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1. Introduction

The overall goal of the project is to determine how neurofibromin is regulated, and to explore
the hypothesis that loss of neurofibromin activity leads to up-regulation of specific receptors.
We hope that we will be able to find news of up-regulating neurofibromin in cells in which one
allele is defective, and that we will be able to suppress hyperactive Ras signaling in cells in
which both alleles are lost. We are building on our earlier discovery, that neurofibromin
depends on the adapter protein SPRED1, to function, and we are utilizing the latest technical
innovations including CRISPR technology to find genes that regulate neurofibromin SPRED
function.

2. Keywords

Neurofibromin, Spred1, Spred2, EGFR, mutant EGFR(L858R), Ras-GTP, Ras-MAPK, RTK,
neurofibromatosis, RasGAPs, growth factor signaling, therapeutic targeting.

3. Accomplishments
Major Goals of the Project

Specific Aim 1
Major Task 1: Determine and verify RTKs that interact with Spred1 and Spred2

- Subtask 1: Generation of plasmids and co-IP of exogenous RTKs and Spred1/2

- Subtask 2: Validation of co-IP, endogenous protein co-IP

- Subtask 3: Determine the binding sites and tyrosine phosphorylation pattern on
Spred for the RTK/Spred interaction

Major Task 2: Determine effect of NF1/Spred loss on Spred-binding RTK signaling

- Subtask 1: Establish good NF1 and Spred1/2 knockdown protocols for indicated
cell lines

- Subtask 2: Establish good biological readout assays for cell lines to be tested in
response to specific RTKs

- Subtask 3: Determining Ras-MAPK signaling and biological readouts with NF1 or
Spred knockdown in response to RTK activation

Specific Aim 2

Major Task 3: Determine EGFR-mediated changes in Spred and Neurofibromin phosphorylation
and interaction partners

- Subtask 1: Purification of Neurofibromin or Spred from cells +/-mutant EGFR

- Subtask 2: Mass spec analysis

- Subtask 3: Mutational analysis of Spred and Neurofibromin phosphorylation
sites on Spred/Neurofibromin interaction



- Subtask 4: Knockdown analysis of interacting proteins on Spred/Neurofibromin
interaction

Major Task 4: Determine targets for increasing Spred/Neurofibromin interaction and NF1

function in NFl_/+ cells

- Subtask 1: Establish good siRNA and/or drug inhibition protocols for the regulators
identified above in relevant NF1-/+ cell lines

- Subtask 2: Test the effect of siRNA and/or drugs above in Ras-MAPK signaling and
functional assays: proliferation, migration, differentiation

Specific Aim 3

Major Task 5: Determine novel post-translational modifications and interacting proteins with
Neurofibromin

- Subtask 1: Generate cells stably expressing Tet-regulatable full length NF1 and NF1 point
mutants

- Subtask 2: Purify NF1 from cells with multiple conditions

- Subtask 3: Mass spec analysis, identify proteins that interact differentially between WT
and mutant NF1

- Subtask 4: Determination of effect of differentially interacting proteins on NF1 function



Major Task 1: Determine and verify RTKs that interact with Spred1 and Spred2

Subtask 1: Generation of plasmids and co-IP of exogenous RTKs and Spred1/2

The RTK plasmids that have been generated are shown in Table 1. As a pilot experiment, Spred1
has been shown to bind to the activated from of EGFR(L858R) at a higher affinity than wild-type
EGFR as shown in Figure 1. Interestingly, activated EGFR with EGF does not increase Spred1
binding and EGFR inhibition reduces EGFR(L858R)-Spred1 binding. These results are surprising
and important for understanding the role of Spred1 on both wild-type and pathogenic RTKs.
Spredl is deleted across multiple cancer types while Spred2 is not. Therefore, given the clinical
importance of Spred1, we have prioritized our studies to thoroughly investigate Spred1 before
Spred2. We previously identified phosphorylation sites on Spred1 by mass spectrometry
following EGFR(L858R) cotransfection. pSpred1(S105) is particularly interesting due to loss of
NF1 binding and so additional RTKs have been tested for ability to phosphorylate Spred1 at
S105 as shown in Table 1. These samples have been submitted for mass spectrometry analysis
and RTK binding is ongoing.

Table 1

Candidate RTKs

EGFR EGFR(L858R)
CKIT CKIT(D816V)
FLT3 FLT3(ITD)
FLT3(D835Y)
PDGFRa | PDGFRa(D842V)
HER2 HER2(V654E)
MET
BCR-
ABL
CSF1R
Table 1. RTKs which have been cotransfected with Spred1 to determine ability to phosphorylate
Spredl
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Figure 1. Spred 1 binds mutant EGFR(L858R) with higher affinity than wild-type EGFR. A) HEK
293T cells were transfected, serum starved for 16 hours, and stimulated with 20ng/ml EGF and
EGFR binding accessed by Western blot. (B) Cells were transfected and Spred-NF1 binding was
assessed by Western blot. EGFR inhibitor AZD9291 used at 1uM for 6 hours.

Subtask 2: Validation of co-IP, endogenous protein co-IP

Validation of co-IP and endogenous protein co-IP is ongoing.

Subtask 3: Determine the binding sites and tyrosine phosphorylation pattern on Spred
for the RTK/Spred interaction

Flag tagged Spred1 was overexpressed in 293T cells with and without EGFR(L858R). Spred1 was
immunoprecipitated and subject to mass spectrometry analysis. Phosphorylation and binding
partners with mutant EGFR are shown below in Figure 2.



Figure 2
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EGFR, ERBB2, ERBB4, CALM1, RPL36, NPM1, HCN3, RPL28, RPL38, NDUFAS5, TEX10, NDUFS2,
XRCC6, C30rf58, SRP9, FAM91A1, SLIRP, HIGD1A, ZNF444, SUB1, NOB1, EIF3L, PNO1, ASPHD1,
MKI67IP, NOP2, TSPYL1, SRSF2, SF3B3, ZNF638, LBR, NSUN2, RRP1, RPUSD4, WDR18, TIMMDC1,
FAM132B, ZNF696, ZFPL1, AIFM1, RPL10L, KRT17, KMT2B, SNRPF, DNAJC19, RRP36

Figure 2. Identification of Spred1 phosphorylation and binding partners in the presence of
mutant EGFR (L8585R). (A) Schematic for Spred1 mass spectrometry analysis. (B) Identification
of Spred1 phosphorylation sites downstream of mutant EGFR. Kinase phosphorylation motifs
identified using PhosphoMotif Finder and PhosphoSitePlus. (C) Spred1 interacting proteins
identified by mass spectrometry.



Major Task 2: Determine effect of NF1/Spred loss on Spred-binding RTK
signaling

Subtask 1: Establish good NF1 and Spred1/2 knockdown protocols for indicated cell
lines

NF1-Null and Spred1-Null HEK 293T cells have been generated using CRISPR/Cas9 and single
clones have been expanded for biochemical assays (Figure 3). NF1-Null MEFs have also been
generated and will be characterized. Spred1-Null HEK 293T and MEFs are currently being
generated using CRISPR/Cas9.
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Figure 3. Clonal NF1-Null and Spred1-Null HEK 293T cells lines were generated using
CRISPR/Cas9 with a sgRNA targeting exon 2 of NF1 and exon 1 of Spred1. Following antibiotic
selection clones were screened by Western blot.

Subtask 2: Establish good biological readout assays for cell lines to be tested in

response to specific RTKs

Ras-GTP pulldown assay with GST-RBD, pRAF1, pMEK, and pERK have been optimized
as demonstrated in Subtask 3.

Subtask 3: Determining Ras-MAPK signaling and biological readouts with NF1 or Spred
knockdown in response to RTK activation

Ras-MAPK signaling in response to EGF has been analyzed in NF1 wild-type and NF1-Null 293T
cells (Figure 4). Both the magnitude and duration of Ras-MAPK signaling seems to be enhanced
in the NF1-Null 293T cells compared to wild-type. Also, Spred1 overexpression is unable to
inhibit Ras-MAPK signaling in NF1-null cells compared to wild-type.
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Figure 4. Spredl overexpression is unable to suppress RasGTP following EFG stimulation in NF1-
Null cells. NF1-Null_1 cells were transfected, serum starved for 16 hours, and stimulated with
20ng/ml EGF. Downstream signaling was accessed by Western blot.

Major Task 3: Determine EGFR-mediated changes in Spred and Neurofibromin

phosphorylation and interaction partners

Subtask 1: Purification of Neurofibromin or Spred from cells +/-mutant EGFR

See Subtask 2

Subtask 2: Mass spec analysis

Neurofibromin and Spred1 have been successfully purified with and without activating
EGFR(L858R) and analyzed by mass spec. as shown in Figure 5. For Spred1 see Major
Task 1, Subtask 3 and for NF1 see Major Task 5, Subtask 3.



Figure 5
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Figure 5. Spred1-flag IP from HERK 293T cells for mass spec analysis.

Subtask 3: Mutational analysis of Spred and Neurofibromin phosphorylation sites on
Spred/Neurofibromin interaction

Phosphodeficient and phosphomimic mutants of Spred1 phosphorylation sites identified by
mass spectrometry were generated and tested for effects on NF1 binding. Spred1(S105)
mutants showed the expected binding (Figure 6). Importantly, phosphomimic Spred1(S105D) is
unable to bind NF1 and suppress Ras-GTP following EGF stimulation.



Figure 6
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Figure 6. Phosphomimetic Spred1(S105) is unable to bind NF1 and suppress RasGTP following
EGF stimulation. (A) Phosphomimetic and phosphodeficient Spred1 mutants at S105 were
generated using site directed mutagenesis and transfected into HEK 293T cells to determine
NF1 binding by Flag-IP followed by Western blot. (B) HEK 293T cells were transfected, serum
starved for 16 hours, and stimulated with 20ng/ml EGF. Downstream signaling was accessed by
Western blot.

Phosphorylated Spred1(S105) has been quantitated and normalized to total Spred1(S105) using
transient transfection in 293T cells (Figure 7) and mass spectrometry as previously described.
Expression of mutant EGFR(L858R) leads to a 5-fold increase in phospho-Spred1(S105). We will
now test candidate kinase inhibitors which reduce phospho-Spred1(S105).



Figure 7
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Figure 7. Design of mass spectrometry experiment to identify Spred1(S105) kinase.
Quantitation of relative phosphorylation at the S105 site in SPRED1 was carried out in Skyline
v3.0 by quantifying MS1 precursor peak areas of the S105-containing peptides and normalizing
them by the sum of abundances of all unmodified peptides detected in the same protein.
Transient transfection in HEK 293T was carried out as previously described.

In addition to identifying Spred1(S105) as an important phosphorylation site for NF1 binding
and Ras signaling we have also identified CDK1 as the Spred1(S105) kinase. Figure 8 shows
results from an in vitro kinase assay with Spred1(S105) peptide, an in vitro kinase assay
comparing wild-type Spred1 to Spred1(S105A), and a full length Spred1 in vitro kinase assay
followed by mass spec for Spred1(S105) phosphorylation. Figure 9 shows Spred1
phosphorylation at S105 decreases in response to CDK1 inhibitors and increases with CDK1
expression.
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Figure 8
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Figure 8. CDK1 phosphorylates Spred1 on S105 in vitro. (A) In vitro kinase assay with
Spred1(S105) peptide performed by Kinexus. (B) In vitro kinase assay comparing wild-type
Spred1 to Spred1(S105A). (C) In vitro kinase assay with full length Spred1 followed by mass spec
for Spred1(S105) phosphorylation.
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Figure 9
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Figure 9. CDK1 phosphorylates Spred1 in vivo. (A) Spred1-Flag was overexpressed in HEK 293T
cells, immunoprecipitated, and analyzed for Spred1(S105) phosphorylation by mass spec in the
presence of selected pathway inhibitors. All inhibitors were used at 2uM for 2 hours. EGFR
inhibitor AZD9291, RAF inhibitor LY3009120, GSK3 inhibitor CHIR-99021, CDK1/2/5/9 inhibitor
Dinaciclib, PKC inhibitor Sotrastaurin, JNK inhibitor JINK-IN-8, p38 inhibitor LY2228820, and PI3K
inhibition GDC-0941. (B) As shown in (A) but with additional CDK1 inhibitors. (C) As shown in (A)
but with siRNA knockdown. (D) Spred1-Flag was overexpressed in HEK 293T cells with the
addition of CDK1 constructs.

Our collaborators Boettcher et al. recently discovered, through an unbiased whole genome
CRISPRa screen, that SPRED1 and NF1 overexpression inhibit K562 proliferation. K562 is a
chronic myeloid leukemia (CML) cell line with the BCR-ABL oncogene, is dependent on Ras-GTP
for proliferation and may be unable to phosphorylate and inactivate Spred1 on serine 105.
Therefore, we expected the K562 cell line would be an ideal model system to test the biological
effects of phosphomimetic Spred1(S105). We infected K562 cells with Spred1-IRES-GFP
expressing retrovirus and performed a competition assay between infected (GFP+) and
uninfected (GFP-) cells (Figure 10B). Representative flow cytometry GFP histograms show
similar infection rates and expression levels (Figure 10C). Spred1 wild type infected GFP positive
cells were outcompeted by uninfected GFP negative cells while the empty vector controls were
not. Phosphomimetic Spred1(S105) infected cells were unable to inhibit proliferation, along
with Spred1 Legius syndrome patient mutants W31C and T102R.
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Figure 10
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Figure 10 Phosphomimetic Spred1(S105) alters Ras-GTP signaling following EGF
stimulation and K562 proliferation

1) HEK 293T cells were transfected, serum starved for 16 hours, and stimulated with 10
ng/ml EGF. Downstream signaling was accessed by western blot and Ras-GTP pulldown
assay.

2) K562 cells were infected with Spred1-IRES-GFP expressing retrovirus. Three days after

infection baseline GFP-positive cells were measured by flow cytometry and normalized to 1.

GFP positive cells were monitored over time to measure the effect of Spredl expression on
proliferation. The statistical significance of the difference between indicated samples was
determined using a two-way ANOVA. ***P <0.001.

3)

Representative flow cytometry GFP histograms.
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In collaboration with the structural biology group at Frederick National Labs, we have solved
the structure of the KRAS/NF1/SPRED complex, as shown in Figure 11 below.

Figure 11
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These structures show that RAS and SPRED1’s EVH domain bind at distinct sites on the NF1
GAP-related domain, as predicted from our biochemical analysis, published in collaboration
with Klaus Scheffzek. Of particular relevance to this project, 105 is directly in the interface

between SPRED1 and NF1 (below). The phosphomimetic S105D presents a stearic clash which

accounts for its reduced binding.
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Major task 4: Determine targets for increasing Spred/Neurofibromin interaction
and NF1 function in NF1-/+ cells

Subtask 1: Establish good siRNA and/or drug inhibition protocols for the regulators identified
above in relevant NF1-/+ cell lines

This sub-task was modified to use CRISPRa technology to identify genes which, when over-
expressed in cells, would differentially regulate NF1 -/- cells relative to wild-type.

CRISPRa is a relatively new and efficient screening technique to identify the effect of gene
overexpression. Our colleagues Boettcher et al., performed a full genome CRISPRa screen in the
BCR-ABL fusion leukemia cell line K562 with imatinib (paper attached) an ABL inhibitor to apply
selective pressure, to identify genes that effect proliferation. These cells are an ideal model
system since they grow in suspension, allowing for high coverage of a whole genome screen.
Genes which when overexpressed inhibited proliferation included NF1, SPRED1, and SPRED2.
Importantly, KRAS overexpression increased proliferation, confirming RAS dependence. Further
validation screening revealed that Neurofibromin loss negated the toxic effects of SPRED2
overexpression, confirming Spred proteins act through Neurofibromin.

These results show the K562 cell line is an ideal model system for screening genes which
regulate Neurofibromin since proliferation is dependent on activity of the fully functional Ras
pathway. Additional hits from the Neurofibromin loss candidate screen include the RTK AXL and
the AML fusion gene partner NOL4AL. When overexpressed in NF1-null cells, but not wild type,
proliferation increased, suggesting these genes may suppress proliferation through
Neurofibromin. To expand this exciting preliminary data, we performed a whole genome
CRISPRa screen comparing wild type to NF1-null K562 cells in the presence of imatinib. We
identified many novel genes which may promote or inhibit proliferation through
Neurofibromin.

Our CRISPRa screen generated many compelling hits from the Ras pathway, as expected (Table
2-1). The top hit from the CRISPRa screen, which when overexpressed inhibited proliferation in
the wild type but not NF1-null cells, was Transforming growth factor beta receptor 2 (TGFBR2).
TGF-B signaling inhibits proliferation and stimulates erythroid differentiation. The TGFBR2
ligand TGF-B1 inhibits proliferation of K562 cells, potentially through differentiation into red
blood cells (RBCs). Additionally, ABL and MEK inhibition differentiate K562 cells into RBCs,
supporting the role of MAPK signaling to prevent differentiation and maintain proliferation.

Importantly, in this whole genome, unbiased screen Spred1 was a top hit, further validating the
inhibitory function of Spred1 is dependent on Neurofibromin. Other notable hits were DUSP9,
an ERK1/2 phosphatase. In wild type cells, increasing expression of DUSP9 is expected to
decrease phosphorylated ERK1/2 and inhibit proliferation. However, NF1-null cells are expected
to have elevated Ras-GTP, which may increase phosphorylated ERK1/2 to counterbalance
DUSP9 overexpression. Other hits include CBL, a known E3 ubiquitin-protein ligase which
degrades BCR-ABL, and tyrosine-protein phosphatase non-receptor type 1 (PTPN1 also known
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as PTP1B) an ABL phosphatase. Both CBL and PTPN1 inhibit BCR-ABL signaling in K562 wild type
cells, inhibiting proliferation, while NF1 deletion rescues proliferation, likely through elevated
Ras-GTP signaling downstream of BCR-ABL. RASA2 and RASA3 are both hits and RasGAPs,
suggesting these GAPs may be not be functional without Neurofibromin or levels of Ras-GTP
are too high from Neurofibromin loss to be reduced. The hit FOXO4 encodes the transcription
factor Forkhead box protein O4 which inhibitors proliferation, but this inhibition may be
dependent on Neurofibromin.

Our CRISPRa screen also identified gene which when overexpressed increased proliferation in
wild type K562 cells but not NF1-null. As expected, our top hit was BCR, which leads to increase
BCR-ABL expression, a previously validated resistance mechanism to imatinib. However, NF1-
null K562 proliferation does not increase with BCR overexpression, suggesting NF1 deletion is
sufficient to maximize proliferation, likely through increased Ras-GTP signaling. SOS1, a RasGEF,
is also an expected top hit. Additional hits in the Ras pathway include SHOC2, which facilitates
Ras/Rafl binding, and GAB2, a scaffolding protein that links receptor signaling to effectors.
Gene Set Enrichment Analysis (GSEA) was performed to identify pathways of interest (Table 2-
2). Example enrichment plots for WNT B-Catenin Signaling and KRAS Signaling are shown in
Figure 12. Of special interest, TGF-B signaling genes were enriched when proliferation was
inhibited in wild type cells but not NF1-null cells, supporting the potential role of Neurofibromin
in TGF-B signaling.

Our CRISPRa screen identified many potentially novel regulators of Neurofibromin which must
be validated in additional cell lines. One of the most promising hits was Transforming growth
factor beta receptor 2 (TGFBR2) which has not been directly linked to Neurofibromin.
Additional insight into erythropoiesis could be gained by studying TGFBR2 and MAPK signaling.
The TGF-B pathway could also be validated through treatment of wild type and NF1-null K562
cells with the TGFBR2 ligand TGF-B1. Wild type cells may differentiate while NF1-null cells
continue to proliferate, with the caveat that receptor expression may be limiting. To circumvent
this limitation, K562 cells overexpressing TGFBR2 which have previously been generated could
be used.

As expected for a Ras-dependent cell line, BCR and SOS1 overexpression increases proliferation
in wild type K562 cells but decreases proliferation in NF1-null K562 cells. This data supports the
hypothesis of oncogene overdose. NF1-null cells likely have elevated Ras-GTP and were
selected for optimal proliferation. But the overexpression of BCR and SOS1 likely leads to super
elevated Ras-GTP, which is detrimental to proliferation.
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Our CRISPRa screen comparing wild type to NF1-null K562 cell lines generated many expected
hits, validating the screen. Many of the hits were unexpected, which could lead to the
discovery of novel Ras and/or Neurofibromin effectors. Additional follow-up is needed to
validate hits with individual sgRNA in the K562 cell line and move beyond leukemia to other
solid cancer cell lines. To strength the hits, a separate CRISPRi screen could be performed
using the same library and protocol to generate a list of hits to cross reference as previously
demonstrated. We have already deleted NF1 in the K562 cell line containing the stable CRISPRi
machinery in anticipation of this screen.
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FIGURE 12
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Figure 12. Representative GSEA plots from the CRISPRa screen
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TABLE 2-1

Overexpression inhibits Proliferation of K562 WT but

Overexpression promotes proliferation of K562

not NF1-Null WT but not NF1-Null

Hit |Gene WT |NF1-Null |Difference |Hit [Gene WT |NF1-Null |Difference
1 ([TGFBR2 -3.72 0.08 3.8111 [BCR 2.97 -1.30 -4.28
2 |DUSP9 -3.61 -0.31 3.30[12 |[SOS1 3.51 -0.42 -3.92
3 |HNF4A -4.03 -0.78 3.25]3 |ABCG2 3.39 0.35 -3.04
4 |UBASH3A -3.46 -0.25 3.2014 |GAB2 2.28 -0.40 -2.68
5 [TFAP2A -3.94 -0.85 3.08/5 [RTDR1 1.08 -1.13 -2.20
6 |PRDM1 -3.74 -0.70 3.04/6 [SLC6A14 2.49 0.34 -2.14
7 |IKZF3 -3.85 -0.83 3.02|7 |[EP300 1.83 -0.31 -2.14
8 [TP73 -3.86 -0.90 2.96|8 |SLC1A3 1.55 -0.54 -2.09
9 |BHLHE40 -2.99 -0.11 2.88|9 |SLCAAY 2.31 0.32 -1.99
10 [SAMD1 -3.73 -0.86 2.88|10 |MAP2K3 2.94 1.00 -1.95
11 |DBN1 -3.05 -0.22 2.82|11 |GAREM 1.58 -0.30 -1.88
12 [UBASH3B -3.25 -0.52 2.74]12 |SLC16A1 1.29 -0.48 -1.78
13 |RASA3 -2.71 0.02 2.73|13 |SLC38A3 2.19 0.50 -1.69
14 |CBL -2.94 -0.23 2.70/14 |PDGFRB 1.62 -0.07 -1.69
15 [DUSP9 -3.26 -0.62 2.64{15 |PTP4A2 1.27 -0.41 -1.68
16 [PTPN1 -2.79 -0.17 2.62|]16 |PDGFRA 1.37 -0.30 -1.67
17 [PTPN9 -3.62 -1.02 2.60|17 |SEPTS 0.50 -1.11 -1.61
18 [RASA2 -2.88 -0.28 2.60|18 |MAP2K6 1.12 -0.41 -1.53
19 |POU3F2 -3.76| -1.17 2.59|19 |SLC7A2 2.09 0.57 -1.53
20 |WT1 -3.75 -1.17 2.58|20 |MAML3 1.91 0.39 -1.52
21 |CNN1 -3.50 -0.92 2.58|21 |RCOR1 1.53 0.04 -1.49
22 |PITX1 -2.97 -0.41 2.56|22 |MAP3K4 1.37 -0.11 -1.48
23 |TFAP2C -2.61 -0.07 2.54123 |SP3 1.20 -0.28 -1.48
24 |FOXO4 -3.11 -0.59 2.52]24 |SRM 0.88 -0.59 -1.47
25 |MSN -2.89 -0.40 2.50125 |BCL9L 1.46 -0.01 -1.46
26 |EOMES -2.46 -0.01 2.45]26 |BBIP1 1.27 -0.19 -1.46
27 |CDKN2C -3.15 -0.71 2.45[27 |MYB 0.81 -0.64 -1.45
28 |SPRED1 -2.78 -0.35 2.43]28 |GP1BB 0.26 -1.16 -1.43
29 |E2F7 -3.24 -0.81 2.42|129 |CCNE1 1.66 0.23 -1.43
30 |ZBTB1 -3.36 -0.97 2.40130 |SHOC2 1.09 -0.33 -1.41

Table 2-1. Hits from CRISPRa screen for novel Neurofibromin effectors. Values are log2.
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TABLE 2-2

Overexpressed promotes proliferation of K562
WT but not NF1-Null

Overexpression inhibits proliferation of
K562 WT but not NF1-Null

HALLMARK_NOTCH_SIGNALING

HALLMARK_UV_RESPONSE_DN

HALLMARK_WNT BETA_CATENIN SIGNALING

HALLMARK_PANCREAS_BETA_CELLS

HALLMARK _DNA_REPAIR

HALLMARK_TGF_BETA_SIGNALING

HALLMARK_HYPOXIA

HALLMARK_MYOGENESIS

HALLMARK_IL6_JAK_STAT3_SIGNALING

HALLMARK_APICAL_JUNCTION

HALLMARK_PI3K_AKT_MTOR_SIGNALING

HALLMARK_ESTROGEN_RESPONSE_LATE

HALLMARK_MTORC1_SIGNALING

HALLMARK_TNFA_SIGNALING_VIA NFKB

HALLMARK_CHOLESTEROL_HOMEOSTASIS

HALLMARK_KRAS_SIGNALING_UP

HALLMARK_COMPLEMENT

HALLMARK_G2M_CHECKPOINT

HALLMARK_MITOTIC_SPINDLE

HALLMARK_ESTROGEN_RESPONSE_EARLY

HALLMARK_APOPTOSIS

HALLMARK_P53_PATHWAY

HALLMARK_PEROXISOME

HALLMARK_KRAS_SIGNALING_DN

HALLMARK_UV_RESPONSE_UP

HALLMARK_E2F_TARGETS

Table 2-2. Gene Set Enrichment Analysis (GSEA) from the CRISPRa screen.

Subtask 2: Test the effect of siRNA and/or drugs above in Ras-MAPK signaling and functional

assays: proliferation, migration, differentiation

Once subtask 1 is completed we will test whether blocking CDK1 promotes binding, as
expected, and whether increased binding reduces Ras.GTP levels and prevents cells from

growing. In addition, we will analyze genes that emerge from our functional CRISPR screen that
are candidates for enzymes regulating Spred/neurofibromin interaction.
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Major task 5: Determine novel post-translational modifications and interacting

proteins with Neurofibromin
Subtask 1: Generate cells stably expressing Tet-regulatable full length NF1 and NF1 point
mutants

Rather than generate stable cell lines to express NF1, we have optimized transient transfection

of NF1-Flag in HEK 293T cells to achieve the same goal as shown in Subtask 2.

Subtask 2: Purify NF1 from cells with multiple conditions
We have successfully purified NF1 from HERK 293T with multiple conditions as shown below
(Figure 13) with more details in Figure 14.

Figure 13
FLAG-NF1
EV EGFR\8%%
o0&, N
g 9L Lo XL O
SSTEFTEE &
WCL | ol o o oy o oy
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(NF1)

D P S - —

Figure 13. Purification of NF1 from HERK 293T cells under multiple conditions.

Subtask 3: Mass spec analysis, identify proteins that interact differentially between WT and
mutant NF1

We have performed mass spectrometry on NF1 as described above with Spred1 to identify
phosphorylation sites and binding partners important for function as shown in Figure 14. We
have also identified potential NF1 kinases downstream of active EGFR(L858R) by using key
pathway inhibitors as shown in Figure 15. The PKC pathway may regulate multiple important
phosphorylation sites on NF1 including S665/666, S876/879, 52460, T2510/2514/25115,
$2521/2523, 52543, 52597, S2597/2599.
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Figure 14
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(B)
Phospho Site | Domain Phospho Motif Kinase Phospho Motif
5864 N/A SGLATYpSPPMGPV GRK1, GSK-3, ERK1, ERK2, CDK5
52597 N/A PHLRKVPSVSESNV | camKiIl, PKA, PKC, PKCe, CK2, GSK-3,
Phosphorylase, MAPKAPK2, GRK1
5$2802 N/A KENVELpSPTTGHC GSK-3, ERK1, ERK2, CDK5, CK1, CK2
(C)

NONO, RSP16, HNRNPH2, TUBAL3, RPS8, C220rf28, SMARCA4, EEF1A1, EEF1A1PS5,
ATP5B, TUBB3, TUBB6, HSPA4, RPL6, NDUFA13, EEF1B2, LEPRE1, HSPA4L, HSPH1, RPS5,
ZADH2, NDUFA4, DDX53, DHRS7B, RCN2, SMARCA2, DYNC1H1, MRPS27, DDX3Y, XRN2,
DSP, CALM1, KHSRP, HNRNPF, RPLPO, RPLPOP6, ATAD3C, ATAD3A, CAD, FKBP8, PPM1B,
COX20, HERC2P3, DDX6, KHDRBS1, ALDH3A2, RPS19, NPM1, FAM98A, FXR1,

Figure 14. |dentification of NF1 phosphorylation and binding partners in the presence of mutant

EGFR(L8585R). (A) Schematic for NF1 mass spectrometry analysis. (B) Identification of NF1
phosphorylation sites downstream of mutant EGFR. Kinase phosphorylation motifs identified
using PhosphoMotif Finder. (C) NF1 interacting proteins identified by mass spectrometry.

To determine which pathways influence NF1 phosphorylation we used a panel of chemical

inhibitors and identified NF1 phosphorylation. Multiple inhibitors were found to decrease NF1
phosphorylation sites.
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Figure 15

NF1

(A) EGFRMSSR
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Figure 15. Identification of additional NF1 phosphorylation sites and potential kinases induced
by mutant EGFR(L858R). All inhibitors were used at 2.5uM for 4 hours. EGFR inhibitor AZD9291,
RAF inhibitor LY3009120, GSK3p inhibitor CHIR-99021, CDK1/2/5/9 inhibitor Dinaciclib, PKC
inhibitor Sotrastaurin.

We have also published our findings of the Spred1-binding domain of NF1, which flank the Gap
Related Domain (GRD) domain (Nex and Cex): “The neurofibromin recruitment factor Spred1
binds to the GAP related domain without affecting Ras inactivation”. Theresia Dunzendorfer-
Matt, Ellen L. Mercado, Karl Maly, Frank McCormick, and Klaus Scheffzek, PNAS, 113, 7497-
7502, 2016.

Subtask 4: The scope of this sub-task changed when we discovered that neurofibromin is a

homo-dimer.

As shown in the figure below (Figure 16), when we co-expressed Flag-tagged neurofibromin
with V5 tagged neurofibromin, we were able to immune-precipitate Flag-tagged protein with
V5 antibodies and vice versa. We are currently investigating whether dimeric forms of
neurofibromin interacts with SPRED1 and whether dimerization affects GAP activity against
RAS.
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Figure 16

NF1 forms dimers in 293T cells
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We have also analyzed biochemical properties of pathogenic mutants of neurofibromin,
focusing initially on missense mutations in a hot spot region (844-848) defined by Koczkowsa
and colleagues (Am J Hum Genet. 2018 Jan 4;102(1):69-87) as a particularly severe mutation.
We expressed wild type and codon 848 mutations in 293T cells and showed that they retain
similar GAP activity. However, the mutant is expressed at about one-tenth wild type levels, and
appears to be unstable. We are testing the hypothesis that this mutant protein can be
stabilized by drugs that inhibit proteasomal degradation.
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Figure 17

NF1 mutant expression and interacting proteins
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Opportunities for training and professional Development

Graduate student Evan Markegard (funded by the project) was given one-on-one mentorship
by Dr. McCormick which included at least bi-weekly meetings either face-to-face or by skype to
discuss his progress and goals. Evan has presented his research at lab group meetings
approximately four times per year, as well as at the UCSF Helen Diller Comprehensive Cancer
Center “Research in Progress” seminar series and he presented at the Cancer Center annual
retreat. He also presented a research poster at the American Association of Cancer Research
108™ Annual Meeting in Washington D.C (April 1-5, 2017). Evan has now completed his training
and graduated successfully in 2018.

Dissemination of Results

1. Evan Markegard - Poster Presentation at the 108th Annual meeting of American Association
of Cancer Research (April 1-5, 2017).

Abstract 1370: EGFR-mediated Spredl1 phosphorylation inhibits NF1 to sustain constitutive
Ras/MAPK signaling Evan Markegard, Ellen L. Mercado, Jillian M. Silva, Jacqueline Galeas,
Marena I. Trinidad, Anatoly Urisman and Frank McCormick. DOI: 10.1158/1538-7445.AM2017-
1370 Published July 2017

2. Evan Markegard - Poster Presentation at the 107th Annual meeting of American Association
of Cancer Research (April 16-20, 2016).

Abstract 1874: Oncogenic EGFR signaling inhibits the Spred1-NF1 interaction to sustain
constitutive Ras signaling. Evan Markegard, Ellen L. Mercado, Jacqueline Galeas, Marena |.
Trinidad, Anatoly Urisman and Frank McCormick. DOI: 10.1158/1538-7445.AM2016-

1874 Published 15 July 2016

3. Frank McCormick — Presentation, Helen Diller Comprehensive Cancer Center Seminar
Series, February 12, 2016

4. Presentations and discussions at joint lab meetings with the labs of Ophir Klein (Department
of Orofacial Sciences, UCSF), Natalia Jura (Department of Cellular and Molecular
Pharmacology, UCSF) and Kevin Shannon (Department of Pediatrics, UCSF).

5. Frank McCormick — Presentation, Children’s Tumor Foundation, 2016 Neurofibromatosis
Conference, Austin, Texas, June 17-21, 2016

6. Frank McCormick — Presentation at University of Washington, NF Center Research
Symposium, St Louis, MO, September 5, 2018
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7. Frank McCormick- Presentation at 14" Annual Biomedical Research Symposium, St Jude
Children’s Research Hospital, Memphis, TN, October 12, 2018

8. Frank McCormick — Presentation at UCSF Comprehensive Cancer Center Seminar Series,
December 14, 2018

9. Frank McCormick — Seminar at Biocenter-Innsbruck Medical University, Austria, guest of Dr
Klaus Scheffzeck

10. Dunzendorfer-Matt, T., Mercado, E.L., Maly, K., McCormick, F., Scheffzek, K. 2016. The
neurofibromin recruitment factor Spred1 binds to the GAP related domain without affecting

Ras inactivation. Proc Natl Acad Sci U S A. 113(27): 7947-79502

11. Structure of the SPRED1/neurofibromin complex and its role in Ras regulation. 2018. In
preparation
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4. Impact

Nothing to report

5. Changes/Problems

While the Aims of the project remain unchanged, we will use new technologies to address
these Aims. To identify proteins that regulate Neurofibromin and/or Spred, we will use
functional screens in place of biochemical, mass spectrometry-based approaches. The latter
approach has generated lists of proteins that appear to bind to Neurofibromin when the
protein is expressed in cells in culture, but validation of these is challenging. We have been
working closely with our UCSF colleagues Drs. Luke Gilbert, Michael Boettcher and Michael
McManus to use CRISPRa and CRISPRi systems to identify regulatory proteins (Gilbert et al,
CELL, 159, 647-661, 2014). We will use biochemical approaches to validate these hits, but
strongly feel the primary screen should be functional. As described above, our colleagues
performed a full genomic screen for genes that affect how K562 cells depend on imatinib.
These cells were used because they grow in suspension, making full genome screens possible at
high coverage. One of the strongest hits from the screen was Neurofibromin: over expression
of this gene by CRISPRa mediated activation of the promoter, sensitized cells to the drug,
whereas suppression made cells drug resistant. KRAS had exactly the opposite effect, as
predicted. SPRED genes also score strongly in this system, behaving exactly as Neurofibromin
(over-expression caused sensitivity, deletion caused resistance). In addition, we found that loss
of Neurofibromin negated the toxic effects of SPRED over-expression, confirming that SPRED
proteins (both SPRED1 and SPRED2) act through Neurofibromin. These results show that this
system is ideal for screening for genes or drugs that regulate Neurofibromin or SPRED, as the
cells are extremely sensitive to the activity of this pathway, and retain wild type, functional
genes for the entire Ras pathway downstream of RTK signaling. We therefore expect this
system to allow us to obtain candidate regulators, and will use biochemical screens in
physiologically relevant cell systems to follow up on these hits, as described in the original
proposal. An example of the power of this technology is shown in Figure 18.
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Figure 18
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Figure 18. Screen for genes that differentially affect NF knockout cells vs wild type cells. A small
set of genes were over-expressed using CRISPRa technology, in either background, and viability
measured by deep sequencing.

In this screen, over-expression of SPRED2 or NF1 had no effect on viability of NF1 deficient cells
(score of 10 represents no effect in NF1 KO cells), but both reduced viability of wild type cells
(score of 1 represents no effect in wild type cells), as expected. However, over-expression of
the receptor tyrosine kinase AXL and the AML fusion gene partner NOL4L greatly increased
viability in the NF1 knockout cells, suggesting that these genes normally suppress growth
through interaction with neurofibromin. Our efforts to identify tyrosine kinase receptors that
are regulated by neurofibromin (described above) will now be expanded to include AXL. We
will also use these preliminary data as the basis of a full genome wide screen to identify
regulators of Neurofibromin and Spred signaling.
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6. Products

Poster Presentation at the 107th Annual meeting of American Association of Cancer Research
(April 16-20, 2016).

Abstract 1874: Oncogenic EGFR signaling inhibits the Spred1-NF1 interaction to sustain
constitutive Ras signaling. Evan Markegard, Ellen L. Mercado, Jacqueline Galeas, Marena I.
Trinidad, Anatoly Urisman and Frank McCormick. DOI: 10.1158/1538-7445.AM2016-

1874 Published 15 July 2016

Poster Presentation at the 108th Annual meeting of American Association of Cancer Research
(April 1-5, 2017).

Abstract 1370: EGFR-mediated Spred1 phosphorylation inhibits NF1 to sustain constitutive
Ras/MAPK signaling. Evan Markegard, Ellen L. Mercado, Jillian M. Silva, Jacqueline Galeas,
Marena I. Trinidad, Anatoly Urisman and Frank McCormick. DOI: 10.1158/1538-7445.AM2017-
1370 Published July 2017

31



7. Participants and other collaborating organizations

We are collaborating with scientists at the Frederick National Labs to solve the structure of
Neurofibromin, alone or in complexes with RAS and/or Spred proteins. Full length
Neurofibromin made in baculovirus vectors has been extensively purified and shown to be an
obligate dimer, using size-exclusion chromatography, sedimentation analysis and electron
microscopy, as shown in Figure 19.

Figure 19

Neurofibromin is a dimer
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sedimentation velocity experiments at multiple concentrations show a single species at
15.08S with estimated MW of between 590 and 625 kDa.

Dimerization affinity < 5 nM, suggesting a near-obligate dimer

Figure 19. Biophysical characterization of recombinant, full length neurofibromin. Left panel:
size exclusion chromatography. Middle panel, sedimentation analysis. Right panel, Negative-
stain electron microscopy.
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Individuals working on the project at UCSF

No change from last submission.

Name:

Frank McCormick

Project Role:

Pl

Name:

Evan Markegard

Project Role:

Graduate Student

Name:

Osamu Tetsu

Project Role:

Senior investigator

Name:

Ellen Mercado

Project Role:

Post Doc
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Changes in Pl support since Award Made:

Please see below for the Dr. Frank McCormick’s (Pl) active and pending other support:

ACTIVE

Funding Number: 1R35CA197709 PI: McCormick, Frank

Project Title: New Ways of Targeting K-Ras

Performance Period: 04/01/2016-03/31/2023

Time Commitment: 6.00 calendar months

Supporting Agency: NIH/NCI

Contracting Officer: Joanna Watson PhD.

Level of Funding:

Project Goals: To identify ways of suppressing the function of hyper-active Ras proteins for
cancer therapy.

Specific Aims: i) Analysis of GTPase Activating Proteins (GAPs) that regulate Ras; ii) analysis of
distinct biochemical functions of different K-Ras mutants; iii) analysis of a novel, unique function
of K-Ras 4B.

Overlap: None
*No changes to report*

Funding Number: U01 CA168370 PI: McManus, Michael; McCormick, Frank;
Weissman, Jonathan

Project Title: Bay Area Cancer Target Discovery and Development Network

Performance Period: 05/01/12-04/30/2017

Time Commitment: 0.24 calendar months

Supporting Agency: NIH/NCI

Contracting Officer: Daniela Gerhard PhD.,

Level of Funding:
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Project Goals: To bridge the gap between the enormous volumes of data generated by the
comprehensive molecular characterization of a number of cancer types and the ability to use
these data for the development of human cancer therapeutics. Our end goal is to generate
game-changing reagents, and data valuable for the development of cancer therapeutics
Specific Aims: i) Develop next generation EXPAND libraries targeting cancer specific genetic
alterations; ii) Identify recurrently mutated genes that regulate oncogenic pathways and drug
responses; iii) Produce genetic interaction maps to uncover pathway relationships between
candidate drivers.

Overlap: None

*Grant has closed out/performance period end date of 4/30/17*

Funding Number: N/A PI: McCormick, Frank

Project Title: Preclinical Evaluation of Signaling Pathways Involved in Cancer Malignancy
Performance Period: 04/01/2017 — 03/31/2019

Time Commitment: 0.12 calendar

Supporting Agency: Daiichi-Sankyo Company, Limited

Contracting Officer: Kosaku Fujiwara, PhD, VP, Oncology Research Laboratories,
fujiwara.kosaku.t2 @daiichisankyo.co.jp,

Level of Funding:

Project Goals: Analysis of the Ras pathway in epithelial and mesenchymal cells.

Specific Aims: i) Determine how EMT affects MAPK and P13K pathways downstream of
oncogenic Ras; ii) identify genes required for survival in epithelial and mesenchymal cells.
Overlap: None

*New performance period*

Funding Number: N/A Pl: McCormick, Frank

Project Title: New ways of Treating Pancreatic Cancer Based on Reversing K-Ras-Mediated
Stemness



Time Commitment: 1.2 calendar months
Supporting Agency: Lustgarten Foundation
Contracting Officer: Kerri Kaplan.

Level of Funding:

Project Goals: Preclinical analysis of humanized anti-LIF monoclonal antibodies, using several
models of pancreatic cancer, with the intention of moving these antibodies into clinical testing
based on the results of these experiments

Specific Aims: i) generate human and mouse pancreatic cancer cells with LIF stably knocked
down and elucidate the effects of this knock down; ii) validate LIF as a target of intervention for
mouse pancreatic cancer in a syngenic mouse model; iii) compare the functions of LIF and IL6 in
pancreatic cancer cells; iv) evaluate the therapeutic effects of LIF neutralizing antibody; v)
elucidate the signaling pathways specifically driven by LIF and not other IL6 cytokine family
members in K-Ras driven pancreatic cancers; vi) pre-clinically evaluate prostratin pro-drug in
mouse models of pancreatic cancer; vii) investigate the mechanism of prostratin’s tumor
suppressing action on pancreatic cancer cell lines.

Overlap: None

*Grant closed out/performance period end date 12/31/2018*

Funding Number: N/A Pl: McCormick, Frank

Project Title: Targeting KRAS Mutant Lung Cancers

Performance Period: 08/01/2015—07/31/2018

Time Commitment: 1.2 calendar months

Supporting Agency: Subcontract through Massachusetts General Hospital

Contracting Officer: Maida Broudo,
Level of Funding:

Project Goals: Preclinical evaluation of prostratin and LIF for treating lung adenocarcinoma.
Specific Aims: i) Test the specific therapeutic effects of prostratin or its analogs on K-Ras driven
lung cancers; 2) Examine the expression patterns of LIF in tumors and stromal cells.
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SUMMARY

While the catalog of mammalian transcripts and their expression levels in different cell types and
disease states is rapidly expanding, our understanding of transcript function lags behind. We
present a robust technology enabling systematic investigation of the cellular consequences of
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repressing or inducing individual transcripts. We identify rules for specific targeting of
transcriptional repressors (CRISPRI), typically achieving 90-99% knockdown with minimal off-
target effects, and activators (CRISPRa) to endogenous genes via endonuclease-deficient Cas9.
Together they enable modulation of gene expression over a ~1000-fold range. Using these rules,
we construct genome-scale CRISPRi and CRISPRa libraries, each of which we validate with two
pooled screens. Growth-based screens identify essential genes, tumor suppressors and regulators
of differentiation. Screens for sensitivity to a cholera-diphtheria toxin provide broad insights into
the mechanisms of pathogen entry, retro-translocation and toxicity. Our results establish CRISPRi
and CRISPRa as powerful tools that provide rich and complementary information for mapping
complex pathways.

INTRODUCTION

Dramatic advances in sequencing technology have catalogued a universe of transcribed loci
—qreatly exceeding the number of canonical protein-coding open reading frames (ORFs)—
which collectively are responsible for carrying out the instructions encoded by the genome
(Djebali et al., 2012). A central challenge now is to understand the biological role of these
transcripts and how quantitative differences in their expression define cellular states in
normal development and in disease. Despite intense efforts, the function of many protein-
coding genes remains poorly defined. Even less is known about the biological roles of most
non-canonical transcripts such as enhancer RNAs, upstream antisense RNAs, IncRNAs, or
other intergenic RNAs (Cech and Steitz, 2014). Efforts to address this deficiency in our
knowledge would be greatly aided by techniques that are capable of dynamically and
precisely controlling the expression of individual transcripts.

One way to explore the function of genes is to disrupt their expression through repression.
The dominant tool for programmed knockdown of mRNAs is RNA interference (RNAI)
(Chang et al., 2006). However, RNAI has pervasive problems with off-target effects, which
can be especially confounding in the context of large-scale screens (Adamson et al., 2012;
Jackson et al., 2003; Sigoillot et al., 2012). Additionally, because RNAI is mediated by
cytoplasmic argounaute proteins, gene silencing through this approach is best suited to
depletion of cytosolic mMRNA targets.

An alternative emerging strategy is the use of programmable genome editing methods that
permanently delete or modify DNA using designable, sequence-specific endonucleases such
as zinc finger, transcription activator-like effector (TALE) nucleases, or CRISPR (clustered
regularly interspaced short palindromic repeats)/Cas9 (CRISPR-associated protein 9)
proteins (Gaj et al., 2013; Sander and Joung, 2014). A series of elegant studies recently
exploited the readily programmable nature of Cas9, in which the specificity is determined by
a short guide (sg)RNA, to enable genome-scale loss-of-function screens (Koike-Yusa et al.,
2014; Shalem et al., 2014; Wang et al., 2014). These studies established CRISPR-mediated
cutting as a powerful screening technology complementary to RNAi and haploid
mutagenesis screens (Carette et al., 2009). Nonetheless, screening approaches based on
genome editing are currently focused on loss-of-function studies involving irreversible
frameshift disruptions, limiting their utility for the study of essential genes and long

Cell. Author manuscript; available in PMC 2015 October 23.
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noncoding RNAs. Additionally, double-stranded DNA breaks can be cytotoxic (Huang et
al., 1996; Jackson, 2002). Finally, indels formed from error-prone DNA repair are often
short and in-frame, which could limit the ability to disable all of the alleles of a gene.

A programmable DNA binding protein that can recruit an effector domain to turn
transcription on and off in a dynamic and quantitative manner offers, in principle, a more
flexible tool for interrogating the many transcripts in complex genomes. Pioneering
experiments with designed chimeric zinc finger and TALE proteins fused to transcription
effector domains demonstrate that such an approach can modulate transcription of
endogenous genes (Beerli et al., 1998, 2000; Zhang et al., 2011). However, as each
transcript target requires a unique fusion protein, expanding these methods to genome-scale
is arduous.

Recently, we and others have used catalytically inactive Cas9 (dCas9) fusion proteins
guided by gene-specific SgRNAs to localize effector domains to specific DNA sequences to
either repress (CRISPRI) or activate (CRISPRa) transcription of target genes (Gilbert et al.,
2013; Sander and Joung, 2014). To date, a small number of sgRNAs have been tested,
leaving unanswered whether CRISPRi/a is a feasible strategy for globally interrogating gene
function and, if so, how best to target a gene to activate or repress transcription while
minimizing off-target effects.

Here, we describe the development and application of a method for high-specificity,
genome-scale modulation of transcription of endogenous genes in human cells using
CRISPRI/a. To accomplish this, we first performed a saturating screen in which we tested
the activity of every unique sgRNA broadly tiling around the transcription start sites (TSSs)
of 49 genes known to modulate cellular susceptibility to ricin (Bassik et al., 2013). From
this, we extracted distinct rules for regions where either CRISPRi or CRISPRa maximally
changes the expression of endogenous genes, as well as rules for predicting off-target
effects, providing an algorithm to design two genome-scale libraries targeting each gene
with 10 sgRNAs. We validated these libraries by screening for genes that control cell growth
and response to a chimeric cholera/diphtheria fusion toxin (CTx-DTA) (Guimaraes et al.,
2011). These experiments demonstrate that our CRISPRi/a screening platform is robust,
showing high reproducibility and activity with undetectable intrinsic toxicity. More
generally, we establish that transcriptional repression is inducible, reversible, and can target
essential genes. We demonstrate that we can use CRISPRi and CRISPRa to control
transcript levels for endogenous genes across a high dynamic range. We also provide
extensive evidence that properly designed CRISPRI reagents are highly specific. As such,
these methods represent transformative tools for defining transcript function across the
breadth of transcripts encoded by the human genome.

A High-Throughput Tiling Screen Defines Rules for CRISPRI Activity at Endogenous

Genes

CRISPRI can repress transcription by directly blocking RNA polymerase activity (dCas9) or
through effector domain-mediated transcriptional silencing (dCas9-KRAB) (Gilbert et al.,

Cell. Author manuscript; available in PMC 2015 October 23.
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2013; Qi et al., 2013). In order to better understand and optimize CRISPRIi activity, we used
a pooled high-throughput screen to define rules that determine CRISPRi repression of
endogenous genes. We targeted 49 genes that we had previously shown to modulate cellular
susceptibility to the AB toxin ricin (Bassik et al., 2013). The extent of gene repression for
these genes typically has a monotonic relationship with the ricin resistance phenotype,
allowing us to use a ricin resistance score calculated by monitoring sgRNA frequencies in a
pooled screen to indirectly measure transcriptional repression.

Using massively parallel oligonucleotide synthesis, we generated a library of sgRNAs that
tile the DNA in a 10-kilobase window around the TSS of these 49 genes (54,810 total
SgRNAS) (Bassik et al., 2009) (Figure 1A). We also included 1,000 negative control
sgRNAs derived from scrambled sequences corresponding to the same windows.

We packaged this tiling library of sgRNAs into lentiviral particles and transduced K562
human myeloid leukemia cells stably expressing dCas9 or a dCas9-KRAB fusion protein,
which we have previously described (Gilbert et al., 2013). We harvested populations of cells
expressing the library either at the outset of the experiment, after growth under standard
conditions, or following ricin treatment. We then counted the frequency of each sgRNA in
the library in each sample using deep sequencing to determine how each sgRNA in the
library modulates cell growth and cellular susceptibility to ricin phenotypes. We defined
these phenotypes quantitatively as gamma (y) and rho (p), respectively (See Figure S1A and
(Kampmann et al., 2013)).

Many sgRNAs potently repress gene expression, as evidenced by their impact on ricin
sensitivity (Figure 1B and Figure S2A). Plotting this data for all 49 genes showed that active
sgRNAs cluster around or just downstream from the TSS of each gene for dCas9-KRAB and
dCas9, respectively (Figure 1C). We saw that strong CRISPRI activity is obtained by
targeting dCas9-KRAB to a window of DNA from —50 to +300 bp relative to the TSS of a
gene, with a maximum in the ~50-100 bp region just downstream of the TSS (Figure 1C-
D). This suggested that optimal activity leverages the combined activity of dCas9
interference along with repression from the KRAB domain. We also observed that SgRNAs
with protospacer lengths of 18-21 base pairs were significantly more active than sgRNAs
containing longer protospacers (Figure S2B). Nucleotide homopolymers had a strongly
negative effect on sgRNA activity (Figure S2D). However, neither the DNA strand that was
targeted nor the sgRNA GC content across a broad range strongly correlated with sgRNA
activity (Figure S2C and S2E).

To evaluate the feasibility of genome-scale genetic screens based on CRISPRi, we compared
the strength of phenotypes obtained with CRISPRI to our previously published shRNA data.
We applied the rules described above to randomly subsampled data from our sgRNA tiling
library, picking sets of 10 or 24 sgRNAs. We calculated a normalized phenotype z-score by
dividing mean phenotypes for each gene by the standard deviation of sgRNA phenotypes
from the non-targeting control set (Figure S1B). We see significant ricin phenotypes for
each of the 49 genes. Moreover, in virtually every case the normalized ricin phenotype z-
score or p-value is stronger (in many cases far stronger) than seen with a comparably-sized
shRNA library (generated by sub-sampling our published data) (Figure 1E and Figure S2F).

Cell. Author manuscript; available in PMC 2015 October 23.
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CRISPRI Transcriptional Silencing is Highly Sensitive to Mismatches between the Target
DNA Site and the sgRNA

To assess CRISPRI off-target activity at endogenous genes, we selected a set of 30 sgRNAS
from our tiling library (6 sgRNAs/gene targeting 5 genes). For each of these sgRNAs, we
tested the activity of a series of derivative sgRNAs with a variable number and position of
mismatches (Figure 2). This experiment allowed us to measure the relative amount of gene
repression for sgRNAs with or without mismatch base pairing targeting the same DNA
locus. We found that even a single mismatch at the 3’ end of the protospacer decreased
CRISPRI activity on average, while combinations of mismatches that pass our off-target
filter abolished activity (Figure 2, Figure S3, and Extended Experimental Procedures). From
this analysis, we concluded that properly designed CRISPRi sgRNAs have minimal off-
target transcriptional repression activity.

A High-Throughput Tiling Screen Defines Rules for CRISPRa Activity at Endogenous

Genes

We recently developed an improved CRISPRa method, termed sunCas9, in which
expression of a single sgRNA with one binding site is sufficient to robustly activate
transcription (Tanenbaum et al.) In the sunCas9 system, a single dCas9 fusion protein bound
to DNA recruits multiple copies of the activating effector domain, thus amplifying our
ability to induce transcription (Figure 3A).

To define rules for optimal CRISPRa sgRNA design, we used our tiling library, which
targets genes capable of modulating cellular sensitivity to ricin. We previously showed for
several of the genes in this tiling library that knockdown and plasmid overexpression
resulted in opposite ricin phenotypes (Bassik et al., 2013). For example, knockdown of
SEC23B sensitized cells to ricin, whereas SEC23B overexpression desensitized cells to ricin.
These observations suggested that we should be able to observe reversed phenotypes in this
tiling screen arising from CRISPRa activity.

We transduced K562 cells stably expressing the sunCas9 system (Figure 3A) with the
sgRNA tiling library and screened for ricin phenotypes as described for CRISPRi above.
Analysis of data for individual genes or averaged data for all 49 genes demonstrated that
many sgRNAs for each gene affected ricin resistance (Figure 3B and Figure S4A-B). Our
negative control sgRNAs showed very little activity and were not correlated between
biological replicate screens, suggesting that CRISPRa activity is specific. We observed a
peak of active sgRNAs for CRISPRa at —400 to —50 bp upstream from the TSS (Figure 3B).
This activity pattern fits with a model in which each VP16 domain can bind the mediator
complex and recruit basal transcription machinery, activating transcription when spaced
appropriately from a TSS (Mittler et al., 2003). With this system, we have shown we can
turn on genes that are poorly expressed and increase the expression of well-expressed genes
(Figure 3E). Overall, our CRISPRI/a tiling screens provide rules for how CRISPRi/a
controls expression of endogenous genes.

Cell. Author manuscript; available in PMC 2015 October 23.
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An Allelic CRISPRi/a Series of Transcript Activation and Repression Shows that Protein
Abundance Dynamically Modulates the Cellular Response to Ricin

For many genes, we do not know how the relative abundance of the encoded protein relates
to its function. We observed a marked anti-correlation in our ricin screens between
CRISPRa phenotypes and CRISPRi phenotypes for individual genes (Figure 3C). As the
genes targeted by our tiling library were selected based on a knockdown phenotype, all
genes showed phenotypes in the CRISPRi screen, but only a subset showed phenotypes in
the CRISPRa screen.

To validate results from both the CRISPRi and CRISPRa tiling screens, we selected an
allelic series of sgRNAs by phenotype from the screen and re-tested each sgRNA
individually (38 sgRNAs targeting 4 genes). Our results show that our CRISPRi/a screens
produced reliable phenotype scores, robustly reproduced upon retesting, and that CRISPRi/a
can activate and repress the transcription of endogenous genes over a wide dynamic range
(up to ~1000-fold) (Figure 3D-E), enabling systematic interrogation of how gene dosage
controls cellular functions of interest.

A Robust and Highly Specific Genome-Scale CRISPRi Screening Platform

The results of our tiling CRISPRI screen established our ability to pick active sSgRNAs with
low off-target activity and provided a set of rules enabling us to design a robust genome-
scale sgRNA library. We chose a library size of 10 sgRNAs/gene for the following reasons.
Over half of the sgRNAs conforming to these rules gave clear ricin phenotypes. For a library
with 10 sgRNAs/gene, 94% of the genes would thus have 2 or more highly active sgRNAsS.
Finally, computational sub-sampling of the phenotypic data from our tiling library data to 10
sgRNAs/gene and calculation of z-scores for hit genes indicated that a library with 10
sgRNAs/gene would reliably detect hit genes (Figure 1E).

We synthesized and cloned a genome-scale CRISPRi sgRNA library targeting 15,977,
human protein-coding genes (10 sgRNAS/TSS, targeting 20,898 TSS) with 11,219 non-
targeting control sgRNAs for a total of 206,421 sgRNAs (Table S2). To evaluate this library,
we first screened for genes essential for cell growth in K562 cells. Briefly, K562 cells stably
expressing dCas9-KRAB were transduced in replicate with the entire genome-scale library,
and each replicate was grown for 10 days at a minimum library coverage of 3,750 cells/
SsgRNA in a single spinner flask.

To characterize our screening methodology and library design, we examined the correlation
between screen replicates and our negative control distributions. Individual sgRNAs
reproducibly showed dramatic depletion (up to 256-fold) over a 10-day screen,
demonstrating that individual sgRNAs can have profound effects on cell growth (Table S2)
(Figure 4A). The distribution of our negative-control SgRNASs was very narrow with little
correlation between replicates (Spearman R = 0.036), suggesting that the off-target activity
of these controls is very low (Figure 4A). Indeed, 99.7% of our negative controls had no
detectable activity. The observed specificity is consistent with our previously published
RNA-seq data (Gilbert et al., 2013).

Cell. Author manuscript; available in PMC 2015 October 23.
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To further explore the prevalence of off-target effects, we examined two classes of genes not
expected to show any on-target activity in our screen: olfactory receptors and genes on the Y
chromosome. The sgRNAs that target these genes were designed and picked in the same
manner as the rest of library; however, olfactory receptors should not be expressed in this
cell type and, as K562 cells are derived from a female donor, sgRNAs that target genes on
the Y chromosome lack a DNA target. As with the negative controls, these genes show no
phenotype on average and exhibit very little correlation between replicates (Spearman R =
0.057 for olfactory genes and —0.052 for Y-targeting) (Figure 4A). We also observed no
evidence of non-specific toxicity due to expression of dCas9-KRAB and our sgRNA library
in K562 cells suggesting that dCas9 bound to the genome is not toxic under these conditions
(Figure 4B). Thus, CRISPRI is highly specific and non-toxic.

To identify hit genes in this screen, we used a metric of average growth phenotype (y) for
the top three sgRNAs for each gene (see Experimental Procedures and Table S3). Among
the top hits were genes involved in essential cellular functions, including translation,
transcription and DNA replication (Figure 4C and Figure S5A) (Huang et al., 2009a, 2009b),
thus validating our approach as a screening platform.

A Genome-Scale CRISPRa Screening Platform

The results of our CRISPRa tiling screen established our ability to confidently measure gene
phenotypes resulting from inducing expression with single sgRNAs. As with the CRISPRi
tiling screens, our data enabled the development of a set of rules that allowed construction of
a genome-scale CRISPRa library. Many of these rules overlapped with those of CRISPRI
(e.g., sgRNA length and sequence preferences). A key difference is that the optimal window
for targeting SgRNAs for CRISPRa lies upstream of the TSS (Figure 3B). We therefore
constructed an independent CRISPRa library, designing 10 sgRNAs between 400 to 50 base
pairs upstream of each TSS for 15,977 human genes, along with 5,968 non-targeting control
sgRNAs, for a total of 198,810 sgRNAs.

We evaluated our CRISPRa platform in a screen for genes that affect cell growth when
induced in K562 cells constitutively expressing the sunCas9 system. Replicate screens were
conducted as described above. The magnitude of growth defects seen in our CRISPRa
screen was comparable to that of the above CRISPRI screen, although fewer sgRNAs caused
a growth phenotype (Figure S5B and Table S2). We analyzed control sgRNAs with no
genomic target or Y chromosome targets and found minimal phenotypes, which lacked
substantial correlation between experimental replicates (Spearman R = 0.155 and R = 0.010,
respectively), indicating that the phenotype distribution observed in non-targeting controls
was primarily a result of stochastic noise rather than off-target effects. Furthermore, the
fraction of cells expressing SgRNAs and the sunCas9 system was stable over the course of
the experiment, indicating that there was no general toxicity associated with the CRISPRa
platform (Figure 4B). These data suggest that CRISPRa is also specific and non-toxic.

Defining Regulators of Survival and Differentiation in Human Cells by CRISPRa

We then investigated the genes whose induction caused cells to deplete over the course of
our CRISPRa screen. We scored genes by the average vy of the three most active sgRNAS as

Cell. Author manuscript; available in PMC 2015 October 23.
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above, and compared these phenotypes to those observed in the CRISPRi screen (Figure 4D
and Table S3). The results from the two screens had little overlap, suggesting that few genes
are both essential and toxic upon induction, and that wild-type expression levels of genes are
generally optimal for K562 growth. Whereas CRISPRI hits are naturally limited to
expressed genes, CRISPRa hits included genes across a broad range of endogenous
expression levels (Figure S5D). We observed that the majority of genes that inhibited
growth in the CRISPRa screen fell into three overlapping classes.

The first class was tumor suppressor genes: 18 of the top 50 genes, including six of the top
seven, are known to have potent tumor suppressor activity (Vogelstein et al., 2013; Zhao et
al., 2013). These genes include p53-related protein TP73, cell cycle inhibitors CDKN1C
(p57) and CDKN1A (p21), apoptotic factors BAK1 and BCL2L11 (BIM), and chromatin
remodeling factor ARID1A (Figure 4D and Table S4). Gene set enrichment analysis (GSEA)
confirmed this observation, highlighting several genes important in the intrinsic pathway of
apoptosis or in chronic myeloid leukemia (CML) homeostasis consistent with the origin of
K562 cells as a clonal isolate from a CML blast crisis (ATCC) (Figure 4E). Similarly, top
gene ontology annotations included “positive regulation of apoptosis” and “regulation of cell
cycle” (Figure S5C). While tumor suppressors are classically considered to be mutated early
in cancer progression (Vogelstein et al., 2013), these results demonstrate than many
potential tumor suppressor genes remain functional but down-regulated, and suggest that
CRISPRa can be used to pinpoint intact pathways and vulnerabilities in tumor cells.

Transcription factor families with well-established roles in tissue development and
differentiation represent another class of growth hits, accounting for 16 of the top 50 genes
(K562 cells have known potential to undergo erythroid differentiation). These genes include
CCAAT/Enhancer-binding proteins (CEBP), Homeobox genes, Forkhead box genes, Ikaros
family zinc finger proteins, and hematopoietic differentiation factor SPI1 (PU.1) (Figure 4D
and Table S4) (Spitz and Furlong, 2012). This observation is reflected in enriched
annotations relating to multicellularity, cell differentiation, and development (Figure S5C).

The complementary nature of the CRISPRi and CRISPRa screens is nicely illustrated by
results from two gene pairs (SP11/GATA1 and CEBPA/CEBPG) in which one member of
each pair inhibits the function of the other. GATAL1 and CEBPG were strong hits in the
CRISPRI screen, consistent with their roles as inhibitors of myeloid differentiation. By
contrast, both SP11 and CEBPA were robust hits in our CRISPRa activation screen. These
observations are consistent with the inhibitory functions of SPI1 and CEBPA: silencing of
CEBPA leads to de-repression of CEBPG (Alberich-Jorda et al., 2012) and the protein
encoded by SPI1 (PU.1) is a direct binding partner of GATA-1 and inhibits its
transcriptional activity (Zhang et al., 2000).

Finally, several hit genes have key roles in mitosis. PLK4 controls centrosome duplication,
and overexpression of the gene in U20S cells leads to increased centriole number
(Habedanck et al., 2005). The proteins encoded by KIF18B and KIF2C form a complex that
destabilizes microtubules during mitosis (Tanenbaum et al., 2011).

Cell. Author manuscript; available in PMC 2015 October 23.
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Overall, the results from our paired CRISPRi/a growth screens demonstrate that
complementary information can be obtained by loss- and gain-of-function genetic screens,
and highlight the utility of the platform for future studies into tumor biology and cell
differentiation.

Dynamically Controlling Gene Expression with CRISPRi

The ability to reversibly tune the expression of select transcripts would be a powerful tool
for evaluating transcript function. To evaluate the applicability of CRISPRI to this purpose,
we cloned a lentiviral expression construct that places an optimized KRAB-dCas9 fusion
protein under the control of a doxycycline-inducible promoter (Figure 5A-B). Induced
expression of KRAB-dCas9 robustly depletes transcript levels from sgRNA-targeted genes
(Figure 5C and S5E). To further assess dynamic control of CRISPRi, we inducibly repressed
several genes identified in our genome-scale CRISPRi growth screen (Figure S5G). Cells
that express sgRNAs targeting these essential genes showed almost no growth phenotype in
the absence of doxycycline, but rapidly and robustly disappeared from the population upon
addition of doxycycline (Figure 5D). Additionally, gene repression and resulting phenotypes
were reversible (Figure 5C and S5E—-F), indicating that KRAB-dCas9 does not create a
permanently repressive chromatin state at targeted promoters.

To test our ability to dynamically control expression of essential genes on a larger scale, we
cloned a sublibrary targeting 426 manually curated genes (10 SgRNAS/TSS or 4,923
targeting sgRNAs plus 750 non-targeting controls). This library was transduced into K562
cells stably expressing our inducible KRAB-dCas9 fusion protein, and cell growth effects
were then evaluated in the presence and absence of doxycycline. Only 4 sgRNAs were
depleted strongly in the absence of doxycycline; however, with induction of KRAB-dCas9,
many sgRNAs were strongly depleted (Figure 5E). Negative control sgRNASs again
produced a narrow distribution of phenotypes with little correlation between biological
replicates with or without doxycycline. Additionally, we found no evidence that targeted
KRAB-dCas9 generally impedes cell growth (Figure 5F). Taken together, these results
demonstrate CRISPRI is non-toxic, inducible and reversible.

A Genome-Scale CRISPRI Screen Reveals Pathways and Complexes that Govern
Response to Cholera and Diphtheria Toxin

To test the performance of our CRISPRi approach for detecting genes controlling a more
complex cellular phenotype, we performed a genome-scale CRISPRi screen for genes that
modulate sensitivity to a chimeric toxin composed of the diphtheria toxin catalytic A subunit
covalently linked to cholera toxin (CTx-DTA, Figure 6A). This chimera had been previously
developed to provide a growth readout for cholera intoxication (Guimaraes et al., 2011).
Some aspects of both cholera and diphtheria toxin entry and toxicity are well characterized
but open questions remain. The cell surface receptor for cholera toxin is the GM1a
ganglioside (Van Ness et al., 1980). After endocytosis, the toxin traffics via the Golgi to the
endoplasmic reticulum (ER), from which it retro-translocates into the cytosol, possibly
through the ER-associated degradation (ERAD) machinery. Once in the cytosol, the DTA
moiety ADP-ribosylates the diphthamide residue in Elongation Factor 2, halting translation
and killing the cell (Figure 6A).
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K562 cells expressing the CRISPRi sgRNA library and dCas9-KRAB were either grown
under standard conditions or treated with several pulses of CTx-DTA over the course of 10
days. We observed highly correlated enrichment and depletion of many sgRNAs between
replicates, indicating that CRISPRI can identify genes that modulate both resistance and
sensitivity to a selective pressure (Table S2).

We ranked genes by the average phenotype of their three strongest sgRNAs (Table S3,
Figure 6B, and Figure S6). GSEA revealed that KEGG pathways enriched for top protective
hit genes were “Infection with Vibrio cholerae” and “Glycosphingolipid biosynthesis,
ganglio-series” (Figure S7B), while gene sets for top sensitizing genes included “ribosome”
and “proteasome” (Figure S7B). Since the diphtheria toxin catalytic subunit inhibits
translation, depletion of the ribosome can be expected to sensitize cells to the toxin.
Disruption of the proteasome also sensitizes cells to CTx-DTA, suggesting that the cytosolic
toxin is a substrate for proteasomal degradation. Taken together, the unbiased GSEA
analysis provides support for the high specificity in hit gene identification by our CRISPRI
approach.

We further defined the 50 hits with the strongest protective effect and the 50 hits with the
strongest sensitizing effect as “top hits” (all of these are far outside of the range seen with
otherwise matched negative control sgRNAS). We characterized these genes by assigning
them to cellular pathways and protein complexes according to their previously characterized
roles (Figure 6B and Figure S6). Our CRISPRI screen identified a protective effect of
knockdown for all top hits recovered in the previously published haploid mutagenesis screen
(white stars in Figure 6B). The two top pathways identified by haploid mutagenesis as
modulating cellular sensitivity to CTx-DTA are the diphthamide biosynthetic pathway
(required to generate eEF-2-diphthamide, the target of diphtheria toxin) and the ganglioside
biosynthetic pathway (required to produce GM1a, the cell-surface receptor for cholera
toxin). Our screen also identified many additional core components of each pathway. While
knockdown of all hits in the diphthamide biosynthesis pathway had a protective effect, the
results for ganglioside biosynthesis genes showed a more complex pattern: knockdown of
enzymes involved in the production of GM1a were protective, whereas knockdown of
enzymes that catalyze the production of other gangliosides (including GM1b) was
sensitizing. These results provide genetic confirmation that GM1a is the relevant cell-
surface receptor for CTx-DTA and more broadly illustrate the value of being able to reliably
detect both sensitizing and protective genes to dissect biological pathways.

Many of the top hits are components of cellular pathways and protein complexes previously
identified in experiments to be important for retrograde trafficking and retro-translocation of
other toxins such as ricin and Shiga toxin (Bassik et al., 2013; Smith et al., 2009). Retro-
translocation of the catalytic chain of CTx has been proposed to be mediated by the ER-
associated degradation (ERAD) pathway, although this pathway was not identified in
previous genetic screens. Consistent with this proposed role for the ERAD machinery,
knockdown of members of the ERAD E3 ubiquitin ligase complex, SYVN1 (encoding Hrd1)
and SEL1L (the mammalian homolog of yeast Hrd3) rendered cells resistant to CTx-DTA.
Factors that mediate cytosolic degradation of ERAD substrates (in particular UBXN4, also
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known as UBXD?2 or erasin, and the proteasome) appeared as sensitizing hits, suggesting
that they may reduce cytosolic levels of the toxin’s catalytic subunit in WT cells.

To validate the suggested role of the identified ERAD factors in toxin retro-translocation
from the ER to the cytosol, we quantified the amount of CTx chains in the cytosol and
membrane fractions. As expected, SEL1L knockdown resulted in a dramatic reduction of
cytosolic CTx-Al, whereas levels in the membrane fraction were much less affected (Figure
7A-C). By contrast, knockdown of BAGALNT1, an enzyme required for the synthesis of the
CTx receptor GM1a, resulted in a nearly complete absence of CTx chains from both the
cytosolic and the membrane fraction (Figure 7A-C).

An open question in CTx biology is how the toxin traverses the Golgi network (Wernick et
al., 2010). Our screen revealed that COG and GARP complexes, which tether late
endosomes to the trans-Golgi network or modulate intra-Golgi retrograde transport
(Bonifacino and Rojas, 2006) are critical host factors for CTx-DTA. These and other
complexes and pathways we identify here (Figure 6B), including several involved in RNA
processing, had not previously been linked to cholera toxin biology, highlighting the
potential of CRISPRI as a discovery platform. Importantly, many top hits—even those not
previously implicated in cholera or diphtheria pathogenesis—were tightly clustered in well-
defined protein complexes and pathways. For several of these, the vast majority of
components were hits, suggesting that CRISPRi screens can approach saturation.

Potent Phenotypes and Knockdown Levels Achieved by the Genome-Scale CRISPRI

Library

To validate the results from this screen, we re-tested sgRNAs that putatively modulate
cellular response to CTx-DTA in mechanistically diverse ways. For each sgRNA, we
quantified both the ricin phenotypes as well as the change in abundance of the targeted
transcript by gPCR. Our re-test experiments were highly correlated with data from the
primary screen (Figure 7D). In our validation experiments for the tiling ricin screen and the
genome-scale CTx-DTA screen, the activities of 71 out of 72 sgRNAs were robustly
confirmed and were highly correlated (R2=0.879) with the results obtained in the primary
screen. Finally, analysis of mMRNA levels by qPCR data showed robust repression, with
~80-99% knockdown for each sgRNA and at least 90% for every gene (Figure 7E).

A Genome-Scale CRISPRa Screen of Cholera-diphtheria Toxin Complements and Extends
CRISPRI Results

To further explore the biological insights gained from CRISPRa screening, we performed a
genome scale CRISPRa screen for genes that modulate sensitivity to CTx-DTA (Table S2—
3). As with the CRISPRIi screen, GSEA revealed the specificity of the detected hits (Figure
S7B). For some of the top hits, CRISPR-mediated transcriptional activation and repression
caused opposite phenotypes (e.g. enzymes in ganglioside biosynthesis, Figure 6C), similar to
what we observed for genes controlling ricin sensitivity (Figure 3C).

CRISPRa also revealed additional and highly complementary information as illustrated by
analysis of glycosphingolipid biosynthesis pathways. Induction of enzymes in the neolacto
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branch of sphingolipid biosynthesis protected cells from CTx-DTA (Figure 6C and Figure
S7A,C). This pathway is a parallel branch to the ganglioside branch, which produces the
CTx-DTA receptor GM1a. Our findings suggest that upregulation of the neolacto branch
diverts the common precursor lactosylceramide away from the ganglioside branch.
Similarly, upregulation of the sulfatide-generating enzyme GAL3ST1 has a protective effect,
presumably by diverting ceramide from the sphingolipid to the cerebroside pathway (Figure
6C). These results highlight the capacity of CRISPRa to complement CRISPRI by querying
the consequences of upregulating pathways that may otherwise be inactive.

Effective Knockdown of non-coding RNAs

Finally, we investigated whether CRISPRi was able to repress the transcription of long non-
coding RNAs (IncRNAS), a class of transcripts that have been difficult to systematically
perturb by other methods (Bassett et al., 2014). Using our CRISPRI library design algorithm,
we selected and cloned up to three SgRNAS each targeting six characterized InNCRNAs
(GAS5, H19, MALATL, NEATL, TERC, XIST) (Geisler and Coller, 2013) with good evidence
of expression in K562 cells. We transduced the sgRNAs into cells expressing dCas9-KRAB
and quantified the amount of transcript knockdown by gPCR. We achieved >80%
knockdown for all but one of the INCRNA genes tested (Figure 7F). Overall, more than 50%
of the sgRNAs yielded >85% knockdown. We confirmed the strong repression of XIST by
RNA fluorescence in situ hybridization (FISH) and observed no residual expression along
the X chromosome (Figure 7G). These results demonstrate that CRISPRI can effectively
repress INCRNA expression, enabling future systematic studies of non-coding gene function.

DISCUSSION

Here, we establish CRISPRi and CRISPRa as robust tools for systematically manipulating
transcription of endogenous genes in human cells. We demonstrate that CRISPRi/a can be
used to rapidly screen for both loss-of-function and gain-of-function phenotypes in a pooled
format. We identify both known and unexpected genes that control growth of K562 cells or
that modulate sensitivity to a toxin (CTx-DTA). We also show that we can use CRISPRi/a to
create allelic series of gene expression, spanning a broad range from ~100-fold repression to
~10-fold induction, allowing us to define how the abundance of a protein or transcript
relates to its function.

A key feature of CRISPRI is the low incidence of off-target effects, as evidenced by the
near-absence of activity for three large and distinct classes of negative control SgRNAs in
our genome-scale CRISPRI library. This feature simplifies validation and interpretation of
screening results. The observed specificity likely stems from two distinct properties of our
system. First, CRISPRi/a complexes bound outside a narrow window around the TSS
largely fail to modulate transcription; this dramatically shrinks the sequence space across the
genome where off-target binding could produce significant off-target activity. Second,
CRISPRI activity is highly sensitive to mismatches between the sgRNA and target DNA,
suggesting that off-target binding of dCas9 observed in ChIP-seq experiments is too
transient to impact transcription (Duan et al., 2014; Kuscu et al., 2014; Wu et al., 2014).
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CRISPRa screening provides a new approach for exploring the diversity of transcripts across
complex genomes. Gene activation has been used to dissect the limiting component of a
biochemical process, identify the molecular target of a drug, or activate key rate-limiting
steps in a pathway (Davis et al., 1987; Rine et al., 1983). Recently, a combinatorial cDNA
overexpression screen identified genes that, when co-expressed, reprogram fibroblasts into
pluripotent stem cells (Takahashi and Yamanaka, 2006). CRISPRa should greatly accelerate
similar searches for combinations of factors with emergent properties. In addition, CRISPRa
will likely provide insight into cellular pathways where redundancy hampers loss-of-
function genetic approaches. CRISPRa will also enable the exploration of cellular states in
which otherwise inactive pathways are induced, and thereby reveal functional coupling
within complex cellular networks and suggest potential therapeutic strategies.

Our ability to control transcription with high specificity simplifies the analysis and
validation of high-throughput screening data. The genome-scale CRISPRi and CRISPRa
libraries described here contain 10 sgRNASs per TSS. The resulting library size allows each
to be screened in a population of 200 million cells, which can be easily grown in a single
spinner flask. Furthermore, the observed high specificity and an improved understanding of
rules governing sgRNA activity should enable us to create even more compact sgRNA
libraries. Additionally, an sgRNA library designed to activate or repress a broader range of
transcripts in the human genome could reveal the function of many non-canonical RNAs
encoded in the human genome. As most non-coding transcripts are nuclear and lack an open
reading frame, methods that directly modulate transcription are optimally suited for
interrogating the function of these RNAs (Derrien et al., 2012).

Systematic genetic interaction (GI) maps are powerful tools for revealing gene functions
within pathways or complexes (Bassik et al., 2013; Boone et al., 2007; Costanzo et al.,
2010). A CRISPRa GI map or a combined CRISPRi/a Gl map could yield rich novel
biology and help elucidate how networks of proteins dictate cellular function. More
generally, quantitative methods of turning on and off one or multiple transcripts represent a
critical tool for understanding how expression of the genes encoded in our genomes controls
cell function and fate.

EXPERIMENTAL PROCEDURES
CRISPRI/a Libraries

Tiling libraries—sgRNAs were designed targeting 49 genes (see Figure 1E) previously
identified in ShRNA screens as having ricin resistance phenotype. All possible sgRNAs
within a 10kb window around the gene TSS and meeting certain criteria were included (see
Extended Experimental Procedures). Negative controls were designed based on scrambled
sequences from these 10kb windows and filtered by the same criteria as targeting SgRNAs.

Genome-scale CRISPRI/a libraries—Genes were selected from the entire set of protein
coding genes, although a subset of genes with a RPKM of 0 in a K562 cell RNA-seq
expression data set were excluded. sgRNAs conforming to rules including low predicted off-
targets and minimal length (see Figure S2 and Extended Experimental Procedures) were
selected from a window of —50 to +300bp (CRISPRI) or —400 to —50bp (CRISPRa) with
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respect to the TSS. Negative controls we designed in the same way based on scrambled
sequence derived from the same window of several hundred genes.

Library Cloning—Oligonucleotides encoding sgRNAs designed as described above were
synthesized as pooled libraries. These were then cloned into lentiviral vectors for expression
from a U6 promoter (see Extended Experimental Procedures).

Cell Line Construction

For constitutive and inducible CRISPRi screens, polyclonal cells expressing dCas9/KRAB
fusion proteins driven from an SFFV or TRE3G promoter, respectively, were generated by
viral transduction. For CRISPRa screens, a clonal cell line expressing dCas9-GCNx10 and a
ScFV-sfGFP-VP64 fusion was generated (See Extended Experimental Procedures).

Growth and Toxin Screens

Cells were grown at minimum library coverage of 1,000 for tiling screens and 3,750 for
genome-scale screens. For growth screens cells were grown in spinner flasks and harvested
at 0 and 10 days after puromycin selection. For toxin screens, cells were treated with pulses
of ricin or CTx-DTA (Bassik et al., 2013; Guimaraes et al., 2011) and harvested when
sufficient selective pressure relative to untreated cells had been applied. Briefly, DNA was
isolated, the cassette encoding the sgRNA was amplified by PCR, and relative sSgRNA
abundance was determined by next generation sequencing as previously described (Bassik et
al., 2013; Kampmann et al., 2014).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A Tiling sgRNA Screen Defines Rules for CRISPRi Activity at Endogenous Genes in
Human Cells
(A) Massively parallel determination of growth or toxin resistance phenotypes caused by

sgRNAs in mammalian cells expressing dCas9 or dCas9 fusion constructs. (B) UCSC tracks
showing the genomic organization, GC content, and repetitive elements around the TSS of a
representative gene, VPS54, across a 10kb window targeted by the tiling sgRNA library.
sgRNA ricin resistance phenotypes (as z-scores, see Figure S1 and Experimental
Procedures) in dCas9 and dCas9-KRAB expressing K562 cells are depicted in black on the
top and bottom, respectively. See also Figure S2A for more examples. (C) Sliding-window
analysis of all 49 genes targeted in a tiling SJRNA library. Green line: median sgRNA
activity in a defined window for all genes. Orange region: observed average window of
maximum CRISPRI activity. Data displayed as a phenotype signed z-score, excluding all
guides longer than 22bp. (D) CRISPRI activity for all 49 genes in defined windows relative
to the TSS of each gene. (E) Ricin resistance phenotypes, comparing CRISPRi sgRNAs
selected by our rules to RNA., for genes previously established to cause ricin resistance
phenotypes when knocked down by RNAI. Mean phenotype-signed z-score for 10
subsampled sgRNAs or shRNAs. See also Figure S2F.
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Figure 2. CRISPRI Activity is Highly Sensitive to Mismatches Between the sgRNA and DNA
sequence
On- and off-target activity of dCas9, dCas9-KRAB and Cas9 for sgRNAs with a varying

number and position of mismatches. Off-target activity of sgRNAs with mismatches is
displayed as percent of the on-target activity for the corresponding sgRNA without
mismatches. Asterisk indicates SgRNAs with 3, 4, or 5 mismatches randomly distributed
across region 3 of the sgRNA sequence. Data is displayed for each mismatch position as the
mean of all sgRNAs with that mismatch; see Figure S3 for individual sgRNA activities.
SgRNAs were included in the analysis only if the fully matched guide was highly active
(phenotype-signed z-score = 4); N=5 for dCas9, N=11 for dCas9-KRAB, and N=10 for
Caso.

Cell. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gilbert et al.

Validation Ricin Phenotype (p)

CRISPRa screening

dCas9-10x epitope
fusion protein

sgRNA library

single chain antibody

\ fused to VP64

DNA targeting

0fgrmar = pie-
-

Regulation

g

0
<2 15 MLt
3F 3
£o ARLT,
Sz 10 + ST3GAL4
8s 1
SE
g5 s EIF6 + SYNCRIP
c= o e g ——
S e s
-3 .
57 5 e 1
b4 Tt
S =
£ .0 RABTA SEC23B
;>
g 2 1 GBF1
€ e SURF4 VPS54
@ g -15 .
g
S8 -5 10 5 0 5 10 15

CRISPRI, median Ricin phenotype with 24 random
sgRNAS (log,, Mann-Whitney p-value)

VPS54

e by ﬂwvrn-r.. ety g RN RN
¥

Ricin phenotype relative to control
(phenotype-signed p z-score)

-4000 -2000 0 2000 4000
Position relative to TSS (bp)
All Genes
-4000 ~2000 2000 4000

R?=0.88
0.

o
1

}!

0
Position relative to TSS (bp)

E «——75-fold range——>

o
o
o

© CRISPRI
o ©° S © CRISPRa
0.0

0.1 1 10
o

05 o®,

°3

VPS54 (relative mRNA)

Ricin Phenotype (p)

+——30-fold range——>

P

: o
" gl

0.5~
0O po
;=
-1.0-

v o8 :
%ﬁn T 40
Ayl

CRISPRI
ORABIA
ovPss4
AST3GAL4
Vv SEC238

Screen Ricin Phenotype (p)

1
1.0

951 o © CRISPRi

°
o§ © CRISPRa

0.0 -
0.1 to 10

%

RAB1A (relative mRNA)

CRISPRa
ORAB1A
BvpPss4
AST3GAL4

Ricin Phenotype (p)

-0.5
1.0 4——1100-fold range——>

0.5 o ¥ ocrisehi
°
© CRISPRa
08
001_ 01g8 10
° °

0.0

Ricin Phenotype (p)

ST3GAL4 (relative mRNA)

Page 21

Figure 3. A Tiling sgRNA Screen Defines Rules for CRISPRa Activity at Endogenous Genes in

Human Cells

(A) A schematic of the dCas9-SunTag + scFV-VP64 + sgRNA system for CRISPRa. (B)
Activity of SgRNASs in K562 cells stably expressing each component of CRISPRa, as a

function of the distance of the sgRNA site to the TSS of the targeted gene (Phenotype-

signed z-scores; therefore, negative values represent opposite results than from knockdown).
Top, sgRNAs targeting VPS54, Bottom, sliding-window analysis of all 49 genes targeted by
our tiling library in green. Green line, median activity; orange, window of maximal activity.
Guides longer than 22bp were excluded. See also Figure S4. (C) CRISPRa phenotypes and
CRISPRI (dCas9-KRAB) phenotypes are anti-correlated for select genes. For each gene, a

p-value is calculated using CRISPRi/a sgRNA activity relative to a negative control

distribution for 24 sub-sampled sgRNAs. (D) CRISPRi knockdown and CRISPRa activation
of the same gene can have opposing effects on ricin resistance in both primary screens and

single sgRNA validation experiments (mean + standard deviation of 3 replicates). (E)

Modulation of expression levels for 3 genes by CRISPRi and CRISPRa as quantified by
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gPCR plotted against the ricin resistance phenotype (mean + standard deviation of 3
replicates) measured for each sgRNA.
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Figure 4. Genome-Scale CRISPRi and CRISPRa Screens Reveal Genes Controlling Cell Growth
(A) sgRNA phenotypes from a genome-scale CRISPRi screen for growth in human K562

cells (black). Three classes of negative control sgRNAs are color-coded: non-targeting
SgRNASs (grey), sgRNAs targeting Y-chromosomal genes (green) and sgRNAs targeting
olfactory genes (orange). (B) Co-expression of SgRNAs and dCas9-KRAB or dCas9-SunTag
+ scFV-VP64 is not toxic in K562 cell lines over 16 days. (C) Gene set enrichment analysis
(GSEA) for hits from the CRISPRi screen. A histogram of gene distribution is shown under
the GSEA curve. (D) CRISPRi versus CRISPRa gene phenotypes for genome-scale growth
screens (black). For the 50 genes in the CRISPRa screen with the most negative growth
phenotype, each gene was annotated and labeled based on evidence of activity as a tumor
suppressor (orange), developmental transcription factor (green), or in regulation of the
centrosome (purple). Two additional CRISPRI hit genes that are discussed in the text are
labeled in red. See Table S4 for annotations and references. (E) GSEA for hits from the
CRISPRa growth screen. A histogram of gene distribution is shown under the GSEA curve.
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Figure 5. CRISPRi Gene Silencing is Inducible, Reversible, and Non-Toxic
(A) Expression construct encoding an inducible KRAB-dCas9 fusion protein. (B) Western

blot analysis of inducible KRAB-dCas9 in the absence, presence, and after washout of

Page 24

doxycycline. (C) Relative RAB1A expression levels (as quantified by gPCR) in inducible
CRISPRI K562 cells transduced with RAB1A-targeting sgRNAs in the absence, presence,

and after washout of doxycycline. Mean + standard error of technical replicates (N=2)

normalized to control cells (assayed in the presence of doxycycline) from the day 2 time

point. (D) Competitive growth assays performed with inducible CRISPRi K562 cells

transduced with the indicated sgRNAs in the presence and absence of doxycycline. Data is
represented as the mean = standard deviation of replicates (N=3). See also Figure S5G. (E)

A CRISPRI sublibrary screen for effects on cell growth was performed with inducible

CRISPRI K562 cells in the presence and absence of doxycycline. (F) Cumulative growth
curves from the sublibrary screen represented in (E) show no bulk changes to growth caused

by induction of KRAB-dCas9. Mean * standard deviation of replicate infections each

screened in duplicate.
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Figure 6. Genome-Scale CRISPRi and CRISPRa Screens Reveal Known and New Pathways and
Complexes Governing the Response to a Cholera-Diphtheria Fusion Toxin (CTx-DTA)

(A) Model for CTx-DTA binding, retrograde trafficking, retro-translocation and cellular
toxicity. (B) Overview of top hit genes detected by the CTx-DTA screen. Dark red and blue
circles: Top 50 sensitizing and protective hits, respectively. Light red and blue circles:
further hits that fall into the same protein complexes or pathways as top 50 hits. Circle area
is proportional to phenotype strength. White stars denote genes identified in a previous
haploid mutagenesis screen (Guimaraes et al., 2011). See also Figure S6 for hit gene names.
(C) CRISPRi and CRISPRa hits in sphingolipid metabolism. Display as in (B), except that
the left and right sides of each circle represent the phenotypes in the CRISPRi and CRISPRa
screens, respectively.
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Figure 7. CRISPRI Strongly Represses Gene Expression of Both Protein-Coding and Non-
Coding Genes, Resulting in Reproducible Phenotypes

(A-C) Cells expressing a negative control sgRNA or an sgRNA targeting SEL1L or
B4GALNT1 were incubated with cholera toxin and fractionated to quantify cholera toxin
present in the cytosolic and membrane fractions by Western blot. BAGALNT1 repression
blocks toxin uptake whereas SEL1L repression prevents toxin retro-translocation from the
membrane fraction to the cytosol. (D) Validation of CTx-DTA screen phenotypes with
single sgRNA re-test experiments. Data is represented as the mean + standard deviation of
replicates (N=3). (E) CRISPRi knockdown of 13 hit genes (28 sgRNAs; same sgRNASs as
7D) identified in the CTx-DTA screen was quantified by g°PCR. The gray shaded region
denotes sgRNAs showing at least 90% knockdown for each gene. (F) CRISPRi knockdown
of 6 INcRNA genes was quantified by gPCR. 2-3 sgRNAs computationally predicted to
target each gene were cloned and transduced into K562 cells expressing dCas9-KRAB. (G)
K562 cells expressing dCas9-KRAB were transduced with either a non-targeting sgRNA or
an sgRNA targeting the XIST locus (sgXIST-1). The cells were then stained with DAPI and
an RNA FISH probe for the XIST transcript. 200 non-apoptotic interphase cells in each
condition were scored for XIST RNA coating. XIST is undetectable in cells transduced with
sgXIST-1. Scale bar represents 5pum.

Cell. Author manuscript; available in PMC 2015 October 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Nat Biotechnol. Author manuscript; available in PMC 2018 August 02.

Published in final edited form as:
Nat Biotechnol. 2018 February ; 36(2): 170-178. doi:10.1038/nbt.4062.

Dual gene activation and knockout screen reveals directional
dependencies in genetic networks
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Abstract

Understanding the direction of information flow is essential for characterizing how genetic
networks affect phenotypes. However, methods to find genetic interactions largely fail to reveal
directional dependencies. We combine two orthogonal Cas9 proteins from Streptococcus pyogenes
and Staphylococcus aureusto carry out a dual screen in which one gene is activated while a
second gene is deleted in the same cell. We analyse the quantitative effects of activation and
knockout to calculate genetic interaction and directionality scores for each gene pair. Based on the
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results from over 100,000 perturbed gene pairs, we reconstruct a directional dependency network
for human K562 leukemia cells and demonstrate how our approach allows the determination of
directionality in activating genetic interactions. Our interaction network connects previously
uncharacterised genes to well-studied pathways and identifies targets relevant for therapeutic
intervention.

Results

Genetic interaction mapping approaches compare single gene loss-of-function phenotypes
against combinations of loss-of-function to identify aggravating or alleviating interactions?.
However, studies to address the directionality of genetic interactions have been largely
limited to lower eukaryotes?=5, despite the fact that elucidating human pathway
directionality is key to properly interpreting functional genetic dependencies. Such basic
information offers rational approaches for therapeutic intervention, precision medicine, and
evading drug resistance in human cancers. At the most fundamental level, knowing the
directional flow of genetic information is critical to properly reconstruct networks and
assemble a cohesive picture of gene function.

The recently discovered bacterial CRISPR phage-defence system has remarkably advanced
RNA interference and related gene perturbation technologies’. A growing CRISPR toolbox
offers a diversity of approaches to perform a highly parallel functional interrogation of every
single gene in the human genome®-°. However, whereas single perturbation (e.g. knockout or
overexpression) approaches have proven highly successful to systematically attribute
function to individual mammalian genes, they typically do not provide a deeper
understanding of how these genes function together in complex genetic signalling networks.

To reconstruct directional regulatory networks in human cells, we developed an orthogonal
CRISPR system comprising two Cas9 enzymes derived from different species. This system
allows the simultaneous and asymmetric activation of one gene and deletion of a second
gene in the same cell. When compared to conventional symmetrical loss-of-function
experiments in which the function of both interaction partners is lost, our orthogonal
asymmetric platform allowed us to determine whether the activated gene functionally
depends on, or can compensate for the loss of a deleted gene. Using this platform, we
identified directional genetic interactions between genes whose activation or ablation altered
the fitness of human chronic myeloid leukaemia (CML) cells. We demonstrate that the
orthogonal screening approach can quantify loss- and gain-of-function phenotypes from the
same cell, and that it is suitable to systematically identify genetic interactions between
cancer relevant genes. We reconstruct a substantial number of directional dependencies,
connecting previously uncharacterised genes to well-studied pathways.

CRISPRa screen identifies cancer pathway genes

CML is a leukaemia characterised by a reciprocal translocation between chromosome 9 and
22. This translocation creates the BCR-ABL fusion oncogene, a constitutively active
tyrosine kinase oncogene that causes myeloid precursor cells to divide in an uncontrolled
fashion0. Application of BCR-ABL tyrosine kinase inhibitors (e.g. imatinib) have
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revolutionised treatment for this cancer, and decades of study have yielded fundamental
information on the genes critical for BCR-ABL dependent signalling. We thus chose CML
to benchmark our method to identify directional genetic interactions, using the K562 CML
cell line to systematically quantify genes that function as negative or positive regulators of
cancer cell fitness.

To ascertain CRISPR screening conditions capable of identifying the full gamut of imatinib
dependent phenotypes, we characterised K562 cell response to a broad range of imatinib
drug concentrations. We found that K562 cells respond to a wide range of imatinib
concentrations (10 — 1,000 nM), and that CRISPR mediated activation (CRISPRa) of the
imatinib efflux transporter ABCB1 using the SunTag system! can result in an
approximately 2-fold increase in the ICsq after 3 days of treatment (Supplemental Fig. 1a).
However 3 days of drug treatment did not provide the dynamic range needed to identify
genes displaying weaker phenotypes in a screen. To optimise conditions, we analysed the
influence of repeated imatinib treatment cycles at 1Csq on cell viability. We observed
increased cell viability for ABCBI overexpressing cells, 31.5-fold (sgABCB1-1) and 23.5-
fold (sgABCB1-2) over negative controls (SgNTC), after three cycles of 100 nM imatinib
(day 9) (Supplemental Fig. 1b). These results show that repeated exposure to low imatinib
doses allows for much greater enrichment of cells with activated resistance genes than a
single treatment.

To systematically identify genes whose activation can alter imatinib drug response, we
created an ultra-complex, genome-scale sgRNA library consisting of over 260,000 total
sgRNAs targeting every coding and over 4,000 non-coding Refseq annotated (hg19)
transcripts in the human genome. Quality-controlled sgRNA libraries (Supplemental Fig. 2)
were introduced into K562 CRISPRa target cellsl! followed by 14 days of imatinib
treatment with escalating doses of imatinib ranging from 100 nM (ICsgq) to 300 nM (ICg)
(Fig. 1a). Abundance of sgRNA encoding sequences was determined via next generation
sequencing (NGS), comparing the beginning (baseline) and endpoint (day 14) of the screen
(Supplemental Table 1). NGS read count ratios of the top 25% most enriched/disenriched
sgRNAs were normalized to define an enrichment score () for each gene (Supplemental
Table 2). Activation phenotypes were found to be highly reproducible (r>0.98) between
technical screen replicates (Supplemental Fig. 3). From a total of 26,700 targeted transcripts,
we observed that the activation of 332 genes significantly (FDR<0.05, p<0.001) altered the
fitness of imatinib treated K562 cells, with 57% (188 genes) causing significant depletion
(blue) and 43% (144 genes) driving cell enrichment (Fig. 1b).

A key advantage of the gain-of-function approach used here, as opposed to more commonly
employed loss-of-function approaches, is that genes exhibiting no- to very low-expression
can also be investigated. We found that out of the 332 candidate genes, 21% were not
expressed in K562 cells (FPKM<100) indicating that imatinib responsive genes could be
identified from the full spectrum of endogenous gene expression levels (Supplemental Table
2 and Supplemental Fig. 4). This approach allows for the study of genes which may have
functional relevance in other cell types, i.e. different types of cancers including non-CML
leukemias.
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To assess the quality of the screening data on a global level, we executed a gene set
enrichment analysis (GSEA)1213 using the above 332 target genes identified in the imatinib
CRISPRa screen. GSEA identified the strongest gene enrichment in leukaemia and other
cancer-related KEGG signalling pathways (Supplemental Fig. 5a), illustrating the ability to
identify positive and negative regulators of cancer cell survival pathways. A graphic
summary of the CRISPRa screen results, assembled into their relevant oncogenic pathways
is shown in Supplemental Fig. 5b. The three strongest hits, namely ABCB1, ABCGZand
BCR-ABL are well known to be overexpressed in CML patients with high tolerance to
imatinib14. Additionally, we identified BCR-ABL binding partners CBL and CRKL 15, and
downstream effectors SOS1, SOS2, GAB2, RAF1, MYC, PIMI, PIM2and STAT5816, the
c-Abl phosphatase PTPN1217, the Ras-GAPs NFI, RASAI and RASA318, the cell cycle
regulators CDK619 and CCND320 and receptor tyrosine kinases having well documented
roles in imatinib resistance, specifically PDGFRB?Y, FGFIR 22, CSF1R?3 and AXL 24,

To evaluate the reproducibility of the CRISPRa screen data, we tested three sgRNAS per
gene, against 20 of the 332 significant candidate genes individually in an arrayed 96 well
plate validation assay. Genes selected for validation included the five most significantly
enriched candidate genes BCR-ABL, ABCB1, SL C6A14, CDK6and MYCas well as 15
genes whose activation produced less significant phenotypes (Supplemental Table 3). The
SgRNAs targeting these 20 genes were selected based on CRISPRa screen enrichment
(Supplemental Table 1). The results showed a high degree of quantitative reproducibility
when compared to screen enrichment data (r=0.78), displaying a wide dynamic enrichment
range over several orders of magnitude (Supplemental Fig. 6). In addition to the large
number of aforementioned genes with well-established roles in leukaemia and imatinib
resistance, we identified and validated a set of candidate genes with uncharacterised roles in
cancer therapy resistance (Fig. 1c), including numerous solute carriers, the non-coding
RNAs PVT1and LOC101928865, as well as BBX, NOL4L and ZC3HAV for which
upregulation following sgRNA expression was further confirmed via qRT-PCR
(Supplemental Fig. 7). In total, these experiments yielded a highly reproducible list of target
genes, some having well-established functions in cancer pathways, while others are
completely uncharacterised. These results gave us the opportunity to study the functional
relationships between the genes; hence, we sought to develop an orthogonal CRISPR
platform that could illuminate genetic interactions and directional dependencies for drug
resistance.

The orthogonal CRISPR system

To enable the scalable investigation of directional dependencies, we conceptualized an
orthogonal CRISPR system that would allow the simultaneous activation and deletion of two
genes in the same cell. To test this concept, we developed a K562 cell line harbouring the
Streptococcus pyogenesbased SunTag CRISPRa system and Cas9 nuclease from
Staphylococcus aureus (SaCas9). These two Cas9 proteins have different PAM requirements
and structural studies have shown that each enzyme recognises different constant regions of
the cognate sgRNA2°26, These observations suggest that each Cas9 enzyme is not likely to
cross-react with the cognate sgRNA engineered for the other Cas9 enzyme.
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To test whether both CRISPR systems can work in parallel to activate and delete genes in the
same cell without cross-interference, we designed orthogonal sgRNA expression constructs
to activate the imatinib efflux transporter ABCGZ2in combination with a non-target control
SgRNA, or alternatively, in combination with an SgRNA that deletes ABCGZ (Fig. 2a). As
expected, ABCGZ protein levels increased following the expression of a CRISPRa sgRNA
against ABCGZ2 (Fig. 2b, left panel). In contrast, ABCGZ expression is almost completely
abolished when the same CRISPRa sgRNA is used in combination with an sgRNA that
deletes ABCGZ2 via SaCas9 nuclease (Fig. 2b, right panel). A small residual population of
ABCGZexpressing cells can be observed, which we suspect likely represents cells
harbouring non-edited or in-frame indels of the ABCGZ gene (Fig. 2b, right panel). To
compare drug resistance profiles of these SgRNA constructs, we analysed cell enrichment
following 11 days of imatinib treatment (Fig. 2c). As shown in Figure 1c, ABCGZ2 activation
confers imatinib resistance; however, resistance is almost completely reversed in cells that
concomitantly express an sgRNA that deletes ABCGZ2 (Fig. 2¢). Taken together, these data
demonstrate the ability of the orthogonal CRISPR platform to simultaneously functionally
activate and delete genes in the same cell.

Since our orthogonal system is based on two completely independent CRISPR systems, it
opens the door to combinations of any two CRISPR-based technologies, such as
transcriptional silencing?’ or targeted DNA methylation28, which represents a substantial
advance compared to the only other orthogonal CRISPR-based method published to date by
Dahlman et al.2%, which achieves gene activation and knockout using “catalytically dead’
SgRNAs engineered to bind the MS2:P65:HSF1 (MPH) activation complex in combination
with a catalytically active wt CRISPR Cas9 nuclease from S.pyogenes. In contrast, our
approach is based on Cas enzymes from two different bacterial species — S.pyogenes and
S.aureus — both of which recognize distinct SgRNAs and PAMs. Consequently, the co-
expressed sgRNAs for either CRISPR system do not compete for common protein factors or
target sites within the same cell.

Systematic quantification of genetic interactions

To establish a high-throughput screen using the above described orthogonal CRISPR
platform, we created an orthogonal dual sgRNA library composed of selected combinations
of CRISPRa and SaCas9 nuclease sgRNAs. This library combined activating sgRNAS
targeting 87 enriched or depleted candidate genes from the primary screen (2 sgRNAs/gene
for a total of 174 sgRNAS) and knockout sgRNAs targeting 1,327 genes (8 sgRNAs/gene for
a total of 11,594 sgRNAS). The knockout sgRNA population targeted all KEGG annotated
cancer-relevant signalling pathway genes. The final dual orthogonal sgRNA library
contained a total of over 2 million sgRNA or 100,000 gene combinations (annotated library
sequences are provided in Supplemental Tables 4 and 5) targeting well-established and dark
matter genes.

To promote rigour and reproducibility, the complex sgRNA combination expression library
was transduced into two independently derived clonal lines of orthogonal K562 cells. The
clonal lines were screened in parallel, in two separate bioreactors in the presence of
escalating doses of imatinib. After 19 days, cells from both bioreactors were harvested and
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SgRNA representation was compared between baseline cells (day 0) and imatinib-treated
cells (day 19, see Methods for details). Before calculating genetic interactions, it was
imperative that we first calculated the effects of single gene activation-only and knockout-
only phenotypes. To facilitate this calculation, we included a large number of non-target
control sequences in the combination library; 18 non-target controls in the CRISPRa
position and nearly 900 in the SaCas9 nuclease position (see Supplemental Tables 4 and 5).
Dissecting these two populations of control vectors allowed the clean evaluation of replicate
performance for both single gene activation (r=0.96, Fig. 3b) and single gene knockout
phenotypes (r=0.98, Fig. 3c). Both single gene activation and single gene knockout
phenotypes included negative and positive regulators of cell fitness in the presence of
imatinib. These results were highly reproducible between replicates (Fig. 3b and c), and
CRISPRa values correlated (r=0.9267) with values from the initial CRISPRa screen
(Supplemental Fig. 8).

Notably, phenotypic measurements derived from all possible combinations of sgRNAs in the
activation and knockout position with one another were also found to be highly reproducible
between clonal screen replicates (r=0.94), allowing a quantitative comparison of all possible
combinations of sgRNAs in their full operationally functional orthogonal context (Fig. 3d).
Taken together these data confirm: 1) the ability for both Cas9 systems to work in parallel to
produce activation and knockout phenotypes in the same cell, and 2) the suitability of our
NGS analysis pipeline to accurately quantify phenotypes from combinatorial gene
perturbations.

Deducing directional dependencies

In genetic interactions where a gene activates its partner, gene activation and knockout
produce opposing phenotypes (tact and tio) and the double perturbation phenotype (Tact+ko)
can lie in the full spectrum between both individual perturbation phenotypes (Fig. 3e). To
systematically identify and quantitate directional genetic dependencies from the screen, we
determined genetic interaction (GI) scores from individual and combinatorial © values and
based on those, defined a single directionality score ¥ (Fig. 3f). In essence, ¥ displays a
negative value when enrichment scores t from gene activation and knockout have opposing
signs, as would be expected in activating interactions. For interactions with negative ¥
scores, the t et and Gl scores were multiplied to determine whether the activated gene
functions downstream (positive value) or upstream (negative value) of the deleted gene (Fig.

30).

To maintain rigor, we assigned directionality only in reproducible genetic interactions (Gl
scores that exceeded a 1x standard deviation in both clonal cell line replicates) that exhibited
a negative ¥ score. A summary of all calculated <, Gl and ¥ values is shown in
Supplemental Table 6. Based on the determined Gl and 'V scores, we derived a directional
genetic interaction network de novo. We assembled the network from the most significant
and reproducible directional and non-directional interactions determined by the orthogonal
screen (Fig. 3h; Supplemental Table 7 and Supplemental Figure 9). As explained above,
directionality among genetic interactions can be inferred only when the activated gene
displayed the opposite phenotype of the knocked-out gene; but not if activation and
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knockout both resulted in the same phenotype (Supplemental Fig.10). The resulting
directional-edge model connects a total of 70 cancer-centric nodes, via 137 gene:gene
interactions determined from both clonal replicates, for 26 of which directionality could be
directly inferred. For clarity, interactions for all 70 individual nodes are depicted in
Supplemental Figure 11.

To quantitatively evaluate the orthogonal screen data, we validated the performance and
calculated pathway directionalities in several independent assays. First, a sample set of
predicted directional interactions between selected genes with negative ¥ scores which
passed the cut-off in clonal replicate 2 (Supplemental Table 6) were re-tested in an arrayed
validation assay using the same orthogonal clonal line. Single as well as combinatorial
activation and knockout t values from the arrayed validation experiments were determined
and used to derive Gl and ¥, scores (Fig. 4a). Control single gene activation and knockout
phenotypes validated for all re-tested genes. Activation of SPREDZ, WTI1and TFAP2A had
a sensitizing effect to imatinib treatment, while deletion of PTPN1, NF1, MAP4K5and
RASAZ caused cells to steadily enrich in the culture over time (Fig. 4b and Supplemental
Table 8). Figure 4b shows single and double perturbation t values of twelve gene:gene
combinations, determined on day 14 of the arrayed validation along with calculated Gl,, and
¥ scores.

Overall, GI,, scores were found to be in good agreement (r=0.72) with Gl scores determined
by the orthogonal screen (Supplemental Table 9). In five cases the activated gene was unable
to execute its sensitizing function following the deletion of its interaction partner (tac X Gl =
negative: SPRED2-NF1, WTI1-PTPNIand TFAP2A-PTPN1/-NFI1I-MAP4KDS), supporting a
model for an upstream function of the activated gene. In contrast, we observed three
instances where the activated gene could compensate for the loss of its interaction partner
(tact X Gl = positive: SPREDZ2-PTPNII-RASAZ and WTI-MAP4KS), supporting a model
for a downstream function of the activated gene. Out of the total of twelve tested
combinations, ten were predicted by the orthogonal screen to show a directional interaction,
of which the aforementioned eight were confirmed by our arrayed validation while two
interactions (W71-NF1and TFAP2A-RASA2) did not reproduce (Fig. 4b and Supplemental
Table 9). The inability to validate those two interactions might be explained by the markedly
different experimental conditions between the orthogonal screen in a 14 L agitated
bioreactor with precisely controlled culture conditions versus validation in a 96-well plate.
Moreover, Gl and ¥ scores from the screen were calculated based on multiple sgRNAs for
gene activation and knockout whereas validation was performed with one selected sgRNA in
either position.

Based on the validated interactions, we reconstructed a Ras-centric high-confidence
directional genetic interaction model with ¥, scores calculated from the validation data
(Fig. 4c). This model is further supported by our findings that SPREDZ2 cannot sensitise
NF1-deleted cells to imatinib treatment, despite showing a similar increase in mRNA levels
following its activation (Supplemental Fig. 12a and b). At this point it is important to
mention that the relative changes in gene expression, as detected by gRT-PCR, do not
necessarily translate into equivalent phenotypes. In other words, although the significant
increase in SPREDZ mRNA levels following its CRISPRa mediated activation might seem
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modest (approx. 2 fold), the detected phenotype at 8 days after imatinib treatment is a
remarkably significant 3-fold decrease in cell numbers (Supplemental Data Figure 12).
Moreover, SPREDZ overexpression in HEK293T cells lowered Ras-GTP levels only in the
presence of A/F1, confirming that the ability of SPREDZto suppress Ras activity depends on
NFI (Supplemental Figure 12c). These observations build upon previous observations that
double knockdown of SPRED1/2leads to increased Ras-GTP levels due to disruption of an
NF1/SPRED2 complex30,

Exploiting genetic vulnerabilities for cancer therapy

Given the potential to discover genetic dependencies of therapeutic relevance, we
investigated the observed interaction between A/FZ and the TAM receptor tyrosine kinase
AXL31 (Fig. 3h and Supplemental Table 7). Targeting AXL-mediated signaling pathways
can lead to regained drug sensitivity and improved therapeutic efficacy, defining AXL as a
promising target for cancer therapeutics3233, However, a key issue for therapeutic
intervention is the selection of appropriate biomarkers and potential synergistic drug targets
for combination-based regimes. To evaluate therapeutic applicability and potential synergies,
we applied R428 (a specific AXL inhibitor which is currently being evaluated in clinical
trials3#) to a population of Cas9 NVFI-knockout sgRNA treated cells as well as control cells.
We found that AVFZ-knockout cells were highly sensitive to R428, whereas NFI-wildtype
control cells did not show a significant response to 8 days of treatment with 500 nM R428
(Fig. 5a). Given that the A/FZ-knockout sgRNA treated cells contain sub-populations of non-
and in-frame edited cells (Supplemental Fig.13) we anticipate that these observations likely
underestimate R428 drug sensitivity. Moreover, these observations were also extended to
lung epithelial cells using RNAI mediated knockdown of A/FZin BEAS-2B cells, which
displayed significantly increased drug sensitivity (p=3x1073 at 500 nM R428, p=6x107° at
1000 nM R428) when compared to matched control cells (Supplemental Fig. 14). Finally,
we confirmed that MFZ-knockout K562 cells are more resistant to treatment with imatinib,
but that these cells can be re-sensitised to imatinib by R428 treatment (Fig. 5b).

To explore the nature of the selective AXL dependency of A/FI-deficient cells, we
quantitated phosphorylated AXL kinase (p-AXL) levels in control untreated wildtype cells
and NVFI-knockout sgRNA treated cells. MFZ-knockout sgRNA cells displayed markedly
higher levels of p-AXL than NFZI-wildtype cells, indicating that these cells had accumulated
higher levels of AXL activity and p-AXL levels were reduced upon R428 treatment in both,
NFI-wildtype and knockout cells (Fig. 5¢). To further investigate the interaction between
NF1 and AXL, we performed a homogeneous time-resolved Férster resonance energy
transfer (TR-FRET) assay where the stringent proximity (<10 nm) based idiosyncrasy
allows the detection of direct physical interactions3°. These experiments provided additional
support that NF1 and AXL physically interact with each other in a cell based assay (Fig. 5d).
Additionally, we show that both proteins bind to all three Ras isoforms N-Ras, H-Ras and K-
Ras (Supplemental Figure 15), supporting a model where A/FI deficient cells become
increasingly dependent on AXL signalling, and that these cells can be selectively targeted by
the AXL inhibitor R428. Given the high recurrence of MFI mutations and AXL activation in
a variety of human cancers, our data provide an informed basis for therapeutic intervention.
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Discussion

Methods

Vector maps

Inferring the direction of genetic interactions has been a long-standing challenge. While
previously described genetic interaction studies are based on simple dual loss-of-
function36-39.40-43 the orthogonal approach combines the power of CRISPR mediated
activation of one interaction partner with the functional loss of a second gene in the same
cell. Here we establish the full methodology and reagents necessary to conduct highly
parallel directional CRISPR screens in human cancer cells, including stable CRISPRa-
SaCas9 nuclease cell lines, dual sgRNA libraries, and a barcode-free next generation
sequencing strategy to quantify sgRNA combinations in orthogonal screens. As a general
concept, our described inference of directionality strategy is readily applicable to numerous
other dual activation/inhibition expression embodiments, notwithstanding other
transcriptional, post-transcriptional, and post-translational regulatory modules.

Approaches to construct quantifiable directional models for genetic interactions have been
limited and there have been no established technologies to efficiently specify directionality
within pathways. This is particularly a problem in fields such as cancer biology where a
major ongoing focus is to identify synergistic genetic vulnerabilities that provide a sound
basis for the design of rational polytherapies to help prevent drug resistance. Here, we
provide a comprehensive dataset consisting of single and combinatorial gain- and loss-of-
function phenotypes in CML cells, and a high-confidence network of genetic interactions
that will help researchers to build hypotheses to further understand why some patients
respond well to tyrosine kinase inhibitors like imatinib, whereas others acquire resistance. In
many cases, directional dependencies need to be considered when designing a treatment plan
for patients harbouring multiple genetic lesions, and the described orthogonal platform
offers a fresh new approach to uncovering key dependencies in pathways critical for human
gene function and disease.

For the single sgRNA (sgLenti), dual sgRNA (sgLenti-orthogonal) and SaCas9 nuclease
vector, vector maps are provided in Genbank format (Supplemental 1-3) and have been
deposited along with the plasmids at Addgene

CRISPRa and orthogonal K562 cell lines

K562 CRISPRa cells!146 were kindly provided by Luke Gilbert and cultured in RPMI 1640
medium, supplemented with 10% fetal bovine serum and 1x Anti-Anti (Gibco). Via
lentiviral transduction, S. aureus Cas9 under the control of an EFla promoter, was
introduced into K562 CRISPRa cells (see Supplemental 3 for vector map). Successfully
transduced cells were selected with hygromycin (200 ug/mL) and single clones were
expanded for 14 days. To test functionality of the expanded clonal orthogonal lines, cells
were transduced with sgRNASs to activate the imatinib efflux transporter ABCG2via
CRISPRa (5'-GCCACTGCGTTCAGCTCTGG-3") or to knock it out in combination with
SaCas9 (5'-CATCTGCTATCGAGTAAAACTG -3”). Four weeks post introduction of the
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SaCas9 expression cassette, clonal lines were screened for functionality of both CRISPR
systems (CRISPRa and SaCas9 nuclease) via flow cytometry analysis of >10,000 cells
stained with CD338 (ABCG2) antibodies (Miltenyi, 130-104-960). Out of a total of 28
screened orthogonal lines, all 28 retained the functional CRISPRa system but only four lines
displayed stable function of SaCas9 nuclease. Two of those lines were used for the
orthogonal CRISPR screen.

CRISPRa and orthogonal sgRNA library design

For the initial CRISPRa screen, a genome-scale sgRNA library consisting of over 260,000
total sgRNAs targeting every coding, and over 4,000 non-coding, Refseq annotated (hg19)
transcripts in the human genome, as well as every unique protein coding isoform with up to
12 sgRNAs, plus 7,700 non-target control sequences (NTC).

The promoter regions for coding transcripts targeted windows 25 to 500bp upstream of the
Refseqg-annotated transcription start sites. SJRNAs were designed against targets in the
promoters that are of the format (N),oNGG, and selected sgRNAs must pass the following
off-targeting criteria: 1) the 11bp-seed must not have an exact match in any other promoter
region, and 2) if there is an exact off-target seed match, then the rest of the sgRNA must
have at least 7 mismatches with the potential off-target site. Regions outside a window of 25
to 500 bp upstream of the TSS were not considered for off-targeting since the employed
CRISPRa system was shown to work only in proximity to the TSS of genes*6 and to not
further limit the number of designable sgRNAs for the narrow on-target space. After all
SsgRNAs that pass off-targeting criteria were generated, up to 12 sgRNAs/transcript were
selected that were nearest to the transcription start sites. All SgRNA sequences are shown in
Supplemental Table 1. In addition to the SgRNA sequence, every plasmid contained a unique
20 nt barcode sequence (see Supplemental 1 for vector map). This sequence allowed the
distinction between sgRNAs expressed from different plasmids and hence in different sub-
populations of cells and was used to bin cells into mutually exclusive barcode bins to create
technical screen replicates after sequencing.

For the orthogonal genetic interaction screen, a focused nuclease-active S. aureus Cas9
library was generated targeting 1327 genes. For the selected genes, sgRNAs targeting coding
exons were generated using Cas-Designer 47, generating sgRNAs that were adjacent to the
PAM sequence ‘NHGRRT’ (H = A, C, or T), which allows for targeting with S. aureus Cas9
but not with S. pyogenes Cas9. Potential off-targets against the human genome were
identified using Cas-OFFinder8. To score sgRNA sequences by Cas-OFFinder, sgRNAs that
have perfect-seed off-targets and 5 mismatches or less in potential off-target regions were
penalised. The 20% of sgRNAs with the highest off-target penalties and bottom 20% of
sgRNAs with the lowest out-of-frame scores from Cas-Designer were eliminated. From the
resulting list of sgRNAs, up to 8 sgRNAs/gene were selected, targeting the most 5
constitutive exons for each gene.

CRISPRa and orthogonal sgRNA library cloning

For the CRISPRa library, the designed 20 nt target specific SgRNA sequences were
synthesised as a pool, on microarray surfaces (CustomArray, Inc.), flanked by overhangs
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compatible with Gibson Assembly*? into the pSico based sgLenti SgRNA library vector (see
Supplemental 1 for vector map). The synthesised sgRNA template sequences were of the
format: 5'-GGAGAACCACCTTGTTGG-(N)2o-GTTTAAGAGCTATGCTGGAAAC-3’.
Template pools were PCR amplified using Phusion Flash High-Fidelity PCR Master Mix
(ThermoFisher Scientific) according to the manufacturers protocol with 1 ng/uL sgRNA
template DNA, 1 uM forward primer (5'-GGAGAACCACCTTGTTGG-3"), 1 uM reverse
primer (5'-GTTTCCAGCATAGCTCTTAAAC-3") and the following cycle numbers: 1x
(98C for 3 min), 15x (98C for 1 sec, 55C for 15 sec, 72C for 20 sec) and 1x (72C for 5 min).
PCR products were purified using Minelute columns (Qiagen). The library vector sgLenti
was preapred by restriction digest with Aarl (Thermo-Fischer) at 37C overnight, followed by
1% agarose gel excision of the digested band and purification via NucleoSpin columns
(Macherey-Nagel). Using Gibson Assmbly Master Mix (NEB), 1000 ng digested sgLenti
and 100 ng amplified sgRNA library insert were assembled in a total 200 uL reaction
volume. The reaction was purified using P-30 buffer exchange columns (Biorad) that were
equilibrated 5x with H,O and the total eluted volume was transformed into three vials of
Electromax DH5a (ThermoFisher). E.coli were recovered, cultured overnight in 500 mL LB
(100 ug/mL ampicillin) and used for Maxiprep (Qiagen). In parallel, a fraction of the
transformation reaction was plated and used to determine the total number of transformed
clones. The coverage was determined to be 70x clones per sgRNA ensuring even
representation of all library sgRNA sequences and their narrow distribution (Supplemental
Fig. 2). Fidelity of sgRNA sequences was confirmed with a more than 90% perfect Bowtie
alignment rate and narrow distribution of sgRNA sequences, with read counts for 87% of
sgRNA sequences falling within a single order of magnitude.

For orthogonal CRISPR libraries, CRISPRa sgRNA pools of 174 sgRNA against 87 selected
target genes (2 sgRNAs/gene) plus 18 non-target control sgRNASs were cloned into position
1 of the Aarl-digested plasmid sgLenti-orthogonal exactly as described for the CRISPRa
library. Off target analysis using Cas-OFF finder“8 showed that out of the total 192 sgRNAs,
only two had an additional perfectly matched genomic target site which was outside of the
defined relevant CRISPRa off-target space (25 to 500 nt upstream of the TSS) while the rest
had exactly one target site. In addition, 6 sgRNAs had off-target sites with 1 mis-match and
65 sgRNAs had off-target sites with 2 mis-matches outside the defined off-target space. A
full summary of CRISPRa sgRNA sequences with the number and nature of determined off-
target sites is shown in Supplemental Table 4.

Following amplification in E.coli, library plasmids with the first position cloned were
digested with BfuAl (NEB) to allow cloning of SaCas9 sgRNAs into the second position. To
remove undigested orthogonal sgRNA library plasmid from the pool, the purified
(Nucleospin, Macherey-Nagel) BfuAl digested plasmid was subsequently digested with

Ascl for which restriction sites exist in the stuffer sequences in both sgRNA positions 1 and
2. BfuAl/Ascl digested plasmid was extracted from 1% Agarose gel (Nucleospin, Macherey-
Nagel).

Synthesised SaCas9 sgRNA template sequences (12,500 total, 8 SgRNAs/gene) were of the
format: 5'-GAAAGGACGAAACACCGTG-(N),,-
GTTTTAGTACTCTGGAAACAGAATCT-3". PCR amplification of the SaCas9 template

Nat Biotechnol. Author manuscript; available in PMC 2018 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Boettcher et al.

Page 12

pool was performed as described above using primer sequences: 5’-
GAAAGGACGAAACACCGTG-3" and 5'-AGATTCTGTTTCCAGAGTACTAAAAC-3’
and the purified PCR product was cloned into BfuAl digested sgLenti-orthogonal (see
Supplemental 2 for vector map) via Gibson Assembly as described above. The resulting
orthogonal sgRNA library was transformed into Electromax cells at 30x coverage as
described above and the plasmid sgRNA library pool was purified (Qiagen Plasmid Maxi
kit). From the resulting plasmid pool, SgRNA sequences were recovered via PCR as
described below and sequenced for quality control. At a read depth of 94x, 2.389 million out
of the total possible 2.394 million combinations (>99%) were read at least once, with less
than 5% of the library elements read 20 or less times.

Lentivirus production

HEK?293T cells were seeded at 65,000 cells per ccm in 15 cm dishes in 20 mL media
(DMEM, 10% fetal bovine serum) and incubated overnight at 37C, 5% CO,. The next
morning, 8 ug sgRNA library plasmid, 4 ug psPAX2 (Addgene #12260), 4 ug pMD2.G
(Addgene #12259) and 40 uL jetPRIME (Polyplus) were mixed into 1 mL serum free
OptiMEM (Gibco) with 1x jetPRIME buffer, vortexed and incubated for 10 min at RT and
added to the cells. 24 h later, 40U DNAsel (NEB) were added to each plate in order to
remove untransfected plasmid and at 72h post-transfection, supernatant was harvested,
passed through 0.45 um filters (Millipore, Stericup) and aliquots were stored at —80C.

Genome-wide and orthogonal CRISPR screens

Imatinib selection conditions for all screens were optimized by activating the imatinib efflux
transporter ABCBI using syABCB1-1 (5'-CAGGAACAGCGCCGGGGCGT-3") and
sgABCB1-2 (5"-AGCATTCAGTCAATCCGGGC-3") (Supplemental Figure 1). K562
CRISPRa/orthogonal cells were transduced with lentivirally packaged sgRNA libraries at
MOI=0.3 and 500x coverage. The low MOI was used to reduce the frequency of multiple-
infected cells; thus, only one gene was activated in each cell. Cells were then cultured in
RPMI with 10% FBS and 1x Anti-Anti (Gibco) in a 37C incubator with 5%CO,. 48h post
transduction, cells were selected with puromycin (2 ug/mL) for 96h. Following selection,
aliquots of 300 million cells each, were frozen down in FBS with 10% DMSO for later
analysis via NGS (see below). Fully selected cells (300 million) were transferred into a 14
liter CelligenBIlu bioreactor (Eppendorf) and sub-cultured at 37C, pH=7.4 and 2% oxygen.
Coverage at cell level was kept above 1000x throughout the entire screen and the culture was
diluted with fresh medium when cell density reached 1 mio/mL.

For the genome-wide CRISPRa screen: 14 days post transduction, aliquots of 300 mio cells
from the beginning of the screen were frozen down (baseline sample) as described above and
an ICgq concentration of 100 nM imatinib (Sigma) was added to the bioreactor vessel.
Imatinib was refreshed on day 17 (ICgp = 150 nM) and day 19 (ICgg = 300 nM) after initial
sgRNA library transduction and cells for the analysis of the final time point were harvested
on day 28. For the orthogonal genetic interaction screen: Puromycin selected cells (2 ug/mL)
at 8 days post transduction (2.5 billion per sample) were frozen down as described above
and 100 nM imatinib (ICg) were added to the bioreactor vessel. Imatinib concentrations
were increased throughout the screen to the I1Cgg concentration of 150 nM (day 10), the 1Cgq
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of 300 nM (day 13 and 15) and finally the 1Cgg of 500 nM (day 17). On day 19 2.5 billion
cells per sample were harvested for downstream analysis via NGS as described below.

Genomic DNA (gDNA) extraction

Cell pellets from baseline and imatinib treated samples were resuspended in 20 mL P1
buffer (Qiagen) with 100 ug/mL RNase A and 0.5% SDS followed by incubation at 37C for
30 min. After that, Proteinase K was added (100 ug/mL final) followed by incubation at 55C
for 30 min. After digest, samples were homogenised by passing them three times through a
18G needle followed by three times through a 22G needle. Homogenised samples were
mixed with 20 mL Phenol:Chlorophorm:Isoamyl Alcohol (Invitrogen #15593-031),
transferred into 50 mL MaXtract tubes (Qiagen) and thoroughly mixed. Samples were then
centrifuged at 1,500g for 5 min at room temperature (RT). The aqueous phase was
transferred into ultracentrifuge tubes and thoroughly mixed with 2 mL 3M sodium acetate
plus 16 mL isopropanol at RT before centrifugation at 15,0009 for 15 min. The gDNA
pellets were carefully washed with 10 mL 70% ethanol and dried at 37C. Dry pellets were
resuspended in HoO and gDNA concentration was adjusted to 1 ug/uL. The degree of gDNA
shearing was assessed on a 1% agarose gel and gDNA was sheared further by boiling at 95C
until average size was between 10-20 kb.

PCR recovery of sgRNA sequences from gDNA

Multiple PCR reactions were prepared to allow amplification of the total harvested gDNA
from a 1000x cell coverage for each sample. For the first round of two nested PCRs, the total
volume was 100 uL containing 50 ug sheared gDNA, 0.3 uM forward (5'-
ggcttggatttctataacttcgtatagea-3) and reverse (5 -cggggactgtgggegatgtg-3°) primer, 200 uM
each dNTP, 1x Titanium Taq buffer and 1 uL Titanium Taqg (Clontech). PCR cycles were: 1x
(94C - 3 min), 16x (94C - 30 sec, 65C — 10 sec, 72C — 20 sec), 1x (68C — 2 min). All first
round PCRs were pooled and a fraction was used as template for the second round PCR. The
total volume of the second round PCR was 100 uL containing 2 uL pooled first round PCR,
0.5 uM forward (5’-
AATGATACGGCGACCACCGAGATCCACAAAAGGAAACTCACCCTAAC-3") and
reverse (5 -CAAGCAGAAGACGGCATACGAGAT-(N)6-
GTGACTGGAGTTCAGACGTG-3") primer where (N)g is a 6 nt index for sequencing on
the Illumina HiSeq platform, 200 uM each dNTP, 1x Titanium Taq buffer and 1 uL Titanium
Taq (Clontech). PCR cycles were: 1x (94C - 3 min), 16x (94C - 30 sec, 55C — 10 sec, 72C —
20 sec), 1x (68C — 2 min). The resulting PCR product (344 bp) was extracted from a 1%
agarose gel. For the orthogonal genetic interaction screen, conditions for the first round PCR
were slightly modified to: total reaction volume 80 uL containing 20 ug sheared gDNA and
the second round PCR product was 887 bp.

Gel extracted bands from the primary CRISPRa screen were submitted for sequencing on an
Illumina HiSeq 2500 platform using paired end 50 Kits with the custom sequencing primer

5 -GAGACTATAAGTATCCCTTGGAGAACCACCTTGTTGG-3’ for reading the sgRNA
sequence and the Truseq Illumina reverse primer to read out 20 nt random barcode
sequences used for generation of technical screen replicates (separation of sgRNA reads into
three groups with mutually exclusive barcode sequence bins). For orthogonal dual sgRNA
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library analysis, single end 50 kits were used and read cycles were split, 25 cycles for Readl
with the sequencing primer above (reading the S.pyogenes sgRNA) and 25 read cycles for
the “Illumina indexing read” with the custom indexing primer 5’-
TTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTG-3’ (reading the S.aureus
SgRNA).

Data analysis

Total read counts of SgRNA sequences from each NGS sample were collapsed and
quantified via alignment to the sgRNA library reference sequences using Bowtie 2.014. Data
analysis was conducted similarly as described previously3844. Briefly, for the primary
CRISPRa screen, the frequency of sgRNAs was determined by deep sequencing and the
average read count of three technical replicates was used. The phenotype t was calculated to
quantify the effect of an sgRNA on cell growth in the presence of imatinib. Specifically, <
values were calculated as:

= 10
Tx =108 WNTC

NTC
10

where NX denotes the frequency of sgRNA x and NNTC denotes the frequency of non-
targeting control sgRNAS at baseline (tg) or after imatinib treatment (t). Gene-level
phenotypes were calculated by averaging the phenotypes of the top 25% most extreme
sgRNAs targeting this gene. The statistical significance for each gene is determined by
comparing the set of © values for sgRNASs targeting it with the set of t values for non-
targeting control sgRNAs using the Mann-Whitney U test, as described previously#4. To
correct for multiple hypothesis testing, we first performed random sampling with
replacement among the set of © values for non-targeting control sgRNAs and calculated p
values for each sampling. Then, we calculated the false discover rate (FDR) based on the
distribution of P values for all genes in the library and for non-targeting controls generated
above. The P-value cutoff was chosen based on an FDR < 0.05.

For the orthogonal double-sgRNA screen, combinations of non-targeting control sgRNAs
served as negative control, combinations of one non-targeting control sgRNA and one
targeted sgRNA were used to determine single-sgRNA phenotypes and combinations of two
targeted sgRNASs were used to calculate double phenotypes. Raw read counts used for
analysis are shown in Supplemental Table 10. We then implemented a series of filtering
steps on the sgRNA level. First of all, on the SaCas9 nuclease side, p values were calculated
for each gene as described above. Only the sgRNAS targeting genes that have significant
editing phenotypes (P value < cutoff) were retained. Subsequently, GI scores were calculated
using the “force-fit’ definition for genetic interactions on the sgRNA level and sgRNAS were
further filtered by Gl correlation as described previously 4. On the CRISPRa side, if two
SgRNAs targeting the same gene have low correlation, the gene was excluded for further
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analysis. After the filtering process, gene-level phenotypes and Gl scores were calculated by
averaging all double-sgRNAs targeting the same gene-gene combinations.

Directional genetic interaction network model

Genetic interactions whose Gl scores exceeded a 1x standard deviation consistently in both
clonal screen replicates were used to construct a GI network (Supplemental Table 7). To
quantify directionality in these reproducible genetic interactions, a directionality score (V)
was calculated as

2
W= Tactivation ™ Tknockout Gl

resulting in a negative ¥ when gene activation and knockout had opposing phenotypes.
Negative ¥ values below a negative 1x standard deviation of all calculated ¥ values were
used to infer the direction of genetic interactions. The network analysis software platform
Cytoscape®® was used to visualise the genetic interaction model. Where applicable,
directionality in Gls was indicated by arrow shaped edges and line shaped edges indicate
significant Gls for which directionality could not be inferred. Nodes were coloured
according to gene function with blue symbolizing genes that act to decrease and red to
increase cell fitness of imatinib treated cells.

Arrayed competitive growth validation experiments

Individual CRISPRa or orthogonal dual sgRNA sequences for validation experiments were
sub-cloned into the same vector as the respective libraries. For that purpose oligonucleotides
encoding the sgRNA sequence as well as the reverse complementary sgRNA sequence were
synthesised with compatible 4 nucleotide 5’ -overhangs for cloning into the SpCas9 (top
strand: TTGG, bottom strand: AAAC) or SaCas9 (top strand: GCTG, bottom strand: AAAC)
position of the target vector respectively (for vector preparation see above). Oligonucleotides
were adjusted to 100 uM and reverse complementary strands were mixed, heated to 99°C
and cooled down to 4°C at a ramp rate of —0.1°C/sec in a thermocycler. Annealed
oligonucleotide double strands were diluted 1:200 and 1 uL was mixed with 50 ng digested
vector, 1 uL 10x T4 ligase buffer (NEB) and 0.5 uL T4 ligase (2000U/uL, NEB) in a total
volume of 10 uL. Following incubation for 30 min at room temperature, 1 uL ligation
reaction was transformed into 20 uL chemically competent DH5a E.coli, plated on LB-amp
(100 ug/mL) agar plates and incubated at 37°C overnight. Individual clones were picked and
SgRNA sequences were validated via Sanger sequencing.

All library vectors co-expressed mCherry which was used to track the abundance of sgRNA
expressing cell populations in growth competition assays. For this purpose, SgRNA
expressing cells were mixed with parental - mCherry-negative — cells at ratios between 1:1
and 1:3 in 96-well plates before repeated treatment with imatinib, R428 or no drug for
indicated time periods. Enrichment or depletion of the mCherry positive (sgRNA
expressing) cell population, indicating an increase or decrease of fitness over time following
sgRNA expression and could conveniently be followed via FACS quantification of the
mCherry-positive (sgRNA expressing) versus mCherry negative (parental, no sgRNA
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expressing) population. For screen validation experiments, © values for each sgRNA were
calculated equivalent to screen < values:

X

iy 10
Tx =108 VNTC

NTC
10

where N represents the fraction of SgRNA expressing (mCherry-positive/mCherry-negative)
baseline cells (tg) or indicated time points (t) and X represents a given sgRNA while NTC
represents a scrambled non-target control sgRNA. Each value was quantified from three
technical replicates. Where indicated, fold-enrichment or fold-change values were calculated
as 2 to the power of t© (27). The sgRNA sequences used for validation of candidate genes
from the primary CRISPRa screen are shown in Supplemental Table 3.

For validation of genetic interactions, dual sgRNA expression constructs were cloned into
sgLenti-orthogonal using CRISPRa sgRNAs for SPRED2 (5’ -
GATTCGGAGCCAGACGGTCG-3"), WT1 (5 -GGACTCACTGCTTACCTGAA-3"),
TFAP2A (5'-AGGGGAATGTGGCGGAATTG-3") and non-target control (5'-
CCCTGCCGTCCTCTACGAAT-3") and SaCas9nuclease sgRNAs for NF1 (5'-
TTGTCTTTGGGTGTATTAGCAA-3"), MAP4K5 (5’ -
AGCAGGACTACGAACTCGTCCA-3"), PTPNI (5’-
ACTTTCTTGATATCAACGGAAG-3"), RASA2(5'-
CCCACTAGAGAAACTGTTGCAT-3") and non-target control (5'-
ACGCGTGCGTAATGAGAGGATC-3"). Combinatorial SyRNA expression vectors were
transduced into the orthogonal clonal line 2 used in the orthogonal screen. For arrayed
validation experiments, genetic interaction scores (Gl,) were calculated as:

le = (Tactivation + knockout) - (Tactivation + Tknackout)

¥ scores from arrayed validation data (V') were calculated as:

2
¥y = Tactivation ™ Tknockout > GIV

Cell viability assays

Cells were seeded at 10,000 cells per 96-well in 200 uL RPMI-1640 (10% FBS, 1% Anti-
Anti) with indicated imatinib and/or R428 concentrations. Viability was determined at
indicated time points by mixing 100 uL cell suspension with 50 uL resazurine medium (50
ug/mL, Acros Organics). After 2h incubation, fluorescence was quantified on a plate reader
(BMG Labtech) at excitation: 530 nm and emmision: 590 nm.
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RNA from K562 CRISPRa cells was extracted using RNeasy Mini kit (Qiagen). Sequencing
libraries were prepared using the TruSeq mRNA stranded kit (Illumina) and sequenced via
SE 50bp RNAseq on a HiSeq2000 platform. Reads were aligned to Homo sapiens Ensembl
GRCm38v.78 using STAR_2.4.2a.

Quantitative RT-PCR

Total RNA from sgRNA expressing cells was purified using Rneasy Mini columns (Qiagen).
Tagman probe assays (Applied Biosystems) were used with FAM labelled probes for target
genes and VIC labelled probes for the housekeeping gene HPRT1. Reactions were carried
out using the one step gRT-PCR master mix TagMan RNA-to-Ct (Applied Biosystems)
according to the manufacturer’s instructions on the 2900 HT Fast RT-PCR machine (Applied
Biosystems).

Western blot analyses

NF1-Null HEK293T cells were generated using SpCas9 and sgRNA targeting exon 2 with
the sequence 5'-AGTCAGTACTGAGCACAACA-3" (Shalem, O., et al., 2013). Following
single cell cloning, target sequence amplification by PCR, TOPO cloning, and Sanger
sequencing, both NF-1 alleles were confirmed deleted by a 1bp insertion resulting in
NF1(N39fs) and a 11bp deletion resulting in AVF1(S35fs). HEK293T cells were transfected
with pcDNA3.1 Flag-eGFP (CTRL) and Flag-SPRED2 (SPRED?2) using Lipofectamine
2000 (ThermoFisher Scientific, 11668019), serum starved for 24 hours, and stimulated with
20ng/ml recombinant human EGF (Invitrogen, PHG0311). Cells were washed with PBS and
lysed in TNM buffer (0.2 M Tris pH 7.5, 1% Triton X-100, 1.5M NaCl, 50 mM MgCI2,
1mM DTT, protease and phosphatase inhibitor cocktails. Lysate was cleared and 1,000ug
protein was subject GST-Raf1 RBD agarose beads (McCormick lab, in house) for 1.5 hours.
Samples were analysed by Western blot using the following antibodies: NF1 (SCBT, sc-67
[D]), Flag (Sigma, F1804), pan-Ras (Cytoskeleton, Inc, AESAQ2), p-Actin (Sigma, A5441).

K562 orthogonal cells were transduced with lentivirus expressing S.aureus sgRNAs: sgNTC
5 -ACGCGTGCGTAATGAGAGGATC-3" (NFI-wildtype) or sgNF1 5’ -
TTGTCTTTGGGTGTATTAGCAA-3" (NFI-knockout). At 2 days post transduction, NF1-
wildtype and -knockout cells were selected with puromycin (2 ug/mL) for 5 days and
recovered for 2 additional days before treatment with vehicle (DMSO), 300nM imatinib,
1uM R428, or imatinib + R428 for 48hrs. Whole cell lysates were collected by lysis in RIPA
buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris pH 8.0) and lysate concentration determined by BCA assay (ThermoFisher). 20 pg of
lysate corresponding to each sample was separated by SDS-PAGE and transferred to a
PVDF membrane by wet transfer (250mA, 2hrs). Western blot analysis was carried out
following standard conditions using p-AXL antibody (R&D Technologies; Y779), followed
by re-probing with B-actin antibody (Sigma; AC-74) to confirm equal loading.

Time-resolved fluorescence resonance energy transfer (TR-FRET) assay

TR-FRET assay utilizing the terbium/Venus as energy donor/acceptor was performed as
described previously°. Briefly, HEK293T cells were transfected with GST- and Venus-
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tagged genes. Cells were lysed in FRET buffer (20 mM Tris, pH 7.0, 0.01% Nonidet-P40,
and 50 mM NaCl with proteinase and phosphatase inhibitors) followed by three freeze-and-
thaw cycles. Terbium conjugated Anti-GST antibody (Cisbio Bioassays, Codolet, France)
was 1:1000 diluted in FRET buffer and dispensed into each well with Multidrop™ Combi
Reagent Dispenser (ThermoScientific). The lysate-antibody mixtures were incubated at 4°C
before the TR-FRET signal was recorded (EnVision reader setting: Ex 337 nm, Em1: 520
nm, Em2: 486 nm; mirror: D400/D505 dual; time delay: 50 ps). The TR-FRET signal is
expressed as the FRET ratio (F520/F486 x 10%).

Data availability

Sequencing data from the CRISPRa screen and RNAseq are available at Sequence Read
Archive accession number SRP127017 under BioProject ID PRINA422995. All relevant
additional data has been published with the manuscript, either as part of the main text or in
the supplement. Plasmids and their sequences are deposited at Addgene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ultra-complex CRISPRa screen identifies hundreds of genes involved in cancer
signalling pathways

a, Schematic of genome-scale CRISPRa screening approach (see text for details). b,
Overview of CRISPRa screen results. Negative t values indicate depletion and positive
values enrichment of cells following imatinib selection. Significant candidate genes
(FDR<0.05, p<0.001) are in colour (blue = depleted, red = enriched). Validated candidate
genes are labelled in black. Mann-Whitney U test was used to calculate p-values as
described previously*4. To correct for multiple hypothesis testing, we first performed
random sampling with replacement among the set of z values for non-targeting control
SgRNAs and calculated p-values for each sampling. Then, we calculated the false discover
rate (FDR) based on the distribution of p-values for all genes in the library and for non-
targeting controls generated above. ¢, Candidate gene validation. Enrichment of candidate
SgRNA expressing cells was measured over time. Values represent the mean of three
different SgRNAs targeting each gene with s.e.m. Grey shading = two standard deviations of
sgNTCs at day 15. All values from separate sgRNAs on days 7, 11 and 15 normalised to
baseline or untreated cells are shown in Supplemental Table 3.
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Figure 2. The orthogonal CRISPR system
a, Schematic of the orthogonal system on the example of imatinib efflux transporter

ABCGZ2. Combination of CRISPR systems from S.pyogenes (CRISPRa) and S.aureus (Cas9
nuclease) allows the simultaneous activation and knockout of genes in the same cell simply
by expressing two appropriate sgRNAs. b, Orthogonal system is able to modulate ABCG2
protein levels. Flow cytometry analysis of ABCG2 levels following CRISPRa mediated
activation of ABCGZ2without (left) or with (right) SaCas9 nuclease mediated knockout of
ABCG2 (grey histogram = sgNTC for both CRISPR systems). A representative result from
n>10 independent experiments with similar results is shown. ¢, Orthogonal system can
control imatinib response. Enrichment of imatinib treated cells with activated ABCG2
with/out SaCas9 nuclease mediated knockout of ABCGZ2. Values represent the mean of
independent experiments (n=3) with s.e.m. and statistical significance was determined via
two-tailed, homoscedastic t-test with * = p<0.05, ** =p<0.01 and *** = p<0.001.
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Figure 3. Orthogonal CRISPR screens can quantify directional genetic interactions
a, Concept of the application of the orthogonal system for directional gene interaction

studies. In the same cell, one gene is activated (CRISPRa) while another gene in knocked
out (SaCas9 nuclease). b—d, Correlation of < values from two clonal cell line replicates is
shown for b, gene activation, ¢, gene knockout and d, all possible combinations thereof.
Correlation values (r) are Pearson product-moment correlation coefficients. e, Schematic of
perturbation data set from each gene pair (blue = depleted, red = enriched, NTC = non-target
control sgRNA) f, Formula for calculating ¥ scores. Negative ¥ scores define interactions
in which directionality could be inferred. g, To determine which of both interaction partners
acts up- or downstream, tactivation Values were multiplied with genetic interaction scores.
Positive values indicate a downstream function, negative values an upstream function of the
activated gene. h, Based on Gl and ¥ scores determined by the full orthogonal interaction
screen, a genetic interaction model was constructed. For positive regulators of cell fitness,
nodes are shown in red and negative regulators in blue. Arrow-shaped edges indicate
inferred directional interactions between nodes. Line-shaped edges symbolise genetic
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interactions where directionality could not be inferred. Node sizes are proportional to the
degree of connectivity. In total, 2258 gene:gene combinations that passed the filter criteria
were considered for the construction of the directional genetic interaction network.
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Figure 4. Validation of a directional Ras-centric genetic sub-network

combined activation and knockout

a, Relative fitness (t) was measured over 14 days following gene activation, knockout or the

combination of both. From those values, genetic interaction (Gl,,) as well as directionality
(W) scores were calculated. NTC = non-target control sgRNA. b, Twelve activation/
knockout combinations were re-tested in an arrayed format from which ten were predicted
by the orthogonal screen to show a directional genetic interaction. Eight combinations
displayed the same trend of directional interactions predicted by the orthogonal screen data
while two interactions did not reproduce (see also Supplemental Table 9). Single
perturbation, and combinatorial ¢ values are shown following 14 days of imatinib selection
(mean with s.e.m. from technical replicates (n=3)) along with calculated GI,, and ¥\, scores
for each gene:gene combination. ¢, A directional genetic interaction model was assembled
based on validated interactions from b. Arrows indicate the direction of the functional
dependencies as explained in the text but do not suggest direct physical interactions. Values
represent ¥, scores calculated from < values in b. Each directional interaction was
reproduced three times independently.
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Figure 5. Exploiting genetic dependencies for cancer therapy
a, VFI-knockout K562 cells are significantly more sensitive to the AXL kinase inhibitor

R428 than NFI-wildtype cells. Cells were treated for 8 days with 500 nM R428 on day 0
and day 4. (mean with s.e.m. from technical replicates (n=6)). b, MF1-knockout K562 cells
are significantly more resistant to imatinib but can be re-sensitised by R428 treatment (mean
with s.e.m. from technical replicates (n=4 for imatinib and n=2 for imatinib + R428 treated
cells). In panel a and b, statistical significance was determined via two-tailed,
homoscedastic t-test with * = p<0.05, **=p<0.01 and *** = p<0.001. ¢, NFI-knockout cells
accumulate elevated levels of phosphorylated AXL kinase (p-AXL) which can be reduced
by treatment with the AXL kinase inhibitor R428. Quantification of the ratio of band
intensity from p-AXL/B-actin, normalised to p-AXL levels in AFI-wt untreated cells is
shown. The experiment was performed once. d, TR-FRET assay shows direct interaction
between NF1 and AXL in HEK293T cells. Shown is the mean with s.d. from three
independent experiments.
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