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Summary

Xenograft cell transplantation into immunodeficient mice has become the gold-standard for 

assessing pre-clinical efficacy of cancer drugs, yet direct visualization of single cell phenotypes is 

difficult. Here, we report an optically-clear, prkdc−/−, il2rga−/− zebrafish that lack adaptive and 

natural killer immune cells, can engraft a wide array of human cancers at 37°C, and permit the 

dynamic visualization of single engrafted cells. For example, photoconversion cell lineage-tracing 

identified migratory and proliferative cell states in human rhabdomyosarcoma, a pediatric cancer 

of muscle. Additional experiments identified the preclinical efficacy of combination olaparib 

PARP-inhibitor and temozolomide DNA-damaging agent as an effective therapy for 

rhabdomyosarcoma and visualized therapeutic responses using a four-color FUCCI cell cycle 

fluorescent reporter. These experiments identified that combination treatment arrested 

rhabdomyosarcoma cells in the G2 cell cycle prior to induction of apoptosis. Finally, patient-

derived xenografts could be engrafted into our model, opening new avenues for developing 

personalized-therapeutic approaches in the future.

Graphical Abstract

In Brief:

Robust engraftment of human cancers into optically-clear, immune-deficient zebrafish at 

physiological temperatures enables dynamic visualization of cell biological phenotypes and 

therapy responses in single cancer cells over time.
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Introduction

Cell transplantation has become an important experimental tool to assess normal and 

malignant cell phenotypes (Goyama et al., 2015). In the setting of cancer, cell 

transplantation approaches have been used to define mechanisms that drive continued tumor 

growth, metastasis, and therapy responses (Bakhoum et al., 2018, Stewart et al., 2017, Tian 

et al., 2017, Das et al., 2016). Using these approaches, cancers arising in genetically 

engineered mouse models can be readily engrafted into inbred strains of syngeneic mice 

(Kelly et al., 2007, Bruce and Van Der Gaag, 1963, Curtis et al., 2010). Alternatively, it is 

also possible to xenograft human cancers into immune deficient mice. Most notably, the 

current gold-standard for engrafting human cancers is the NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG) mice (Ito et al., 2002). Additional immune deficient mouse models have also been 

created that express human cytokines and facilitate enhanced engraftment of normal blood 

cell subpopulations as well as acute myeloid leukemias (Rongvaux et al., 2014, Das et al., 

2016). Despite the ever-increasing diversity of immune deficient and humanized mouse 

models, there are inherent limitations. For example, mice are expensive and require large 

vivarium space - limiting the scale of experimentation. Mice are also furred and imaging 

through skin is difficult. In fact, single cell imaging modalities largely focus on creating 

surgical windows and utilizing complex multi-photon imaging modalities to visualize cells 

in vivo (Ellenbroek and van Rheenen, 2014). Because these windows must be created prior 

to implantation of tumor, it is not possible to image disseminated cancer cells unbiasedly 

throughout the whole animal.

To address these issues, others have developed zebrafish xenograft transplantation 

approaches to engraft human cancers into two-day-old larval fish at a stage prior to the 

development of the adaptive immune system. Elegant work has shown engraftment of 

human tumor cells and defined novel mechanisms of metastasis and growth (Fior et al., 

2017, Chapman et al., 2014, Welker et al., 2017). Despite these successes, larval fish can 

only be transplanted with hundreds of cells that often do not contain cancer stem cells that 

are required for long-term, sustained tumor growth. Moreover, engrafted zebrafish are raised 

at non-physiological temperatures of ≤ 34°C and thus do not proliferate at similar rates as 

when grown in mouse or human. Engrafted animals also do not develop histologically 

similar tumors as those found in humans and engraftment studies are necessarily confined to 

studies before 10 days of life because fish eventually develop acquired immune responses 

that kill human cancer cells. Although amazing useful for facile, short-term drug screening, 

therapy responses in larval fish can only be assessed after submersing the whole fish in 

water that contains drugs, hence drug penetration and accurate oral uptake are often not 

known. Finally, submersion therapy cannot achieve accurate drug dosing, optimized drug 

schedule, and assessment of pharmacodynamics over extended periods beyond one week – 

all of which are required endpoints for moving pre-clinical animal studies into human 

clinical trials.

Our group has previously used syngeneic adult zebrafish and partially-immune deficient 

strains of zebrafish to perform large-scale allogeneic cell transplantation experiments 

(Blackburn et al., 2012, Tang et al., 2014, Ignatius et al., 2012, Moore et al., 2016a, Smith et 

al., 2010, Tenente et al., 2014, Moore et al., 2016b). Adult zebrafish have many attributes 
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that make it an ideal cell transplantation model, including high fecundity, low cost, optical 

clarity and the ability to perform high-throughput drug and tumor evolution studies (Chen et 

al., 2014, Tang et al., 2014). Yet to date, efficient engraftment of human cancers and tissues 

into immune deficient zebrafish reared at 37°C has not been rep orted, owing to lack of 

compound mutant strains that lack T, B, and NK cells and ineffective rearing conditions for 

highly immune deficient strains. Here, we have generated optically-clear zebrafish that are 

deficient in prkdc (protein kinase, DNA-activated, catalytic polypeptide) and interleukin-2 
receptor gamma a (il2rga). These fish lack T, B, and natural killer cells and robustly engraft 

human cancer cells that have similar growth kinetics and histopathology as those grown in 

NSG mice. In addition, we also developed approaches to follow tumor migration and 

proliferation at single cell resolution in vivo. Using these approaches, we observed important 

functional diversity in rhabdomyosarcoma cell types that drive proliferation and migration 

and provide preclinical rationale for combination olaparib PARP inhibitor and the 

temozolomide DNA damaging agent in pediatric rhabdomyosarcoma. Finally, we 

established cell transplantation models from patient-derived xenografts (PDXs) for a range 

of cancer types, opening the model to precision medicine approaches in the future.

Results

Optically clear, prkdc−/−, il2rga−/− zebrafish engraft human cancer

Here, we report an optically-clear zebrafish that is deficient in prkdc and il2rga. These 

compound mutant fish lack T, B, and NK cells (Tang et al., 2017). Specifically, prkdc−/−, 
il2rga+/− animals were raised under normal laboratory conditions and incrossed. The 

resulting progeny were grown under normal laboratory conditions, genotyped by scale 

resection at 2–3 months of age, and then reared in the presence of antibiotics at 37°C until 6 

months of age. As expected, the prkdc−/−, il2rga−/− animals were recovered at expected 

Mendelian ratios at the time of genotyping (24.8%, n=1,205 of 4850 fish were prkdc−/−, 
il2rg−/−), with 84.6% survival for fish reared with antibiotics up to 6 months of age (n=22 of 

26 animals, Fig. S1A–C). To assess the ability of these animals to engraft human cancers, 

two-month old prkdc−/−, il2rga−/− zebrafish were transplanted with a panel of lentiviral-

GFP expressing human cancer cells (5×105 cells injected intraperitoneally/animal). In total, 

high engraftment rates were achieved using 16 different fluorescent-labeled cancers that 

included melanoma, renal cell carcinoma, chronic myeloid leukemia, mantle cell lymphoma, 

triple-negative breast cancer, and a wide variety of sarcomas (Fig. 1A–F, Fig. S1D–M, and 

Table S1). Importantly, engraftment persisted for ≥ 28 days with tumors growing 

substantially over this time with overall morbidity associated with the transplantation 

procedure being <15% (Fig. S1C). Analysis of engrafted tumors revealed similar 

histopathology and cell morphological features with each respective cancer type (Fig. 1 and 

Fig. S1), including expression of diagnostic gene expression markers and pathognomonic 

gene fusions (Fig. 1C and Fig. S1N–S). Engrafted RMS, melanoma, and breast cancers also 

had similar rates of proliferation and apoptosis whether grown in prkdc−/−, il2rga−/− 
zebrafish or NSG mice (Fig. 1D,E,J,K, n=6 mice engrafted/tumor cell line). Together, our 

results show that the prkdc−/−, il2rga−/− zebrafish robustly engraft a wide array of human 

cancers at 37°C that grow with similar kinetics and have similar histology as those engrafted 

into NSG mice.
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prkdc−/−, il2rga−/− zebrafish engraft patient-derived xenografts

With the long-term goal of using our immune deficient zebrafish as a preclinical model for 

evaluating patient specific responses to therapy, we next evaluated engraftment of six 

patient-derived xenografts (PDX) into prkdc−/−, il2rga−/− zebrafish. These included 

glioblastoma (GBM9, (Tchoghandjian et al., 2012)), two embryonal rhabdomyosarcomas 

(SJRHB000026_X1 and SJRHB012_Y, (Stewart et al., 2017)), two metastatic BRAFV600E-

induced melanomas (MEL167C and MEL268C, (Luo et al., 2014)) and a therapy-resistant 

ER+/PR+/Her2- lobular breast cancer (BRx-07, (Yu et al., 2014)). These PDXs were created 

from passaging GBM9 cells under sphere-inducing cell culture conditions, direct passaging 

from mice (SJRHB000026_X1 and SJRHB012_Y), or following isolation from circulating 

tumor cells from patients and short-term culture in anchorage-free conditions (MEL167C, 

MEL268C and BRx-07). As expected based on our cell line engraftment studies, all six 

PDXs engrafted efficiently into prkdc−/−, il2rga−/− zebrafish for in excess of 28 days, with 

a subset of fish ultimately succumbing to tumor burden over the course of these experiments 

(Fig. 2 and Table S1). Tumor cell engraftment was also easily visualized by GFP lentiviral 

incorporation (GBM9, MEL167C and MEL268C) or by using cytoplasmic dyes (CSFE for 

SJRHB000026_X1 and SJRHB012_Y ERMS cells and DIL for BRx-07) (Fior et al., 2017).

Visualizing human cancer cell processes at single cell resolution

Cancer is highly heterogeneous and is often comprised of tumor cell types that have specific 

functions in driving growth, invasion, metastasis, and therapy resistance. Yet, to date, 

imaging individual human cancer cell behaviors in engrafted mice has been challenging, 

requiring surgical window construction and complex imaging techniques (Ellenbroek and 

van Rheenen, 2014). Building on the optical clarity of Casper zebrafish (White et al., 2008), 

we next refined a method for engrafting human cancer cells into the peri-ocular muscle and 

dynamically visualizing fluorescently-labeled tumor cells using confocal microscopy (Fig. 

S2, 5×104 cells/fish). This approach allowed long-term engraftment and assessment of 

growth for in excess of 21 days post-transplantation (dpt, Fig. S2). Histology, rate of cell 

proliferation and apoptosis were similar to cancers engrafted by peritoneal injection into 

prkdc−/−, il2rga−/− zebrafish or those grown in NSG mice (Fig. S2I–Q). Finally, direct 

quantitation of tumor growth was accomplished by counting individual EGFP+ tumor cells 

within the engrafted fish (Fig. S2D, H), providing unprecedented access to visualize and 

quantify cancer cell growth at single cell resolution in vivo.

We next optimized approaches to dynamically visualize single cell behavior of cancer cells 

over extended periods of time in vivo. Our work focused on imaging cell biological 

differences in rhabdomyosarcoma (RMS), a pediatric soft tissue sarcoma that is comprised 

of muscle cells arrested at different maturation stages. RMS consists of two major subtypes 

including embryonal rhabdomyosarcoma (ERMS) that is driven by oncogenic RAS 

signaling (Langenau et al., 2007, Chen et al., 2013, Shern et al., 2014) and alveolar RMS 

(ARMS) that is driven by PAX3-FKHR or PAX7-FKHR chromosomal translocations (Barr 

et al., 1993, Davis et al., 1994). Here, we created human RD ERMS and Rh41 ARMS cells 

that express a nuclear-localized, photo-convertible H2b-Dendra2 protein (Fig. 3A–E). 

Following exposure of individual cells to a 405nm UV laser, nuclear-localized H2b-Dendra2 

irreversibly switches to a red fluorescent protein that can be detected using a 546nm laser 
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(Chudakov et al., 2007). Using this approach, we individually labeled human RMS cells in 
vivo and visualized single cell behavior over a course of 7 days (Fig. 3F). In total, 2–3 cells 

were photo-converted per tumor-bearing fish and then re-imaged at 24, 48, 96 and 168 hours 

(n=50 cells total per experiment). From this analysis, we observed three functionally distinct 

RMS cancer cell types that included 1) highly migratory cells, 2) actively proliferating cells 

and 3) bystander cells that did not divide or move over the 7 days of imaging (Fig. 3G, Fig. 

S3). This analysis also revealed that proliferative and migratory potential of RMS cells were 

largely mutually exclusive. Proliferative cells could give rise to migratory cell types, but not 

vice versa, consistent with our previous findings in zebrafish ERMS (Ignatius et al., 2012). 

This work is exciting because it identified three phenotypically-distinct human RMS cell 

types had been presumed based on in vivo zebrafish modeling (Ignatius et al., 2012), but 

which had not yet been visualized in human RMS in vivo.

Preclinical modeling identifies combination olaparib and temozolomide for the treatment 
of RMS

To further establish the prkdc−/−, il2rga−/− zebrafish as a preclinical therapeutic model, we 

next investigated the hypothesis that the PARP inhibitor olaparib when complexed with 

temozolomide DNA damaging agent will inhibit RMS growth in vivo. Similar drug 

combinations curb the growth of human Ewing’s sarcoma in mouse xenograft studies and 

have rapidly moved into phase II clinical trials for this disease (Garnett et al., 2012, Stewart 

et al., 2014). Yet, to date, this drug combination has yet to be tested for preclinical efficacy 

in RMS. To verify that the pharmacokinetics of olaparib and temozolomide are similar in 

zebrafish when compared with mouse and human, we orally gavaged adult zebrafish with an 

equivalent dose of 50mg/kg olaparib or 33mg/kg temozolomide which had been previously 

used in preclinical mouse studies and which achieved a similar dosing as reported in humans 

(Rajan et al., 2012, Sun et al., 2018, Diez et al., 2010, McMahon et al., 2016, Agarwala and 

Kirkwood, 2000). Specifically, blood was harvested from 25 animals per time point by 

cardiac puncture, pooled, and quantified by mass spectrometry. As expected, plasma 

concentration of olaparib and temozolomide was similar to that found in both mouse 

preclinical models and human (Fig. S4A,B) (Rajan et al., 2012, Sun et al., 2018, Diez et al., 

2010, McMahon et al., 2016, Agarwala and Kirkwood, 2000, Stewart et al., 2014). Next, we 

assessed the preclinical efficacy of each drug alone or in combination for the ability to curb 

growth of transplanted GFP-expressing ARMS (Rh30 and Rh41), ERMS (RD and SMS-

CTR), and control A673 Ewing’s sarcoma cells into prkdc−/−, il2rga−/− zebrafish. 

Engrafted fish were photographed after 7 days post transplantation and then orally gavaged 

with each drug alone or in combination. Animals were dosed three times at 7 day intervals 

and imaged for effects on tumor growth at 28 days (Fig. 4 and Fig. S4C–I). As expected, 

single treatment alone had little effect on overall tumor growth while combination treatment 

led to potent tumor regressions in Ewing’s sarcoma (Fig. S4C–E), similar to preclinical 

mouse xenograft experiments (Stewart et al., 2014, Gill et al., 2015, Garnett et al., 2012). 

Remarkably, this drug combination also eliminated engrafted EGFP+ human RMS cells in 

all four disease models tested (Fig. 4B–F), while only partial responses were observed in 

single drug treated animals.
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To independently verify these results, engrafted animals were sacrificed at the end of the 

experiment and sectioned to examine histology by hematoxylin and eosin (H&E) staining, 

cell proliferation by Ki67 antibody staining, and apoptosis using TUNEL. Histological 

analysis confirmed overall reductions in cellularity in animals treated with single drugs and 

near complete loss of proliferative cells following three cycles of combination treatment 

(Fig. 4C–E, Fig. S4G–I). Together, our work has uncovered the remarkable sensitivity of 

human RMS to combination olaparib and temozolomide using the preclinical prkdc−/−, 
il2rga−/− zebrafish model.

To extend our findings to more traditional mouse xenograft models, we next assessed single 

and combination drug treatment on RMS tumors engrafted into NSG mice. Specifically, 

luciferase-expressing human RD and Rh41 RMS cells were engrafted into the flank muscle 

of NSG mice. Once tumors reached 300mm3, animals were orally gavaged for five 

consecutive days with vehicle control, olaparib (50mg/kg), temozolomide (25mg/kg), or 

drug combination (Drapkin et al., 2018). Tumor growth was assessed weekly by 

bioluminescence for 28 days. In this experiment, animals that received single drug treatment 

initially had early tumor responses but regained similar growth rates to vehicle control 

treated animals by 28 days post-treatment (Fig. S5A–F). By contrast, tumor bearing mice 

dosed with combination therapy exhibited significant tumor regression by 14 days after 

treatment, with tumors remaining smaller in size for duration of follow up (Fig. S5A–F). 

These experiments suggested that combination therapy, but not single drug doses of olaparib 

and temozolomide, was adequate to retard RMS tumor growth in NSG mice.

To further verify the effectiveness of combination olaparib and temozolomide on 

suppressing RMS growth in mouse xenografts, we next extended our studies to a larger 

cohort of NSG mice and followed drug responses over a longer time. Specifically, 

luciferase-expressing RD and Rh41 RMS cells were engrafted into NSG mice (N=8/arm). 

Animals were followed until tumors reached a size of 300mm3, at which time mice were 

orally gavaged for five consecutive days, allowed to rest for 16 days, and this cycle repeated 

(Fig. S5G–P). Two animals from each treatment group were sacrificed at 10 days post drug 

administration to quantify drug effects on Ki67 staining and TUNEL (Fig. S5I,J,N,O). 

Bioluminescence imaging of luciferase-expressing tumors showed that two cycles of 

combination drug treatment suppressed RMS growth while tumors continued to grow in 

vehicle control treated mice (p<0.002 for both RD and Rh41 at 14–35 days post treatment, 

Student’s T-test). As expected, combination drug treatment resulted in reductions in overall 

cellularity, reduced Ki67 positive cells and increased numbers of apoptotic TUNEL positive 

cells (Fig. S5H–J,M–O). Finally, we examined the effectiveness of olaparib and 

temozolomide in PDX models of ERMS. Specifically, SJRHB000026_X1 and 

SJRHB012_Y RMS tumors were engrafted into NSG mice (n=6/arm) and assessed for 

responses to combination therapy as outlined above (Fig. 5). Not unexpectedly, both PDX 

models exhibited potent tumor regressions following two cycles of drug administration 

while control treated tumors continued to grow (p≤0.008 at 42d, Fisher’s Exact Test, Fig. 

5B,E). Mice engrafted with Human RMS PDXs also had prolonged survival when compared 

to vehicle control treated mice (SJRHB000026_X1, p=0.007 and SJRHB012_Y, p=0.0001, 

Mantel-cox log-rank test; Fig. 5C, F). In total, our mouse xenograft experiments using both 

cell line and PDX models are consistent with our observations reported in zebrafish 
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xenograft studies, strongly supporting the preclinical efficacy of combination olaparib and 

temozolomide as an effective therapy in human RMS.

Visualizing the pharmacodynamics of drug responses at single cell resolution using 
zebrafish xenografts

To investigate the effects of the aforementioned drug responses on cell cycle and provide 

real-time visualization of pharmacodynamic responses to combination therapy in vivo, we 

next created human RD ERMS and Rh41 ARMS cells that stably express the FUCCI4 cell 

cycle fluorescent reporter (Bajar et al., 2016). This four-colored reporter emits a 

combination of turquoise and Kusabira-Orange during G1 phase, turquoise and clover 

during S phase, clover only during G2 phase and clover and maroon during M phase, thus 

allowing real time tracking of proliferation and cellular state in live RMS cells at single cell 

resolution (Fig. 6A). Because fish and mice engraft human tumors with similar proliferation 

rates, it was not surprising that the overall percentages of RD and Rh41 cells in each cell 

cycle cell state was the same when grown in either immune deficient zebrafish or NSG mice 

(Fig. S6). We next assessed the kinetics of therapy responses at single cell resolution by 

engrafting FUCCI4+ RMS cells into the peri-ocular muscle, allowed engraftment for 7 days, 

and then orally gavaged fish with either vehicle control, single or combination drug 

treatment. These fish were then imaged at 1,2,4 and 7 days post-treatment (Fig. 6B, n=100 

engrafted cells/time point/drug, n=3 animals analyzed per condition). Using this approach, 

combination therapy accelerated the time and numbers of G2-arrested RD and Rh41 cells as 

early as two days post drug treatment when compared with control or single agent treated 

fish (Fig. 6C–I), suggestive that G2 arrest precedes apoptosis in combination treated 

animals. Taken together, our work has identified combination olaparib and temozolomide as 

an effective therapeutic approach in human RMS xenograft studies and established the prkdc
−/−, il2rga−/− zebrafish model as an effective in vivo tool for dynamic imaging of 

pharmacodynamic therapy responses at single cell resolution in vivo.

Discussion

The Casper prkdc−/−, il2rga−/− immune deficient zebrafish model robustly engrafts a wide 

array of human cancers, can be reared at 37°C, and permits long-term, single-cell 

visualization of cancer cell engraftment. Building on the optical clarity of the model, we 

used a variety of cell labeling approaches to follow cell migration, growth, and therapy 

responses at single cell resolution in vivo. We envision additional reporters and imaging 

modalities will allow facile and dynamic visualization of many additional hallmarks of 

cancer. For example, we have previously used fli1:mCherry fluorescent transgenic zebrafish 

to visualize the establishment of cancer-associated vascular networks in live animals (Moore 

et al., 2016b) and refined reporter lines to dynamically visualize RMS cancer stem cells 

based on myogenic transcriptional changes in vivo (Ignatius et al., 2012, Hayes et al., 2018). 

Others have used fluorescent reporters to quantify apoptosis in development (To et al., 2016) 

and to visualize therapy responses in larvae using transcriptional readouts (White et al., 

2011, Kaufman et al., 2016). Such approaches when adapted to our model, will be broadly 

useful for performing drug and genetic screens that modulate a wide array of cancer 

processes.
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The ability of our model to stably engraft cancers from patient-derived xenografts is also 

particularly exciting. Although engraftment of PDXs from resected and circulating tumor 

cells is possible using immune deficient mouse models (Luo et al., 2014, Yu et al., 2014), we 

envision large-scale pre-clinical testing using a patient’s own tumor grown in immune-

deficient zebrafish to aid in the stratifying patients into trials for which their tumor is best 

predicted to respond. When coupled to the inherent advantage of the zebrafish model for 

large-scale, high-throughput drug screening, it will also be possible to perform combination 

drug screening using oral-gavage to achieve accurate, clinically-relevant dosing. Our work in 

the zebrafish also established approaches to assess the pharmacokinetics for drug responses 

in vivo and to dynamically visualize pharmacodynamics in real-time using adult fish. Like 

NSG mice, we also envision that these models will also be useful for engraftment of a wider 

array of tissues including ES, iPSCs, and normal stem cell populations, greatly expanding 

the types of live cell imaging experiments that can be completed using xenografts in the 

stem cell and regenerative medicine fields.

Our work also uncovered remarkable functional diversity in human rhabdomyosarcoma 

cells. For example, using photo-convertible dendra2-H2b cell lineage tracking, we visualized 

individual cells in vivo and followed their cell fates. We observed three distinct tumor cell 

behaviors that comprised actively migrating cells or dividing cells that were mutually 

exclusive, and cells that were bystanders that did little over the seven days of imaging. This 

observation demonstrated that migratory and proliferative human RMS cells are largely 

confined to non-overlapping cell subsets, consistent with our earlier findings in zebrafish 

RMS (Ignatius et al., 2012). These findings are also consistent with intravital imaging 

studies of mice xenografted with human breast ductal carcinoma that demonstrated the 

existence of proliferative cancer stem and non-proliferative migratory cell states (Beerling et 

al., 2016). Melanoma and breast cancers have also been suggested to have distinct and yet 

oscillating cell states that differ in self-renewal, therapy response, and/or migration (Roesch 

et al., 2010, Chaffer et al., 2013). Indeed, a subset of rhabdomyosarcoma cells can oscillate 

between stem cell and differentiated cell states based on elevated NOTCH1 expression 

(Ignatius et al., 2017), raising the possibility of identifying and imaging these rare cell state 

changes in human xenografted tumors in the future.

Our preclinical modeling in zebrafish also uncovered combination olaparib PARP inhibitor 

and temozolomide DNA damaging agent as a potent therapy for the elimination of human 

RMS tumor cells in vivo. We further demonstrated consistency in results when the same 

drug combination was tested in mouse xenografts using both RMS cell lines and PDXs. 

Remarkably, both ERMS and ARMS were responsive to combination treatment, despite 

transformation by different oncogenic drivers. Even more remarkable, all six models tested 

showed response to combination therapy, suggesting that our preclinical modeling may have 

identified a potent drug combination for the treatment of a wide array of RMS. Poly ADP 

ribose polymerase (PARP) has important roles in repair of single-strand DNA nicks and 

blocking PARP activity shifts the reliance of cells to repair DNA breaks using the 

homologous recombination pathway. Thus, tumors deficient in BRCA1, BRCA2 or PALB2 

cannot efficiently repair DNA breaks, leading to the death of cells treated with PARP 

inhibitors (Ray Chaudhuri et al., 2016). Although PARP inhibitors had once been thought to 

work primarily by blocking enzymatic activity, olaparib has an additional mode of action 
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where it locks PARP in a tight complex with DNA and blocks DNA replication (Murai et al., 

2012). These findings suggest a broader utility of olaparib and DNA-damaging agent 

combination therapy in tumors with intact DNA repair pathways, including RMS. In vitro 
experiments in other tumor cells have suggested that combination olaparib and 

temozolomide treatment arrest cells at G2 phase (Murai et al., 2014, Garnett et al., 2012), 

yet in vivo drug responses and kinetics of combination therapy had not been achieved at 

single cell resolution in live xenografted animals until this study. Because combination 

therapy using olaparib and temozolomide is currently being evaluated for efficacy in Phase 

II trials for Ewing’s sarcoma, our studies provide much-needed preclinical rational for 

assessing this drug combination in a wider range of pediatric sarcomas, including 

rhabdomyosarcoma.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources/reagents should be directed to David M. 

Langenau (dlangenau@mgh.harvard.edu) who is the lead contact for this work. MTA and 

fish line requests can be made using the following website: https://www.langenaulab.com/

fish-orders/order-fish-lines

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal welfare assurances and human subjects—All animal studies were approved 

by the Massachusetts General Hospital subcommittee on research animal care under 

protocols #2011-N-000127 (zebrafish) and #2013N000038 (mouse) and by the Partners 

human research committee under institutional review board protocol #2009-P-002756. 

Human tumor samples were harvested under protocol DF/HCC05–300. All immune 

compromised animals used in this study are kept at BCL2 facilities with regular veterinary 

checks being peformed. Both fish and mice used in these studies were healthy and were not 

used in prior studies, ensuring they were drug naïve. All animals used in this study are kept 

at maximum of 10 animals/4L fish tank and 3mice/cage.

Rearing and husbandry of compound prkdcD3612fs/il2rgaY91fs homozygous 
zebrafish—prkdcD3612fs/D3612fs,Il2rgaY91fs/+ adult Casper (double mutant for roya9/a9 and 

nacrew2/w2) (White et al., 2008, Lister et al., 1999) zebrafish were incrossed and double 

homozygous prkdcD3612fs/D3612fs, Il2rgaY91fs/Y91fs (denoted prkdc−/−, il2rga−/−) animals 

identified following scale resection and genotyping at 2–3 months of age as previously 

described (White et al., 2008, Moore et al., 2016a, Tang et al., 2017). Both males and 

females were used in these studies. Genotyped prkdc−/−, il2rg−/− zebrafish were transferred 

to autoclaved, sterilized fish water containing penicillin G sodium salt (Sigma, 150 units/

ml), streptomycin sulfate salt (Sigma, 100mg/ml) and amphotericin b (Sigma, 2.5μg/ml) for 

4–7 days for recovery. After, fish were acclimated to 37°C by incrementally elevating the t 

emperature over the course of 7 days in the presence of these same antibiotics (32°C on 1–

2d, 35°C on 3d, 35.5°C on 4d, 36°C on 5d, 36.5°C on 6d and 37°C on 7d). Following 

acclimatio n to 37°C, animals were then either held in individual 4L fish tanks containing 

autoclaved, sterilized fish water supplemented with the same antibiotics outlined above (2L 
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volume/tank) or in tanks housed on a custom built stand-alone 37°C re-circulating system 

(Aqaurius) and supplemen ted with commercially available fish-grade antibiotics including 

pimenta racemoa (2.48ml/L, API Pimafix), metronidazole (8.25mg/L, Thomas labs), 

praziquante (25μg/L, Thomas labs), ciprofloxacin (8.25mg/L, Thomas labs) and penicillin V 

potassium (8.25mg/L, Thomas labs). For animals raised in 4L fish tanks, water changes were 

performed every 2–3 days. Fish were fed three times daily with 100mg/animal of spirulina-

infused with their cell-line specific culture media mixed at an equal ratio of spirulina, cell-

line specific culture media, and FBS. Using these modified husbandry approaches, fish 

survival was 88.5% by >60 days post-transplant (n=155 of 180 engrafted fish), with fish 

exhibiting no overt signs of infection after engraftment and exhibiting overall survival rates 

similar to sham injected controls (Fig. S1A–C). No significant difference in engraftment 

rates were observed when comparing fish reared in 4L tanks or in our custom-built re-

circulating stand alone rack system from Aquarius (Table S1).

Human cell lines, PDXs and authentication—SMS-CTR (male) and Rh30 (male) 

cells were obtained from Dr. Corinne Linardic (Duke University); UACC62 (sex unknown) 

and M14 (male) from Dr. David Fisher (MGH); K562 (female), U87 (male) and JeKo-1 

(female) from Dr. Marcela Maus (MGH); Rh41 (female), A673 (female), SN12C (male), 

SK-LMS-1 (female) and HT1080 (male) from Dr. Cyril Benes (MGH); LMS04 (female) and 

MPNST 14 (sex unknown) from Dr. Jonathan Fletcher (MGH), and the MDA-MB-231 

(female) from Dr. Dennis Sgroi (MGH). Remaining cell lines were purchased from AATC. 

Cell lines were cultured in cell culture media according to ATCC’s recommendation (RD, 

SMS-CTR, Rh30, UCAA62, U87, A673, SK-LMS-1, LMS04 and MDA-MB-231 in 

DMEM; Rh41, K562 JeKo-1 and MPNST 14 in RPMI, M14, SN12C and HT1080 in opti-

MEM Reduced Serum Medium), supplemented with 10% FBS (Atlanta Biologicals) and 1% 

PSG (Life Tech), at 5% CO2 and 37°C. Adherent cells were detached and dissociated with 

0.025% trypsin for 2 minutes. All human cell lines used in this work were authenticated just 

prior to use using Small Tandem Repeat profiling using the Whatman FTA sample collection 

kit (ATCC).

PDX models used in this work included human glioblastoma GBM9 (41-year-old male) 

(Tchoghandjian et al., 2012); a NOTCH1 mutated recurrent ERMS isolated from the pelvis 

(SJRHB000026_X1 (4-year-old female), (Stewart et al., 2017)); a p53 mutated recurrent 

ERMS isolated from the prostate (SJRHB012_Y (17-year-old male), (Stewart et al., 2017)); 

two metastatic BRAFV600E-induced melanomas (MEL167C (49-year-old male) and 

MEL268 (age unknown, male), (Luo et al., 2014)) (49-year-old male) and a therapy-resistant 

HER2+ breast cancer (Brx-07 (age unknown, female), (Yu et al., 2014)). GBM9 cells used 

for xenograft studies were generated from growing cells in sphere-inducing culture 

conditions (GBM9) (Neurobasal medium supplemented with 20ng/ml EGF (Life tech), 

20ng/ml bFGF (Life tech), 2x B27 (Life tech) and 1% PSG (Life tech), at 5% CO2 and 37°C 

SJRHB000026_X1 and SJRHB012_Y ERMS from direct passage from mice; and 

MEL167C, MEL268C and BRx-07 from circulating tumor cells from patients and short-

term culture in anchorage-free conditions. GBM9, MEL167C and MEL248C cells were 

previously infected with GFP lentivirus. SJRHB000026_X1 and SJRHB012_Y were stained 

with Viafluor SE cell proliferation stain (Biotium) and BRx-07 stained with lipophilic tracer 
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(DIL) to facilitate imaging, both accordingly to manufacturer’s protocol. Selection of PDXs 

in this study were not influenced by gender of the patient subjects but by availability of 

samples.

METHODS DETAILS

Lentiviral vectors and creation of stable cell lines—2μg of pLenti-CMV-GFP-puro, 

pLKO.1-CMV-mKate2-Luc, pLenti-CAG.H2B-Dendra2.W (Addgene #51005), pLL3.7m-

Clover-Geminin(1–110)-IRES-mKO2-Cdt(30–120) (Addgene #83841), and pLL3.7m-

mTurquoise2-SLBP(18–126)-IRES-H1-mMaroon1 (Addgene #83842) were transfected into 

HEK293T cells with 2μg pCMV-dR8.91, 0.2 g pVSV-g and TransIT-LT1 reagent (Mirus 

Bio). Supernatants containing the lentivirus were collected, filtered and added to the cell 

lines used in this study, in the presence of 4 g/mL polybrene (Millipore). Viral particle 

containing pLenti-CMV-GFP-puro was added to cell lines in a subset of our studies. Viral 

particle containing pLKO.1-CMV-mKate2-Luc was added to RD and Rh41 and selected by 

FACS. Viral particles containing pLenti-CAG.H2B-Dendra2.W was added to RD and Rh41 

and selected by FACS. Viral particle containing pLL3.7m-Clover-Geminin(1–110)-IRES-

mKO2-Cdt(30–120) and pLL3.7m-mTurquoise2-SLBP(18–126)-IRES-H1-mMaroon1 was 

added to RD and Rh41 sequentially and selected by FACS.

Human cancer cell transplantation into zebrafish and quantifying tumor 
growth—Human cancer cell lines were grown to 90% confluence in T75 cell culture flasks, 

trypsinized if adherent, counted and resuspended at 2.5×107 cells/ml in matrigel (Corning). 

Clondronate liposomes (Clodrosome) were then added to the injection mix to inhibit early 

macrophage ingestion of engrafted cells over the first 7 days (Encapsula nanoscience, 1μg/

μl). 10–20μl of volume was injected into the peritoneal cavity of recipient fish using 30 1/2 

gauge needle (BD, 5×105 cells/fish). For ocular muscle injections, 2μl of cell suspension was 

injected (5×104 cells/fish). Recipient zebrafish were then raised at 37°C in sterilized fish 

water containing the aforementioned antibiotics. Epifluorescent whole-animal imaging was 

completed using the same UV light intensity and camera exposure (Microscope: Olympus 

MVX10, Camera: Olympus DP74). Tumor volume was determined by quantifying 2D 

image area using Image J and multiplying by the average GFP fluorescence intensity. These 

approaches are now standard in the field and are akin to luciferase bioluminescent imaging 

performed in mouse models (Kaufman et al., 2016, He et al., 2016, Cox et al., 2016, 

Lobbardi et al., 2017, Yan et al., 2015, Li et al., 2019, Chen et al., 2014). A subset of 

experiments also utilized direct counting of GFP+ cells using confocal microscopic imaging 

at 100X (Zeiss LSM710 inverted microscope, see below). For these experiments, maximum 

projection images were created from 150–200 micron stacks (10 microns per confocal slice) 

and manually quantified. Recipient fishes were sacrificed when moribund due to large tumor 

growths or at ≥28dpt, fixed in 4% paraformaldehyde, and sectioned for histological 

examination as previously described (Tang et al., 2014, Moore et al., 2016b). Similar 

approaches were used for engraftment of cancer cells labeled with other fluorescent-

reporters and PDX tumors.

Single cell imaging of live zebrafish using confocal imaging—Imaging of peri-

ocular transplanted cells was performed using an inverted LSM 710 confocal microscope 
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(Zeiss), with Zen software platform (Zeiss) as previously described by Qin et al. (Tang et al., 

2016). Engrafted zebrafish were anesthetized using low-dose 0.01% tricaine (western 

chemical), placed into a 36-mm glass-bottom dish (Thermo Fisher, product #150680), and 

torso embedded with 1% low-melting point agarose (Thermo Fisher) to stabilize the animal 

for imaging. To keep the animal under anesthetic during imaging, zebrafish were submerged 

in 5ml of fish water containing 0.01% tricaine. Animals were imaged for only 2–3 minutes 

and an experimental temperature of 37°C was maintained usi ng four heat packs 

(OccuNomix) placed on the imaging stage. Serial Z-stack imaging was carried out using a 

10X objective (NA 0.45) achieving an overall 100X magnification. Both single cell fate 

mapping and FUCCI4 cell cycle imaging studies were carried out in zebrafish that had 

successfully engrafted tumors for 7 days. Importantly, repeated daily imaging of the 

engrafted fish using low-dose, 0.01% Tricaine anesthesia for seven days resulted in overall 

low mortality (n= only 5 of 45 fish died following repeated imaging).

Cell lineage tracing of RD-H2b-Dendra2 and RH41-H2b-Dendra2 cells was carried out by 

serial Z-stack imaging using 488nm (emission=493–586 nm) and 546nm laser 

(emission=575–703 nm). Dendra2 photoconversion was then achieved using 405nm laser at 

30% laser power delivered over 2 minutes. Subsequent imaging was completed at 24, 48, 96, 

and 168 hours post-conversion. In the dendra conversion experiments, cells were pseudo 

colored using ImageJ.

FUCCI4 cell cycle imaging studies imaged mTurq2 (excitation=458 nm, emission=472– 508 

nm), clover (excitation=488 nm, emission=493–586 nm), mKo2 (excitation=561 nm, 

emission=575–703 nm) and mMaroon1 (excitation=633 nm, emission=599–689 nm). 

Images were manually annotated and counted in ImageJ (n=100 cells per time point 

analyzed from n≥ 3 animals) and quantified using the Fisher’s Exact Test.

Accessing blood plasma concentration of olaparib and temozolomide in 
zebrafish—Wild type zebrafish were orally gavaged with either 50mg/kg of olaparib or 

33mg/kg temozolomide. 25 animals/time point were sampled at 0, 2, 24, 48 and 96 hours 

post drug administration and pooled (n=25/time point/drug). Animals were euthanized in 

ice-water and wiped dry. Blood was collected by puncturing heart of the animal using an 

EDTA-coated insulin needle (BD bioscience). Zebrafish plasma was obtained as clear 

supernatant after centrifugation at 1000g for 10min at 4°C. Determina tion of plasma 

concentration was carried out as previous reported (Sun et al., 2018, Peer et al., 2016). 

Briefly, stock solution of temozolomide-D3 and olaparib-D4 was dissolved in either acidic 

methanol acidic methanol made from an ammonium acetate buffer and stabilized with 10% 

of 1 normal (N) HCL solution or slight warmed methanol. 200ul of temozolomide-D3 or 

250ul of olaparib-D4 working solution was added into fish plasma. Liquid-liquid extraction 

was performed by adding 1ml of ethyl acetate. Supernatant was dried and reconstituted with 

100ul of either 10mM ammonium acetate in water with 0.1% formic acid (10mM, pH 3.5)-

methanol (20:80, v/v) or 0.1% formic acid in water for temozolomide or olaparib 

respectively. All mass spectrometry experiments were performed on a Triple TOF 6600 

system (AB Sciex) online with a Shimadzu HPLC LC20AD (Shimadzu America) system. 

Olaparib or temozolomide were separated on an analytical Ascentis express peptide ES-C18 
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HPLC column, 15cm × 2.1 mm, 2.7um (Sigma-aldrich) preceded by a C18 guard column 

(2.1 mm ID) (Phenomenex).

Assessing therapeutic responses in zebrafish xenografts—Fluorescent labeled 

RD, Rh41, SMS-CTR, Rh30 and A673 cells were transplanted intraperitoneally and/or peri-

ocularly into recipient fish. Engrafted fish were selected at 7 days post injection and orally 

gavaged with 10 μl of drug. Working stocks were 1mg/ml olaparib, 0.66mg/ml 

temozolomide or 0.5mg/ml olaparib and 0.33mg/ml temozolomide (vehicle was 1% DMSO 

in 1xPBS). Gavage was performed using a Hamilton 22 G needle and 22 G soft-tip catheter 

tubing (Dang et al., 2016). Drugs were orally administered at 7, 14 and 21 days post-

transplant, and recipient fishes imaged as outlined above. At 28 days, animals were fixed in 

4% paraformaldehyde, sectioned, and examined histologically. Comparison between groups 

was performed using ANOVA followed by Student’s T test (n=5 fish/treatment arm).

Mouse xenograft studies—Human tumor cells were embedded into Matrigel at a 1:1 

ratio with 2–5×105 cells per 100μl and injected subcutaneously into the flank of 8-week-old 

female, anaesthetized NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Charles River 

Laboratories). For tumors that were unlabeled, growth was monitored using caliper measure. 

For animals engrafted with luciferase expressing tumor cells, animals were injected with 

luciferin at 75mg/kg intraperitoneally and imaged weekly (IVIS, PerkinElmer). At the end 

of the experiment, engrafted recipient mice were sacrificed, tumor extracted, fixed in 4% 

paraformaldehyde, and sectioned for histological examination as outlined below. These 

experimental protocols are similar to those previously reported (Yu et al., 2014, Hayes et al., 

2018).

A subset of experiments assessed the efficacy of combination olaparib and temozolomide 

treatment in mice xenografted with luciferase-expressing RD and Rh41 cell lines or 

unlabeled PDX models (SJRHB000026_X1 and SJRHB012_Y). For all RMS models, cells 

were engrafted at a dose of 1×106 cells injected subcutaneously into the flank of 8-week old 

female, NSG mice. When engrafted tumour reached a volume of 300mm3, animals were 

orally gavaged with vehicle control (1% carboxymethylcellulose or 10% 2-hydroxy-propyl-

β-cyclodextrin/PBS), olaparib (50mg/kg), temozolomide (25mg/kg) or combined drugs. 

Olaparib was administered twice daily, 8 hours apart while temozolomide was administered 

once a day 4 hours after the first olaparib administration. Animals were treated for five days, 

allowed to rest for 16 days and this cycle repeated in a subset of experiments. Tumor growth 

was quantified by either differences in overall luciferase bioluminescent imaging or caliper 

measure as previously described (Yu et al., 2014, Drapkin et al., 2018, Hayes et al., 2018). 

Comparison between groups was performed using ANOVA followed by Student’s T test.

Histology, IHC and FISH evaluation—Zebrafish and mice engrafted with human 

tumors were fixed in 4% paraformaldehyde (PFA), embedded in paraffin and sectioned at 

5mm thickness. Sections were stained by hematoxylin and eosin (H&E), IHC or FISH. For 

immunohistochemistry staining, the primary antibodies were: rabbit monoclonal anti-Ki67 

(Abcam), rabbit polyclonal S100 (Leica), mouse monoclonal Pan-keratin (Abcam), rabbit 

polyclonal Desmin (Abcam), mouse monoclonal anti-myod (Dako), rabbit polyclonal anti-

myogenin (Santa Cruz), rabbit monoclonal CD99 (Abcam), TUNEL (Thermo Fisher). 

Yan et al. Page 14

Cell. Author manuscript; available in PMC 2020 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Secondary antibodies were Biotinylated Goat Anti-rabbit igG antibody (Vectorlabs) and 

Biotinylated Horse Anti-mouse antibody (Vectorlabs) and development completed using 

Vectastain ABC Kit (Vectorlabs). FISH was performed on formalin-fixed paraffin-embedded 

tumor sections, using LSI EWS1 Dual Color Break Apart Probe (Abbott-Vysis) for A673 

xenografts, and Vysis FOXO1 Break Apart Fish Probe for Rh30 and Rh41 xenografts 

(Abbott-Vysis) respectively, following manufacturer’s protocols.

Cell proliferation and apoptosis were quantified from IHC for Ki67 and TUNEL, 

respectively. Three tumor-containing fields were selected at random and imaged at 400x 

using an Olympus BX41 microscope. Quantifications were carried out blinded by NA 

Iftimia who was given the images without treatment labels and analysis performed using 

IHC profiler (ImageJ). Samples were analyzed using a fixed threshold for achieving an 

unbiased, quantitative assessment of the IHC and TUNEL staining within the selected 

imaged field [26]. Percentage of proliferating (Ki67) and apoptotic (TUNEL) cells was 

calculated by dividing the number of positively stained cells by the total number of cells 

counted within the selected fields. n>200 cells analyzed per sample, with less cells being 

counted for drug treated samples. H&E stained sections were imaged at 400X and quantified 

as number of cells per unit area.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details including n-values, p-values, and statistical tests are detailed in the 

methods, results and figure legends. Data in bar graphs are shown as an absolute number 

with mean ± SD (standard deviation) noted. ANOVA and Student’s T tests were used to 

calculate significant differences where indicated. A subset of experiments used the Fisher 

Exact Test to compare values across two samples. p≤0.05 was considered statistically 

significant. In all experiments, zebrafish and mice were randomly assigned to experimental 

groups. All statistical analysis were carried out using Prism 7 (Graphpad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• prkdc−/−, il2rga−/− zebrafish reared at 37°C engraft a wide array of human 

cancers

• Growth and therapy responses can be dynamically visualized at single cell 

resolution

• Combination olaparib and temozolomide kill xenografted human 

rhabdomyosarcoma

• Engrafting patient-derived cancers opens new avenues for personalized-

therapy
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Figure 1. Human cancers have similar growth kinetics, histology, and rates of proliferation and 
apoptosis when engrafted into prkdc−/−, il2rga−/− zebrafish or NSG mice.
(A-F) Engraftment of EGFP+ human tumor cells into prkdc−/−, il2rga−/− zebrafish grown at 

37°C. Merged fluorescence and brightfield images of whole animals imaged at 0 and 28 

days post-transplant (dpt; A). (G-L) Analysis of the same tumors grown in NSG mice for 28 

days. Images of engrafted mice shown to left and excised tumors to the right (G). 

Hematoxylin and eosin stained sections (zebrafish,B; mouse,H) and immunohistochemistry 

for cell lineage markers (zebrafish,C; mouse,I), Ki67 (zebrafish,D; mouse,J) and TUNEL 

(zebrafish,E; mouse,K) with the average percentage of positive cells +/− standard deviation 

noted (n≥3 animals/tumor type). Quantification of relative tumor growth in engrafted prkdc
−/−, il2rga−/− zebrafish (F) and NSG mice (L). Human embryonal rhabdomyosarcoma RD 

(ERMS RD), alveolar rhabdomyosarcoma Rh41 (ARMS Rh41), melanoma UACC62, and 

triple-negative breast cancer MDA-MB-231. Scale bars equal 0.25 cm (A); 50 μm (B-E, H-

K); and 0.5 cm (G). See also Table S1 and Figure S1.
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Figure 2. Prkdc−/−, il2rga−/− zebrafish engraft patient-derived tumors.
Merged fluorescence and brightfield images of prkdc−/−, il2rga−/− zebrafish imaged at 0 

and 28 days post-transplant (dpt, A). Hematoxylin and eosin stained sections (B) and 

immunohistochemistry for Ki67 (C) and TUNEL (D) with the average percentage of positive 

cells +/− standard deviation noted (n≥3 fish/tumor type). Quantification of relative growth of 

transplanted cells over time (E). Note that Viafluor- and DiL-labeled cells would not be 

predicted to increase intensity with time as 100% fluorescence equates to full retention of 

tumor cells over the experiment. Scale bar equals 0.25 cm (A); 50 μm (B-D).
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Figure 3. Identification of functionally distinct rhabdomyosarcoma cell types using photo-
convertible Dendra2-H2b and single cell fate mapping.
(A-E) A prkdc−/−, il2rga−/− zebrafish engrafted with H2b-Dendra2+ RD cells. Cells were 

engrafted into the peri-ocular muscle and imaged at 7 days post-transplantation. 

Epifluorescent image of head region (A) and higher magnification confocal images (B, 

100X; C-E, 200X magnification). Images were taken before 405nm UV photoconversion 

(B,C) or immediately post-UV exposure (D-E, merged image E shows excitation using both 

488 and 563nm laser). (F) Serially imaging of three photo-converted RD ERMS cells. Cells 

have been pseudo-colored and tracked at 0, 24, 48, 96 and 168 hours after photoconversion. 

Cell fates are pictorially depicted within lower panels with migration denoted by wavy lines. 

(G) Quantification of single cell behaviors in RD ERMS and Rh41 ARMS cells. Number of 

cells imaged with each phenotype are noted within bar graphs. Scale bar equals 0.1 cm (A); 

50 μm (B-E); 200 μm (F). See also Figure S2 and S3.

Yan et al. Page 23

Cell. Author manuscript; available in PMC 2020 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Combination treatment of temozolomide and olaparib PARP-inhibitor reduces growth 
of human RMS cells in engrafted prkdc−/−, il2rga−/− zebrafish.
Schematic of experimental design (A). Merged fluorescence and brightfield images of prkdc
−/−, il2rga−/− animals engrafted with EGFP+ RD cells (B). Whole animal imaging of 

engrafted animal at 7 dpt (prior to drug administration, B, left) and 28 dpt (after three cycles 

of drug dosing, B, right). Hematoxylin and eosin (C), Ki67 (D), and TUNEL (E) stained 

sections of fish engrafted with RD RMS cells. The average percentage of positive cells +/− 

standard deviation is noted (n=5 fish/treatment). Quantification of relative RMS growth 

following drug administration in RD, SMSCTR, Rh41 and Rh30 (F) cells. *p<0.05, 

**p<0.01, ***p<0.001, Student’s T-test. Not significant (NS). Scale bar equals 0.25 cm (B) 

and 50 μm (C-E). Not applicable (NA). See also Figure S4.
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Figure 5. Combination treatment of temozolomide and olaparib PARP-inhibitor reduces growth 
of patient-derived rhabdomyosarcomas grown in NSG mice.
Representative images of mice engrafted with two independent PDX RMS and orally 

gavaged with vehicle control shown at 21 days post-treatment (21d) or following 

combination drug treatment at 42 days (42d, A,D). Quantification of relative growth 

(p=0.001 and p=0.008 at 42d for data shown in B and E, respectively, Fisher’s Exact Test) 

and Kaplan-Meier survival analysis with p-values denoted within the panels (C,F, n=6 mice/

treatment arm). The five days of drug administration are denoted by red arrows in B,C,E and 

F. See also Figure S5.
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Figure 6. FUCCI4 cell cycle imaging reveals that combined treatment with olaparib PARP-
inhibitor and temozolomide results in rapid G2-cell cycle arrest of human RMS cells engrafted 
into prkdc−/−, il2rga−/− zebrafish.
Schematic of FUCCI 4-color cell reporter (A) and experimental design (B). Single 

fluorescent channels or merged images of RD expressing FUCCI4+ RD RMS cells engrafted 

peri-ocularly into prkdc−/−, il2rga−/− zebrafish (C-G). Merged images to the right denote 

cell cycle state for individual cells. High magnification images of cells prior to drug 

treatment (C) and 7 days after receiving control vehicle (D), temozolomide (TMZ,E), 

olaparib (F), or TMZ + olaparib (G). Quantification of cell cycle effects in RD ERMS (H) 

and Rh41 ARMS cells (I). Green asterisks denote statistical differences in numbers of G2-

arrested cells when compared to vehicle controls and black asterisks denote differences 

between single olaparib- or single temozolomide-treated animals when compared to 

combination-treated zebrafish (*p<0.05 by Fisher’s exact test, n=100 cells analyzed per time 

point, n=3 animals/condition). Scale bar equals 10μm (C-G). See also Figure S6.
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