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Cancer is as unique as the person fighting it. With exception of few
biomarker-driven therapies, patients go through rounds of trial-
and-error approaches to find the best treatment. Using patient-
derived cell lines, we show that zebrafish-larvae-xenotransplants
constitute a fast and highly sensitive in vivo model for differential
therapy response, with resolution to reveal intra-tumor functional
cancer heterogeneity. We screened international colorectal cancer
therapeutic guidelines and determined distinct functional tumor
behaviors (proliferation, metastasis, angiogenesis) and differential
sensitivities to standard therapy. We observed a general higher
sensitivity to FOLFIRI than to FOLFOX, not only between isogenic
tumors but also within the same tumor. We directly compared
zebrafish-xenografts with mouse-xenografts and show that rel-
ative sensitivities obtained in zebrafish are maintained in the
rodent model. Our data also illustrates how KRAS mutations
can provide proliferation advantages in relation to KRASWT and
how chemotherapy can unbalance this advantage, selecting for
a minor clone resistant to chemotherapy. Zebrafish-xenografts
provide remarkable resolution to measure Cetuximab sensitivity.
Finally, we demonstrate the feasibility of using primary patient
samples to generate zebrafish Patient Derived Xenografts (zPDX)
and provide proof-of-concept experiments that compare response
to chemo and biological therapies between patients and zPDX.
Altogether, our results suggest that zebrafish-larvae-xenografts
constitute a promising fast assay for precision medicine, bridging
the gap between genotype and phenotype in an in vivo setting.

zebrafish xenograft | chemotherapy-functional-screening | colorectal-
cancer | KRAS | metastasis

INTRODUCTION

Chemotherapy regimens are developed and approved according
to a demonstration of average efficacy and safety. However,
efficacy rates are averages of individual responses. As result
of this “one-size-fits-all” approach, treatments may prove to be
successful for some patients but not for others. This is especially
relevant in the metastatic scenario where oncology therapy guide-
lines reach branch points and clinicians face equivalent valid com-
pounds i.e. with similar average response rates. Consequently,
many patients go through inefficient treatments, being subjected
to unnecessary toxicity.

The current gold standard in cancer biology for personalized
screening is direct primary tumor transplantation into immune-
compromised mice, also known as patient derived xenografts
(PDX). PDXs can generally maintain both inter-individual and
genetic heterogeneity of original tumors, mimicking disease re-
sponses in patients and thus reflecting the uniqueness of each
patient (1). However, mouse PDXs present two major drawbacks
for routine clinical assays: the amount of patient sample required
and the time-frame for engraftment and expansion of colonies
(months), rendering them unviable for clinical practice.

Zebrafish xenografts offer speed, cellular resolution and the
ability to perform large numbers of transplants (2-4). They also

allow evaluation of crucial hallmarks of cancer, such as metastatic
(5-6) and angiogenic potentials (5, 7, 8). Even though drug
pharmacodynamics in zebrafish may differ from mammals, many
compounds have been shown to block disease in a similar way.
This has led to an increasing amount of compounds discovered in
zebrafish screens that are entering into human clinical trials (2-
4). However, for zebrafish xenografts to be used as clinical assays,
it is crucial that they provide sufficient resolution to reveal inter
and intra-tumor functional heterogeneity, including differential
response to therapy. Reliable methods to visualize and quantify
human cells and induced cell death upon treatment and direct
validation with mouse xenografts were also still lacking.

With the aim of testing zebrafish xenotransplants as a screen-
ing platform for cancer therapy, we used a panel of patient-
derived human colorectal cancer (CRC) cell lines to screen the
NCCN/ESMO treatment guidelines for advanced CRC. We se-
lected independent cell lines to investigate inter-tumor hetero-
geneity and isogenic clones to examine intra-tumor heterogene-
ity. In just 4 days, we could detect in vivo differential behaviors
with single cell resolution, namely differential proliferation rates,
metastatic and angiogenic potentials. These differences were
present not only in tumors derived from different patients but
also between different clones from the same tumor, even when
mixed into a polyclonal tumor. We showed that early read-outs
of response to treatment in zebrafish closely mirror the results
obtained in the mouse. We also found that the zebrafish xenograft

Significance

Despite advances in targeted cancer treatments, we still lack
methods to predict how a specific cancer will respond to a
given therapy. As a consequence, patients go through rounds
of trial-and-error approaches based on guidelines to find the
best treatment, often subjected to unnecessary toxicity. Using
cell lines, we used zebrafish-larvae-xenografts as sensors for
cancer behavior and therapy guideline screening. Our data not
only shows sufficient resolution to distinguish functional tu-
mor behaviors in just 4-days, but also differential sensitivity to
colorectal cancer therapy. As proof-of-principle experiments,
we provide evidence for similar behavior response to therapies
in zebrafish patient derived xenografts. Altogether, our results
suggest zebrafish-larvae-xenografts as a promising in vivo
screening platform for precision medicine.
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Fig. 1. | Implantation and histological analysis of
human CRC zebrafish-xenografts.Human CRC cells
(SW480; SW620; HCT116;Hke3and HT29) were labeled
with the lipophilic CM-DiI dye (red) and injected into
the PVS of 48hpf zebrafish. At 4dpi the number of
xenografts with a tumor implanted was quantified
(a-e), and the average (AVG) implantation rate was
determined from at least 3 independent experiments.
Immunohistochemistry for Ki-67 in paraffin sections
at 4dpi xenografts (f-j’). Whole mount immunoflu-
orescence staining at 4dpi, for Ki-67 (f''-j''), anti-
human HLA in red and EdU staining in green (P-T).
Representative images of mitotic figures in the corre-
sponding xenografts (K-O), nuclei staining with DAPI
in blue. Quantification of % of Ki-67 positive cells
per xenograft (Z, p***<0.0001) and mitotic figures Z’,
p***<0.0001) in corresponding tumors (each dot rep-
resents one xenograft). Human CRC xenografts were
generated in Tg(fli:eGFP) zebrafish to visualize blood
vessels. Images representative of 4dpi xenografts in-
duced neovasculature: SW480 (U); SW620 (V); HCT116
(W); Hke3 (X)and HT29 xenografts (Y). Quantification
of total vessel density (Z’’) and vessel infiltration (Z’’’),
**|*** refers to comparison with HT29. HT29 tumors
displayed significant higher vessel density and infiltra-
tion than any other tumor, SW480 vs HT29 p=0.0264;
SW620 vs HT29 p=ns; HCT116 vs HT29 p<0.0001, Hke3
vs HT29 p<0.0001). Infiltration potential (SW480 vs
HCT116 p=0.0482; SW480 vs HT29 p=0.0025; HCT116
vs HT29 p<0.0001). Results in Z, Z’,Z’’,Z’’’ are expressed
as average (AVG) ± SEM. The number of xenografts
analyzed for Ki-67, mitotic index and angiogenesis is
indicated in the figures. All images in the same row
are at the same magnification.

model revealed a remarkable sensitivity to detect differential
responses to Cetuximab treatment according to the KRAS mu-
tational status.

Finally, as a proof-of-principle, we generated CRC zebrafish
PDX (zPDX) derived from surgery resected human samples and
treated them with the same treatment administered to the patient.
Future work will be aimed at validating this model in clinical
studies to test predictability. Altogether, our results suggest that
zebrafish xenografts are a fast and highly sensitive assay that can
be used to display multiple biological tumor traits and assess
tumor response to treatment. We propose that this model can
be used, not only in the research setting, but also possibly in the
future for precision medicine.

RESULTS
Human CRC display diverse implantation and proliferation po-
tentials in zebrafish-xenografts

Our strategy relies on the ability of zebrafish xenotransplants
to unravel inter and intra-tumor functional heterogeneity. To
address this question, we selected several human CRC cell lines
isolated from different patients (inter-tumor heterogeneity) and

isogenic pairs (intra-tumor heterogeneity) described in Table S1.
SW480 was derived from the primary tumor and SW620 from
the lymph node metastasis (6 months later) of the same patient,
illustrating a history of clonal selection (9). HCT116 KRASG13D

tumor cells were isolated from a patient with colorectal carci-
noma. Hke3 cells were generated from HCT116 by a somatic
deletion of the KRASG13D allele, reverting the oncogenic KRAS
phenotype (10). This pair is considered isogenic and constitutes
an ideal setting to study phenotypic heterogeneity derived from
one single mutation (intra-tumor heterogeneity). Finally, HT29
cells were isolated from a well-differentiated metastatic tumor,
belonging to the goblet–like subtype (11), serving as an outgroup.

To determine the implantation potential of these 5 human
CRC cell lines, cells were labeled with a lipophilic dye (DiI)
and injected into the periviteline space (PVS) of 48 hours post
fertilization (hpf) zebrafish embryos (8). At 4 days post injection
(dpi), we scored the efficiency of implantation (Fig. 1a-e, Fig. S1).
With exception of SW480 cells, we observed high implantation
efficiency in all cell lines (>70%) (Figure S1).
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Fig. 2. | Human CRC cells show different metastatic potential.At 4dpi it is
possible to detect human tumor cells throughout the zebrafish body, in the
brain (a), eye (b), gills (c), muscle (d) and in the caudal hematopoietic tissue
(CHT) (e). Immunofluorescence for Ki-67 (f-j) and anti-human HLA (k-o) in
the CHT region at 4dpi in the indicated xenografts. In order to distinguish
between early and late metastatic steps tumor cells were injected into the
PVS only a) or in the PVS and directly into circulation b) (p). Quantification
of Early (EMP) and Late (LMP) Metastatic Potential (q) and percentage of
Ki-67 positive cells in the CHT micrometastasis (r, each dot represents one
xenograft). Results are average from at least 3 independent experiments.
The number of xenografts analyzed for Ki-67 is indicated in the images. The
number of xenografts analyzed for EMP and LMP are as follows: SW480 (EMP
N=62; LMP, N= 66); SW620 (EMP N=50, LMP N=69); HCT116 (EMP N=73, LMP,
N=57); Hke3 (EMP N=74, LMP N=250; HT29 (EMP N=31, LMP N=94) (q). Results
in Q and R are expressed as average (AVG) ± SEM. Nuclei staining with DAPI
in blue. All pictures in the same row (F-J) are at the same magnification. All
images anterior to the left, posterior to right, dorsal up, ventral down.

One of the most fundamental hallmarks of cancer is the
capacity to proliferate with no constrains (12). To measure pro-
liferation in vivo, we quantified mitotic figures and the Ki-67
index (specifically recognizes human cells, with no cross-reactivity
with zebrafish) (Fig. 1f-j’’). We found that the Ki-67 and mitotic
index varied between cells derived from different patients (Fig.
1u, v). Direct comparison between isogenic pairs (intra-tumor
heterogeneity) revealed that SW620 and HCT116 have higher
proliferation rates in relation to their isogenic pairs SW480 (Ki-67
p<0.0001; mitosis p=0.0063) and Hke3 (Ki-67 p<0.0001; mitosis
p=0.0003) (Fig. 1u, v). To further confirm that human CRC cells
are actively proliferating in the zebrafish host, we delivered a
2h pulse of EdU prior fixation, labeling specifically cells that
were undergoing DNA replication (Fig. 1p-t). edu incorporation
demonstrates that human cells can actively proliferate in the
zebrafish-xenograft model.

We also investigated whether the immunohistochemical pro-
file and typical morphological features described for these cell
lines were maintained in the zebrafish-xenografts (Fig. S2). As
expected for more differentiated cells, HT29 formed tubular

structures (Figure S2 E’, O, T, T’), whereas tumors originating
from the other cell lines showed a solid pattern with rare tubule
formation, consistent with their "stem cell like" character (Fig. S2,
11).

We next examined angiogenesis, another essential hallmark
of cancer (12). The 5 cancer cell lines were injected into
Tg(fli:eGFP) zebrafish line with GFP labeled vasculature (13).
At 4dpi, xenografts were imaged by confocal microscopy to study
vessel 3D architecture (Fig. 1U-Y). SW480, SW620, HCT116 and
Hke3 tumors showed a well-vascularized periphery, composed of
large vessels that generally do not infiltrate the tumor (Fig. 1U-Y,
Z’’-Z’’’, MOVIES 2-5). In contrast, HT29 are highly vascularized
tumors, with formation of a dense vessel network that infiltrates
into the core of the tumor (Fig. 1Y, Z’’-Z’’’ MOVIE 6 and 7). This
is consistent with HT29 expressing high levels of VEGF and high
angiogenic potential in other models (14,15).

Our data conclusively shows that human CRC cells can sus-
tain proliferation in zebrafish and present different proliferation
dynamics in CRC tumors derived from different patients and
isogenic tumors. In addition, human CRC cells maintain their
general cellular characteristics and angiogenic potential in the
zebrafish-xenografts.

Isogenic human CRC cells present different metastatic po-
tentials

Another essential hallmark of cancer is the ability of cells
to form metastasis (12). At 4dpi, we could detect several small
groups of cells in the brain, optic cup, gills, skeletal muscle and
in the caudal hematopoietic tissue (CHT) region (Fig. 2 a-E).
Cells in the CHT often extravasate from vessels (MOVIE1) and
invade adjacent tissues, frequently the muscle (Fig. 2d, arrows).
This “hot spot” region for tumor cell colonization provides an
ideal location for quantification of metastatic potential (6). Im-
munofluorescence for HLA (anti-human MHC-class I subunit)
identifies unequivocally cells of human origin and delineate the
cellular architecture of the micrometastasis (Fig. 2k-o). Ki-67
positive cells and mitotic figures at 4dpi suggest that colonization
has been achieved (Fig. 2f-j, r).

Metastatic efficiency may vary and depends on whether a
tumor cell can detach from the primary tumor, enter and survive
in circulation and go on to seed cells at distant sites. We designed a
simple assay to distinguish between early-stages (invasion of sur-
rounding tissues and intravasation into blood vessels) and later-
stages of the metastatic cascade (survival in circulation, extravasa-
tion and colonization) (16,17) by comparing the micrometastasis
efficiency when cells were placed directly into circulation vs when
not. For that, we injected CRC cell lines either into the PVS alone
(group a) or directly into circulation (group b) (Fig. 2p). At 4dpi,
we analyzed the number of xenografts that presented a tumor cell
mass (> 20 cells) away from the PVS injection site (CHT).

For tumor cells in group a to efficiently establish metastasis,
they would have to go through all the metastatic steps (from early
to late steps) whereas cells in group b only have to go through the
later-stage ones. Thus, considering that maximum metastatic effi-
ciency is achieved when cells are placed in circulation (group b),
the reduction of colonization in group a would reflect the effort to
undergo the early metastatic steps. Therefore, we converted our
frequency of CHT colonization into Early Metastatic Potential
(EMP) and Late Metastatic Potential (LMP) (Fig. 2p and meth-
ods).

Overall, our data shows that tumors differed both in their
EMP (anova p=0.0044) and LMP (anova p= 0.028) (Fig. 2q).
When comparing isogenic lines, we observed that SW480 cells
have a higher EMP than SW620 (p=0.004) even though they
exhibit similar LMP (Fig. 2q). These results agree with previous
observations that SW480 cells are more invasive and migratory
than SW620 in vitro and show higher extravasation potential in
vivo (9, 18).
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Fig. 3. | CRC xenografts show different sensitiv-
ity to standard chemotherapy.Human CRC zebrafish-
xenografts were treated in vivo with FOLFOX (f-j) and
FOLFIRI (k-o) compared to non-treated controls (a-e).
Zebrafish were sacrificed and fixed at 4dpi, 3 days
post treatment (3dpT). Mitotic index (p-DAPI in blue)
and cell death by apoptosis (q-activated caspase3 in
green) was analyzed and quantified. Average tumor
size (number of DAPI cells) – normalized to respective
controls was also quantified to compare between
different xenografts in different conditions (r). All pic-
tures are at the same magnification in the same row.
Results in p, q,and rare expressed as average (AVG) ±
SEM. Results are average from at least 3 independent
experiments and the total number of xenografts an-
alyzed is indicated in the images. ns - non significant,
p values are indicated in the text, p***<0.001HCT116
and Hke3 polyclonal xenografts (1:1) were generated
and randomly treated with FOLFIRI and compared to
untreated controls. Xenografts were sacrificed and
fixed at 4dpi, 3 days post treatment (3dpT). The %
of each clone (U), cell death by apoptosis (V-activated
caspase3), mitotic index (W) and the size of each clone
per xenograft (X), was analyzed and quantified. Each
dot represents a xenograft, Hke3 caspase3 p**=0.041,
Hke3 mitosis p**=0.006, remaining p values are in-
dicated in the text, p***<0.001. The total number
of xenografts analyzed is indicated in the images.
HCT116 was labeled CM-DiI (red) and Hke3 with the
lipophilic dye DeepRed (green –false colour).

The isogenic pair HCT116 / Hke3 showed different EMP
(Fig. 2h, i, q, p***<0.0001) ie in Hke3 KRASWT xenografts, we
could only find metastasis when cells were directly injected into
circulation (Fig. 2i, n, q, p<0.0001), highlighting the reported
roles for activated KRAS in early metastatic events (17,18,20).

Finally, HT29 cells showed high EMP and LMP, frequently
forming organized masses in the eye and CHT (Fig. 2 a, j, o, q).
This high metastatic potential is consistent with the one observed
in mouse xenograft models (19).

Our results show that is possible to further discriminate the
cellular metastatic potential by comparing the efficiency of cells
to metastasize when placed directly into circulation or not. Im-
portantly, we found that the measurement of metastatic potential
in our model match the previously described.

Zebrafish-xenografts discriminate different chemosensitivi-
ties in 4 days

To test whether zebrafish-xenografts can measure responses
to therapy, we first assessed the main therapeutic options in ad-
vanced CRC guidelines: FOLFOX (5-FU+Oxaliplatin+Folinic
acid) and FOLFIRI (5-FU+Irinotecan+Folinic acid) (Table S2,
20). These protocols are considered as balanced alternatives,
since both treatments have shown equivalent average response
rates (∼35%) in clinical trials performed on naïve patients (21).

To assess chemotherapeutic responses, all xenografts were
randomly distributed between treatment groups (control, FOL-
FOX and FOLFIRI) at 24hpi and then treated for 3 consecu-
tive days. An average of 30 xenografts were treated per condi-
tion. Compounds were delivered directly in the embryo medium
and replaced daily. After three days of treatment (and 4dpi),
xenografts were processed for microscopy and assessed for mi-
totic index, cell death by apoptosis (activated Caspase 3) and
tumor size (Fig. 3p,q, r).

FOLFIRI treatment induced a significant reduction of mi-
totic figures in all tumors (Fig. 3p). However, a significant in-
duction of apoptosis followed by a reduction of tumor mass
was only observed in HCT116 (apoptosis p<0.0001; 59% tumor
reduction p<0.0001) and SW620 (apoptosis p=0.0021; 35% tu-
mor reduction p=0.0026) (Fig. 3l, m, q, R). Remarkably, SW620
and HCT116 are more sensitive than their respective isogenic
pairs. These results suggest differential sensitivities to therapy
throughout cancer progression (primary vs metastasis) and in
heterogeneous tumor populations (KRAS subclones).

Only in HCT116, FOLFOX treatment resulted in significant
induction of apoptosis accompanied by a reduction of tumor size
(apoptosis p<0.0001; 44% reduction p=0.0018) (Fig. 3h, q, r).
Strikingly, Hke3 (HCT116 isogenic pair), showed no induction of

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

4 www.pnas.org --- --- Footline Author

477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544



Submission PDF
Fig. 4. | HCT116 and Hke3 mouse xenografts validate zebrafish chemosen-
sitive profileHCT116 and Hke3 double mouse xenografts were generated
and randomly treated with FOLFOX (N=5) and FOLFIRI (N=5) and compared
to PBS treated controls (N=5). Hematoxilin and Eosin (H&E) (a-f) staining as
well as immunofluorescence to detectapoptotic cells (activated caspase3, a’-
f’) was performed in paraffin sections. Mitotic index (g-DAPI in blue) and cell
death by apoptosis (h-activated caspase3 in green) was quantified in fields
distant from the necrotic center of the tumor. ns - non-significant, p values
are indicated in the text, p***<0.001. Results in g and h are expressed as
average (AVG) ± SEM.

Fig. 5. | Differential sensitivity to Cetuximab in human CRC in zebrafish-
xenograftsHCT116 (a-d) and Hke3 (e-h) xenografts were treated for 3 con-
secutive days, with Cetuximab (b, f), FOLFIRI (c, g) and Cetuximab in combi-
nation with FOLFIRI (cetuxi + FI, d, h) and compared to control non-treated
xenografts (a, e). Mitotic index (i-DAPI in blue), cell death by apoptosis (J-
activated caspase3 in green), and average (AVG) tumor size (k-number of
DAPI cells per tumor) was analyzed and quantified at 4dpi and 3dpT. Average
tumor size and the % of activated caspase3 was normalized to respective
controls to compare between different xenografts. Results are expressed as
average (AVG) ± SEM. All images anterior to the left, posterior to right, dorsal
up, ventral down.

apoptosis or reduction of tumor mass when treated with FOL-
FOX (Fig. 3i, q, r). These results are consistent with KRAS muta-
tions increasing sensitivity to 5-FU induced apoptosis (22). As for
HT29, as previously reported in mouse xenografts (23), we could

observe a significant reduction of mitotic figures (p<0.0001)
and increase in apoptosis both upon FOLFIRI (p<0.0001) and
FOLFOX treatment (p<0.0001) (Fig. 3P, Q).

In general, our results are consistent to previous mouse in
vivo studies (24, 25) with exception of SW620, which has been
reported to respond to FOLFOX (25). The differences observed
in our study are likely to reflect that our assay is designed to detect
fast strong responses, given its short time window (3 days). This
is particular evident in the study by Van Schaeybroeck (26) where
HCT116 tumors stop growing as soon as FOLFOX treatment is
initiated, whereas SW620 shows a delayed response.

In summary, we show that zebrafish-larvae-xenografts have
enough resolution to measure inter-patient and intra-patient het-
erogeneity chemotherapy responses in just 4 days. These results
highlight the heterogeneity of chemotherapeutic response and
the possibility to measure this in a very short period of time in
vivo.

To further confirm the HCT116 (KRASMUT) and Hke3
(KRASWT) opposing chemosensitive profiles we challenged them
in the same xenograft host. For that, we co-injected the 2 cell
lines (1:1), each labeled with a different lipophilic dye. Mixed
xenografts (HCT116+Hke3) were randomly distributed into
FOLFIRI and control groups. As expected, given their higher
proliferative potential, HCT116 KRASMUT cells outcompete Hke3
KRASWT and become dominant in the mix, representing ∼80% of
the tumor (Fig. 3S-S’,U). However, upon FOLFIRI treatment,
HCT116 significantly reduced its frequency (p<0.0001) (Fig.
3U). Consistent with the individual response to FOLFIRI treat-
ment, we observed a significant increase in apoptosis (p=0.0023),
a decrease in mitotic figures (p<0.0001) accompanied by a signifi-
cant decrease in HCT116 tumor size (∼56% reduction p<0.0001)
(Fig. 3V-X). In contrast, Hke3 clone size did not change upon
FOLFIRI treatment, remaining at similar levels to controls (Fig.
3V-X).

These results demonstrate the differential chemosensitive
profiles of both cell lines and how the KRAS mutation sen-
sitizes cells to chemotherapy (25, 27). Our data also illustrate
how in heterogeneous tumors, KRAS mutations can provide a
proliferation benefit, and how chemotherapy may disrupt this
advantage, selecting the minor clone resistant to treatment, which
then maybe responsible for relapses.

HCT116 and Hke3 NOD-SCID mouse xenografts show simi-
lar chemosensitive profile to zebrafish-xenografts

To directly compare the HCT116 and Hke3 chemosensitive
profile determined in zebrafish with mouse xenografts, we gener-
ated HCT116/Hke3 double mouse NOD-SCID xenografts, con-
trolling treatment efficacy and delivery in the same animal (28).
After 14 days, mice were randomly distributed amongst treatment
groups and treated with 3 cycles of chemotherapy (Fig. 4).

Similarly, to our zebrafish-xenograft results, Hke3 mouse
tumors presented a reduced mitotic index upon FOLFIRI treat-
ment but not with FOLFOX (Fig. 4D-F’, G) and no significant
difference in apoptosis was observed with both treatments (Fig.
4H). Also in agreement to what we observed in zebrafish, both
FOLFOX and FOLFIRI induced a significant increase in apopto-
sis in HCT116 cells (Fig. 4a’-c’, H) and reduced proliferation (Fig.
4H, G) albeit FOLFOX to a minor extent than FOLFIRI (FOL-
FOX vs FOLFIRI: apoptosis p=0.0017, mitotic figures p=0.029),
closely resembling the zebrafish results (Fig. 3P,Q).

However, we were unable to detect clear differences in tu-
mor size between control and treatment groups in our mouse
xenograft study (Fig. 4). This contrasts not only to our zebrafish-
xenograft results (Fig. 3R) but also to previous mouse studies,
where FOLFOX reduces the size of HCT116 tumors (26). The
inability to detect tumor reduction in mouse xenografts is likely
to rely on different experimental designs (treatment initiation-
3 days vs 14 days post inoculation) that may lead to different
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Submission PDFFig. 6. | Zebrafish patient-derived xenografts (zPDX)
can be efficiently established using human colorectal
cancer primary samplesCell suspensions derived from
surgically resected human colon tumors were labeled
with the lipophilic CM-DiI dye (red) and injected into
the PVS of 48hpf wt or Tg(fli:EGFP). At 4dpi the num-
ber of zebrafish with an implanted tumor was quan-
tified (A-E, F, each dot represents implantation % of
each experiment). Representative confocal images of
4dpi zPDX showing neovasculature in Tg (fli:EGFP)
(A’-E’) and tumor masses with high cytomorphologic
and architectural diversity (DAPI A’’-E’’). The num-
ber of nuclei (tumor size, G) and mitotic figures (H)
in these tumor masses was quantified (G) each dot
represents one xenograft Representative images of
mitotic figures (A’’’-E’’’, red arrows) and correspond-
ing quantification (H). HLA and human mitochondria-
immunostained cells at 24hpi (I) and 4dpi (J). Tubular
structures with luminal CEA staining (K, L). All images
anterior to the left, posterior to right, dorsal up,
ventral down. Scale bar, 50μm.

tumor growth kinetics. Thus, with exception of long-term tumor
size decline, our results in mouse xenografts show higher response
to treatment in HCT116 than in Hke3 cells, closely matching
zebrafish-xenografts.

Differential sensitivity to Cetuximab and Regorafinib in CRC
tumors in zebrafish-xenografts

Our results suggest that Hke3 KRASWT tumors were refrac-
tory to FOLFOX and FOLFIRI standard chemotherapy. CRC
guidelines further recommend that KRASWT patients should be
treated with a combination of chemotherapy and Cetuximab,
a monoclonal antibody anti-EGFR (26). KRASWT status is an
established biomarker for Cetuximab treatment (20, 27). Con-
sequently, patients with metastatic CRC who present a mutated
KRAS profile (KRASMUT), such as in HCT116, are generally
excluded from Cetuximab treatment (21).

To test whether Cetuximab therapy could induce cell death
and reduce tumor mass in Hke3 tumors, we treated Hke3
KRASWT and HCT116 KRASMUT xenografts (as a negative con-
trol) with Cetuximab, FOLFIRI and with a combination of
FOLFIRI with Cetuximab. Surprisingly, Cetuximab alone could

significantly induce apoptosis both in Hke3 and HCT116 tumors
(Fig. 5b, f, j). Combination of Cetuximab with FOLFIRI resulted
in increased sensitivity of individual treatments in HCT116 tu-
mors (Fig. 5d, H, j). This synergistic effect was also observed in
the reduction of mitotic figures, but not in the reduction of tumor
size (Fig. 5i, k).

We were surprised to observe the effect of Cetuximab in
HCT116 (Fig. 5i, j, k), given the status of KRASMUT. How-
ever, it was recently reported that a proportion of patients with
KRASG13D mutations, but not with KRASG12V mutations, benefit
from treatment with Cetuximab (28). Thus, to further test the
sensitivity of our in vivo assay, we treated SW620 KRASG12V

tumors with Cetuximab (Fig. S3 E, F, G). In contrast to HCT116
KRASG13D, but as expected for KRASG12V tumors, no signifi-
cant effect was observed with Cetuximab treatment in SW620
KRASG12V tumors (Fig. S3). These results demonstrate that the
zebrafish-xenograft assay has a remarkable resolution to detect
sensitivity to Cetuximab treatment, even in KRASG13D tumors.

Although Cetuximab treatment of Hke3 KRASWT tumors
induced apoptosis, this was not accompanied by a significant
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Fig. 7. | zPDX treatment response may predict relapse and correlate with
known genomic biomarkers of Cetuximab resistance5 zPDX correspond-
ing to patients subjected to curative surgery and postoperative FOLFOX
adjuvant treatment, were treated with FOLFOX for 3 days and processed
for immunofluorescence. Cell death by apoptosis (A-activated Caspase3)
was analyzed and quantified. zPDX#7 control vs FOLFOX p=0.037; zPDX#9
control vs FOLFOX p=0.016.B. Relapse and CEA levels information of the
5 patients analyzed. (C). Confusion matrix displays the number of patients
with actual and predicted responses in zPDX ie responders are patients
that did not relapse (R) and patients that relapse are the non-responders
(NR). D. 3 zPDX were treated with FOLFIRI and FOLFIRI in combination
with Cetuximab, cell death by apoptosis (activated Caspase3) was analyzed.
zPDX#5 control vs FOLFIRI p=0.0043, control vs FOLFIRI+Cetuximab p=0.0084;
zPDX#9 control vs FOLFIRI p=0.001, control vs FOLFIRI+Cetuximab p=0.012.E.
Genomic information of the analyzed patients. E. Confusion matrix displays
the number of patients with mutations predicted of resistance with predicted
responses in zPDX.

reduction of tumor mass (Fig. 5I, k), suggesting that Cetuximab,
is not very effective in Hke3 cells.

Regorafenib is a small molecule multikinase inhibitor rec-
ommended in refractory metastatic CRC, usually used as last
alternative in the guidelines (20, 29). Regorafenib not only has
been shown to induce apoptosis (24) but also to have anti-
angiogenic activity (29). Thus, to test whether Regorafinib could
be more effective for Hke3 refractory and less proliferative tu-
mors, xenografts were treated with Regorafinib for 3 consecutive
days. Although we could not observe changes in the mitotic index
of Hke3 (Fig. S4F), Regorafinib was able to induce apoptosis in
Hke3 cells (p<0.0001) accompanied by a significant reduction of
tumor size (Fig. S4 A,B,G, H p= 0.0041). These results highlight
the possibility to detect response to therapy even in low prolifer-
ative and refractory tumors.

In addition, since Regorafinib is also considered anti-
angiogenic, we also examined this effect in HT29 xenografts
(which we previously shown were highly angiogenic). We detected
a reduction on the total vessel density in HT29 tumors (Fig.
S4I C’,D’ p<0.0001) but not in Hke3 or SW620 (Fig. S4I, A’,
B’, E’, F’). Regorafinib also induces apoptosis in HT29 tumors,
however this induction is not accompanied by a reduction of
tumor mass as in Hke3 (Fig. S4G, p=0.0083, H). These results
suggest that Regorafinib is efficient as a 3rd line of treatment for
Hke3 refractory tumors and that Regorafenib is also able to block
tumor derived neovascularization in highly angiogenic tumors.

Overall, we show that it is possible to perform an in vivo
screening of the main current options of the international CRC
treatment guidelines from 1st to 3rd line, by utilizing the zebrafish-
larvae-xenograft model.

Zebrafish patient-derived xenografts (zPDX) can be effi-
ciently established using human colorectal cancer primary sam-
ples

Next, to test whether zebrafish-larvae can be efficiently used
to generate patient derived xenografts (zPDX), we injected cell
suspensions derived from surgically resected human colon tumors
into zebrafish. We developed a protocol based on procedures for
human CRC organoids derivation to maintain stemness and cell
viability during processing (30, 31) (SI text).

Selected primary tumors corresponded to adenocarcinomas
of diverse tumor stage (Table S3). 24hpi zPDX were selected
for the presence of a DiI stained mass in the PVS and left to
develop for 3 more days. At 4dpi, percentage of implantation
was scored as previously (Fig. 6F). We observed implantation
rates ranging from 47% (zPDX#3) to 89% (zPDX#4) (Fig.
6F, A-E). For large primary tumor samples (zPDX#2, zPDX#4
and zPDX#5), injections were repeated and gave rise to similar
engraftment rates (Fig. 6F), demonstrating the reproducibility of
the procedure.

zPDXs were processed for whole mount immunofluorescence
to assess angiogenesis (Fig. 6A’-E’), tumor size (Fig. 6G), mi-
totic figures (Fig. 6H), expression of colorectal cancer markers
(carcinoembryonic antigen, CEA) and human-associated anti-
gens (MHC-classI - HLA and human mitochondria) (Fig. 6I-
L). Confocal microscopy analysis allowed us to observe differ-
ential vessel recruitment (Fig. 6A’-E’) and tumor masses with
high cytomorphologic and architectural diversity (Fig. 6A’’-E’’).
Interestingly, even tumors with low cellularity induced vessel
recruitment (Fig. 6C’, G). Mitotic figures were present at 4dpi
in all zPDX analyzed, albeit sparse and with low mitotic index
(Fig. 6A’’’-E’’’, H). We observed tubular structures with luminal
CEA staining (Fig. 6K, L) as well as human HLA (to variable
levels) and human mitochondria stained cells (Fig. 6I, J). We also
compared directly the zPDX histology with the parental primary
tumors with H&E (Fig. S5). zPDX derived from these tumors
generally conserved their original features. They formed multi-
locular mucin lakes (Fig. S5A’’, B’’, C’’), black dash lines delineate
mucin lakes and red arrow heads for mucin), circumscribed by
epithelium arranged as acinar structures with strips of cells or
single cells (Fig. S5 A’’, A’’’, C’’, red dashed lines). Periodic acid-
Schiff plus diastase (PAS+D) staining was used to identify mucus
in the lumen of these structures (Fig. S6). Glandular structures
accumulating necrotic debris in the lumen were also frequently
seen (Fig. S5 A’’, B’’, black arrow heads), often CEA positive
(Figure 6K).

Comparison of zPDX drug treatment with short-term patient
treatment responses

In order to test our model as a platform to study response
to treatment, we used available surgically resected CRC samples
derived from patients that were subjected to FOLFOX adjuvant
chemotherapy to reduce risk of disease relapse. At the time of
initial diagnosis, almost two-thirds of patients with CRC undergo
resection with curative intent. However, 30%-50% of these pa-
tients relapse and die of their disease. The majority of these
recurrences occur during the first 2 years after surgery and most
follow-up programs end 5 years after the primary treatment (32).
FOLFOX postoperative adjuvant treatment has been shown to
reduce chances of relapse improving disease-free survival (33).

Although not the ideal setting to study predictability, we
sought to test if response to FOLFOX treatment in zPDX would
anticipate a delay in relapse in the matching patients, or whether
resistance to drug treatment in our model would associate with
tumor relapse.

We generated zPDX from 5 different tumors and treated
them with FOLFOX over 3 days. In the 5 zPDX, we could only
observe response to FOLFOX treatment (induction of activated
caspase3) in 2 zPDX (Fig. 7A & Fig. S7). These zPDX correspond

817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

Footline Author PNAS Issue Date Volume Issue Number 7

885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952



Submission PDF

to patients in which, at 6 months after surgery, the levels of
CEA remain stable, with no indication of relapse. In contrast,
of the 3 zPDX which we could not detect response to FOLFOX
treatment, 2 are already in relapse after 3 months, with increasing
levels of CEA and clinical evidence of recurrence (Fig. 7A, B &
Fig. S7). Thus, we could anticipate relapse / no relapse within 3-
6m after surgery in 4 out of 5 patients.

Our previous results on the sensitivity to Cetuximab treat-
ment to detect responses in tumors with KRASG13D mutations
prompted us to test whether response to Cetuximab in zPDX
would correlate with genomic prediction of response to the
EGFR blocking therapy. As a proof of concept, in order to
test this assumption, we treated 3 zPDX with a combination of
FOLFIRI with Cetuximab and FOLFIRI alone. In the 3 zPDX
generated, we could observe no added effect of Cetuximab in
combination with FOLFIRI, suggesting that the 3 tumors tested
showed resistance to Cetuximab (Fig. 7D, Fig. S7F-H’’). We
later sequenced the corresponding tumors and observed that all
harbored mutations on either KRAS or BRAF (Fig. 7E). All
these mutations highly correlated to resistance to Cetuximab (34).
Thus, our results corroborated the genomic prediction (Fig. 7F).

Even though we have not yet gathered sufficient patient
numbers to reach statistical significance, we performed proof-of-
concept experiments to set the ground for a future clinical study to
test the predictiveness of zPDX in the more suitable neoadjuvant
setting.

DISCUSSION
Recent genome cancer profile studies exposed unanticipated
tumor heterogeneity. This heterogeneity has been observed not
only between cancers (inter-tumor), but also within each cancer
(intra-tumor) (35, 36). Even identical CRC clones that share the
same genome exhibit multiple functional profiles (including dis-
tinct responses to therapies) (37), implying that the basis for het-
erogeneity is not only genetic. Most approved drugs lack known
biomarkers and, even in biomarker-driven therapies, response
rates are not full proof (36, 38). Thus in the current scenario, we
are currently unable to securely forecast which patient is likely to
respond to a given therapy program.

Chemosensitivity tests are not a novel idea. However, the
accuracy of in vitro tests has not been robust enough to support its
use in oncology practice (39). Recently, Letai and colleagues (40)
showed a promising in vitro assay that bypasses serial passages
and directly challenges tumor cells with therapeutic drugs, using
BH3 profiling as a proxy of cell death. In this assay, there is
a direct measurement of mitochondrial stress upon the applied
drug (40, 41). In addition, in vitro organoids constitute a major
technological breakthrough to study tumor biology, drug discov-
ery and possibly also for personalized medicine (42).

Although promising, in vitro tests will always lack the com-
plexity of interactions of tumor cells with its microenvironment
in the in vivo setting. The current gold standard for in vivo
assessment of tumor heterogeneity and response to therapy are
mouse PDX (1). However, mouse PDX are not practical for
clinical advice due to the time it takes to implant tumors, expand
colonies and costs they entail. Here, we have taken an interme-
diate approach – a fast in vivo assay with unprecedented cellular
resolution - the zebrafish-larvae-xenograft model.

We set out to test whether the zebrafish-larvae-xenografts
have enough resolution to uncover functional cancer heterogene-
ity to screen in vivo international treatment guidelines. Our study
shows that zebrafish-xenografts are capable to discriminate, with
single cell resolution, distinct proliferation dynamics and differ-
ential metastatic potentials, not only between tumors derived
from different patients but also between isogenic pairs.

Our ultimate goal was to screen the major therapeutic op-
tions present in the international guidelines for advanced CRC

(20) using the zebrafish-xenograft assay. We analyzed the re-
sponse of 5 zebrafish-xenografts (cell-line-derived) to the 2 most
common and equivalent chemotherapy options FOLFOX and
FOLFIRI (21) and observed an overall higher sensitivity to
FOLFIRI than to FOLFOX. This is in agreement with the
study by Sadanandan et al (11) that found that 70% of stem-
like subtype tumors were associated with a clinical benefit with
FOLFIRI treatment. Remarkably, we could also observe a clear
differential response to therapy between isogenic tumors, il-
lustrating differential therapy responses between primary and
metastatic tumors (SW480/SW620) and subclonal tumor popu-
lations (HCT116/Hke3). We also reproduced polyclonal tumor
scenarios and show differential responses to chemotherapy in the
same xenograft and how therapy can select for minor resistant
clones.

Following the next recommended therapy in the guide-
lines, we tested for Cetuximab sensitivity. Cetuximab treatment
is a biomarker-driven therapy, recommended specifically for
KRASWT tumors. Although not effective in all patients with
KRASWT tumors (only ∼12.8%), the probability of response
to Cetuximab treatment is still significantly higher (25). To our
surprise, Cetuximab was effective on HCT116 KRASG13D. Con-
sistent with our results, recent clinical reports revealed that a
significant portion of patients with KRASG13D mutations, but
not KRASG12V, benefit from Cetuximab treatment (27). Thus,
our results suggest that zebrafish-xenografts can measure re-
sponsiveness to therapy of tumors with different KRAS point
mutations. Our study also illustrates the relevance of functional
assays even in biomarker-driven therapies to further select the
patients that may benefit from specific therapies, specifically in
ones that do not have 100% efficacy and are expensive or toxic.

Although Hke3 KRASWT tumors responded to Cetuximab
treatment this was not accompanied by a reduction of tumor
size. Thus, we tested the 3rd-line option for refractory metastatic
CRC – Regorafenib. In contrast to previous treatments, Hke3
tumors now responded to therapy with an induction of apoptosis
accompanied by reduction of tumor size. Our results illustrate the
possibility to screen treatment guidelines from 1st to 3rd line.

We also validated our results obtained in zebrafish in NOD-
SCID mouse xenografts. This is the first study to directly compare
zebrafish vs mouse xenografts chemosensitivity. As in zebrafish,
HCT116 responded to both treatments, but FOLFIRI produced
a significant higher induction of apoptosis than FOLFOX and
Hke3 seemed refractory to both treatments. Our results suggest
that, using apoptosis and reduction of mitotic index as surrogate
as response to treatment in zebrafish-xenografts (4 days from
injection to analysis) can be used as proxy of the response to
treatment in mouse xenografts (minimal 1 month since injection
to analysis). The disparity in time between models is likely to
reflect the difference in scale of the models (>10,000 fold). On
the one hand zebrafish-larvae allow for visualization of single cells
and their response to treatment in multiple xenografts, improving
statistical power. In contrast, mouse PDXs generally rely on
large palpable tumors, long treatments to visualize responses and
multiple rounds of expansion to provide statistical power. On the
other hand, this longer assay permits the study of tumor evolution,
emergence of resistance clones and overall progression of disease
(1, 37). Thus, we envisage that zebrafish and mouse xenografts
models may complement each other: zebrafish as a fast screening
platform, and mouse xenografts to accompany tumor evolution
and relapse.

Lastly, we also demonstrate feasibility of using primary pa-
tient samples to generate zPDX with similar implantation rates
as tumor cell lines. We show that zPDX can form tumor masses,
induce vascularization and present multilocular mucin lakes,
glandular structures and CEA expression. As observed with cell
lines (SW480), patient samples (e.g. zPDX#3) also vary in their
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engraftment efficiency (being as low as <50%). To overcome
possible low implantation rates, we may increase the number
of injected fish and use immune compromised strains (43, 44)
to dampen the possibility of rejection. As a proof of concept
experiments, we also treated zPDX with FOLFOX and were able
to anticipate relapse / no-relapse within 3-6m after surgery in
4 out of 5 patients. In addition, we sequenced tumors whose
matching zPDX did not responded to Cetuximab, and found that
all harbored mutations highly linked to Cetuximab resistance,
corroborating our zPDX results with genomic data.

In summary, we performed proof-of-concept experiments
that show that it is possible to screen the available therapeutic
options present in the international CRC guidelines by using
zebrafish-xenografts. We show that zebrafish-larvae-xenografts
constitute a rapid model with high sensitivity to unravel human
tumor functional heterogeneity. We also performed proof-of-
concept experiments using patient samples to set the ground for a
clinical study to test the predictiveness of zPDX as a rapid in vivo
screening platform for personalized cancer treatments.

Material and Methods
Animal care and handling
Zebrafish (Danio rerio) casper, casper; Tg(fli1:eGFP), nacre

fish were handled according to European animal welfare regula-
tions and standard protocols.

Human tissue
All samples used for zebrafish patient derived xenografts

(zPDX) establishment were obtained from Champalimaud Hos-
pital or Prof. Doutor Fernando Fonseca Hospital with written
informed consent. The study was approved by the Ethics Com-
mittees of both Hospitals.

Cell lines and culture
Colon cancer cell lines, SW480, SW620 and HT29, originally

from American Type Culture Collection (ATCC) were authenti-

cated through short tandem repeat (STR) profiling karyotyping
isoenzyme analysis. HCT116 and Hke3 isogenic cell lines were
donated by Angela Relógio and analysed. All cells lines were
tested for mycoplasma. All cells were cultured in DMEM (Biow-
est) supplemented with 10% fetal bovine serum (FBS - Biochrom)
and 1% Penicillin-Streptomycin (Hyclone) in a humidified atmo-
sphere containing 5% CO2 at 37ºC.

Zebrafish-Xenografts injection
Dil labeled cells were injected into the periviteline space

(PVS) of anesthetized 48hpf larvae (12). After injection,
xenografts were transferred to 34ºC until the end of experiments.

Zebrafish-Xenograft Drug administration
24hpi, zebrafish-xenografts with same tumor size were ran-

domly distributed in the treatment groups: control E3 medium,
FOLFIRI in E3 and FOLFOX in E3 (4.2 mM 5-FU, 0.18mM
Folinic Acid, 0.08mM Irinotecan, 0.08mM Oxaliplatin) for 3 con-
secutive days. Using as a reference the maximum patient’s plasma
concentration of each compound (Table S2), we determined the
zebrafish maximum tolerated concentration. Cetuximab mono-
clonal antibody was added to the cell suspension (20mgml) at
the time of injection and then to E3 medium at 100mg ml.
Regorafinib was added to E3 to a final concentration of 40mM
.
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