEB1 in RB1-mediated ectoderm differentiation. Furthermore, RB1�/� cells displayed

mitochondrial dysfunction similar to poorly differentiated retinoblastomas. Screening more than 100 chemotherapies revealed an

RB1–/–-specific cell sensitivity to carboplatin, exploiting their mitochondrial dysfunction. Together, our work provides a human plurip-

otent cell model for retinoblastoma and sheds light on developmental and tumorigenic roles of RB1.
INTRODUCTION

Retinoblastoma is the most common primary intraocular

pediatric cancer, with 95% of the cases diagnosed before

5 years of age (Kivela, 2009). Retinoblastoma is initiated

by biallelic inactivation of the retinoblastoma 1 (RB1)

gene. In heritable retinoblastoma, a primary germline mu-

tation in RB1 predisposes a child to retinal tumors, but only

a second, somatic mutation in retinal cells initiates tumor

growth (Goodrich, 2006). This heritable condition is

responsible for all cases of bilateral retinoblastoma, i.e.,

involving tumors in both eyes (Dimaras et al., 2012; Richter

et al., 2003). In up to 6% of patients, the inherited disease

is manifested as trilateral retinoblastoma (TRb), where in

addition to ocular tumors a primary neuroectodermal

tumor also occurs (Dimaras et al., 2012).

RB1 encodes for the retinoblastomaprotein (pRB), a tumor

suppressor and a key regulator of cell cycle (Manning and

Dyson, 2012). pRBwas initially shown to regulate cell-cycle

progression throughbindingof the transcriptional activator

E2F transcription factor 1 (E2F1). pRB phosphorylation by

cyclin-dependent kinases prevents this association, allow-

ing cell-cycle progression (Dynlacht et al., 1994; Weinberg,

1995). However, it is now known that pRB binds numerous

cofactors, and is involved in many cellular mechanisms

suchasapoptosis, genomestabilitymaintenance, anddiffer-

entiation (Benavente and Dyer, 2015; Burkhart and Sage,

2008; Dyson, 2016; Thomas et al., 2003). Rb1-deficient

mouse embryos exhibit substantial developmental defects

in mesenchymal development, bone formation, hemato-

poiesis, and the nervous system (Calo et al., 2010; Jacks

et al., 1992). Conditional knockout mice revealed pRb roles

in neural migration and neurogenesis during development
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and adulthood (Andrusiak et al., 2011; Ghanem et al.,

2012). In humans, deletions in chromosome 13q including

RB1 were associated with brain abnormalities (Mitter et al.,

2011; Rodjan et al., 2010), suggesting that it can play a role

in human nervous system development.

While an inherited heterozygous mutation in RB1 is the

underlying cause of one-third of retinoblastoma cases, no

cases of inherited homozygous inactivating mutations

have been documented. Previous attempts tomodel retino-

blastoma inmicewere only partially successful, as Rb1 abla-

tion in mice is embryonic lethal, and Rb1-null chimeras do

not recapitulate basic features of human retinoblastoma

(Jacks et al., 1992). Other studies used mutations in addi-

tional murine genes alongside Rb1 to initiate retinoblas-

toma or model the role of Rb1 in its initiation, diverging

from its manifestation in humans (Classon and Harlow,

2002; Conklin et al., 2012).

Human embryonic stem cells (hESCs) are normal pri-

mary cells with an indefinite self-renewal capability and

the potential to differentiate toward any cellular fate. These

propertiesmake hESCs extremely beneficial for the study of

developmental processes and disease modeling (Avior

et al., 2016). In addition, hESCs share cellular characteris-

tics with cancer cells (Ben-David and Benvenisty, 2011),

suggesting that theymay also be useful inmodeling tumor-

igenic diseases. We therefore chose hESCs as a platform to

model biallelic RB1 inactivation and TRb.
RESULTS

We used the CRISPR/Cas9 gene-editing approach to

generate hESCs with mutations in RB1. Karyotypically
hors.
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Figure 1. Generation and Characterization of RB1�/� hESCs
(A) DNA sequencing of control and mutant clones following CRISPR/Cas9 and a guide sequence targeting the first exon of the RB1 gene
(blue and green). Control A is the untreated cell line, and control B underwent the same transfection with a Cas9 vector without a guide
sequence.
(B) Western blot analysis for pRB shows ablated protein expression in biallelic mutations in RB1.
(C) Relative gene expression of RB1 homologs, RBL1 and RBL2, in control and RB1�/� hESCs. Error bars represent SEM. *p < 0.05 (calculated
using Student’s t test).
(D) Heatmap of RB1 cofactors and gene target expression. Two independent control cell lines and three mutant ones are shown.
See also Figure S1.
normal hESCs were transfected either with the Cas9 gene

alongside a guide RNA targeting the first exon of RB1,

or with Cas9 only as control. The integrity of RB1 was

then evaluated in individual clones using direct DNA

sequencing, revealing two clones carrying a mutation in

one allele (RB1+/�) and three clones with mutations in

both alleles (RB1�/�) (Figures 1A and S1A). Western blot

analysis validated the absence of pRB in the homozygous

clones, whereas heterozygous clones maintained pRB

expression as expected (Figures 1B and S1B). As pRB was

previously shown to be important for chromosomal stabil-

ity (Manning et al., 2010), genetic integrity of all cloneswas

verified (Figure S1C).

To evaluate global gene expression patterns in the

mutant cells, we performed RNA sequencing (RNA-seq)

on control and the three RB1�/� clones. Of the expressed

transcripts, 4.8%were either 2-fold upregulated or downre-

gulated in the RB1�/� clones. In contrast to the absence of

pRB due to frameshift mutations, the RB1 transcript was

not downregulated in the mutant clones (Figure 1C). How-
ever, RB1�/� clones exhibited amodest yet significant upre-

gulation of the RB1 homolog RBL1 (but not RBL2), encom-

passing both redundancy and a possible compensation for

pRB functional loss (Figure 1C). RB1�/� clones also showed

upregulation of various pRB cofactors and immediate gene

targets known to be repressed by pRB (Iwanaga et al., 2006;

Prost et al., 2007; Stanelle et al., 2002; Vance et al., 2010),

exhibiting downstream effects of RB1 ablation (Figure 1D).

Similarly, genes that are known to be upregulated by

pRB binding to E2Fs, such as PLAU and VEGFA (Koziczak

et al., 2000; Merdzhanova et al., 2010), were downregu-

lated in RB1�/� clones (Figure 1D). Despite these transcrip-

tional changes, RB1�/� cells did not exhibit an aberrant cell

cycle or differences in cell proliferation rates (Figures S1D

and S1E).

Global gene expression principal component analysis re-

vealed that 15 genes transcribed within the mitochondria

contributed dramatically to the separation between control

and RB1�/� clones (Figure S1F). Indeed, RB1�/� clones

exhibited a significant mitochondrial gene expression
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reduction (22%–58% decrease), originating from both

chains of mtDNA (Figure 2A). This phenomenon can orig-

inate from depletion in the number of mitochondria or

from mitochondrial malfunction. Thus, different assays

were used to address these possibilities. mtDNA abundance

was evaluated by calculating the ratio between mitochon-

drial and nuclear DNA, revealing an average depletion of

45% ± 8% (p < 0.001) in mtDNA in RB1�/� clones (Fig-

ure 2B). Mitochondrial function was quantified using a

live-cell metabolic assay with an Agilent Seahorse analyzer.

RB1�/� cells showed a 51% ± 7% (p < 0.001) decrease in

basal respiration and a 69% ± 7% (p < 0.001) reduction

in ATP production (the product of oxidative phosphor-

ylation) compared with control cells. Furthermore, the

maximal respiration rate of mutant cells was similarly

reduced, resulting in cells respiring close to their maximal

respiratory capacity (Figures 2C, S2A, and S2B). The mito-

chondrial respiration decrease was concomitant with a

65% ± 15% (p < 0.001) increase in basal cellular glycolysis

and a 45% ± 7% (p < 0.01) increase following disruption

of ATP synthesis (Figures 2C, S2A, and S2B). Calculation

of glycolytic rate using a designated formula (Mookerjee

et al., 2016) emphasized these differences, with mutant

cells exhibiting an approximately 2-fold higher rate

compared with controls (550 ± 54 and 269 + 35 pmol H+/

min/mg protein, respectively). Together, these data sug-

gested that RB1�/� hESCs harbor a decrease in mitochon-

drial activity and an increase in glycolytic rate.

To evaluate any structural basis for the reduced mito-

chondrial activity, we visualized control and mutant cells

using transmission electron microscopy (TEM) (Figures

2D and S2C). Strikingly, RB1�/� clones showed multiple

phenotypes of aberrant mitochondria, such as elongated

and deformed mitochondria, and ghost mitochondria.

Quantification of TEM micrographs revealed a significant

downregulation of normal mitochondrial hallmarks

including intact outer membrane, defined cristae and adja-

cent ER, and an increase in mitochondria malformation

(Figure 2E). Interestingly, western blot analysis did not

reveal differences between inner and outer mitochondrial

membrane protein expression (Figure S2D), suggesting

that mitochondrial protein expression was not globally

decreased and that the defect in function correlated better

withmtDNA copy number (Figure 2B). Together, these data

suggest that RB1 ablation in hESCs reduces mtDNA abun-

dance and affects mitochondrial structure and function.

hESC differentiation can shed light on developmental

and malignant processes. Neural progenitor cells derived

from RB1-null hESCs did not differ significantly from con-

trol cells (Figure S3A), suggesting that a more complex dif-

ferentiation paradigm is required to model pRB’s tumori-

genic and developmental roles. We therefore generated

teratomas from RB1-null and control cells, allowing us to
1356 Stem Cell Reports j Vol. 8 j 1354–1365 j May 9, 2017
study the effects of RB1 ablation in vivo. Teratomas derived

from RB1�/� hESCs were significantly larger than control

tumors (Figures 3A and S3B). Serial sectioning of the tera-

tomas revealed a dramatic expansion of neural structures

in tumors derived from RB1�/� clones, visualized by H&E

staining and immunofluorescence staining for the specific

neuronalmarker neural cell adhesionmolecule 1 (NCAM1)

(Figures 3B and 3C). RNA-seq analysis of the tumors

showed a clear separation between expression patterns,

with 8.0% (1,545/20,690) of the expressed transcripts at

least 3-fold upregulated or downregulated in teratomas

derived from RB1�/� clones (Figure S3C). In accordance

with the high abundance of neural structures in the

RB1�/� tumors, the upregulated genes were significantly

enriched for annotations related to the nervous system

and neural development (Figure 3D). Downregulated genes

were enriched for epidermal related annotations, such as

keratinocyte differentiation (Figure 3D). This is intriguing,

as both the nervous system and the epidermis are deriva-

tives of the same embryonic germ layer, the ectoderm. To

a lesser extent, downregulated genes were enriched for

muscle and bone formation categories. Interestingly, both

upregulated and downregulated gene groupswere enriched

for transcripts annotated to include binding sites to the

zinc finger E-box binding homeobox 1 (ZEB1) transcription

factor (Figure 3E), which is a master regulator of the epithe-

lial-mesenchymal transition (EMT) (Eger et al., 2005).ZEB1

expression was previously shown to be regulated by pRB

and E2F (Liu et al., 2007), andwas significantly upregulated

in RB1�/� teratomas (Figure 3F). Higher ZEB1 expression

correlated with epithelial and mesenchymal marker

up- and downregulation, respectively (Figure 3G). ZEB1

target genes downregulated in RB1�/� teratomas included

epidermal keratins, while upregulated ZEB1 target genes

included neural markers such as NCAM1 and NCAM2,

and NEUROD4 (Figures 3H and 3I). Furthermore, ZEB1

was previously shown to promote cell proliferation

through regulation of genes such as MKI67 and OLIG2,

whose expression was upregulated in RB1�/� teratomas

(Figure 3J). Several E2F genes were also upregulated in the

mutant teratomas, correlating with enlarged tumors (Fig-

ure S3D). Finally, using immunofluorescence staining we

found that ZEB1 expression was localized to the same neu-

ral structures enlarged following RB1mutation, suggesting

its involvement in this phenotype (Figure 3K).

Following the characterization of RB1-null cells and

their tumorigenic capacities, we utilized them in a drug-

screening platform. As TRb patients are commonly treated

with chemotherapies aimed at reducing or eliminating tu-

mors (Dunkel et al., 2010; Wright et al., 2010), we used our

diseasemodel to analyze the relative potency of a variety of

chemotherapies. An initial drug screening of 119 chemo-

therapies approved by the Food and Drug Administration
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Figure 2. RB1�/� hESC Aberrant Mitochondrial Properties and Function
(A) Reduced gene expression of genes encoded from both the light and heavy chains of the mitochondrial genome in RB1-null hESCs. Two
independent control cell lines and three mutant ones are shown.
(B) Quantification of mitochondrial DNA to nuclear DNA (mtDNA/ncDNA) ratio revealed a 45% ± 8% depletion of mtDNA in RB1�/� clones.
Two independent control cell lines and three mutant ones are shown.
(C) Oxygen consumption rate (OCR) in control and RB1�/� cells following exposure to different mitochondrial stressors. Data were
normalized per 104 cells (three independent control cell lines and three mutant ones are shown). Basal respiration was measured for
20 min, followed by oligomycin injection. At 60 min FCCP was injected, revealing significant differences in maximal respiratory capacity
between control and RB1-null cells. Antimycin A and rotenone were injected after 80 min. Spare capacity of oxygen consumption was
calculated as the difference between basal and maximal OCR. Extracellular acidification rate (ECAR), an indicator for lactate production and
glycolysis, was measured for 30 min alongside basal respiration, showing a significant upregulation of glycolysis in mutant cells. FCCP,
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; AMY-A, antimycin A.
(D) Representative TEM micrographs of aberrant mitochondria in RB1�/� hESCs (white arrows). Scale bars represent 1 mm.
(E) Quantification of mitochondrial aberration visualized using TEM micrographs in control and RB1�/� hESCs. Percentage of phenotypes
observed out of 50 mitochondria in each cell line.
Statistical tests were performed with three independent experiments. Error bars represent SEM. *p < 0.05, ***p < 0.001 (calculated using
Student’s t test). See also Figure S2.
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Figure 3. Analysis of RB1�/� hESC-Derived Teratomas
(A) RB1�/� hESC generate substantially larger teratomas than control cells (n = 4 control tumors, n = 12 mutant tumors). The white arrow
points to a representative control teratoma.
(B) Serial sectioning and H&E staining of teratomas reveal enlarged neural structures (black arrows) in RB1–/–-derived teratomas only.
Scale bars represent 10 mm.
(C) Immunofluorescence staining of neural cell adhesion molecule 1 (NCAM1) (white arrows) and DAPI in control and RB1�/� teratomas.
Scale bars represent 2 mm.
(D) Gene set enrichment analysis of genes up- and downregulated in RB1�/� teratomas.
(E) Significant enrichment for regulation by zinc finger E-box binding homeobox 1 (ZEB1) in genes up- and downregulated in RB1�/�

teratomas.
(F) Relative mRNA expression of ZEB1 in control (black) and RB1–/– teratomas (dark red).
(G) Relative mRNA expression of epithelial-mesenchymal transition markers in control (black) and RB1–/– teratomas (dark red).
(H) Relative mRNA expression of keratins suggested to be regulated by ZEB1 in control (black) and RB1–/– teratomas (dark red).
(I) Relative mRNA expression of neural markers suggested to be regulated by ZEB1 in control (black) and RB1�/� teratomas (dark red).

(legend continued on next page)
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(FDA) was performed on a control and RB1-null cell line,

with viability assessment 24, 48, and 72 hr after exposure

(Figure 4A). A primary analysis was used to identify signif-

icant differential effects between the cell lines, and the ef-

fect of 12 of the chemotherapies was then analyzed on

additional control and mutant cell lines (Figure 4A). The

screening revealed carboplatin as a potent chemotherapy

with a significant and consistent differential effect, under

which the RB1�/� cells showed an elevated sensitivity (Fig-

ures 4B and 4C). Several chemotherapies, including carbo-

platin, are currently used to treat retinoblastoma, but none

of the other chemotherapies showed such a specific effect

on RB1-null cells (Figures 4B and 4C). Previous reports sug-

gested that platinum-based chemotherapies similar to car-

boplatin could affect cells through mitochondrial reactive

oxygen species (ROS) response (Marullo et al., 2013). Fluo-

rescence-activated cell sorting of cells stained with mito-

chondrial superoxide indicator following 24 hr of exposure

to carboplatin revealed that RB1�/� cells had significantly

elevated basal levels of ROS compared with control cells

(Figure 4D). Consequently, exposure to carboplatin drives

ROS levels in RB1�/� cells dramatically higher, thus

suggesting that carboplatin’s specific effect on RB1�/�

cells could originate from their deficient mitochondria.

Together, these results demonstrate the potential of our

model for identifying compounds specifically targeting

RB1-null cells.
DISCUSSION

hESCs provide an extraordinary platform for disease

modeling, especially for developmental disorders (Avior

et al., 2016). We decided to use their unique characteristics

to model developmental and tumorigenic aspects of pRB

and TRb, a severe neonatalmalignancy. Using gene editing,

we generated heterozygous and homozygous RB1 mutant

hESCs (Figures 1A and S1). Although biallelic inactivation

of RB1 is believed to be embryonic lethal, RB1-null hESCs

survive and proliferate normally in culture. These observa-

tions are similar to those provided bymousemodels of reti-

noblastoma (Jacks et al., 1992). The ability of the cells to

perform a normal cell cycle may originate from a func-

tional redundancy of pRB homologous proteins, p107

and p130, encoded by the retinoblastoma-like 1 and 2

(RBL1/2) genes, respectively (Mulligan and Jacks, 1998).

Indeed, RB1�/� cells showed a significant upregulation of
(J) Relative mRNA expression of proliferation markers suggested t
(dark red).
(K) Immunofluorescence staining of ZEB1 (white arrows) and DAPI in
In (F) to (J), two independent control cell lines and three mutant ones
experiments. Error bars represent SEM. *p < 0.05, ***p < 0.001 (calc
RBL1 expression (Figure 1C). Although such an attempt

might be sufficient to maintain a normal cell cycle (Figures

S1D and S1E), we found that the expression of pRB

cofactors and targets is altered in RB1-null hESCs

(Figure 1D). pRB cofactor upregulation following pRB abla-

tion could be explained by allowing an autoregulation

through positive feedback loops, as shown for E2F family

members and TBX22 (Andreou et al., 2007; Johnson

et al., 1994), or by ablating pRB-regulated degradation, as

shown for EID1 (Miyake et al., 2000). As many pRB cofac-

tors are transcription factors, the downstream effect of

their upregulation is alterations in RB1 target expression

(Figure 1D).

The most substantial difference between control and

RB1�/� hESCs resided in their mitochondrial properties.

Mutant cells expressed lower levels of mitochondrially

transcribed RNA, with a lower mtDNA copy number and

a significantly aberrant mitochondrial function (Figures 2

and S2). The latter included a dramatic reduction in oxida-

tive phosphorylation alongside an increased glycolytic rate

and elevated basal levels of ROS (Figures 2C and 4D). Prolif-

eration rate in mutant cells did not change despite the

decrease in mitochondrial ATP production, probably due

to an adequate compensatory increase in glycolytic ATP

generation (Figures 2C and S1E). It is noteworthy that

MYC, an E2F-pRB target upregulated in mutant cells

(Figure 1D), was suggested to take part in glycolysis upregu-

lation in naive pluripotent cells (Gu et al., 2016), and there-

fore could influence the observed phenotype. TEM micro-

graphs revealed that many of the mitochondria in RB1�/�

cells were aberrant, being either elongated, deformed, or

undergoing autophagy (ghost mitochondria) (Carta et al.,

2000) (Figure 2D). Similar phenotypes were recently shown

to characterize poorly differentiated retinoblastoma tumor

cells (Singh et al., 2016a). It is currently unknown whether

these phenomena are a direct result of RB1 biallelic inacti-

vation. However, there have been reports of pRB localizing

to the mitochondria (Ferecatu et al., 2009) and directly

affecting mitochondrial-mediated apoptosis (Hilgendorf

et al., 2013), perhaps mediating mitochondria biogenesis

and function. Together, these data suggest the RB1�/�

hESCs have cellular characteristics in commonwith retino-

blastoma tumors, contributing to their use as a disease

model and in drug discovery.

Utilizing hESC capabilities to differentiate toward the

three embryonic germ layers, we used RB1-null hESCs

to generate teratomas. These heterogeneous tumors are
o be regulated by ZEB1 in control (black) and RB1–/– teratomas

control and RB1�/� teratomas. Scale bars represent 2 mm.
are shown. Statistical tests were performed with three independent
ulated using Student’s t test). See also Figure S3.
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Figure 4. Differential Effects of Chemotherapies on RB1�/� Cells
(A) Schematic of experiment. A total of 119 FDA-approved chemotherapies were screened on control and RB1�/� cells, with viability
evaluation after 24, 48, and 72 hr. Twelve compounds showed a statistically significant differential effect, further validated on multiple
control and mutant cell lines (n = 3 experimental replicates for both control and mutant cells).
(B) Time-dependent toxicity curves of 20-mM chemotherapies commonly used to treat trilateral retinoblastoma: carboplatin, cisplatin,
doxorubicin, etoposide, topotecan, and vincristine, obtained from RB1�/� (dark red) and control (black) cells (three experimental
replicates for two control cell lines and three mutant ones).
(C) Dose-dependent toxicity curves of the commonly used chemotherapies, etoposide and carboplatin, obtained from RB1�/� (dark red)
and control (black) cells (three experimental replicates for two control cell lines and three mutant ones).
(D) Relative levels of mitochondrial reactive oxygen species (ROS) prior and following 24-hr exposure to 10 mM carboplatin (four
experimental replicates for control, three experimental replicates for RB1�/�). RB1�/� cells have significantly higher basal levels of ROS,
which are significantly increased following exposure to the chemotherapy.
Statistical tests were performed with three independent experiments in triplicates. Error bars represent SEM. *p < 0.02, ***p < 0.001
(calculated using Student’s t test).
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Figure 5. A Suggested Model for Effects of RB1 Ablation on
Ectodermal Differentiation and Cell Proliferation through ZEB1
Schematic model of ZEB1-mediated effects of RB1 ablation on
human development. Following RB1 inactivation E2F upregulates
ZEB1 transcription, which in turn promotes epithelial to mesen-
chymal transition, causing an upregulation of neural differentia-
tion and downregulation of keratin expression. Furthermore, ZEB1
is known to promote cell proliferation through downregulation of
microRNA.
indicative of hESC tumorigenic potential and shed light

on embryonic developmental processes (Avior et al.,

2015; Ozolek and Castro, 2011). RB1-null cells generated

significantly larger teratomas, suggesting that RB1 inac-

tivation can enhance cell proliferation alongside differen-

tiation. Histologically, RB1�/� teratomas had a dramatic

enhancement of neural structures (Figures 3B and 3C).

The neural nature of the tumors echoes the neural compo-

nent of TRb malignancy, strengthening the validity of our

model.

Global gene expression of RB1-null teratomas revealed

an upregulation of neural-related genes and a depleted

expression of epidermal tissue-related genes. As both the

nervous system and the epidermis originate from the ecto-

derm, these results suggest that the RB1 ablation could alter

early ectodermal differentiation cues. The specification be-

tween ectodermal fates occurs during early gastrulation,

whereby the ventral side of the ectoderm gives rise to

epidermal progenitors and the dorsal side to neural progen-

itors. This developmental process is mediated by repeated

and extensive EMT (Duband, 2010). Genes altered in

RB1-null teratomas were enriched for genes regulated by

ZEB1, a master regulator of EMT (Figure 3E). As ZEB1

expression is suppressed by pRB-E2F1 complex (Liu et al.,

2007), inactivation of pRB promotes its expression, leading

to repression of E-cadherin (Peinado et al., 2007) and a sub-

sequent repression of epidermal markers such as keratins

(Figures 3G, 3H, and 5). ZEB1 was also shown to play a

key role in nervous system development in vivo (Liu

et al., 2008; Singh et al., 2016b), mirrored in our model
by an upregulation of its neural-related targets (Figure 3I).

Together, these data provide a plausible model for the shift

between two ectodermal derivatives (Figure 5). ZEB1 may

also promote teratoma enlargement, as it was found to

enhance proliferation (Wellner et al., 2009) and specifically

regulate neural proliferation genes such asOLIG2 and SOX2

through microRNA repression (Siebzehnrubl et al., 2013;

Wellner et al., 2009) (Figures 3J and 5). These observations

are also supported by the colocalization of ZEB1 to the neu-

ral expansions in RB1-null derived teratomas (Figure 3K).

Together, our data suggest that RB1 developmental and

tumorigenic roles could be partially mediated by ZEB1 up-

regulation. Although more research is required to address

these findings in vivo, it can be postulated that the embry-

onic lethality of RB1 biallelic inactivation in humans

originates in part from aberrant ectodermal development

mediated by ZEB1.

The similarities between our model and TRb phenotypes

in vivo encouraged us to use it as a drug-screening plat-

form. While retinoblastoma is now considered a highly

curable disease, TRb is responsible for more than 50%

of retinoblastoma-related mortality in the United States

(Broaddus et al., 2009). Chemotherapy is the preferred

treatment for TRb, surpassing surgery and radiotherapy

(de Jong et al., 2015), and in some cases it was enough

to eradicate its symptoms (Dunkel et al., 2010; Wright

et al., 2010). However, TRb remains a major challenge,

with only 44%–57% 5-year survival (de Jong et al., 2015).

As the effects of different chemotherapies on retinoblas-

toma patients vary (Lumbroso-Le Rouic et al., 2016), it is

crucial to identify drugs that specifically target cells lacking

RB1. hESCs were previously used as a platform for drug

screening and discovery, facilitating a rapid transition

from the bench side to the clinic (Avior et al., 2016). We

tested the effects of 119 FDA-approved chemotherapies

on RB1�/� and control cells (Figure 4A).Most of the chemo-

therapies, including the ones currently used to treat TRb

such as etoposide and vincristine (Dunkel et al., 2010),

similarly affected control and mutant cells (Figures 4B

and 4C). In contrast, carboplatin, an organoplatinum com-

pound that inhibits DNA synthesis, showed a significant,

concentration-independent differential effect on RB1-null

cells (Figure 4C). This observation of specificity is echoed

in the use of carboplatin in the clinic, where it was shown

to have a specific effect on retinoblastoma tumor tissues

when injected into affected eyes of retinoblastoma pa-

tients, with minor effects on healthy surrounding tissues

(Leng et al., 2010).

RB1�/� cells exhibited elevated basal levels of mitochon-

drial ROS compared with control cells (Figure 4D). These

levels were induced in control cells following 24-hr expo-

sure to carboplatin, while the same treatment resulted in

an additional 40% increase in mitochondrial ROS levels
Stem Cell Reports j Vol. 8 j 1354–1365 j May 9, 2017 1361



in RB1 mutants (Figure 4D). Together with the mitochon-

drial malfunction and reduced mtDNA abundance in

RB1�/� cells, our data suggest that RB1-null cells are more

sensitive to carboplatin, potentially due to induced mito-

chondrial burden. Noticeably, the older organoplatinum

chemotherapy cisplatin did not show a differential effect

between control and mutant cells (Figure 4B). This can

be attributed to cisplatin’s elevated toxicity compared

with carboplatin, rapidly eliminating all cells (Ozols

et al., 2003).

It is important to note that although RB1 inactivation is

unique to retinoblastoma initiation, it is functionally inac-

tivated inmost humanneoplasms (Weinberg, 1995); there-

fore, utilizing RB1-mutant cells as a drug screen platform

could benefit other malignancies as well.

In conclusion, we have generated a model for TRb, a tu-

mor-involving developmental disease, using hESCs. Undif-

ferentiated RB1�/� hESCs recapitulate aspects of tumors

cells, and mutant cell-derived teratomas resemble TRb tu-

mor composition. Our model sheds light on develop-

mental roles of RB1 as well as on its tumorigenic effects,

and can be exploited for future drug discovery.
EXPERIMENTAL PROCEDURES

Cell Culture
CSES7 and CSES9 hESCs (Biancotti et al., 2010) and their

derivatives were cultured using standard conditions as previously

described (Mayshar et al., 2010). See also Supplemental Experi-

mental Procedures.

CRISPR/Cas9 Transfection and Colony Analysis
RB1 first exon sequence was obtained from the USCS Genome

Browser, human genome version GRCh38/hg38. Using the Zhang

laboratory online resource (http://crispr.mit.edu/) (Ran et al.,

2013), two guide sequences targeting this exon were generated.

Guide-carrying plasmids were created as previously described

(Ran et al., 2013) using Cas9-puromycin selection plasmid

(pSpCas9(BB)-2A-Puro (PX459), Addgene). See also Supplemental

Experimental Procedures.

Western Blot Analysis
Western blot was performed according to standard protocols. See

also Supplemental Experimental Procedures.

Karyotyping
Karyotyping was performed according to standard protocols. See

also Supplemental Experimental Procedures.

Nucleic Acid Isolation
RNA was isolated using NucleoSpin RNA Plus (Macherey-Nage-

land) according to the manufacturer’s instructions. DNA was iso-

lated using a GenElute mammalian genomic DNA miniprep kit

(Sigma-Aldrich) according to the manufacturer’s instructions.
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RNA-Seq Expression Data Production, Processing, and

Analysis
Total RNA samples (200 ng to 1 mg, RNA integrity number [RIN] >9)

were enriched for mRNAs by pull-down of poly(A)+ RNA. RNA-seq

libraries were prepared using the TruSeq RNA Library Prep Kit

v2 (Illumina) according to the manufacturer’s protocol and

sequenced using Illumina NextSeq 500 to generate 85-bp single-

end reads. Raw sequencing data were extracted to FASTQ files

using SRA-Tools. For a description of processing and analysis, see

Supplemental Experimental Procedures.

Growth Rate Cell-Cycle Analysis
Cell growthwasmeasured by relative cell viability 24, 48, and 72 hr

after equal plating using CellTiter-Glo Luminescent Cell Viability

Assay (Promega), according to the manufacturer’s instructions.

Cell-cycle stage was evaluated by DNA staining using propidium

iodide on methanol-fixed and RNase-treated cells, followed by

cell sorting using a BD FACSAria III (BD Biosciences).

mtDNA Quantification
Mitochondrial to nuclear DNA quantification ratio was analyzed

by qPCR based on a previously described method (Xing et al.,

2008). In brief, mitochondrial gene MT-ND2 abundance (forward

primer: 50-TGT TGG TTA TAC CCT TCC CGT ACT A-30; reverse
primer: 50-CCT GCA AAG ATG GTA GAG TAG ATG A-30) was

normalized to the abundance of the nuclear gene BECN1 (forward

primer: 50-CCC TCA TCA CAG GGC TCT CTC CA-30; reverse

primer: 50-GGG ACT GTA GGC TGG GAA CTA TGC-30). Analysis
was performed using the CFX96 qPCR system (Bio-Rad) with

KAPA SYBE FAST Universal 23 qPCR Master (KAPA Biosystems).

Oxygen Consumption Measurement and

Mitochondrial Function Assessment
A SeahorseXFp analyzer (Seahorse Bioscience) was used tomeasure

the oxygen consumption rate (OCR) of undifferentiated hESCs,

according to the manufacturer’s protocol. See also Supplemental

Experimental Procedures.

Transmission Electron Microscopy Imaging and

Quantification
TEM imaging and quantification were performed according

to standard protocols. See also Supplemental Experimental

Procedures.

Neural Progenitor Cell Differentiation
Differentiation was performed as previously described (Kim et al.,

2010). Differentiated Neural progenitor cells were stained with

NCAM1 antibody (R&D Systems) and sorted by fluorescence-acti-

vated cell sorting using a BD FACSAria III (BD Biosciences).

Teratoma Formation and Analysis
All experimental procedures in animals were approved by the

ethics committee of the Hebrew University. Undifferentiated

hESC colonies were trypsinized into single cells. Cells (�2 3 106)

were resuspended in a mixture of 100 mL of Matrigel (Corning)

and 100 mL of PBS and injected subcutaneously into a NOD-SCID

http://crispr.mit.edu/


mouse. Exactly 8 weeks post injection, mice were euthanized, and

resulting teratomas were extracted, weighed, and dissected. Tu-

mors were dissected into smaller pieces from different areas. Half

of the tumor was frozen and saved for H&E staining, performed

as previously described (Kopper et al., 2010), while the rest was

kept for RNA isolation.

Immunofluorescence Staining
Cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for

15 min at room temperature. Two 5-min PBS washes were per-

formed to remove fixation solution. Cells were then permeabilized

in blocking buffer (2% BSA in PBS + 0.25% Triton X-100) for 1 hr at

room temperature. Blocking buffer was then drained and replaced

with blocking buffer supplemented with primary antibodies

(mouse anti-NCAM [304605, BioLegend] or goat anti-ZEB1 [sc-

10570, Santa Cruz Biotechnology]), diluted 1:200. Following 1 hr

at room temperature, cells were washed three times in PBS for

5 min. Secondary antibodies (Cy2 or Cy3 donkey anti-goat [Jack-

son ImmunoResearch Laboratories]), diluted 1:200 in blocking

buffer, were then added and incubated for 1 hr at room tempera-

ture. Hoechst staining was performed using bisBenzimide

H33342 trihydrochloride (Sigma-Aldrich) diluted 1:10,000 in

PBS, for 2 min. Sections were visualized using an Olympus IX81

microscope.

Chemotherapy Drug Screening
Drug toxicity evaluation was based on a previously described

method (Ben-David et al., 2014), with slight modifications. See

also Supplemental Experimental Procedures.

Mitochondrial ROS Evaluation
hESCs were seeded at a density of 7.5 3 105 cells per well on a

1 mL/cm2 Matrigel-coated 6-well plate. Twenty-four hours after

seeding, medium was changed and half of the wells were exposed

to 10 mM carboplatin. Twenty-four hours later, mitochondrial ROS

evaluation was performed using MitoSOX (Thermo Fisher Scienti-

fic) as previously described (Li et al., 2011). In brief, cells were incu-

bated with 3 mM MitoSOX for 10 min, trypsinized, and fixed with

2% paraformaldehyde. Fixed cells were filtered through a 70-mm

cell strainer (Corning) and analyzed with a BD FACSAria III (BD

Biosciences).
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