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Abstract: Transplant of human cancer cells into zebrafish larvae has emerged as a useful
methodology in cancer research. Zebrafish have very low husbandry costs, are amenable to large-
scale drug screening, and are unmatched for optical clarity in live animal imaging. However, there
is currently no consensus on the ideal methods for xenograft of human cancer cells into zebrafish.
Here, we have examined the effects of transplant site and housing temperature on both zebrafish
larvae and human cancer cells using survival analyses, metabolomic approaches, and in vivo
imaging. Our data show that while zebrafish larvae can adapt to the ideal conditions for mammalian
cells, human cancer cells are highly sensitive to both temperature change and transplant site.
Human cells housed in slightly cooler than physiologic temperatures had a significantly altered
metabolism that resulted in changes in growth, survival, and response to chemotherapy. Cancer
cells xenografted into the yolk of the larvae also had reduced proliferation and drug response
compared to those xenografted into the soma, in part due to the differences in metabolites available
at these sites. In total, temperature and transplant site can have profound effects on xenografted
cells. Standardization of zebrafish xenograft methods will enhance data reproducibility between
individual laboratories.
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1. Introduction

Xenograft of human cancer cell lines and primary patient derived tumor cells into research
animals is a widespread practice, particularly for validating response of tumor cells to novel drug
therapies within the context of a whole organism. Historically, immune compromised mice have
been the most common recipient of human cell xenografts. Over the last decade, zebrafish have
risen in prominence for their use in transgenic models of human cancers, and in recent years,
researchers have shown that zebrafish are also a useful complement to the mouse in the xenograft
setting [1-7].

Compared to mice, zebrafish are incredibly cost-effective due to their large brood size, quick
generation time, and inexpensive husbandry needs. For these reasons, zebrafish larvae have been
used with great success in large-scale drug screens to identify novel small molecules that regulate
developmental and disease processes in humans. Drugs can be dissolved in aqueous media and
administered to larval zebrafish in 96-well plates. Animals will absorb the drug through their skin,
reducing drug usage and eliminating the need for tedious animal injections [4,8]. Additionally,
some zebrafish strains have been engineered to lack pigment [9], allowing for in vivo high-
resolution imaging of tissues and organs that are otherwise inaccessible in mouse. Finally, zebrafish
do not develop a fully functional immune system until 7 days post-fertilization (dpf), which allows
for the use of wild-type zebrafish in engraftment experiments without the need to generate
immune-compromised animals via irradiation or genetic manipulation [10]. Given these
advantages of zebrafish in research, human cancer xenograft was a logical next step forward with
this model.

The first use of human cell xenograft in zebrafish was reported in 2005, when green fluorescent
protein (GFP)-labeled human cell lines were transplanted into blastula stage embryos [11,12]. Since
then, several groups have published various methods for xenografting human cell lines and
primary patient- or mouse-derived tumor cells into zebrafish, from embryos to adult animals
[2,3,6,7,11,13,14]. Recently, humanized zebrafish were even developed to express human cytokines
to help facilitate xenograft engraftment [15]. Researchers have also postulated that zebrafish
xenografts could play a new and important role in personalized medicine —thousands of zebrafish
could be transplanted with a patient’s tumor, and a drug screen could quickly identify which
chemotherapies the tumor is most susceptible to, and this information could be used to help inform
patient treatment [3,14]. This excitement stems from the major benefit of zebrafish over mouse
xenografts, which is their amenability to drug screening. Following xenograft, larvae can be housed
in 96-well plates containing drug, and both the toxicity of the drug to the animal and the response
of the cancer cells to the drug can be simultaneously assessed. Methods to quantify the drug
response in zebrafish xenograft currently vary from dissociation of xenografted fish into single cell
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suspensions and quantification of remaining, fluorescently-labeled tumor cells [16,17] to semi-
automated imaging methods of both fish and engrafted tumor cells [18-21].

Despite the many advantages of zebrafish as a xenograft model, some concerns remain.
Pharmacokinetic and pharmacodynamic studies examining the absorption and metabolism of
drugs administered to zebrafish larvae through aqueous media are sparse [22-24]. It is unclear how
much of the drug that is dosed into the media actually targets the tumor cells, which can lead to
false negatives in drug screens. Also, the development of the zebrafish adaptive immune system
after 14 days of life will lead to tumor rejection and prevents researchers from assessing the
development of tumor drug resistance and tumor recurrence, which are major issues in the cancer
clinic [10]. While immune-compromised adult zebrafish have partially met this need, adult
immunodeficient zebrafish must be injected or undergo oral gavage to deliver drug so are not as
amenable to large-scale drug screening [13].

Whether the fish used in xenograft are larvae or immunocompromised adults, there are several
inconsistencies in xenograft methods that should be resolved, including the transplantation site
used for xenograft and the housing temperature that xenografted animals are held at. Ultimately, a
lack of consensus in the field can lead to challenges in replicating data between research groups and
prevent widespread use of zebrafish xenograft assays in cancer research. For example, xenograft of
cells into the yolk of larva is common practice because it can be done very rapidly and with high
survivability by the animal—this technique places human cells in an acellular, lipid-rich
microenvironment [25-28]. It is not clear if human cells would survive differently if transplanted
into the yolk versus xenograft into zebrafish somatic tissues, which is a method published by
several other groups [29-31]. Drugs likely also absorb much differently into the yolk compared to
the body of the zebrafish, which could lead to inconsistencies in how xenografted cells respond to
drug treatment [24].

Temperature differences are also a major concern. Zebrafish are normally housed at 28°C,
much cooler than the 37°C body temperature of humans and other mammalian model organisms.
As a compromise, xenografted fish are routinely kept at 34°C to try to maintain both zebrafish and
human cell survival; however, this temperature change likely affects both normal zebrafish and
cancer cell physiology [32,33]. For example, increasing the temperature that zebrafish are
maintained at can increase the accumulation of chemicals from media into zebrafish tissues, leading
to enhanced chemical toxicity in fish [34,35] . Temperature also has a significant impact on the
growth and development of zebrafish larva, which could affect the tumor microenvironment of
xenografted cells [36,37]. Acclimation of zebrafish to warm temperatures also depletes their energy
stores and can change levels of enzymes involved in metabolic processes such as energy
metabolism and oxidative phosphorylation [36,38]. It is unclear how these changes to the host
might ultimately affect the survival of the xenografted cells or their response to drug treatment.

Overall, a more complete understanding of the effects of human cell xenograft in zebrafish,
both to the human cells being transplanted and to the recipient zebrafish themselves, is needed as
zebrafish xenografts become more widely used. Here, we have examined thousands of xenografted
larvae and completed metabolic profiling to delineate the effects of xenograft transplantation site
and animal housing temperature in zebrafish xenograft models. We have found that these variables
significantly influence both zebrafish and human cell survival and metabolism. However, warmer
temperatures of 34°C and 37°C are less detrimental to zebrafish than the cooler temperatures to
human cancer cells, which do not respond as well to chemotherapy after xenograft when housed at
34°C. Cells xenografted into the yolk of zebrafish larvae also had marked differences in proliferative
capacity and drug response, compared to cells transplanted into somatic tissues. In total, our
findings highlight some considerations that should be made in the experimental design of zebrafish
xenograft to ensure that useful and reproducible data is generated from these types of assays.
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2. Results
2.1. Recipient zebrafish survival post-xenograft varies by transplant site

Common variables in zebrafish xenograft studies are the site of mammalian cell transplantion
and number of cells injected per animal. Given that most downstream applications of zebrafish
xenografts involve drug screening, it is important to achieve reliable engraftment of human cells in
the fish while still maintaining high survival rates of the animal. To determine an optimal
engrafment site, we stained a panel of human cancer cells, including leukemia, glioblastoma,
colorectal, breast, and lung cancer cells with Dil (a fluorescent, lipophilic, cationic dye) and injected
500 cells into dechorionated zebrafish larvae at 48 hpf at 7 different injection sites: yolk, pericardial
space, brain, caudal vein, duct of Cuvier, periorbital space, and perivitelline space (Figure 1A).
Xenografted animals recovered from the procedure at 28°C, then were transferred to 34°C. The cell
number and housing conditions are commonly used in zebrafish xenograft [33]. Overall, we
examined at least 450 xenografted animals for each transplant site, for a total of >3,150 larvae used
in these experiments. There was no major difference in animal survival based on the human cancer
cell type transplanted or the transplant site at 1 day post transplant (dpt), with an average of 85%
percent of zebrafish surviving the xenograft procedure (Figure 1B, Supplemental Table 1). The
number of surviving fish that also engrafted the xenograft did vary slightly but not significantly
between the transplant sites, averaging 77%. In all cases, once engraftment was observed at 1 dpt,
engraftment was maintained in the animals for up to 5 dpt. Longer timepoints were not assessed
due to emergence of the host immune system. However, in every xenograft site examined, and with
every cancer cell type tested, there was a signficant decline in zebrafish survival between 1 and 5
dpt, in some cases dropping by as much as 35% (Figure 1C). We found that the pericardium, duct
of Cuvier, and yolk injection sites provided the most reliable results with the highest percentage of
engrafted fish still alive at 5 dpt. Another important consideration for use of xenograft in high-
throughput studies is ease of injection—caudal vein and retro-orbital transplants took
approximately twice as long as other injection sites due to the preciseness needed to puncture these
veins (Supplemental Table 1). Cancer cells were also routinely seen circulating after transplant into
the caudal vein, duct of Cuvier, peri-orbital space, pericardial space, or perivitelline space. Overall,
we found that transplant into the yolk and pericardial space provided the most consistent results in
zebrafish engraftment, survival, and cell placement; these sites were chosen going forward for
further studies.

A common critique of xenograft into larval zebrafish is that transplant with low cell number
will reduce the effects of tumor heterogenity in the downstream analyses [2]. We next compared the
practicality of a transplant cell density of 100, 250, 500, and 1,000 cells per zebrafish larvae both in
the yolk and in pericardial space of the fish. We were able to see consistent engraftment of the cells
at 1 dpi in the yolk with 100 cells injected, but were unable to reliably visualize and quantify
engrafted cells when less then 500 cells were injected in the pericardial space (Figure 1D-E). We also
found there to be a significant reduction in survival in animals tranplanted with 1,000 cells in the
yolk (p=0.0396), although larvae injected in the pericardial space surived equally well at any
transplant cell number (Figure 1F-G). Together, these data show that zebrafish are able to tolerate
xenograft of a wide range of cancer cell types, tranplantation sites, and cell numbers. The
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spontanous and significant decline in surivial between 1 dpt and 5 dpt is also important to note, as
this will affect the numbers of engrafted animals that are needed per experiment.
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Figure 1. Zebrafish larvae are amenable to xenograft at mulitple site and cell doses, although survival decreases over
time. (A) Depiction of seven injection sites tested in 48 hour post-fertilization (hpf) larvae: intracranial (a), retro-orbital (b),
perivitelline space (c), pericardium (d), duct of Cuvier (e), yolk (f), and caudal vein (g). Representative images are of larvae at
1 day post-transplant (dpt) with Dil stained human cancer cell lines. (B) Percent survival of xenografted fish after 1dpt at the
indicated transplantation site. Bars show the average percent survival, and each data point represents 30 xenografted larvae. (C)
Comparison of percent survival of engrafted larvae after 1 and 5 dpt at the indicated transplantation site. Each data point
represents 30 xenografted larvae, and the bars are the average of each group. (D) The indicated doses of the Dil stained, human
Jurkat human leukemia line were transplanted into the pericardial space and (E) yolk of 48 hpf zebrafish. Daily survival rates
were recorded each day for 5 days for (F) pericardium and (G) yolk xenografted larvae. Each data point represents 3 clutches
of 30 xenografted zebrafish each, at 0 dpt. Error bars are the standard deviation. Ns, not significant, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. Scale bars in images represent 250 pm.

2.2 Increases in housing temperature alter zebrafish survival and metabolism

A challenge in zebrafish xenograft experiments is the large temperature difference between the
optimal growth conditions for zebrafish larvae versus human cancer cells. Zebrafish are normally
housed at 28°C while mammalian body temperature is 37°C. There is inconsistency in zebrafish
xenograft methods, with researchers using a range of temperatures between 28°C and 37°C for
maintenance of zebrafish after xenograft [32,33]. To asses the effects of increased housing
temperature on larval survival, we examined the survival of >250 Casper, AB, and SAT strain
zebrafish larvae over three different temperatures. As expected, survival was highest at 28°C with
95% of animals surviving to 5 days, while the survival rates at 34°C and 37°C was 80% and 67%
respectively (Figure 2A, Supplemental Table 1). Gross morphologic changes were noted in the
zebrafish when the temperature increased from 28°C to 34°C and 37°C, with the size of the yolk sac
decreasing with increasing temperature and the fish appearing smaller in size and less active at
higher temperatures (Figure 2B). Survial rates were similar across all strains. We also compared
survival of xenografted fish that were injected with different human leukemia cell lines in either the
pericardial space or yolk and housed at 34°C or 37°C. Zebrafish that were housed at 34°C had a
survival rate after engraftment of cells of 73.45% +9.26%, compared to 56.67% +11.52% of larvae
surviving when housed at 37°C (Supplemental Table 2). Xenografts into the pericardium also
tended to have higher survival than the yolk, with less variation between replicates.

A decreased yolk and smaller body size indicates potentially high energy expendatures in the
fish housed in warmer temperatures. We examined the effects on temperature on metabolism of the
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whole animal using gas-chromotography mass spectrometry (GC-MS) on tissues from larvae that
had been housed for 48hr in 28°C, 34°C, or 37°C. In general, carbohydrate and amino acid levels
increased when the temperatures were rasied from 28°C to 34°C. (Figure 2C-D and Supplemental
Table 3). Interestingly, we did not see additional metabolic increases in animals as the housing
temperature increased from 34°C to 37°C (Figure 2C-D); the levels of some metabolites were
slightly decreased comparing those animals at 34°C versus 37°C (Supplemental Table 3). The
general upward trend of most metabolites may be indiciative of changes in the unfolded protein
repsonse (UPR), which occurs cells undergoing stress such as a heat shock [39,40]. The UPR is
involved in crucial steps in lipid, glucose, and protein metabolism and our data show that general
metabolic processes in larvae are increased when housing temperatures are raised from 28°C to
34°C. The subsequent decrease in free metabolites when larvae are further heated to 37°C may
represent zebrafish cells entering a salvage mode due to increasing stress from the higher
temperature. As a whole, these data highlight that variations in temperature can signficantly
change the metabolism of the entire zebrafish, which in turn may impact the nutrient availability
and microenvironment of the xenografted cells.
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Figure 2. Housing temperatures of 34°C and 37°C similarly impact zebrafish survival and metabolism. (A) Survival of
zebrafish larvae at 28°C, 34°C, and 37°C. Fish were dechorionated at 48 hpf and incubated at the designated temperature for 5
days. Plots show the average surviving larvae at each temperature and time point. Data points are individual clutches of 30
larvae. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (B) Representative images of 7 dpf zebrafish after housing at 28°C,
34°C, and 37°C for 5 days. Arrowhead is in the same location in each image to highlight decreasing yolk size at increasing
temperature. (C) Partial least squares discriminate analysis (PLS-DA) shows larvae housed at 28°C have different metabolic
profiles than those housed at 34°C or 37°C. (D) Indicates the selected metabolite/variable’s importance in the PLS-DA model.
Metabolites involved in carbohydrate and amino acid metabolism are shown.
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2.4 Decreases in cell culture temperature alters human cancer cell survival, metabolism, and response to
chemotherapy

Next, we examined the effects of temperature on human cancer cells. The human T-cell Acute
Lymphoblastic Leukemia (T-ALL) cells that we used in this study did not proliferate at 28°C, so we
only assessed the effect on maintaining cells at 34°C versus the physiological 37°C. We found that
all cell lines were able to proliferate 34°C over a period of 5 days, but the rate of proliferation was
significantly slower at 34°C compared to 37°C (Figure 3A). This growth change was likely
assoicated with fewer cells actively replicating in S phase at 34°C, measured by EDU cell cycle
analysis (Figure 3B). Interestingly, we saw an approximate 2-fold increase in apoptosis of two
leukemia cell lines when maintained at 34°C compared to 37°C, quantified by Annexin V staining,
but one cell line had no change in apoptosis rate (Figure 3C). These data suggest that not all cell
lines respond in the same way to lower growth temperatures.

Next, we evaluated changes in overall metabalic activity under growth at cooler temperatures.
Jurkat cells were cultured at 34°C and 37°C for 24 hr and analyzed by GC-MS. We observed that
many metaoblites involved in engery metabolism where changed when cells were cultured at 34°C
(Supplemental Table 4). For example, metabolites associated with the TCA cycle, the main source
of energy for the cell, were increased when cells were cultured at 34°C (Figure 3D and 3F),
indicating that the cells housed in cooler temperatures were producing more ATP. Seahorse
analysis of mitochondiral bioenergeitcs also showed that ATP production rates and coupling
efficiency were signficantly increased in human cell lines grown at 34°C compared 37°C (Figure 3G
and 3H). Mammalian cells often produce ATP during in response to cold, and these data suggest
that cells cultured at 34°C may be undergoing a thermogeneic reponse [41]. This change in
metabolic function at 34°C might impact cancer cell behavior and drug responsiveness in zebrafish
xenograft experiments.

Figure 3. A lower culture temperature of 34°C impact human cancer cell metabolism and viability. (A) Viable cell counts
of three human T-cell acute lymphoblastic leukemia cell lines (Jurkat, HPB-ALL, and HSB2) at 34°C (blue) and 37°C (orange).
Data represent an average of 3 biological replicates with at least n=3 technical replicates per experiment. (B) Percent of Jurkat
cells in each phase of the cell cycle, determined by EdU uptake at 34°C and 37°C. (C) Percent apoptosis in three human leukemia
lines determined by Annexin V staining at 34°C and 37°C. Data for EAU and Annexin staining represents an average of n=3
replicates per temperature, and standard deviation is shown. (D) Schematic of the Krebs cycle. (E) VIP plot showing the relative
importance of each Krebs cycle related metabolite in the PSL-DA model show in (F). The PSL-DA analysis shows that Jurkat
cells grown at 34°C cluster independently than those grown at 37°C, based on the metabolites present in the cells. Seahorse
analysis performed on Jurkat and HSB2 cells shows an increase in ATP production rate (G) and coupling efficiency (H) at 34°C
compared to 37°C. Data represents an average of 10 replicates per group with error bars representing standard deviation. For
all, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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The metabolic activity of cancer cells plays an important role in how the cells respond to drug
treatment [42,43]. We treated human T-ALL cell lines with chemotherapies commonly used to treat
T-ALL in clinic (Cytarabine, Dexamethasone, Methotrexate or Vincristine). Cells were treated for 72
hours at 34°C and 37°C. We found that drug response varied based on cell line and temperature.
For example, Jurkat cells are resistant to the glucocorticoid Dexamethasone [44] —this resistance
was more pronounced with treatment at 37°C (p<0.01, Figure 4A), likely because the cells are more
actively proliferating at their physiologic temperature (Figure 3A). While temperature had no
significant effect on Jurkat response to Cytarabine and Vincristine, cells were resistant to
Methotrexate at 34°C but were readily killed at 37°C (p<0.0001, Figure 4A). Methotrexate prevents
synthesis of tetrahydrofolate, which in turn is necessary for the generation of nucleotides used in
DNA synthesis and cell division. Reduced activity of the folate synthesis pathway at 34°C may
impact how readily the cells respond to Methotrexate treatment. Interestingly, temperature had no
impact on chemotherapy treatment in the HSB2 T-ALL cell line, with no significant difference in
any dose response curve (Figure 4B). Together, these data highlight the impact that changes in
temperature can have on cancer cell metabolism and subsequent response to drug. These data also
show that these effects are also not easy to predict. Cancers are heterogeneous and changes in
temperature will affect their metabolic pathways and drug responses differently, within the same
cancer type and likely even within the same tumor sample.
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Figure 4. Human cancer cell lines can respond to chemotherapy differently based on temperature. (A) Jurkat and (B)
HSB2 human T-cell acute lymphoblastic leukemia cell lines were cultured at 34°C (blue) and 37°C (orange) and treated with
increasing concentrations of the following drugs: Cytarabine, Dexamethasone, Methotrexate, or Vincristine, as indicated. Cell
viability was measured by CellTiter-Glo after 72 hours of drug treatment and normalized to DMSO vehicle control. Error bars
represent standard deviation. **p<0.01, ****p<0.0001.

2.5 Dil membrane-labeling fluorescent dyes may not be suitable for longer-term xenograft assays

Human cells are typically stained with membrane-labeling fluorescent dyes, such as Vybrant
Dil Cell-Labeling Solution, so they can be easily visualized after xenograft into zebrafish. Although
these protocols are well established [16,25,45] and we sucessfully used these methods to monitor
well-injected and engrafted larvae (Figure 1), at later time points and upon examination with
confocal microscopy, we observed that staining had became punctate, and many cells lost Dil
labeling completely (Figure 5A). This latter effect may be due to the nature of the dye—Dil stains
the membrane and the stain will be diluted in subsequent generations of cells as they proliferate.
However, the brighter punctate Dil staining was difficult to differentiate as either part of an intact
cell or cell debris (Figure 5A), which may lead to difficulties in assessing cancer cell response to
drug. In vitro, Dil staining of cells had no immediate impact on cell proliferation or apoptosis,
measured by EDU and AnnexinV repsectively (Supplemental Figure 1). However, we found that
Dil stained cells did not incorperate BrdU in vivo (Figure 5A). It was not clear whether the Dil
stained cells were not proliferating in vivo, or if Dil labeling somehow prevented BrdU uptake or
visualization. Overall, our observations are in line with others who have recently shown that Dil
stained cells do not survive well after zebrafish xenograft [7]. Given the unexpected appearance and
behavior of Dil stained cells in zebrafish xenografts, we used human T-ALL cell lines that stably
expressed GFP for subsequent studies.

2.6 Transplant site strongly impacts the growth of human cancer cells in zebrafish

To determine the extent to which transplant site and housing temperature afftects xenografted
cells in vivo, we xenografted GFP-expressing human T-ALL cell lines (Jurkat or HSB2) into either
the pericardial space or yolk of zebrafish larvae. Zebrafish were housed at 34°C or 37°C for 48 hr
and underwent BrdU and TUNEL staining to quantify the cellular proliferation and apoptosis,
respectively, of engrafted cells. Surprisingly, housing temperature did not significantly affect the
percentage of cells proliferating in either cell line. However, we found that while an average of 50%
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of xenografted cells were actively proliferating at both 34°C and 37°C when transplanted into the
pericardial space, we were unable to identify any BrdU-positive, activly dividing human cancer
cells after transplant into the yolk (Figure 5B-C). Cells xenografted into the yolk were also not
undergoing apoptosis, although there was significantly more apoptotic Jurkat cells xenografted into
the pericardial space of larvae housed at 34°C, compared to 37°C (p=0.042, Figure 5D-E). Overall,
these data show that the site of transplant in zebrafish xenogrant has a greater impact human
cancer cell physiology, compared to housing temperature, with cells transplanted into th e yolk
appearing more static than those transplanted to the zebrafish soma.

Figure 5. Xenografted human cancer cell growth is affected by injection site and temperature. Larvae xenografted with
Dil stained Jurkat cells in either the pericardium or yolk were treated with BrdU for 24 hours. (A) are representative images
showing Dil staining is faint and punctate in the cells, and BrdU/Alexafluor 488 staining is not present in the xenografted cells.
(B) Representative images of Jurkat and HSB2 cells stably expressing PGK:GFP and xenografted into the pericardium or yolk
of larvae, then housed at the indicated temperature. Larvae were treated with BrdU for 24 hours to label proliferating cells, and
stained with anti-BrdU Alexafluor 555. (C) Quantification of the percent of BrdU-positive and GFP-positive xenografted cells
in the pericardium or yolk at 34°C (blue) and 37°C (orange), showing significant proliferation in the cells xenografted into the
pericardium and almost none in yolk injected cells. (D) Larvae were fixed 24 hours post-xenograft and stained with TUNEL to
quantify apoptosis in GFP-positive Jurkat and HSB2 cells. (E) Quantification of the percent of TUNEL positive xenografted
cells in the pericardium or yolk at 34°C (blue) and 37°C (orange), showing significant changes in apoptosis in cell lines based
on temperature and transplant site. For all, nuclei were stained with Hoechst *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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2.2 Metabolic differences between the soma and yolk may affect xenografted cells.

The zebrafish yolk is devoid of cells and largely made up of stored lipids and proteins that
larvae feed off exclusively until 5-7 days of life [46]. This area is also the most common transplant
site for xenograft models in zebrafish because it is both nutrient-rich and straightforward to inject
into. However, we found that xenografted cells appeared senesced in the yolk —neither
proliferating nor undergoing apoptosis. Since the yolk composition differs so markedly compared
to the soma, it may have different metabolic activity that can impact the behavior of xenografted
cells. To examine the metabolites present in the zebrafish yolk, zebrafish were either left intact or
manually de-yolked at 5 dpf and metabolites were analyzed by GC-MS (Figure 6A). Fatty acids,
amino acids, and sugars were enriched in the yolk (Supplemental Table 5). PCA analysis of
metabolites linked with glycolysis showed that intact larvae with yolk clustered independently
from de-yolked zebrafish (Figure 6B-C), indicating clear metabolic differences between soma and
yolk. While metabolites appear readily available in the zebrafish yolk, the yolk is also highly
viscous. The osmotic gradient needed for cells to take up glucose and other metabolites may be
altered to such an extent in the yolk that the available metabolites simply cannot enter the cell.
Human cells xenografted into zebrafish are already in a profoundly different microenvironment,
and the composition of the yolk adds another layer of complexity that should be carefully

considered when planning zebrafish xenograft experiments.

A

C )

L

“. ; B U[ II 3000rpm/min I‘; - -
‘ \ ] ] v |

\ —
Intact Larvae Soma Polar GCMS Metabolic
(with yolk) (de-yolked) Metabolites Analysis
S
od -
B : gné?;élfergae C citric acid o HE
< glucose -] [ ]
. glutamine (<} [ | ]
3\': o galactose ] || .
= ° glycolic acid mm Mo
% o ° [ 4 palmitate ] l
2 ° aspartic acid ] HE
Q .
g_ o tyrosine o [ [ ]
8 stearic acid ® L]
e glutamate o [ ] l
1 pyruvate [ mm |,
glyceric acid () ] ]
%1 glucose 6 phos 1] [ ]
creatinine -] [ [ ]
716 —:’: 6 I5 leucine ]
Component 1 (43%) T T T T
1.2 14 15 16
VIP Scores

Figure 6. The available metabolites vary between the soma and the yolk of zebrafish larvae. (A) Schematic of the workflow
for GC-MS metabolic analysis of whole zebrafish larvae and de-yolked zebrafish larvae. (B) Principal component analysis
(PCA) showing intact zebrafish larvae (pink) cluster independently from zebrafish soma samples (purple), based on metabolites
present in the samples. (C) VIP plot highlighting metabolites involved in energy production.
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2.7 Both temperature and transplant site affect human cell response to drug treatment after zebrafish
xenograft.

One major benefit of zebrafish xenograft is the ability to use xenografted larvae in high-
throughput drug screening. Small molecules can be simultaneously assessed for toxicity against a
whole organism and efficacy against human cancer cells. Given our findings regarding the effects of
temperature on human cell drug response (Figure 5A-B) and the static nature of cells when
xenografted into yolk (Figure 6) we wanted to assess the effects of drug treatment on xenografted
T-ALL cells. Metabolic analysis showed that zebrafish larvae treated with Dexamethasone and
Vincristine cluster separately from each other and DMSO treated larvae, indicating that these drugs
are well-absorbed by larvae as they created global metabolic changes in the animal (Supplemental
Figure 2). We xenografted GFP-expressing Jurkat cells into the pericardium and yolk of zebrafish
larvae at 2 dpf and then subjected them to drug treatment with Dexamethasone or Vincristine
starting at 1 dpt at 34°C or 37°C. Jurkat cells are resistant to Dexamethasone but sensitive to
Vincristine (Figure 5A). TUNEL staining after 48hr of drug treatment showed almost no apoptosis
in cells when larvae were maintained at 34°C, whether cells were xenografted into the pericardial
space or the yolk (Figure 7A-D). At 34°C, two animals examined had a small percentage of TUNEL-
positive cells with Vincristine treatment, however these data were not significantly different than
DMSO treated cells (Figure 7A-B). At 37°C, we observed that cells xenografted into the pericardial
space had significantly more apoptosis when treated with Vincristine compared to DMSO (23%
TUNEL-positive compared to 0%, respectively, p=0.021, Figure 7A-B), and cells were not killed by
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Dexamethasone, as expected. We observed some apoptosis in yolk-injected xenografts housed at
37°C, but only in a small number of animals per group and across all treatments (Figure 7C-7D).
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Figure 7. Xenografts in the pericardial space of larvae housed at 37°C produce the most consistent drug response. GFP
expressing Jurkat cells were xenografted into the pericardium or yolk of zebrafish larvae and subjected to drug treatment with
10 uM Dexamethasone, 10 uM Vincristine, or DMSO vehicle control for 2 days post-transplant at 34°C or 37°C, as indicated.
Jurkat cells are known to be resistant to Dexamethasone, but are sensitive to Vincristine. Drug-treated larvae were fixed and
stained with TUNEL to quantify apoptosis in GFP-positive cells. (A) Representative TUNEL staining of pericardium
transplanted cells. The percent of TUNEL and GFP-positive cells in all images is quantified in (B), which each data point
representing one animal and bars representing the average within the treatment group. *p<0.05. (C) is representative images
from yolk xenografted animals, with the percent TUNEL and GFP-positive cells quantified in (D). There is no significant
difference between any of these treatment groups.
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3. Discussion

Zebrafish have many strengths as a model for human cancer. They are inexpensive to use,
ideal for in vivo imaging, respond in much the same way has humans to chemotherapy and drug
treatment, and can provide a high N value in any experiment. Their use in human cancer xenografts
in zebrafish is relatively new but they are already making an impact by identifying potentially new
anti-cancer drugs and providing new insight into important cancer processes like metastasis and
drug resistance. As with all novel applications, certain challenges should be addressed before the
assay moves into widespread use. We set out to resolve some of these issues in efforts to help
establish a standardized protocol for zebrafish larval xenograft, so that data obtained from these
experiments will be more reproducible across laboratories.

We examined 7 different transplant sites and found that the xenograft procedure caused no
significant difference in larval survival, even between sites as varied as yolk and brain. However, as
many as 50% of xenografted larvae were unable to survive to 5 days post-transplant, the typical
length of a drug screening experiment. We cannot rule out that larval death was due to cancer cell
expansion, and larval death can be controlled for experimentally with DMSO/vehicle control. This
finding does impact the numbers of larvae needed for experiments, and we now routinely
xenograft two times the number of animals needed to power our experiment. Additionally, when
starting these experiments, we found entire clutches of larvae might die after xenograft or after one
day of drug treatment, for no identifiable reason. We now use adult fish between 6 months and one
year of age for breeding to provide larvae for xenograft experiments and will no longer xenograft
into larva if a clutch does not appear robust. Finally, while the type of cancer cells used in xenograft
has no impact on engraftment rate or larva survival, the maximum amount of cells able to be
xenografted was less than 1,000. This low number of cells is beneficial in that it will allow for many
larvae to be xenografted when tumor sample is limited, such as with a primary patient sample. At
the same time, this limits the ability to use zebrafish to expand patient derived samples for
cryopreservation, such as is commonly done in mice. Additionally, while concerns that this low cell
number would not fully encompass the true extent of intratumoral heterogeneity are valid, they can
be somewhat ameliorated by injection of many larvae with the same patient sample.
Immunocompromised adult zebrafish can also be xenografted with hundreds of thousands of cells
[13,47] —while the adult model is not ideal for high-throughput screening, transplants in adult
zebrafish will likely more accurately represent the effects of tumor heterogeneity in an experimental
assays.

Our findings that temperature can decrease zebrafish survival and impact human cell
proliferation are supported by several other studies [32,36]. We also examined the metabolic basis
of these effects by profiling the effects that non-physiologic temperatures had on global metabolism
of zebrafish larvae and human cells. As expected, we found significant global metabolic changes in
zebrafish as they were moved from their ideal 28°C to 34°C. However, there was no further change
in metabolic program as fish moved from 34°C to 37°C. Fish survived very well at high
temperatures for 3 days, with their health beginning to precipitously decline after 4 days of housing
at warmer temperatures. At this point, we observed the yolk to be nearly consumed —it is likely
that higher temperatures increased the larvae’s energy consumption beyond what the yolk could
provide. It may be possible to counteract this starvation by supplying the larva with an alternate
food source, such as paramecia or rotifers. This may provide an additional benefit in drug
experiments as these microorganisms may absorb some of the drug and be subsequently consumed
by the zebrafish.

We also found an expected change in metabolism, particularly mitochondrial bioenergetics, as
human cancer cells were cultured at 34°C, compared to their physiologic 37°C. Unsurprisingly, this
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led to some drugs, such as Methotrexate, being ineffective at lower temperatures in some cell lines.
Additionally, upon xenograft, while human cells were able to proliferate at 34°C in the zebrafish,
their response to chemotherapy was significantly dampened at 34°C, with almost no cells
undergoing apoptosis. The same cells were able to respond to drug when larvae were housed at
37°C . Given that some zebrafish larvae do survive at 37°C, and could possibly survive well if given
proper nutrition, our data suggest that all xenografts should be carried out at 37°C for a more
accurate assessment of human cancer cell response to drug. While many zebrafish xenograft studies
have used 34°C as a “compromise” between the physiological needs of zebrafish and human cells,
we have found that the overall metabolic effects of warmer temperatures on zebrafish don’t
profoundly change between 34°C and 37°C, while the metabolic effects of cooler temperatures on
human cells at 34°C and 37°C are much more significant.

Finally, we examined the effects of xenograft into the yolk versus the soma of the zebrafish,
here the soma was the pericardial space. Not unexpectedly, the metabolites that are available to
xenografted cells in the yolk and soma of the zebrafish are different—overall, metabolites are more
enriched in the yolk. We were surprised to find that xenografted cells were not proliferating in the
yolk. Generally the yolk is considered nutrient-rich, and along with ease of injection, this has made
the yolk a common site of xenograft. In our hands, cells xenografted into the yolk did not
proliferate, undergo apoptosis, or respond well to drug. The acellular, lipid-rich microenvironment
might have been too different from the physiological needs of the cancer cells, and pushed them
into a static state. While we tested several cell lines and cancer types, we cannot rule out that other
cells or patient derived samples may behave differently upon transplant into zebrafish yolk.

In total, our study examined the cellular and metabolic response of both the zebrafish and
human cancer cells to xenograft and provided experimental evidence that temperature and
transplant site can affect the results of a zebrafish xenograft assay. We found that, ideally, cells
would be xenografted into the soma of the zebrafish and animals housed at 37°C. Housing at lower
temperatures does not necessarily benefit the zebrafish larva but does impact how well human cells
are able to respond to drug treatment. Importantly, our studies focused exclusively on zebrafish
xenograft for large scale drug screening —other xenograft studies, such as examination of cancer cell
interactions with the tumor microenvironment, may require zebrafish to be housed closer their
physiologic conditions. Ultimately, zebrafish xenograft will not replace the use of mammalian
xenograft models, but they are a useful bridge between in vitro drug screening and mouse
xenograft. In some cases where in vitro cell culture is not possible, such as use of patient derived
samples, zebrafish provide an excellent opportunity to rapidly test cancer cell response to panels of
drugs. Standardized methods for zebrafish xenograft are an important step as this model becomes
more commonly used in cancer research and, possibly, as a tool for personalized medicine.

4. Materials and Methods
4.1 Zebrafish care and use

Use and handling of zebrafish was approved by the University of Kentucky’s Institutional
Animal Care and Use Committee (IACUC), protocol 2019-3399. Casper, AB, and SAT strain
zebrafish were used for these studies. Adult zebrafish were maintained at a temperature of 28°C
with a light/dark cycle of 14:10 hours in compliance with IACUC animal care regulations. Eggs
were collected into 1X E3 media (14.6 g of 5.0 mM NaCl, 0.65 g of 0.17 mM KCl, 2.20 g of 0.33 mM
Ca(l, and 4.05 g of 0.33 mM MgSOx per liter of 50X stock) with 200 uL/L of methylene blue.

4.2 Cell culture



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 June 2021

All human cell lines were cultured at 37°C in a humidified atmosphere with 5% CO2. Cell lines
were authenticated by short tandem repeat (STR) DNA profiling and tested for mycoplasma
contamination prior to experimentation. All media was supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Atlanta Biologicals, S11150H, Lot M17161). Human T-cell acute
lymphoblastic leukemia (T-ALL) cell lines, including Jurkat (ATCC, TIB-152), HSB2 (ATCC, CCL-
120.1), and HPB-ALL (DSMZ, ACC 483 ) cells were grown in RPMI 1640 (ThermoFisher 11875119).
GFP-labeled Jurkat, HSB2, and HPB-ALL cells were generated using a pLENTI-PGK:GFP
expression construct as previously described [48]. DLD-1 colon cancer cells (ATCC, CCL-221) were
cultured in RPMI 1640 media. Daoy medulloblastoma cells (ATCC, HTB-186) were cultured in
EMEM (ATCC, 30-2003). Murine-derived lung cancer cell lines UK777 and UK657 were a generous
gift from Dr. Christine Brainson, University of Kentucky, and were cultured in DMEM/F12 (Thermo
Fisher Scientific, 10565018), supplemented with 1% Glutamax (Fisher Scientific, 35-050-061), and 1%
Insulin Transferrin Selenium (Fisher Scientific, 41-400-045). Breast cancer cell lines MCF-7 (ATCC,
CRL-3435) and MDA-MB-231 (ATCC, CRM-HTB-26) were cultured in DMEM (Life Technologies,
11965118) and DMEM/F12, respectively.

To assess the effects of temperature change on metabolic profiles, cells at 60% confluency were
incubated at either 28°C, 34°C, or 37°C in a humidified atmosphere with 5% CO2 for 24 hours
before samples were prepared for mass spectrometry analysis.

For cell growth assays, cells were counted on a Vi-Cell XR cell viability analyzer (Beckman
Coulter) and 50,000 cells were plated per well of a 12 well plate in triplicate wells. Cells were
incubated at either 28°C, 34°C, or 37°C in a humidified atmosphere with 5% CO2. Viable cells were
counted on the Vi-Cell XR cell viability analyzer at days 1, 3 and 5 after plating.

To determine ICso of chemotherapy treatment for T-ALL cells at 37°C and 34°C, 50 uL of HBP-
ALL or HSB2 (both at 2x105 cells/ml) or Jurkat (1x105 cells/mL) cells were plated in triplicate wells.
Cytarabine (Selleck, S1648), Dexamethasone (VWR, 89157-624), Methotrexate (Sigma-Aldrich,
A6770), and Vincristine (Selleck, S1241), and DMSO were diluted to 2X the desired concentration in
cell culture media, and then 50 pL were added to the well. Then the cells were cultured at 37°C or
34°C in a humidified atmosphere with 5% CO2 for 72 hours. CellTiter-Glo Luminescent Cell
Viability Assay (Promega, G7570) was used to measure cell survival according to the
manufacturer's instructions. A Synergy LX BioTek multi-mode plate reader was used to read
luminescent signal.

To compare apoptosis of T-ALL cells at 37°C and 34°C, 500 uL of HPB-ALL or HSB2 (1x10°
cells/ml) or Jurkat (5x10* cells/mL) cells were seeded in the 24-well cell culture plate and then
cultured at 37°C or 34°C in a humidified atmosphere with 5% CO2 for 72 hours. The cells were
harvested and apoptosis was quantified by staining cells with Annexin V APC (ThermoFisher 88-
8007-74) according to the manufacturers protocol, in the presence of DAPI (0.05 pg/ml). Staining
was quantified via flow cytometry.

4.3 Xenograft of human cells into zebrafish

Prior to cell staining, viable Jurkat, HSB2, or HPB-ALL cells were counted using a Countess®
Automated Cell Counter system (Invitrogen, C10227). Cells were stained immediately prior to
injection using Vybrant Dil Cell-Labeling Solution (Invitrogen, V22885). Dil was diluted to a final
concentration of 4 ug/mL in 5 mL room-temperature, 1X phosphate-buffered saline (PBS, Caisson
Labs, PBL06-6X500ML). Cells were centrifuged at 1200 rpm for 5minutes, resuspended in the 5 mL
Dil + 1X PBS solution, incubated at 37°C for 10 minutes in the dark, then washed 3x using 5 mL of a
RPMI + 10% FBS solution that was pre-warmed to 37°C, with centrifugation at 1200 rpm for 5
minutes for each wash. Cells were filtered through a sterile 40um cell strainer to ensure a single cell
suspension. Finally, the stained cells were resuspended in the pre-warmed RPMI + 10% FBS
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solution to a concentration that would deliver 500 cells in a 2 nL injection volume. For cell number
studies, cells were resuspended at varying concentrations to deliver 100, 250, 500, or 1,000 cells per
2 nL injection volume.

Zebrafish larvae at 48 hours post-fertilization (hpf) were dechorionated with Pronase (Fisher
Scientific, 74-332) at a final concentration of Img/mL in 1xE3 media, immediately prior to xenograft.
Transplants of human cells into zebrafish were performed using non-filament borosilicate glass
capillaries (Sutter Instrument Company, B100-50-10). Capillaries were heated and pulled into
needlepoints using a Flaming/Brown micropipette puller (Sutter Instrument, P-87). Needlepoints
were cut to a bevel using a sterile razor. Droplet size was measured to 2 nL (~0.15mm diameter)
using a micrometer and kept at a constant volume throughout injection. Two-day post-fertilization
(dpf) larave were anesthetized prior to microinjection using 4 mg/mL Tricaine-S (Pentair Aquatic,
NC0342409). Xenograft injections were performed using an air-pressure driven system (MPPI-3
Pressure Injector and Microinjector Pipette Holder, ASI). Post-injection, embryos were kept in 1X E3
media and incubated at 28°C for a 1-hour recovery time then moved to either 34°C or 37°C. If
clumping of cells in the micropipette occurred, needles were chilled on ice prior to loading with
cells.

Embryos were screened at 24, 72, and 120 hours post-transplant (hpt) for survival studies.
Initial screening for cancer cell engraftment was performed using a Nikon SMZ18 fluorescence
microscope. Dead embryos and embryos without engrafted cancer cells were removed at 24 hpt.

4.4 Zebrafish immunofluorescence and imaging experiments

For TUNEL staining, embryos were fixed in 4% PFA overnight followed by graded methanol
dehydration. Fixed embryos were rehydrated with PBS and permeabilized in 0.1% Sodium Citrate,
0.1% TritonX, 20 pg/ml Proteinase K for 30 min at room temperature then washed extensively in
PBS. TUNEL solution was mixed as per manufacturer’s instructions using either the TMR or
Fluorescien kit (Sigma-Aldrich 11684795910 and 12156792910) and added to embryos for 1hr in the
dark, followed by five PBS washes and staining with 1:1000 Hoechst 33342 (ThermoFisher H3570).

For BrdU staining, larvae were treated with 10 mM BrdU for 24 hrs post-transplant, followed
by fixation in 4% PFA and graded methanol dehydration. After rehydrating with PBS, tissues were
permeabilized in 20 pg/ml Proteinase K solution for 1 hr and denatured in 2N HCl for 1 hr.
Blocking was done in 2% BSA. Larvae were stained with anti-BrdU (BD cat#A11001) at 1:200 with a
mixture of 1:1000 Hoechst stain.

All imaging was carried out on a Nikon Al inverted confocal using NIS Elements software.
Larvae were mounted and cover slipped on glass slides in 3% Methylcellulose. All exposure
settings were first adjusted to negative controls.

4.5 Xenograft drug treatment

Xenografted larvae that were injected with either Jurkat or HSB2 cells were screened for
consistent cell engraftment then treated with DMSO, Dexamethasone, or Vincristine at a 10uM
concentration in E3 media. Experiments were carried out as previously described [20] and animals
were collected for TUNEL staining as described above.

4.6 Sample preparation for metabolism experiments

To examine the effect of temperature on zebrafish metabolism, zebrafish were manually
dechorionated at 2 dpf and placed at either 28°C, 34°C, or 37°C with 30 embryos per 10 cm? dish in
E3 media for 24 hours. After 24 hours, zebrafish were sacrificed by rapid chilling on ice, and
processed for Mass Spectrometry (MS) analysis as described below. To examine drug metabolism in
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zebrafish, 4 dpf larvae were treated with either 25 uM vincristine or 10 uM dexamethasone in E3
media in 10 cm? dishes with 30 embryos per dish for 48 hours at 34°C or 37°C. Zebrafish larvae
were sacrificed by rapid chilling on ice and processed for MS analysis as described below. For all
MS experiments, a total of ~100 mg of tissue was needed for metabolomic analysis, which required
about 120 zebrafish larvae per sample, with each sample done in triplicate.

Euthanized zebrafish larvae were collected into 1.5 mL tubes, the E3 media was removed, and
fish were washed with 1 mL of ice-cold 0.9X PBS + 4% BSA. To de-yolk zebrafish, fish were pipetted
up and down with a P200 pipette tip approximately 20 times in 200 pL of ice-cold 0.9X PBS + 4%
BSA until yolks were removed. The supernatant was then removed and de-yolked fish were
washed 2 more times with 1 mL of ice-cold 0.9X PBS + 4% BSA. A quick spin (~5 sec) in a benchtop
microcentrifuge was done to pellet larvae, all supernatant was removed, cotton swab to dry the
inside of the tube. Samples were flash frozen in liquid nitrogen.

Zebrafish pellets were removed from cryostorage and transferred to a mircovial set (6757) for
use with a Freezer/Mill Cryogenic Grinder (SPEX SamplePrep model 6875D). Fish were pulverized
to 5 um particles. Metabolites were extracted directly from the microvial by the addition of 1 ml of
50% methanol containing 20 M L-norvaline (procedural, internal control) and separated into polar
(aqueous layer) and insoluble pellet (protein/DNA/RNA/glycogen) by centrifugation at 4°C,
15,000rpm for 10 minutes. The pellet was subsequently washed four times with 50% methanol and
once with 100% methanol to remove polar contaminants. The polar fraction was dried at 10-3 mBar
using a SpeedVac (Thermo) followed by derivatization. The insoluble pellet was hydrolyzed as
previously described [49].

4.7 Sample derivatization and Gas Chromatography-Mass Spectrometry (GC-MS) quantitation

Dried polar and insoluble samples were derivatized by the addition of 20 mg/ml
methoxyamine hydrochloride in pyridine and incubated for 1.5 hrs at 30°C. Sequential addition of
N-methyl-trimethylsilyl-trifluoroacetamide (MSTFA) followed with an incubation time of 30
minutes at 37°C with thorough mixing between addition of solvents. The mixture was then
transferred to a v-shaped amber glass chromatography vial and analyzed by GC-MS.

An Agilent 7800B gas-chromatography coupled to a 5977B mass spectrometry (GCMS) detector
was used for this study. GC-MS protocols were similar to those described previously [50,51], except
a modified temperature gradient was used for GC: Initial temperature was 130°C, held for 4
minutes, rising at 6°C/minutes to 243°C, rising at 60°C/minutes to 280°C, held for 2 minutes. The
electron ionization (EI) energy was set to 70 eV. Scan (m/z:50-800) and full scan mode were used for
metabolomics analysis. Mass spectra were translated to relative metabolite abundance using the
Automated Mass Spectral Deconvolution and Identification System (AMDIS) software matched to
the FiehnLib metabolomics library (available through Agilent) [51]. Quantitation was performed
using the software Data Extraction for Stable Isotope-labelled metabolites (DExSI) [52]. Relative
abundance was corrected for recovery using the L-norvaline standard and adjusted to protein
input.

4.8 Seahorse metabolism experiments

Cells were cultured overnight at 34°C or 37°C in a humidified atmosphere with 5% COz. A
Seahorse Xfe96 PDL Miniplate was coated fresh with Cell-Tak Cell and Tissue Adhesive (Corning,
354240) at a dilution factor of 79.5 in 0.1M sodium bicarbonate and washed twice with distilled
water. The coating and wash processes were repeated a second time. Cells were then plated at a cell
density of 70,000 cells/well for Jurkat cells or 100,000 cells/well for HSB2 cells in RPMI 1640
supplemented with 10% heat-inactivated FBS, allowed to incubate for 5 minutes at room
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temperature, and spun down at 200xg for 1 minute with zero brake. The plate was then incubated
at 34°C or 37°C for 30 mins before media was replaced with assay media (below).

All OCR and ECAR analyses were performed with a minimum of 6-8 technical replicates for
each treatment or assay. All cells were incubated for 60 min in a non-CO2 incubator before plate
calibration was performed and mitochondria and glycolytic rate test experiments were initiated at
corresponding temperature conditions.

The Seahorse XFe96 (Agilent Technologies) was used to measure oxygen consumption rates
(OCR) or extracellular acidification rates (ECAR) of cells. One hour prior to assay, growth media
was replaced with XF RPMI assay media supplemented with 2 mM L-glutamine, 1 mM pyruvate,
and 10 mM glucose (assay media and all supplements from Agilent Technologies). Cells were then
placed in the non-COz, 34°C or 37°C Bio-tek Cytation 1 for degassing and brightfield image
scanning. The Seahorse XFe96 sensor cartridge was calibrated, and the degassed microplate was
then placed in the Seahorse XFe96. For mitochondrial stress assays baseline OCR and ECAR
measurements were followed by acute injections of oligomycin (1uM), FCCP (0.6uM), and a
combination of antimycin A (1uM) and rotenone (1uM). For glycolytic rate assays baseline PER
measurements were followed by acute injections of a combination of antimycin A (1uM) and
rotenone (1uM) followed by 50mM 2DG. The Seahorse data was viewed with Wave 2.6.0.

4.9 Statistical analysis

Statistical analyses were carried out using GraphPad Prism. One-way ANOVA with Tukey’s
test for comparison of means was used for comparison of day 5 values of % survival and cell
growth studies. All metabolic numerical data are presented as mean + Standard Error (SE). A P-
value less than 0.05 using a student t-test was considered statistically significant. Clustering
heatmap and partial least squares discriminant analysis (PLS-DA) were performed using the
MetaboAnalyst package for R (available through MetaboAnalyst, https://www.metaboanalyst.ca/)
[53,54]. For PLS-DA and heatmap analysis log-transformed metabolomics data were used, and unit

variance scaling was employed for row numbers and SVD with imputation for PLS-DA clustering.
Correlation and tightest cluster first options were used for heatmap visualization [53,54]. All
available metabolomics data points were used for multivariant analysis.

5. Conclusions

Zebrafish xenografts are undoubtedly an important complement to mouse xenograft models,
and they may have an exciting future in personalized cancer medicine. We have found that variations
in xenograft transplant site and animal housing temperature can result in widely different effects on
the cellular and metabolic responses of both human cells and recipient zebrafish. Our data suggest
that when zebrafish xenografts are to be used for drug screening purposes, transplant of cells into the
soma, not the yolk, and housing at 37°C are likely to provide the most accurate drug response results.
Standardized methods for zebrafish xenografts will allow this model to be more widely used in
cancer research.
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