Biomaterials 280 (2022) 121276

Contents lists available at ScienceDirect

Biomaterials
journal homepage: www.elsevier.com/locate/biomaterials

Integrated genome and tissue engineering enables screening of cancer
vulnerabilities in physiologically relevant perfusable ex vivo cultures
Michael Hu a, Xin Yi Lei a, Jon D. Larson b, Melissa McAlonis c, Kyle Ford a, Daniella McDonald d,
Krystal Mach e, Jessica M. Rusert d, Robert J. Wechsler-Reya b, Prashant Mali a, *
a

Department of Bioengineering, University of California San Diego, La Jolla, USA
Tumor Initiation & Maintenance Program, NCI-Designated Cancer Center, Sanford Burnham Prebys Medical Discovery Institute, La Jolla, USA
Ludwig Institute for Cancer Research, La Jolla, USA
d
Biomedical Sciences Graduate Program, University of California San Diego, La Jolla, USA
e
Department of Biological Sciences, University of California San Diego, La Jolla, USA
b
c

A R T I C L E I N F O

A B S T R A C T

Keywords:
Bioprinting
Breast cancer model
Medulloblastoma model
CRISPR screens
Point-of-care functional screens

Genetic screens are powerful tools for both resolving biological function and identifying potential therapeutic
targets, but require physiologically accurate systems to glean biologically useful information. Here, we enable
genetic screens in physiologically relevant ex vivo cancer tissue models by integrating CRISPR-Cas-based genome
engineering and biofabrication technologies. We first present a novel method for generating perfusable tissue
constructs, and validate its functionality by using it to generate three-dimensional perfusable dense cultures of
cancer cell lines and sustain otherwise ex vivo unculturable patient-derived xenografts. Using this system we
enable large-scale CRISPR screens in perfused tissue cultures, as well as emulate a novel point-of-care diagnostics
scenario of a clinically actionable CRISPR knockout (CRISPRko) screen of genes with FDA-approved drug
treatments in ex vivo PDX cell cultures. Our results reveal differences across in vitro and in vivo cancer model
systems, and highlight the utility of programmable tissue engineered models for screening therapeutically
relevant cancer vulnerabilities.

1. Introduction
The last decade has seen a number of advances in tissue engineering
and biofabrication techniques that have facilitated the development of
tissue and cancer models that better mimic living tissues in both struc
tural organization and biological function [1–7]. While much of this
progress is dedicated towards regenerative medicine [1,8,9], engineered
tissues have also seen increased use as an avenue for therapeutic dis
covery [3–6,10,11]. At the most fundamental level, organoid technol
ogies expand upon existing cell culture techniques by incorporating 3D
cell-cell interactions to recapitulate certain organ-specific functions [3,
4,12–14]. Organ-chip technologies often incorporate organoid models,
but further introduce elements of flow [5,6,15,16] and allow for
reproduction of many biological phenomena such as tissue-tissue
interface development [5,6,17,18], and cancer metastasis [5,6,19].
Meanwhile, advances in lithography [9,20], 3D printing [9,21–26], and
induced neovascularization [8,27,28] have made it possible to generate
perfusable networks of increasing complexity with high degrees of

spatial control. Additionally, these advances have allowed for the con
struction of tissue models from a variety of natural and synthetic ma
terials that are more representative of their biological counterparts in
both scale [25,29] and cell density [24,30].
In parallel, there have been efforts to develop and optimize highthroughput analytic technologies such as RNAi [31–33] and
CRISPR-based genetic perturbation screening [34–43] in order to sys
tematically identify genetic vulnerabilities, with a prominent focus on
cancer. In particular, CRISPR-screens have become an important method
by which this is accomplished [32,33,41,42,44–50]. However, the ma
jority of screens have been conducted either in 2D [32,44,47,48,51–53]
or in animal models [37], and there has been a recent push to enable
them in 3D systems to account for behavioral differences in a more
biologically accurate environment [34,43,49,50]. Although the scale of
many 3D-printed tissue constructs gives them the potential to be inte
grated with high-throughput screening technologies, they have rarely
been used in this space. To this end, we develop a method for
manufacturing densely-cellularized engineered cancer models ex vivo,
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and integrate it with CRISPRko screening technologies to emulate its
application towards patient-specific cancer diagnostics. Characteriza
tion studies indicated our model more closely mimicked in vivo condi
tions compared to existing methods of cell culture, and results of a
targeted CRISPR screen consisting of genes with FDA-approved drug
treatments [54,55] suggest that the method has the potential for
application in patient-specific therapeutics.

tumor environment, we next performed a gene expression analysis
comparing MDA-MB-231 cells grown in vivo to those grown in 2D
monolayer culture, 3D static matrix culture, and our perfused tissue
constructs (Fig. 1C). Towards this, MDA-MB-231 cells were grown over a
period of 4 weeks in orthotopic MDA-MB-231 mammary tumors, 2D cell
culture, static matrices, or perfused printed constructs, after which RNA
was extracted. Of note, because of potential transcriptomic interference
from HUVECs and hMSCs present alongside the MDA-MB-231 cells in
perfused culture, additional perfused prints were prepared without
either cell type present. Transcriptomic profiles were generated through
bulk-RNA sequencing, followed by STAR alignment [60] and analysis
with the DESeq2 pipeline [61]. Hierarchical clustering was performed
across all expressed genes across the four conditions, and showed closer
alignment of tumors and perfused print conditions compared to both
static matrices and 2D cell culture (Fig. 1D).
At a pathway-level, differentially expressed genes were compared
between all four conditions, identified through DESeq2. Genes were
categorized as either highly enriched or highly depleted if they
possessed both a |Zscore| > 1.5, and an FDR <0.1. Metascape was used
to perform pathway-enrichment analysis within the Gene Ontology
Biological Processes domain. Notably, the perfused print condition
showed a substantially lower number of differentially expressed genes
relative to tumor conditions than the 2D cell culture or static matrix
conditions (Figure S3A). Differentially expressed pathways in both
perfused print and tumor conditions relative to 2D cell culture
(Figure 1E) and 3D static matrices (Figure S3B) were identified, and
both perfused print and in vivo conditions were found to share a number
of enriched and depleted pathways of interest [62,63]. Of note, when
comparing the top 20 enriched pathways in both conditions relative to
cell culture, over 50% were shared, including those associated with the
biological processes of extracellular matrix organization, cell adhesion,
and cell proliferation, all key differences that may arise in a 3D growth
environment. Similarly, when comparing relative to static matrices, over
50% were shared, including those associated with extracellular matrix
organization, locomotion, cell adhesion, and cell junction organization.
Furthermore, both were enriched in pathways of growth factor response
and transmembrane receptor-protein tyrosine kinase signaling, both
prominent in cancer progression.
In comparing the standard perfused prints to those without hMSCs or
HUVECs, their transcriptomic profiles clustered most closely to each
other as expected, and both were more similar to tumors than either
non-perfused condition (Figure S4A-B). This was expected, as the two
conditions share all features save the presence of the HUVECs and
hMSCs, both of which are minor populations relative to the MDA-MB231 cells. In terms of pathways, a number of pathways that would be
expected to be associated with hMSCs and HUVECs were predictably
enriched in the condition that contained them, such as blood vessel
development and ECM organization (Figure S4C). However, when
compared to 2D cell culture, both conditions shared 60% of their top-20
enriched pathways, including most of the prominent pathways origi
nally shared with the tumor condition, such as those associated with
ECM organization, blood vessel development, cell adhesion, and cell
proliferation (Figure S4D). While the extent of enrichment is greater in
the presence of the HUVECs and hMSCs, the degree of similarity in
dicates that the presence of these cell types may not be essential for
replicating key tumor characteristics. Overall however, this data sug
gests that regardless of the presence of hMSCs and HUVECs, the perfused
model was more transcriptomically similar to in vivo conditions.

2. Results
2.1. Perfused MDA-MB-231 tumor models show greater similarities to in
vivo tumors compared to 2D cell culture and static 3D culture
While CRISPRko screens are useful in a cancer-therapeutic context,
they have traditionally been conducted in 2D monolayer culture [32,33,
41,42,44–50], which often fails to replicate many features of tumor
biology [56]. As such, we sought to engineer a tissue construct that
would allow for multi-week support of model tumor systems ex vivo, as
well as promote growth at a scale that would permit large-scale genetic
screening. A workflow for the fabrication of perfused tissue constructs is
outlined in Fig. 1A. Specifically, first a sacrificial poly (vinyl alcohol)
(PVA) scaffold is printed in a desired geometry and inserted into a sili
cone holder. A cell-loaded matrix generated from biologically-derived
materials [57] is then used to encapsulate the scaffold. The matrix
formulation is allowed to gelate, while the PVA scaffold slowly dissolves.
A lumen is then formed via evacuation of the dissolved PVA scaffold
using warm media. At this stage, the construct is perfusable, but is also
sealed on all four sides. Next, to allow for higher flow rates, the construct
is removed from the holder, and placed within an open chamber into
which excess fluid can flow before being channeled through an outlet.
This format makes it possible to sustain flow rates exceeding 1 mL/min,
inducing physiological shear stresses exceeding 1 dyne/cm2. Further
more, the higher pressure generated from the higher flow rates can
introduce interstitial flow into the system, emulating what is also seen in
tumor tissues, and enables perfusion of the surroundings of the construct
in addition to direct perfusion of the lumen. Indeed a direct comparison
between lower (15 μL/min) and higher (1 mL/min) flow rates resulted in
a ten-fold increase in the growth of MDA-MB-231 breast cancer cells
over the course of 15 days (Fig. 1B).
We next optimized media and loading conditions to allow for coculture of MDA-MB-231 cells with human umbilical vein endothelial
cells (HUVECs) and human mesenchymal stem cells (hMSCs) serving as
pericytes. In particular, hMSCs are known to play a role in shaping the
tumor microenvironment and promoting key characteristics such as
proliferation and motility [58]. MDA-MB-231 cells, HUVECs, and hMSCs
were grown in a variety of media conditions containing DMEM, EGM-2,
MSCGM, or mixtures of DMEM with either medium, all supplemented
with FBS. Qualitative images and quantitative measurements via the
CCK8 reagent (Figure S1A-C) both indicated that growth in EGM-2 with
10% FBS would allow for co-culture with HUVECs and hMSCs without
negatively impacting MDA-MB-231 growth. To assess the impact of
hMSCs on the proliferative and migratory capacity, MDA-MB-231 cells
were cultured in the presence of hMSCs at a 4:1 ratio over 6 days, and
examined for spreading and elongated morphologies, both known in
dicators of the cytoskeletal remodeling associated with increased
migratory behavior [59]. MDA-MB-231 cells cultured with hMSCs
showed greater degrees of spreading morphology (Figure S2A)
compared to controls, with individual cells displaying more elongated
morphologies (Figure S2B), confirmed with confocal images
(Figure S2C) and visualization of F-actin distribution (Figure S2D). To
determine optimal 3D loading conditions, MDA-MB-231 cells were
encapsulated in perfused prints either alone as spheroids or with
HUVECs and hMSCs as condensate organoid buds [14] (Figure S2E).
After 10 days of culture, qualitative images suggested significantly
greater growth when loaded as spheroids (Figure S2F).
To assess the ability of the optimized system to emulate the in vivo

2.2. A kinome-wide CRISPRko screen reveals shared vulnerabilities in
perfused MDA-MB-231 tumor models and in vivo tumors
Having established a platform for better emulation of in vivo-like
conditions, we then integrated the system with genetic screening tech
nologies as a means to systematically identify genetic vulnerabilities in
cancers. We again incorporated the MDA-MB-231 cell line in our system
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Fig. 1. 3D-Printing of Perfused Tissue Constructs and Transcriptomic Profiling of MDA-MB-231 Tumor Models. (A) Schematic representation of the perfusable
construct manufacturing procedure. A PVA scaffold of desired geometry is printed and inserted into a silicone holder. The PVA scaffold is then encapsulated within a
matrix formulation of desired composition. The matrix formulation is allowed to gelate and simultaneously, the PVA scaffold slowly dissolves. The scaffold is then
evacuated using warm media. At this stage, the construct can be perfused, though nutrients will be distributed only by diffusion. The construct is then removed from
the holder, and placed into the chamber of a larger silicone construct that allows for open perfusion on all sides. At this stage, interstitial flow may be introduced, and
perfusion is possible around as well as within the construct. (B) Fluorescent images (left) showing the growth of GFP-labeled MDA-MB-231 cells in matrices at low
flow rates without interstitial flow (15 μL/min) and high flow rates with interstitial flow (500μmL/min). Scale bars: 2 mm. Cell density counts (right) for MDA-MB231 cells in matrices at low flow rates (n = 6) and high flow rates (n = 10). Error bars show standard deviation. (C) Schematic representation of MDA-MB-231 culture
conditions. MDA-MB-231 cells are distributed across four conditions: 2D-cell culture, static matrices, perfused printed constructs, and tumors in mice injected
orthotopically in the mammary fat pad. Conditions are sustained over 2 weeks, after which RNA is extracted, amplified, and sequenced. (D) Hierarchical clustering
diagram comparing relative transcriptomic profiles of all expressed genes in MDA-MB-231 cells grown in various conditions (n = 2 for each condition). (E) Top-20
Metascape-generated enriched (left) and depleted (right) Gene Ontology Biological Process Pathways that are shared by perfused print and tumor conditions in
comparison to the cell culture condition.
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as a model for breast cancer, and compared the model to 2D and
orthotopic MDA-MB-231 mammary growth conditions towards enabling
more biologically relevant genetic screens. We initiated a CRISPRko
screen by transducing MDA-MB-231 cells with a 3152-element subset of
the Brunello CRISPRko library, encompassing 763 genes of the kinome
[64]. A portion of the transduced cells was harvested and frozen at Day
3, while the rest were split across 2D-cell culture, perfused printed
constructs, and orthotopic mammary tumor growth conditions. A full
workflow is shown in Fig. 2A. Replicates for all conditions were loaded
with at least 3 × 106 cells each to achieve 1000-fold coverage at initial
onset, and cells in all conditions were allowed to grow for 4 weeks.
Genomic DNA from all samples was subsequently extracted, sequenced,
and analyzed using the MAGeCK pipeline [65].
To confirm data efficacy, log2fold change measurements at the genelevel for all genes were compared between Day-21 cell culture samples
and the publicly available DepMap dataset (AVANA v.19Q3) for MDAMB-231 cells [53] (Figure S5A). To contrast enrichment and depletion
behavior across groups within our study, hierarchical clustering was
performed based on log2fold change measurements of all top hit genes
(p-value < 0.0027) across all conditions (Fig. 2B). Notably, results
indicated that perfused print conditions clustered better with mammary

tumor conditions compared to cell culture, and as expected, replicates of
a given condition tended to cluster together first. A principal component
analysis performed across top hit genes for all replicates (Figure S5C)
further reinforced the aforementioned patterns, and when samples were
correlated based on log2fold change in paired comparisons across rep
licates of all conditions, perfused prints correlated better with mammary
tumor conditions compared to cell culture (Figure S5D). When
comparing top depletion and enrichment hits between cell culture,
mammary tumor, and perfused print conditions (Fig. 2C), results clearly
showed that mammary tumors shared a much greater number of hits
with perfused prints compared to cell culture, though the cell culture
condition had the greatest number of unique hits overall. Upon per
forming pathway-enrichment analysis on the top-20 depleted terms of
each condition within the Gene Ontology Biological Process domain,
this trend was reinforced [62,63] (Figure S5B) [66].
Biologically, shared hits between all conditions consisted largely of
genes with essential roles in cell cycle regulation, transcription, and
damage response [62,63]. As might be expected, many of these genes
are known to be lethal when mutated, such as CDK1, MVK, CDC7, and
PTK2. With regards to the 2D cell culture condition in particular, the
majority of significant hits appeared to be attributable to various

Fig. 2. Kinome-wide CRISPRko screens in MDA-MB-231 cells cultured in in vitro 2D conditions, in the ex vivo perfused 3D model, and in in vivo orthotopic locations in
mice. (A) Schematic representation of the kinome-wide CRISPR knockout screen. MDA-MB-231 cells are lentivirally transduced with a 3152-element CRISPR
knockout library. Cells are collected and distributed across three conditions: 2D-cell culture, perfused printed constructs, and tumors in mice injected orthotopically
in the mammary fat pad. Conditions are sustained over 4 weeks, after which gDNA is extracted, amplified, sequenced, and processed. (B) Results of hierarchical
clustering performed for top hit genes of all individual replicates for each treatment condition. (C) Venn diagram comparing top depletion and enrichment hits for cell
culture, mammary tumor, and perfused print growth conditions, as determined by the MAGeCK algorithm. Criteria consisted of p-value < 0.0027, as well as a LFC
value reflecting status as an enriched or depleted hit.
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cell-cycle regulators, such as CDK7 and ACVR1. In contrast, a greater
proportion of hits shared between high-flow prints and tumors, as well
hits shared between high-flow prints and cell culture, had roles in
cellular metabolism [62,63], for instance, CMPK1, and PI4KA. Notably,
perfused prints showed the greatest number of enrichment hits, a phe
nomenon that has been previously observed in another 3D culture model

[34].
In order to validate results, we selected six top depletion hits and six
top enrichment hits unique to or selectively shared within the cell cul
ture, perfused print, and mammary tumor conditions. Knockout con
structs for each target were created by inserting a single sgRNA for each
target, as well as a non-targeting control into the lentiCRISPRv2

Fig. 3. Transcriptomic profiling of PDX medulloblastoma cells cultured ex vivo in various model conditions. (A) Schematic representation of PDX medulloblastoma
culture conditions. PDX medulloblastoma cells are isolated from tumors, then distributed across several conditions: suspension cell culture, static matrices, perfused
printed constructs, and tumors in mice injected orthotopically in the cerebellum. Conditions are sustained over 10 days, after which RNA is extracted, amplified, and
sequenced. (B) Hierarchical clustering diagram comparing relative transcriptomic profiles of all expressed genes in PDX medulloblastoma cells grown in suspension
cell culture, static matrix, perfused print, and orthotopic tumor conditions (n = 2 for each condition). (C) Top-20 Metascape-generated enriched (left) and depleted
(right) Gene Ontology Biological Process Pathways that are shared by perfused print and tumor conditions in comparison to the suspension cell culture condition. (D)
Survival of PDX medulloblastoma cells over time when grown in suspension cell culture (left), and comparison of PDX medulloblastoma cell survival in suspension
cell culture vs. perfused prints (right).
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backbone [40]. A competitive growth assay was then conducted in
MDA-MB-231 cells between each sgRNA and the non-targeting control
in cell culture, perfused prints, and mammary tumors. Genomic DNA
from all samples was subsequently extracted and sequenced. Relative
depletion and enrichment levels for each guide under each condition
were then calculated relative to the starting plasmid pool. The resulting
data are shown in Figure S6A - B. In general, validation behavior
matched the expected behavior based on screen result, confirming the
overall efficacy of the studies.

analyzed previously, perfused prints clustered more closely with tumors
compared to both the static matrix and cell culture conditions (Fig. 3B).
A principal component analysis performed across expression profiles of
all genes showed tumors separating from perfused print and cell culture
conditions, but with the perfused print condition remaining closer
overall. Furthermore, like before, the number of differentially expressed
genes between perfused prints and tumors was lower than either cell
culture or static matrix conditions compared to tumors (Figure S8A). Of
note, data associated with PDX medulloblastoma cells grown with a
mixture of NeuroCult and EGM-2 media was analyzed as well, but both a
principal component analysis and hierarchical clustering based on all
expressed genes revealed that the transcriptomic profiles deviated
extremely heavily from all other conditions (Figure S8B - C). This is
likely the result of the serum present within the EGM-2 media, as Neu
roCult is normally a serum-free formulation. Because of these differ
ences, the data associated with these samples was not analyzed any
further, and it is also for this reason that co-culture with endothelial cells
was not further pursued.
Because our previous analyses indicated that the perfused print
conditions appeared more similar to the orthotopic tumors, we per
formed a closer examination of the gene-level similarities between the
two conditions. Both the perfused print condition and orthotopic tumor
condition were compared to the cell culture condition (Fig. 3C) and the
static matrix condition (Figure S8D) as baselines, and differentially
expressed genes were identified through DESeq2. Genes were catego
rized as either highly enriched or highly depleted if they possessed both
a |Zscore| > 1.5, and an FDR <0.1. Metascape was used to perform
pathway-enrichment analysis within the Gene Ontology Biological
Processes domain, and both tumors and perfused prints were found to
share 40% of their top 20 enriched pathways and over 50% of their top
20 depleted pathways compared to cell culture, and 25% of their top 20
enriched pathways and over 50% of their top 20 depleted pathways
compared to static matrices [62,63]. Similar to the analysis in
MDA-MB-231 cells described previously, tumor and perfused print
conditions showed significant enrichment in extracellular matrix orga
nizational processes, compared to both suspension cell culture and static
matrix conditions. In addition, there was also enrichment in genes
associated with the electron transport chain relative to cell culture,
suggesting potential metabolic differences, and both tumor and perfused
print conditions showed depletion in genes associated with positive
regulation of apoptosis. This included genes such as BAD, GADD45A,
and CTNNA1 [73–75], all known to be involved in positively promoting
apoptotic pathways. Consistent with this, upon comparing viability of
the PDX medulloblastoma cells in suspension cell culture relative to
perfused prints (Fig. 3D), we noted viability was high immediately
following dissociation from tumors, but progressively decreased over
time in suspension cell culture, but in contrast, ex vivo viability remained
both high and stable when cultured in perfused prints.

2.3. Perfused PDX medulloblastoma tumor models show greater
similarities to in vivo tumors compared to 2D cell culture and static 3D
culture
Spurred by these encouraging results, we next evaluated the ability
of the system to culture primary patient-derived cancer tissues. Specif
ically, we explored patient-derived xenograft cells, which are known to
often be difficult to culture in vitro without genetic reprogramming [67],
but offer the closest available model of a primary human tumor. To
wards this, mCherry-labeled medulloblastoma PDX cells were ortho
topically injected into the cerebellum of immunodeficient
(NOD-SCID-IL2R gamma knockout, or NSG) mice, allowed to grow over
6 weeks, harvested and dissociated into single cells. We determined
optimal growth conditions by encapsulating the dissociated cells in one
of four static matrix conditions or in perfused prints, and then culturing
them over 10 days. Static matrix conditions contained either blends of
fibrin and hyaluronic acid (HA), materials relevant for brain tumor
models [7], or a blend of the biologically derived matrices: fibrin,
gelatin, and Matrigel [57]. Prints were constructed from blends of fibrin
and HA. Each condition was grown in either supplemented NeuroCult
medium (NC) (StemCell Technologies), or a 1:1 mixture of NC and
Endothelial Growth Medium 2 (EGM-2) (Lonza), with EGM-2 being
present to permit potential co-culture with endothelial cells. Growth in
various 3D matrix conditions was assessed both qualitatively via
microscopic images, and quantitatively (Figure S7A) using the
Cell-Counting Kit 8 reagent (Dojindo). Results suggested that the pres
ence of HA significantly increased cell growth. Additionally, the degree
of growth in blends of fibrin/HA and fibrin/gelatin/Matrigel showed no
significant difference. Upon comparing static matrix conditions and
perfused print conditions, both qualitative images (Figure S7B) and cell
density measurements (Figure S7C) indicated significantly more growth
in perfused prints, regardless of matrix composition.
To further characterize the system, we performed a gene expression
analysis comparing PDX medulloblastoma cells grown in vivo to those
grown in several in vitro conditions. Specifically, PDX medulloblastoma
cells grown orthotopically in mice were compared to those grown in
static matrix and perfused print conditions, and to those grown in sus
pension culture, as is standard for many established medulloblastoma
cell lines [68–70] (Fig. 3A). Of note, hMSC and HUVECs were not
included in these cultures, as hMSCs are not a prominent population in
the brain, and culturing conditions were not optimal for endothelial
cells. For the orthotopic condition, mRNA was extracted directly from
cells dissociated from PDX tumors. For all in vitro conditions, cells were
grown over a period of 10 days, after which mRNA was extracted.
Transcriptomic profiles were generated through bulk-RNA sequencing,
followed by STAR alignment [60] and analysis with the DESeq2 pipeline
[61]. Initially, we compared relative expression levels of common me
dulloblastoma marker genes, or those associated specifically with one of
the four medulloblastoma subtypes [71,72] across all conditions.
Log-normalized expression of common marker genes in medulloblas
tomas (NES, MYC, and CD276) as well as marker genes associated with
Group 3 medulloblastomas appeared consistent across nearly all con
ditions (Supplementary Table 1), suggesting that the Group 3 medullo
blastoma characteristics appear to be maintained under in vitro growth
conditions. Hierarchical clustering performed based on the tran
scriptomic profiles revealed that, like with the MDA-MB-231 cells

2.4. A curated CRISPRko screen of genes with FDA-approved drug
treatments reveals targetable vulnerabilities in PDX medulloblastoma
models
In an ideal bed-side diagnostic scenario, a perturbation screen could
be used to fully characterize a patient’s tumor to develop a patientspecific treatment plan. However, tumor biopsies are typically ob
tained via syringe, with even large cores being no more than 1/16′′ in
diameter and 1/2′′ in length. A genome-wide perturbation screen re
quires hundreds of millions of cells for necessary coverage when ac
counting for transduction efficiencies [35,37,40], and as such, would be
impractical in this setting. In contrast, a smaller-scale but targeted
screen containing sgRNAs for genes of high therapeutic interest would
be much more applicable and of greatest utility to clinicians.
To this end, we construct a 74-element CRISPRko library from genetargets of known FDA-approved anti-cancer drugs [54], as well as genes
known to have prominent roles in Group 3 medulloblastomas [72]
6
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Fig. 4. Targeted CRISPRko screen in PDX medulloblastoma cells cultured in the ex vivo perfused 3D model, and in in vivo orthotopic locations in mice. (A) Overview
of CRISPR knockout library design. Target genes of single-guide RNAs were assembled from a list of genes with FDA-approved drugs targeting their products. (B)
Schematic representation of the targeted CRISPR knockout screen. PDX-medulloblastoma cells are isolated from tumors, and lentivirally transduced with a 74element CRISPR knockout library. Cells are collected and distributed in perfused printed constructs and tumors in mice injected orthotopically in the cerebellum.
Conditions are sustained over 6 weeks, after which gDNA is extracted, amplified, sequenced, and processed. (C) Results of a principal component analysis performed
across all genes of all individual replicates for each treatment condition. (D) Comparison of effect sizes (Z-Score) for all 74 sgRNA targets in perfused prints and
orthotopic tumors. AAVS1 and NTC respectively represent sgRNAs targeting the adeno-associated virus integration site 1 and non-targeting controls, both serving as
controls. (E) Metabolic activity measurements of PDX medulloblastoma cells grown in perfused prints when treated with various drugs inhibiting top depletion
targets of the CRISPRko screen (n = 3 with P values *P < 0.05 and **P < 0.01). (F) Timeline for a potential point-of-care functional oncology setting outlining the use
of focused CRISPR screens in a perfused printed model for patient-specific cancer vulnerability screening.
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(Fig. 4A). This library was to be integrated with the aforementioned PDX
models. In addition to replicating aspects of the in vivo microenviron
ment, the perfused culture system was capable of growing the PDX cells
ex vivo with greater survivability compared to suspension cell culture,
and at higher growth rates compared to static 3D culture, both key re
quirements in conducting a successful depletion screen.
We initiated the CRISPRko screen by transducing the library into
PDX medulloblastoma cells. A portion of the transduced cells was har
vested and frozen at Day 3, while the rest were split by being either
encapsulated into perfused printed constructs, or injected into the cer
ebellum of immunodeficient (NOD-SCID-IL2R gamma knockout, or
NSG) mice. A full workflow is shown in Fig. 4B. This experiment was
conducted twice to ensure reproducibility of results, with the first and
second trials respectively including n = 4 and n = 5 replicates for
perfused prints, and n = 6 replicates for tumors. Each replicate was
loaded with over 1 × 105 transduced cells each to achieve over 1000fold coverage at initial onset, and cells in all conditions were allowed
to grow for 6 weeks. Genomic DNA from all samples was subsequently
extracted, sequenced, and analyzed using the MAGeCK pipeline [65].
Fitness for individual genes was estimated by calculating the Zscores of
the log2foldchange.
A fitness comparison between perfused prints of the first and second
trials showed relatively high correlation and consistent behavior
(Figure S9B) while a similar comparison between tumors of the first and
second trials showed substantially more variability (Figure S9C). This
was further reflected when a principal component analysis was per
formed across all genes of all replicates, and indicated close clustering of
all print replicates, and substantially greater variation for all tumor
replicates (Fig. 4C). A fitness comparison between tumor and perfused
print conditions revealed a number of shared genes depleted in both
conditions (Fig. 4D). These included KDR, MYC, mTOR, TOP, CDK4, and
CDK6. MYC, while lacking a therapeutic targeting agent, is known to be
a primary driver of Group 3 Medulloblastomas [72], and as such, its
behavior is as expected. Potential use of KDR, mTOR, and CDK4/6 in
hibitors in the context of medulloblastomas have been investigated with
positive results [76–79], while topoisomerases have also been found to
be highly expressed in medulloblastomas [80]. To validate results,
inhibitory drugs against TOP, mTOR, and CDK4/6 were obtained and a
growth comparison was made in perfused print PDX medulloblastoma
models grown with and without each respective drug. A quantitative
comparison of cell viability using the CCK8 assay revealed significantly
inhibited growth in each case (Fig. 4E). Together, the results and vali
dation confirm the overall efficacy of the studies and potential utility of
this methodology in point-of-care oncology settings. As such, in a hy
pothetical diagnostic scenario, a targeted CRISPRko library could be
transduced into a small number of cells obtained from a tumor biopsy.
The transduced cells could subsequently be cultured, and the distribu
tion of sgRNAs sequenced to obtain potential patient-specific treatment
targets in a matter of weeks (Fig. 4F).

potential targets in medulloblastomas. While no model system is ideal or
a complete recapitulation of the native biological setting, our method
ology enables sustained perfusable co-cultures of multiple cell types, and
with media and material optimization can enable progressively closer
replication of the in vivo tumor microenvironment. We thus anticipate
our screening format integrating tissue engineering with existing ana
lytic technologies could allow for both better understanding of patho
logical behavior in various types of cancers, as well as improved
discovery of drug targets.
4. Materials and methods
4.1. 3D printing of silicone holders and long-term perfusion
Construction and long-term perfusion of flow chambers were
accomplished as previously described [57]. Briefly, perfusion culture
utilized a 3-component system consisting of a media reservoir, a flow
chamber constructed via extrusion-printed silicone (Dow Corning Toray
Sylgard SE1700), and a peristaltic pump (Watson Marlow 205U).
4.2. Cell lines
HUVECs and hMSCs used in the study were obtained from Lonza, and
were each used until passage 10. HUVECs were cultured in EGM-2
(Lonza), and hMSCs were cultured in mesenchymal stem cell growth
medium (MSCGM) (Lonza). MDA-MB-231 cells were obtained from
ATCC and were cultured in DMEM supplemented with 10% FBS and 2
mM L-Glutamine. HEK293T cells were obtained from ATCC and were
cultured in DMEM supplemented with 10% FBS. The Med411-FH me
dulloblastoma patient-derived xenograft line [77,81] was maintained in
the Wechsler-Reya lab. Tumors were harvested and dissociated into
single cells the day of culture, and were subsequently encapsulated in
their respective growth environments. For Med411-FH, media was
composed of NeuroCult basal medium supplemented with Proliferation
Kit (StemCell Technologies), 2 μg/mL heparin (Sigma), 20 ng/mL
epidermal growth factor (Sigma), and 20 ng/mL fibroblast growth factor
(Lonza).
4.3. Animals
Rag2− /− ;gc− /- immunodeficient mice used for orthotopic breast
cancer models were maintained in animal facilities at the Powell-Focht
Bioengineering Hall at the University of California San Diego. Non-obese
diabetic, severe combined immunodeficiency, interleukin-2 receptor
gamma knockout (NOD-SCID gamma, or NSG) mice used for intracranial
tumor transplantation were purchased from Jackson Labs (Stock No:
005557 Bar Harbor, ME) and maintained in animal facilities at the
Sanford Consortium for Regenerative Medicine. All experiments were
performed in accordance with national guidelines and regulations, and
with the approval of animal care and use committees at Sanford Burn
ham Prebys Medical Discovery Institute and the University of California
San Diego.

3. Discussion and conclusions
Taken together, we have developed a platform and approach to
conduct therapeutically relevant genetic screens in ex vivo tissue models.
Specifically, our biologically-derived matrix systems enabled long-term
tissue culture, as well as ex vivo maintenance of PDXs, which are typi
cally refractory to in vitro culture. Furthermore, the comprehensive
evaluation of transcriptomic and phenotypic responses confirmed that
our tissue engineered models better mimicked in vivo conditions
compared to traditional 2D cell culture techniques. As reliable identifi
cation of therapeutic targets depends on the biological accuracy of the
model being used, the above encouraged us to repurpose our engineered
tissue model towards a point-of-care oncology application, and results of
our CRISPRko screen for therapeutically-actionable targets in a medul
loblastoma PDX model revealed and validated several notable hits,
including mTOR, CDK4/6, and TOP all of which have been evaluated as

4.4. Spheroidal and condensed bud cultures
Spheroids of MDA-MB-231 cells were formed by distributing cells
into 96-well low-adhesion plates (Corning) at approximately 30,000
cells per well. Each well formed a single spheroid, allowed to condense
over 72 h before harvesting. To form condensed buds, individual wells of
48-well plates were first coated with Matrigel (5 mg/mL). Then,
approximately 30,000 MDA-MB-231 cells, 30,000 HUVECs, and 7500
hMSCs were distributed into each well, and allowed to condense over 72
h before harvesting. To harvest spheroids, wells were gently pipetted
twice with a P1000 pipette to dislodge and collect the spheroid. To
harvest condensed buds, a P1000 pipette tip was cut near the tip to in
crease the opening diameter, and used to gently pipette to dislodge and
8
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collect the bud. Spheroids or condensed buds were then collected with
media into a single centrifuge tube, allowed to settle, and then had
media removed by gentle pipetting.

anesthetized Rag2−

immunodeficient mice.

4.5. Preparation of perfusable tissue constructs

MDA-MB-231 cells were harvested and encapsulated in static
matrices on a glass cover-slip-bottomed plate (MakTek), either with or
without the addition of hMSCs. Matrices were prepared as a blend of
Matrigel (4 mg/mL), fibrinogen (7.5 mg/mL), and gelatin (10 mg/mL).
Cells were encapsulated at densities of 1 × 106 cells/mL for MDA-MB231, and 2.5 × 105 cells/mL for hMSCs. Cells were grown in static
matrix culture for 6 days, after which they were either imaged directly
via confocal microscopy, or fixed, stained for F-actin, and then imaged.
For quantitative elongation and spreading analysis, length and width
measurements of individual cells were obtained in ImageJ.

4.7. Spreading analysis of MDA-MB-231 cells

Free-standing PVA structures were designed as previously described
[57]. Briefly, geometries of interest were designed in AutoDesk Inventor,
exported to the Ultimaker Cura software, and printed using the Ulti
maker [3] from solid PVA filaments (Ultimaker).
For printed constructs used in the transcriptomic analysis, or the
kinome-wide CRISPRko screen and validations, matrix solutions were
prepared as previously described [57]. Matrices were formulated with
Matrigel (4 mg/mL), fibrinogen (7.5 mg/mL), gelatin (10 mg/mL),
transglutaminase (2 mg/mL), CaCl2 (2.5 mM), and thrombin (2 U/mL).
Briefly, stock solutions of gelatin, CaCl2, and thrombin were prepared
prior to formulation. Type A porcine skin gelatin (Sigma-Aldrich) was
dissolved overnight in water (15 wt/vol %) at 70 ◦ C, buffered to pH 7.4
using 1 M NaOH, passed through a 0.22 mm filter (Millipore), and stored
at 4 ◦ C. CaCl2 was dissolved at 250 mM in Dulbecco’s phosphate buff
ered saline (dPBS), and Thrombin (Sigma-Aldrich) was prepared at 500
U/mL, aliquoted, and stored at − 20 ◦ C. Solutions of both bovine plasma
fibrinogen (Millipore) and transglutaminase (MooGloo) were dissolved
in dPBS at 37 ◦ C immediately prior to use, and at respective concen
trations of 100 mg/mL and 50 mg/mL. During formulation, all compo
nents except Matrigel and thrombin were mixed and incubated at 37 ◦ C
for 20 min, after which Matrigel and thrombin were rapidly added. The
solution was mixed, used to resuspend cells, poured into silicone
single-chamber holders, and allowed to gelate over 1.5 h. PVA was then
evacuated via perfusion of warm media. For printed constructs perfused
at low flow rates (15 μL/min), perfusion was initiated immediately. For
printed constructs perfused at high flow rates (>500 μL/min), the cured
constructs were removed from single-chamber holders, and transferred
to dual-chamber holders prior to perfusion (Fig. 1A).
For printed constructs used to culture human xenografts, matrix
solutions were formulated from fibrinogen (7.5 mg/mL), hyaluronic
acid (1 mg/mL), and thrombin (2 U/mL). All components except hyal
uronic acid were prepared as previously described. Hyaluronic acid
(LifeCore) was prepared at a stock concentration of 10 mg/mL by stir
ring overnight in PBS at 4 ◦ C. Matrices were prepared by directly mixing
all components, resuspending cells in the matrix solution, pouring into
single-chamber silicone holders, allowing for gelation, and then trans
ferring into dual-chamber holders prior to perfusion.
Endothelialization of printed constructs was achieved by resus
pending HUVECs at a concentration of 5 × 106 cells/mL, then injecting
them into the lumen. Constructs were incubated for 30 min on either
side, and left overnight to allow for adhesion before reintroducing flow.

4.8. Ex vivo culture of human xenografts
The Med411-FH PDX line [77,81] was generated by Jim Olson’s lab
at Fred Hutchinson Cancer Research Center and maintained in the
Wechsler-Reya Lab via orthotopic implantation of approximately 1 ×
105 dissociated tumor cells into the cerebellum of male NSG mice. Lines
were subsequently propagated from mouse-to-mouse [81,83,84].
Immediately prior to the study, tumors were allowed to grow for
approximately 6 weeks before being harvested and dissociated into
single cells via treatment with 10U/mL papain (Worthington). Cells
were either snap-frozen in liquid nitrogen and stored at − 80 ◦ C,
immediately resuspended into media, into one of several static matrix
conditions, or into perfused print conditions, and allowed to grow over
10 days. Matrix composition in static matrix conditions consisted of a
blend of either Matrigel (4 mg/mL), fibrinogen (7.5 mg/mL), and gelatin
(10 mg/mL), or fibrinogen (7.5 mg/mL) and hyaluronic acid (1 mg/mL).
Matrix composition in perfused prints consisted of fibrinogen (7.5
mg/mL) and hyaluronic acid (1 mg/mL). Subsequent media used was
either the previously-described NeuroCult formulation, or a 1:1 mixture
of the NeuroCult formulation with EGM-2 (Lonza).
4.9. Extraction of RNA from MDA-MB-231 cells or PDX
medulloblastoma cells for transcriptomic analysis
Snap-frozen cells had RNA extracted directly using the RNeasy Kit
(Qiagen). For matrix and perfused print conditions containing only
fibrin or a combination of fibrin and hyaluronic acid, matrices were cut
into <1 mm pieces, resuspended in 10U/mL papain (Worthington), and
allowed to incubate for 1 h at 37 ◦ C to digest the matrix. For matrix and
perfused print conditions containing Matrigel, gelatin, and fibrin,
matrices were cut into <1 mm pieces, resuspended in Dispase II solution,
and placed on a shaker at 60 rpm at 37 ◦ C for 1 h. The solution was then
centrifuged at 300 g for 5 min and supernatant was removed. The
remaining cells and matrix fragments were then resuspended in a
digestion solution provided by the Miltenyi Tumor Dissociation Kit and
placed on a shaker at 60 rpm at 37 ◦ C for 1 h. To collect cells following
all matrix digestions, solutions were centrifuged at 300 g for 5 min, and
supernatant was aspirated. RNA was then extracted using the RNeasy
Kit.
Following RNA extraction, approximately 500 ng of RNA from each
condition was used to synthesize cDNA using the NEBNext poly(A)
mRNA Magnetic Isolation Module (New England Biosystems). Libraries
were then constructed and indexed using the NEBNext Ultra II RNA
Library Prep Kit (New England Biosystems) and NEB Multiplex Primers.
The final product was purified using 1.0x Ampure XP beads, pooled in
equal ratios, and sequenced using the NovaSeq with either paired end
250 bp reads or paired end 100 bp reads.

4.6. 2D, 3D, and in vivo culture of MDA-MB-231 cells
MDA-MB-231 cells were harvested and distributed into 2D mono
layer culture, static matrix, perfused print, or orthotopic mammary
tumor conditions, and allowed to grow over 4 weeks. Perfused prints
were prepared as previously described in a blend of Matrigel (4 mg/mL),
fibrinogen (7.5 mg/mL), and gelatin (10 mg/mL). Cells selected for
prints were distributed into low-adhesion 96-well plates (Corning) with
approximately 30,000 cells per well. Spheroids were allowed to
congregate for 72 h, after which they were harvested and encapsulated
within their respective growth environments along with hMSCs at
respective densities of 1 × 106 cells/mL and 2.5 × 105 cells/mL.
Perfused prints prepared in the absence of hMSCs or HUVECs were
prepared identically, but without the addition of hMSCs and with no
endothelialization. Static matrices were prepared identically, but
without the subsequent perfusion. Cells selected for orthotopic tumor
conditions were resuspended in a 1:1 mixture of Matrigel and EGM-2,
and were injected into the mammary fat pad [82] of female
9
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4.10. Computational analysis of MDA-MB-231 and patient-derived
xenograft data

replaced. After an additional 24 h, selection was initiated by supple
menting medium with puromycin (4 mg/mL, Millipore). Selection was
allowed to continue for 24 h, after which cells were harvested and
distributed into one of seven conditions. Replicates for each condition
contained a minimum of 3 million cells each to achieve approximately
1000-fold library coverage. Cells selected for cell culture conditions
were passaged immediately onto tissue culture plates. Cells selected for
orthotopic tumor conditions were resuspended in a 1:1 mixture of
Matrigel and EGM-2, and were respectively injected into the mammary
fat pad [70,82] of anesthetized Rag2− /− ;gc− /- immunodeficient mice.
Cells selected for perfused print conditions were distributed into
low-adhesion 96-well plates (Corning) with approximately 30,000 cells
per well. Spheroids were allowed to congregate for 72 h, after which
spheroids selected for static matrix or either of two perfused print con
ditions were harvested and encapsulated within their respective growth
environments.

For 250 bp runs, raw reads within FASTQ files were trimmed to
100bp to remove any 3’ adapter sequences. Reads were aligned to both
reference genomes HG38 and mm10 using STAR [60], and mouse read
contamination was removed using XenofilteR [85]. Read counts were
generated by mapping to reference transcriptome GenCode v33 using
FeatureCounts. Read counts were normalized in DESeq2 both across all
samples for a given gene using the geometric mean, and within each
sample using the median. Relative expression profiles and differentially
expressed gene lists were subsequently generated using the DESeq2
pipeline. Hierarchical clustering between replicates was performed
based on the average distance in relative expression levels of all
expressed genes across replicates. Principal component analysis was
performed using relative expression levels of all genes across replicates.
Enriched and depleted pathways were identified using Metascape [66].
Differentially expressed genes with both |Zscore| > 1.5 and FDR <0.1
were input into Metascape, and pathway lists were restricted to terms
within the Gene Ontology Biological Process domain.

4.13. Targeted CRISPR knockout screen in PDX models
The puromycin-resistance domain of the LentiCRISPR v2 plasmid
[40] was excised and replaced with an eGIP reporter sequence [87]. A
total of 66 unique gene-targeting sgRNAs, 4 non-targeting control
sgRNAs, and 4 AAVS1-targeting sgRNAs were inserted individually by
Gibson assembly into the plasmid via a BsmBI cut site. For each sgRNA,
the Gibson assembly was transformed into chemically competent Stbl3
cells (Invitrogen), and sgRNA identity was confirmed via sanger
sequencing of individually purified clones. Plasmid DNA here was
extracted using a QIAprep Spin Miniprep Kit (Qiagen). The sequence
validated plasmids were then pooled and transformed into Stbl4 elec
trocompetent Escherichia coli (Invitrogen), which were recovered for 1
h at 37 ◦ C in SOC media (Thermo). Subsequently, the transformed
Escherichia coli were used to inoculate a 100 mL culture of
LB-carbenicillin (50 mg/mL) and incubated overnight at 37 ◦ C. Plasmid
DNA was then extracted with a QIAprep Spin Maxiprep Kit (Qiagen).
Production of lentivirus particles was conducted identically to the
previous description. For viral transduction, PDX medulloblastoma cells
were supplemented with medium containing polybrene (8 mg/mL,
Millipore) and enough viral particles to produce a 0.3 MOI. After 24 h,
medium was replaced. After 72 h, cells were harvested and distributed
into either perfused print conditions, or orthotopic tumor conditions.
Replicates for each condition contained a minimum of 1 × 105 trans
duced cells to achieve >1000-fold library coverage. Cells selected for
perfused print conditions were encapsulated within a matrix of 5 mg/mL
fibrin and 1 mg/mL hyaluronan, and allowed to grow for 6 weeks.
Because digestion of the matrices occurred, cells were intermittently
freed from the matrices via papain-digestion, and re-encapsulated.

4.11. Comparison of cell viability for PDX medulloblastoma cells
PDX medulloblastoma cells were either suspended in culture me
dium, or encapsulated in a perfused printed construct composed of 7.5
mg/mL fibrin and 1 mg/mL hyaluronan, then allowed to grow over 21
days. Notably, because the matrix was repeatedly being digested by the
medulloblastoma cells, cells in the perfused print conditions needed to
be extracted from the matrix via papain-dissociation at 8 and 14 days.
Cell viability was measured using a Trypan Blue assay, at 2-day or 3-day
intervals for the suspension cell culture condition, and at each instance
of re-encapsulation for the perfused print condition.
4.12. Kinome-wide CRISPR knockout screen
The Brunello Human Kinome CRISPR Knockout Library [86]
(Addgene 75314) was transformed into Stbl4 chemically competent
Escherichia coli (Invitrogen), which were subsequently incubated
overnight at 37 ◦ C in 100 mL of carbenicillin (50 mg/mL). Plasmid DNA
was then extracted with a QIAprep Spin Maxiprep Kit (Qiagen).
To create individual validation constructs, the LentiCRISPR v2
plasmid [40] (Addgene 52961) was digested via BSMB1, and individual
guide sequences were inserted by Gibson assembly. Resulting plasmids
were transformed into Stbl3 chemically competent Escherichia coli,
which were plated on carbenicillin (50 mg/mL) LB plates and incubated
for 18 h at 37 ◦ C. Colonies were individually transferred into 5 mL of
carbenicillin (50 mg/mL), and plasmid DNA was extracted with a
Qiaprep Spin Miniprep Kit (Qiagen).
To produce lentivirus particles, 36 mL of Lipofectamine 2000 (Life
Technologies) was added to 1.5 mL of Opti-MEM (Life Technologies),
while 3 mg of pMD2. G (Addgene 12259), 12 mg of pCMV delta R8.2
(Addgene 12263), and either 12 mg of the pooled vector library or 9 mg
of a single guide construct were added to a separate 1.5 mL of OptiMEM. Both solutions were incubated for 5 min at room temperature,
after which they were mixed and allowed to incubate for an additional
30 min. This final transfection solution was added dropwise to a 15 cm
tissue culture dish of HEK 293 T cells at approximately 60% confluency
prior. Notably, a single solution of this composition was used to transfect
a single 15 cm dish. Supernatant was collected after 48 and 72 h, filtered
through 0.45 mm Steriflip filters (Millipore), and concentrated using
Amicon Ultra-15 centrifugal ultrafilters (Millipore). Final viral solutions
were aliquoted and stored long-term at − 80 ◦ C.
For viral transduction, MDA-MB-231 cells were grown to approxi
mately 30% confluency on 15 cm tissue culture dishes, and supple
mented with medium containing polybrene (8 mg/mL, Millipore) and
enough viral particles to produce a 0.3 MOI. After 24 h, medium was

4.14. Extraction and processing of gDNA for screen analysis
Genomic DNA was directly extracted from cell culture samples via
the DNeasy Blood and Tissue Kit (Qiagen). For perfused print and tumor
samples, cells were first isolated from their matrix environments.
Matrices or tissue were cut into <1 mm fragments, then resuspended in
Dispase II solution (Millipore) and incubated at 37 ◦ C on a shaker at 60
rpm for 1.5 h. The solution was then centrifuged for 5 min at 300 g,
supernatant was aspirated, and the remaining cells and matrix frag
ments were resuspended in the digestion solution provided by the Mil
tenyi Tumor Dissociation Kit (Miltenyi Biotec) and incubated at 37 ◦ C on
a shaker at 60 rpm for 1.5 h. The solution was then centrifuged for 5 min
at 300 g, and supernatant was aspirated. DNA was then extracted from
the remaining cells via the DNeasy Blood and Tissue Kit (Qiagen).
Guide RNA sequences were amplified using Kapa Hifi HotStart po
lymerase (Roche). An approximately 350 bp fragment was amplified in
the PCR 1 reaction using primers containing the Illumina adaptor se
quences, with input quantities achieving 1000-fold coverage. Of note,
conditions without enough cells or DNA to account for a minimum 50010
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fold coverage were not processed further. Amplicons were purified using
the PCR Purification Kit (Qiagen), and 50 ng of product was transferred
to the PCR 2 reaction. Amplicons from the knockout library samples
were indexed using either NEBNext Single Index Oligos for Illumina
(New England Biosystems) or NEBNext Multiplex Oligos for Illumina kit
(New England Biosystems). The final product was purified using 1.2x
volume of Ampure XP beads, mixed in equal ratios, and sequenced on
either the HiSeq 4000 or NovaSeq with single end 75 bp reads or paired
end 100 bp reads respectively. Amplicons from validation samples were
indexed using NEBNext Multiplex Oligos for Illumina kit (New England
Biosystems). The final product was purified using 1.0x volume of
Ampure XP beads, mixed in equal ratios, and sequenced on the NovaSeq
with paired end 250 bp reads.

replicates for a given condition. Zscores were calculated directly from
Log2-fold change measurements.
4.18. Validation of screen hits with drug treatments
Top hits from the screen, mTOR, Topoisomerase, and CDK4/6 were
respectively targeted using Everolimus (SelleckChem), Irinotecan
(SelleckChem), and Palbociclib (SelleckChem). For storage, stock solu
tions of Everolimus and Irinotecan were prepared by dissolving at 10
mM in DMSO, while a stock solution of Palbociclib was prepared by
dissolving at 10 mM in water. All stock solutions were stored at − 80 ◦ C.
In all cases, perfused prints with PDX medulloblastoma cells were pre
pared as previously described, and allowed to grow for 72 h. Perfusion
media was then supplemented with drugs for 48 h. Everolimus and
Palbociclib were respectively supplemented at 10 μM, while Irinotecan
was supplemented at 5 μM. After 48 h, the drug supplementation was
removed, and perfusion with non-drug treated media was continued for
24 h, after which quantitative viability measurements were obtained
using the CCK8 assay.

4.15. Computational analysis of kinome-wide knockout library data
Raw FASTQ files were analyzed using the MAGeCK software to both
quantify guides and test for enrichment or depletion. Guides with ab
solute counts lower than 50 in Day 3 samples were removed from
analysis. All samples were median-normalized, and replicates were
compared to Day 3 samples to calculate both positive and negative guide
enrichment. Alpha-robust rank aggregation (RRA) was applied to guidelevel enrichment scores to obtain gene-level scores. Log2-fold change
(LFC) measurements were also calculated for each guide, and gene-level
LFC was calculated as the median value for all guides targeting a given
gene. Notably, this was performed for all individual replicates, and for
overall treatment conditions obtained by grouping all replicates for a
given condition.
Coefficients of determination were calculated for pairs of both in
dividual replicates and overall conditions by comparing gene-level LFCs
for either all genes, or the union of genes in each pair with an
algorithmically-determined p-value < 0.0027. Hierarchical clustering of
correlational comparisons was performed using the hclust function in R,
and heatmaps were generated using Prism.
Hierarchical clustering between replicates was performed based on
the average distance in relative expression levels of a subset of genes
consisting of the union of all genes across the 3 treatment conditions
with an algorithmically-determined enrichment or depletion score of p
< 0.0027, as well as a LFC value reflecting its depleted or enriched
status. Principal component analysis was performed using normalized
gene-level LFC values for all replicates via the C PCA function in R.
Depletion pathways were identified using Metascape [66]. The top
40 depleted hits in the cell culture, tumor, and hi-flow perfused print
conditions were input into Metascape, and enriched pathway lists were
restricted to terms within the Gene Ontology Biological Process domain.

4.19. Actin staining
To stain for F-actin, matrices containing MDA-MB-231 cells were
fixed in paraformaldehyde (4%) for 1 h, washed with three rinses of PBS
for 30 min each, and blocked overnight using a solution of bovine serum
albumin (BSA) (1%) and Triton-X100 (0.125) in PBS. Constructs were
then subject to an overnight incubation with Alexa-594 phalloidin
(Thermofisher) in blocking buffer at 4 ◦ C, followed by an overnight wash
with PBS.
4.20. Cell density calculations
For cell density comparisons with the MDA-MB-231 cell line, wet
mass values for matrices, prints, and tumor fragments were obtained
using a mass balance. Cells were then isolated from their matrix envi
ronments using a combination of Dispase II solution and the Miltenyi
Tumor Dissociation Kit as described previously. Living cells were then
counted using the Trypan Blue assay, and density was calculated based
on the number of living cells and the final wet mass for each replicate.
For Med411-FH PDX cells, matrices could not be easily removed
from their holders. Consequently, approximate cell density comparisons
were calculated using the initial matrix masses loaded for each matrix
and print condition. Cells were isolated from their matrix environments
using either Dispase II solution or Papain as described previously. Living
cells were counted using the Trypan Blue assay, and density was
approximated using the number of living cells, and the original mass of
matrix solution used for each condition.

4.16. Comparison to DepMap data
The raw readcount file and guide map (DepMap Public 19Q3)
associated with the AVANA dataset was downloaded from the DepMap
website. Genome-wide data for two experimental replicates for MDAMB-231 cells was processed in MAGeCK and compared to plasmid data
to calculate gene-level log2fold changes. Log2fold change data for all
genes overlapping with those of the Brunello Human Kinome CRISPR
Knockout Library was then extracted and compared to equivalent data
from our week 3 samples. The resulting correlational comparison was
used to calculate a coefficient of determination.

4.21. Statistical analyses
Statistical parameters (mean, standard deviation) for all data shown
in bar graphs were processed using GraphPad Prism v7.0. Direct sta
tistical comparisons where indicated were conducted using a two-sided
t-test. Samples used in the data are biological replicates. Hierarchical
clustering for RNA-seq data was performed in R using the DESeq2, stats,
genefilter, and pheatmap packages. Clustering was performed using the
Pearson Correlation as the measure of distance, and the Average Dis
tance as the method. Principal component analysis for both RNA-seq and
CRISPR screening data was performed in R using the Stats package. For
CRISPR screening data, all log2fold measurements were normalized as Zscores prior to analysis. Correlational comparisons, linear regressions,
and calculations of coefficients of determination (R2) for all CRISPR
screening datasets was performed in MATLAB.

4.17. Computational analysis of targeted knockout library
Raw FASTQ files were analyzed using the MAGeCK software to both
quantify guides and test for enrichment or depletion. All samples were
median-normalized, and replicates were compared to Day 3 samples to
calculate both positive and negative guide enrichment. Log2-fold change
(LFC) measurements were calculated for each guide for all individual
replicates, and for overall treatment conditions obtained by grouping all
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