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Understanding cancer drug resistance with Sleeping
Beauty functional genomic screens: Application
to MAPK inhibition in cutaneous melanoma

Eliot Y. Zhu,"? Jacob L. Schillo,"? Sarina D. Murray,’? Jesse D. Riordan,’? and Adam J. Dupuy!?:3*

SUMMARY

Combined BRAF and MEK inhibition is an effective treatment for BRAF-mutant cutaneous melanoma.
However, most patients progress on this treatment due to drug resistance. Here, we applied the
Sleeping Beauty transposon system to understand how melanoma evades MAPK inhibition. We found
that the specific drug resistance mechanisms differed across melanomas in our genetic screens of five
cutaneous melanoma cell lines. While drivers that reactivated MAPK were highly conserved, many
others were cell-line specific. One such driver, VAV1, activated a de-differentiated transcriptional pro-
gram like that of hyperactive RAC1, RAC1°?75, To target this mechanism, we showed that an inhibitor of
SRC, saracatinib, blunts the VAV 1-induced transcriptional reprogramming. Overall, we highlighted the
importance of accounting for melanoma heterogeneity in treating cutaneous melanoma with MAPK in-
hibitors. Moreover, we demonstrated the utility of the Sleeping Beauty transposon system in under-
standing cancer drug resistance.

INTRODUCTION

The paradigm of directly inhibiting oncoproteins has transformed the treatment of some cancers. Small molecule inhibitors such as imatinib,
which inhibits the BRC-ABL fusion protein in chronic myelogenous leukemia, or vemurafenib, which inhibits BRAFYéOOR/K i cutaneous mela-
noma, have demonstrated remarkable therapeutic efficacy with minimal adverse effects.’” A recent study demonstrated that BRAF inhibitor
therapy can achieve a prolonged complete response in some patients even after cessation of treatment.” However, the emergence of drug-
resistant disease results in recurrence in most patients, even if the initial response is remarkable.” Consequently, the identification of BRAF
inhibitor resistance mechanisms in melanoma has been a significant research focus.”

Forward genetic screens have been a workhorse for identifying drivers of drug resistance for many targeted cancer therapies.® Such
screens involve inducing random mutations in individual cancer cells, challenging the mutagenized cells with a targeted drug to select for
cells that harbor an advantageous mutation, and using high-throughput sequencing to identify the gene mutations that are enriched in
drug-resistant cells.

Popular genetic screening methods utilize genetic engineering tools such as shRNA and CRISPR to manipulate gene expression. These
screens require the construction of a complex library of pooled shRNA or sgRNAs that are packaged into lentivirus. To achieve genome
coverage, these libraries typically contain hundreds of thousands of genetic elements.”'” Screens utilizing shRNA or CRISPRi induce knock-
down or deletion of each gene, so the performance of individual genes is determined by the depletion of a few shRNAs or CRISPR guides that
target each gene relative to the hundreds of thousands that target the other genes. Moreover, experimental conditions must be carefully
controlled to ensure that most cells take up a single sgRNA/shRNA from the library to eliminate the potential for complex interactions be-
tween multiple genetic alterations. Thus, sufficient coverage of guides across all targets requires a tremendous number of cells to assess sta-
tistical significance adequately. In practice, genome-wide shRNA or CRISPR screens are difficult to perform due to the complexity of
manufacturing the libraries and viral packaging, the need to mutagenize many cells to achieve uniform coverage of shRNAs or CRISPR guides,
and the complexity of statistical analysis needed to account for variations in the performance of different shRNAs or CRISPR guides.

Recently, we and others have adapted the Sleeping Beauty (SB) transposon system to perform genetic screens in cultured cells.
Several prior studies have determined that the SB transposase exhibits little bias in selecting genomic TA sites for insertion.*'® This makes
SB suitable for genome-wide, forward genetic screens. This approach only requires two genetic elements, the SB transposase and a muta-
genic transposon (e.g., T2-Onc3), to achieve genome coverage.'? Delivery of the transposon into cells engineered to express the SB trans-
posase results in transposon insertion into TA dinucleotides in the host’s genome. The transposon carries a promoter and splice donor and
acceptor sites that enable it to induce overexpression of full-length gene transcripts or truncated forms of downstream genes.'? Mutagenic SB
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transposons can produce gain-of-function events that are detected with less sequencing depth as compared to that of loss-of-function events
introduced by shRNA or CRISPRI. This means that fewer cells need to be mutagenized to identify genes that drive a phenotype.

Around 50% of melanomas harbor the oncoprotein BRAFY600 E/K 20 BRAF is a Raf kinase and, like other members of this protein family,
participates in the MAP kinase (MAPK) signaling cascade.”’ Vemurafenib (VEM) is one of the earliest examples of a targeted inhibitor of
BRAF%° /K that showed remarkable therapeutic efficacy in cutaneous melanoma.” Since being introduced, diverse drug resistance mech-
anisms have been described.”*** We sought to model this diversity to understand how different melanomas evade BRAF inhibition (BRAFi).
We performed cell-based SB mutagenesis in five BRAFY*® ¥ melanoma cell lines against encorafenib (ENCOR) and binitmetinib, which are
inhibitors of BRAF and MEK, respectively.”* ' Compared to VEM, ENCOR binds more strongly to BRAFY4% ®X which translated to improved
overall survival compared to VEM in a clinical trial.*

SB mutagenesis identified drivers of drug resistance in five melanoma cell lines. We observed that both the specific candidates and the
overall number of candidates differed across cell lines. BRAF was the most conserved candidate. Other candidates involved in MAPK
signaling included HGF, KRAS, and the receptor tyrosine kinases (RTKs) PDGFRB and CSF1R. Potentially independent from MAPK, VAV1,
a GEF for Rho family GTPases, drove a de-differentiated transcriptional program like that of hyperactive Rac1, RAC17?7°. This upregulation
of a de-differentiated gene set could be blunted by the inhibitor of SRC, saracatinib (SARA). Collectively, our data suggest divergence in the
utilization of different drug resistance mechanisms across melanomas, which highlights the need for a precision approach to overcome drug
resistance to MAPK inhibition. Furthermore, our study demonstrates the utility of the SB system in understanding cancer drug resistance.

RESULTS

Sleeping Beauty genetic screens inform diversity of resistance mechanisms to MAPK inhibition in cutaneous melanoma

We screened five BRAFY6® /K melanoma cell lines (A375, COLO858, UACC62, UACC257, and PDX10) for drivers of drug resistance to com-
bined BRAF/MEK inhibition (Figure 1A). The melanoma cell lines were engineered to express the SB100X transposase (Figure S1).** Muta-
genesis was achieved by transfection of pT2-Onc3.>%*** Each screen was initiated in approximately thirty million SB mutagenized cancer
cells seeded across 10cm plates with one million cells per plate. Targeted transposon junction sequencing in cells remaining after 3-5 weeks
of BRAF/MEK inhibition revealed enrichment of transposons near genes of interest. Statistical significance was determined using a chi-
squared test based on the number of integrations in a gene and the number of observed TAs in each gene-associated region.'® We also
compared insertion profiles in selected samples to that of cells that did not undergo drug selection. More details on the insertion site analysis
can be obtained from our previous paper.”’

After 3-5 weeks of drug selection, macroscopic colonies were observed in plates with mutagenized cells to varying degrees (Figure S2). We
observed non-uniform genome coverage of transposons in unselected samples that were altered by drug selection (Figure 1B). The non-uni-
formity of coverage in unselected samples could be attributed to mapping artifacts or regions of the genome in the cancer cell lines with copy
number gains. Our analysis pipeline uses the reference genome to assess statistical significance. Thus, biologically significant events may not
be statistically significant, or vice versa. The BRAF locus resides on chromosome 7, and drug selection enriches for insertions in BRAF for most
cell lines (Figure 1B). The genomic coverage of the screen differed across cell lines, with UACC257 harboring the greatest number of trans-
posons per plate following transfection and five days of treatment with DMSO, the drug vehicle (VEH) (Figure 1C).

To assess screen saturation, we took random subsets of plates and determined the number of true positive drivers that could be detected
using each subset. True positive drivers are defined as those that survived the filtering step after analysis of the entire dataset. In theory, the
number of drivers should increase with the number of plates. However, we found that the number of drivers did not noticeably change for
COLO858 and PDX10 between using the smallest subset of five drug-selected plates versus the entire dataset. Moreover, COLO858 and
PDX10 had fewer drivers than A375 and UACC257 (Figure 1D). While the transfection and DNA amplification protocols used to screen
each cell line could impact the number of detected drivers, the data from A375 and COLO858 show a comparable degree of mutagenesis
according to their insertion profiles (Figures 1C-1E). Despite this, these two cell lines had notably different performances. Increasing the size
of the COLOB858 dataset had a minimal impact on the number of drivers identified. By contrast, increasing the number of mutagenized A375
samples correlated with an increase in the number of drivers identified (Figure 1D). This observation was particularly notable given that the
COLO858 screen showed greater coverage (i.e., # of genes mutated) relative to A375 (Figure 1C).

In terms of specific genes, truncated BRAF emerged as a significant candidate in all but one cell line (Figure 1E). Truncated BRAF works by
reactivating MAPK by forming drug-resistant dimers.?® Deletion of exons 2-8 is the analogous mutation seen in patients.?” We have previously
demonstrated that overexpression of truncated BRAF or CRAF strongly drives resistance to BRAFi in a panel of BRAF*® EK melanoma cell
lines."" We found other potential activators of MAPK such as PDGFRB and CSF1R in some cell lines. PDGFRB and CSF1R are both RTKs that
partly drive drug resistance due to MAPK-reactivation.”? Other MAPK-associated candidates were truncated CRAF (RAF1) and HGF
(Figure 1E).

A pharmacologic strategy to inhibit RAF-dimer-dependent drug resistance is pan-Raf inhibitors.*'* To identify drivers of pan-RAF inhib-
itors, we screened A375 and COLO858 with the pan-RAF inhibitor LY3009120. Compared to our BRAF/MEK screen, pan-RAF inhibition
favored the overexpression of full-length BRAF over truncated BRAF. Furthermore, truncated ARAF emerged as a candidate in the pan-
RAF inhibitor screen for both A375 and COLO858 (Figure S3A). We attempted to validate truncated ARAF. However, cells with verified over-
expression of truncated ARAF were not more drug-resistant to pan-RAF inhibition (Figures S3B and S3C).

VAV1, a DBL-family guanine exchange factor (GEF), emerged only in A375 (Figure 1E). In A375, we also hit the GEFs VAV2 and MCF2. We
previously identified VAV1 as a driver of drug resistance to VEM in A375 as a proof-of-concept for our in vitro SB mutagenesis method.'"'? The
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Figure 1. Sleeping Beauty genetic screen strategy and melanoma BRAF/MEK inhibition screen results

(A) Schematic of the genetic screens.

(B) Circos plot of insertion sites in unselected samples (left) and BRAF/MEKi selected samples (right). Each ring displays data from the screen for a given cell line.
(C) Boxplots showing the number of unique genes mutated per 10cm plate for a given cell line screen. The right Y axis is for UACC257 data. The edges of the
boxes denote the 1st and 3rd quartiles, and the line denotes the 2nd quartile.

(D) Line plot showing the number of true positive drivers detected when using a subset of n samples. The X axis denotes n. True positive drivers are those that
passed filtering when using the entire dataset. The error bars denote the 95% confidence interval.

(E) Heatmap of the -log(g-value) for select candidates recovered in our genetic screens. The q value is the multi-hypothesis corrected p value generated by
performing a chi-squared test based on the observed number of insertions in a gene and the expected number of insertions in a gene. The expected
number of insertions is derived from the number of TA sites in a gene and the total number of insertions in the dataset.

precise way in which these GEFs drive drug resistance is not known. We speculated that it depends on the activation of Rac1.'" The only other
recurrent drivers we observed were the presumed drug efflux pumps ABCB1 and ABCG2, which have been shown to drive drug resistance to
BRAFi in cutaneous melanoma.”*™° A complete list of candidates is provided in Table S1. Genomic map of insertions for BRAF, VAV1,
PDGFRB, and CSF1R observed in our screen are shown in Figure 2. Overall, these results suggest that melanomas have different potentials
to evade BRAFi and favor different resistance mechanisms.

Candidates perform non-uniformly across melanomas

Next, we sought to validate a subset of candidates that we identified. We wondered if the our screen results would predict a candidate’s
ability to drive drug resistance in certain cell lines. We focused our attention on VAV1, CSF1R, and PDGFRB. Based on prior studies, we pro-
posed a mechanism for each candidate in Figure 3A. We previously showed that overexpression of VAV1 leads to increased GTP-bound
RAC1."" RTKs drive MAPK signaling, and past studies have shown that PDGFRB and CSF1R promote resistance to BRAFi in melanoma by
restoring phospho-ERK. We tested the ability of these candidates to drive drug resistance to ENCOR and the MEK inhibitor, cobimetinib
(COBI), in the melanoma cell lines A375, 451Lu, SKMEL28, and PDX10. We found that VAV1 drove drug resistance to BRAFi and MEKi in
all the cell lines we tested (Figures 3C and 3D). However, VAV1 also suppressed the growth in standard conditions for some cell lines, including
SKMEL28 and PDX10 (Figure 3E). When normalized to cells on day zero rather than VEH-treated cells on day three or four, overexpression of
VAV1 did not increase viability in ENCOR compared to EM-expressing cells for SKMEL28 and PDX10 (Figure 3E). This result suggests that
some cell lines may not utilize the RAC1 resistance mechanism because it suppresses the growth of parental cell lines. A375 and 451Lu
can be distinguished from the other cell lines based on the expression of the de-differentiated transcriptional program.*

PDGFRB and CSF1R also inconsistently increased resistance to BRAFi and MEKi in the panel of melanomas we tested (Figures 3C and 3D).
The inability of the RTKs to drive drug resistance may be due to a lack of ligand expression by a given cell line to drive autocrine signaling.
Thus, we tested ligand-independent versions of PDGFRB (PDGFRBN®®) and CSF1R (CSF1R -0 Y9% in A375, where overexpression of WT
copies of these RTKs only modestly increased drug resistance.”’*® Indeed, PDGFRBN**® and CSF1R 301 Y79 greatly outperformed their WT
counterparts in increasing viability and sustaining phospho-ERK signaling in ENCOR (Figures 3F and 3G). This result indicates that divergence
in cell-secreted ligands adds to the complexity of which drug resistance mechanisms are relevant for a given melanoma.

De-differentiation engages different mechanisms of drug resistance and can be targeted with SRC inhibition

We previously showed that overexpression of VAVT increases RAC1 signaling and promotes drug resistance to BRAFi in cutaneous mela-
11464950 T determine the overlap between VAV1 and RAC1 signaling, we performed RNA-seq on A375 with enforced expression
of VAV1 or RACTP?S (Figure 4A). The RACT"??® mutation is observed in ~3% of cutaneous melanomas and encodes a hyperactive form of
RAC1 that drives BRAFi resistance and metastasis in cutaneous melanoma.””>"">* We observed that VAV1 and RACT™?%° drove the Tsoi
Un-differentiated gene expression signature (Figure 4A). There was also a high degree of overlap between enriched MSigDB Hallmark path-
ways and differentially expressed genes (Figures 4B and 4C). Finally, we confirmed that enforced expression of VAV increased protein levels
of CAV1 and AXL, two proteins associated with melanoma de-differentiation (Figure S4A). In general, the de-differentiated subtype of mel-
anoma is more resistant to BRAFi.***>? This result suggests that VAV1 engages a RAC1-mediated transcriptional program, leading to a

noma.

BRAFi-resistant phenotypic state.

We also previously showed that A375 with enforced expression of VAV could be sensitized to BRAFi with SARA, a selective inhibitor of
SRC."! To understand SARA’s mechanisms of action, we performed RNA-seq on VAV1-overexpressing A375 treated with SARA. We saw that
SARA blunted genes upregulated by VAV1, including those that define the de-differentiated transcriptional state (Figures 4D and 4E). To
identify other drugs that could suppress the de-differentiated transcriptional program, we computed the similarity between LINCs L1000
chemical perturbation consensus signatures and genes upregulated by VAV1 and RAC17%%® and those that define the de-differentiated mel-
anoma subtype. The LINCs L1000 chemical perturbation signatures are pre-computed gene expression profiles of 1000 genes generated
from cancer cell lines treated with different compounds.®® We used the Enrichr webtool to rank over 10,000 signatures for each of the
gene sets.* % We found these sets of genes most overlapped with those suppressed by dasatinib, another inhibitor of SRC (Figure 4F).
The entire list of genes differentially expressed upon RACT7? and VAV1 overexpression compared to empty vector and SRCi compared
to VAVT overexpression is provided in Table S2.

The de-differentiated cutaneous melanoma subtype is widely appreciated to be more drug-resistant to BRAFi. However, this subtype is
characterized by elevated expression of hundreds of genes, many of which may not promote drug resistance. We wondered if our screen
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Figure 2. Genomic map of insertions in select candidates
Each rectangle denotes a detected transposon in a sample. Rectangles are colored based on the cell line it belonged to. Rectangles are solid if the direction of
the CAG promoter in the transposon is sense to the gene orientation. Otherwise, the CAG promoter in the transposon is anti-sense to the gene orientation.

candidates were among those upregulated in de-differentiated melanomas. We mined the TCGA cutaneous melanoma dataset and found
that the expression of CSF1R, PDGFRB, and ABCB1 was elevated in de-differentiated melanomas (Figure 4G). This observation is consistent
with the finding that PDGFRB and CSF1R are under the control of TEADs, a known driver of de-differentiation in cutaneous melanoma.®’ Inter-
estingly, we saw that the ligands for CSF1R and PDGFRB, apart from IL34, were also elevated in de-differentiated melanomas (Figure S4B).
Finally, the enforced expression of VAV1 or RACT™?° led to a modest but statistically significant (adjusted p value <0.01) increase in the
expression of ABCBT and ABCG2 (Figure 4H). Together, these findings suggest that de-differentiated melanomas are more resistant to
BRAFi partly due to their ability to maintain MAPK through RTKs and drug efflux pumps.

DISCUSSION

Targeted BRAF/MEK inhibition is a safe and effective treatment option for patients with metastatic BRAFY% /K cutaneous melanoma.
However, only around 20% of patients achieve durable responses.”® Diverse resistance mechanisms have been reported, but no
framework exists to target these mechanisms. In this study, we used in vitro SB genetic screens to model the diverse ways melanomas
evade BRAFi.
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Figure 3. Performance of candidates

(A) Schematic of potential mechanisms by which candidates drive drug resistance.

(B) Representative western blot with indicated antibodies in a panel of melanoma cell lines engineered to overexpress the screen candidates, empty vector (EM),
VAV1, PDGFRB, or CSF1R.

(C) Dose-response of modified cell lines against ENCOR and COBI. Top row shows ENCOR data and bottom row shows COBI data. Each data point represents
three replicate measurements. Viability is shown after three days of drug treatment for A375 and 451Lu and four days for SKMEL28 and PDX10. The error bars
denote the 95% confidence interval.

(D) Alternate visualization of data in (C) showing viability of indicated cell lines relative to VEH for 21 nM of ENCOR or COBI. Asterix indicates two-tailed Welch's
t-test p value of <0.05. The error bars denote the 95% confidence interval.

(E) Viability of indicated cell lines relative to day zero after three days for A375 and 451Lu and four days for SKMEL28 and PDX10. Conditions included either
treatment with VEH or ENCOR. Asterix indicates two-tailed Welch's t-test p value of <0.05. The error bars denote the 95% confidence interval.

(F) Representative western blot for indicated antibodies in A375 modified with enforced expression of empty vector (EM), CSF1R S91S: Y%7 (CSF1R¥), and
PDGFRBN®®K (PDGFRB*). Cells were treated either VEH or 300nm of ENCOR for 6 h. Right panel shows quantification of three technical replicate blots.
Asterix indicates two-tailed Welch's t-test p value of <0.05. The error bars denote the 95% confidence interval.

(G) Dose-response curves of A375 modified with EM, CSF1R*, and PDGFRB* against ENCOR. Right panel is alternate visualization that displays data from dose-
response curves for 21 nM of ENCOR. Asterix indicates two-tailed Welch’s t-test p value of <0.05. The error bars denote the 95% confidence interval.

MAPK-reactivation is seen in approximately half of patients who progressed on BRAFi.”**” Consistent with this observation, SB revealed
that truncated BRAF and CRAF were the most conserved drivers across the melanomas we screened (Figure 1E). Other genomic BRAF alter-
ations including focal amplifications can also drive MAPK-reactivation.”®”" Another way to restore MAPK signaling during BRAFi is through
activating RTKs. RTKs can activate MAPK by promoting Ras activation to drive formations of RAF hetero/homo dimers that do not efficiently
bind selective BRAF inhibitors. In the same vein, activating mutations in NRAS, which lies downstream of RTKSs, drive drug resistance to BRAFi
in cutaneous melanoma.’

Our screen highlighted two RTKs, PDGFRB and CSF1R, which have been shown to drive drug resistance to BRAFi in cutaneous mela-
noma.”®*° However, overexpression of these RTKs did not uniformly promote drug resistance, suggesting that targeting RTKs may not over-
come drug resistance in some melanomas. Mechanistically, the inability of the RTKs to drive drug resistance may be due to a lack of ligand
expression by a given cell line. In support of this hypothesis, the constitutively active versions of these RTKs significantly increased the viability
of A375 in ENCOR compared to overexpression of the WT versions of these RTKs (Figure 3G). This finding is consistent with previous studies
that showed that RTKs such as AXL, and NGFR, while elevated in drug-resistant cells, do not remarkably alter response.”®’? Finally, our screens
also revealed HGF, a ligand for c-MET. Upregulation of c-MET is a clinically observed and validated driver of resistance to BRAFi in melanoma.”

Beyond MAPK-reactivation, some melanomas withstand BRAFi by undergoing phenotype switching."*®¢7?"7 |n general, de-differen-
tiated melanomas are less dependent on ERK signaling.”**°” The de-differentiated transcriptional program includes the overexpression
of thousands of genes, and it is not clear which genes promote drug resistance.”®*%¢""2/¢ Our analysis suggests that upregulation of
RTKs, their ligands, and drug efflux pumps may help de-differentiated melanomas maintain the minimal level of MAPK signaling needed
to survive BRAFi.

RAC17%% drives de-differentiation in cutaneous melanomas and promotes resistance to BRAFi and ERKi.““****/% |n melanomas with RACT
activating mutations, VAV1 can elicit a de-differentiation gene expression profile like that of RAC1P?9S (Figures 4A-4C). However, the ability of
VAV1 to promote drug resistance is not universal. Our SB screens revealed that VAV1 is the preferred driver of drug resistance in A375 but not
in the other cell lines we screened (Figure 1E). For cell lines such as PDX10 and SKMEL28, VAV overexpression suppressed growth in standard
conditions and did not provide a growth advantage during BRAFi (Figure 3E). We have previously demonstrated that a key difference be-
tween these cell lines is that A375 and 451Lu belong to the de-differentiated molecular subtype of cutaneous melanoma, characterized
by the high protein abundance of AXL and CAV1.%

To target de-differentiation, we have previously shown that SRCi suppresses the expression of de-differentiation genes in melanomas and
increases the efficacy of BRAFi.** SRC is a critical transducer of cellular signaling from growth factor receptors and integrins.”” Here, we
showed that SRCi could blunt the enforced upregulation of the de-differentiated transcriptomic program elicited by VAV1 overexpression.
This result is consistent with the finding that SRCi blunts the upregulation of de-differentiation genes during BRAFi in some melanomas.”®
Dasatinib, a non-specific inhibitor of SRC, may also suppress de-differentiation based on our LINCs L1000 consensus drug signature analysis
(Figure 4F). We and others have shown that dasatinib enhances the efficacy of BRAFi in several melanoma cell lines.**”* In integrin signaling,
SRC cooperates with FAK to regulate actin cytoskeleton dynamics and cellular adhesion.?® FAKi have also been shown to be effective for
targeting BRAFi-resistant melanomas that are de-differentiated.®*®'

Pan-Raf inhibitors can block the activity of BRAF-dimers. When we screened melanomas against pan-RAF inhibition, truncated ARAF and
full-length BRAF was more statistically significance than truncated BRAF. However, overexpression of the kinase domain of ARAF failed to
drive drug resistance to the pan-Raf inhibitor, LY3009120, (Figure S3). We speculate that cooperating mutations are necessary for the function
of truncated ARAF. In our screen, a single mutagenized cell can contain upwards of 20 transposons.' Nevertheless, a previous study has
shown that mutations in the ARAF kinase domain drive resistance to the pan-RAF inhibitor, Belvarafenib, in a dimer and kinase-dependent
fashion, in melanoma.®?

While resistance mechanisms can be described based on their ability to restore MAPK, it is important to remember that melanomas can
undergo both non-genomic and genomic evolution during drug selection.”®’® BRAFi selects a rare population of slow-cycling cells that un-
dergo de-differentiation.”®’® These slow-cycling cells sustain increased DNA damage, which enables the acquisition of genomic alterations
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Figure 4. VAV1 drives phenotype switching by engaging a RAC1-like transcriptional program

(A) Volcano plot of differentially expressed genes induced by enforced expression of VAV (left) or RACT™?® (right) in A375. Solid triangles are genes that belong
to the Tsoi Un-differentiated gene set. Top right of each volcano plot shows GSEA enrichment of the Tsoi-Undifferentiated gene set in the entire list of genes.
(B) GSEA normalized enrichment scores of MSigDB Hallmark pathways in genes differentially expressed by enforced expression of VAV1 or RACT™?7® in A375.
(C) Venn diagram showing the overlap of genes differentially expressed by the enforced expression of VAV or RACT7?%% in A375. Only genes with an adjusted
p value of <0.01 and abs(log,FC) > 2 are included.

(D) Enrichment of gene set upregulated by enforced expression of VAV1 in genes differentially expressed upon saracatinib treatment.

(E) Violin plots of scaled expression values of genes in Tsoi-Undifferentiated gene set in A375 with empty vector and treated with vehicle (E + VEH), A375 with
enforced VAV1 expression and treated with vehicle (VAV1+VEH), and A375 with enforced expression of VAV1 treated with saracatinib (VAV1+SRCi).

(F) Top five similar LINCs L1000 chemical perturbation consensus signatures identified by Enrichr for genes overexpressed with VAV1 and RACT7?%° and genes in
the Tsoi-Undifferentiated and Verfaillie-TEADs gene sets. Overexpression is defined as adjusted p value of <0.01 and log,FC > 2. OE stands for overexpression.
(G) Violin plot of normalized expression of indicated genes in de-differentiated and differentiated melanomas in the TCGA SKCM dataset (n = 472, de-
differentiated = 85). P-value was computed using Welch's t-test. Significance was determined using a p value cutoff of 0.05. The edges of the boxes denote
the 1st and 3rd quartiles, and the line denotes the 2nd quartile.

(H) log,FC and adjusted p value of indicated genes elicited by overexpression of VAVT or RACT7%75,

that can restore MAPK.®? In one study, slow-cycling de-differentiated melanoma overcame FAK inhibition, which selectively targets this pop-
ulation, with mutations that reactivated ERK.%?

In summary, our study demonstrates the utility of SB insertional mutagenesis of cultured cells to understand cancer drug resistance. For
BRAFi in cutaneous melanoma, our screens revealed the two main classes of drug resistance involving either MAPK-reactivation or lineage
plasticity. The breadth of our screens has shown that melanomas have different potentials to become drug-resistant and disparate utilization
of specific resistance mechanisms across cell lines (Figures 1D, 1E, and 3E). Collectively, our work underscores the importance of taking a
precision approach to overcoming drug resistance to MAPK inhibition in cutaneous melanoma. Practically, specific drug combinations
need to be created for different resistance mechanisms. Such drug combinations should address mechanisms that arise from the reactivation
of MAPK and the activation of parallel pathways. Since these mechanisms are not universal, developing biomarkers that predict which resis-

tance mechanisms a melanoma will utilize would greatly enhance therapy response.

Limitations of the study

e Our genetic screens are performed in cultured cells. Numerous factors, including the stiffness of the extracellular matrix, are different
in vivo. Thus, there may be more resistance mechanisms that are engaged in vivo that we may not have identified.

e We used bulk sequencing to characterize the transposons in our samples. Thus, we are unable to determine cooperation and/or
interactions between different transposon-induced mutations.

e QOurvalidation experiments are performed during a short time frame of less than a week. Candidates may not perform the same during
more extended periods of drug treatment.

e The SBsystem is biased toward identifying gain-of-function events as mutagenesis of only one allele of a gene results in the phenotype.
By contrast, disruption of all alleles of a gene is required for loss-of-function events. The advantage of identifying gain-of-function mu-
tations is that they are more actionable since most cancer drugs are designed to inhibit targets of interest.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

a-tubulin UIOWA hybridoma bank Catalog #: 12G10
VAV1 Millipore Sigma Catalog #: AB-174
PDGFRB CST Catalog #: 28E1
CSF1R CST Catalog #: D309X
ERK1/2 CST Catalog #: 9102
phospho-ERK1/2 (T202/Y204) CST Catalog #: 9101
ARAF CST Catalog #: 4432
CAV1 CST Catalog #: 3267S
AXL CST Catalog #: C89E7
Chemicals, peptides, and recombinant proteins

Encorafenib MedChemExpress Catalog #: HY-15605
Binimetinib MedChemExpress Catalog #: HY-15202
LY3009120 MedChemExpress Catalog #: HY-12558
Cobimetinib Selleckchem Catalog #: S8041
Saracatinib Selleckchem Catalog #: S1006
Critical commercial assays

Viability reagent: Resazurin Millipore Sigma Catalog #: R7017
5-alpha Competent E. coli NEB Catalog #: C2987H
Enzyme: AMV reverse transcriptase NEB Catalog #: M0277S
RT-gPCR reagent: EvaGreen Biotium Catalog #: 31000
Transfection Reagent: Effectene Qiagen Catalog #: 301427
Transfection Reagent: jetOPTIMUS Polyplus Reference #: 101000006
RNA extraction kit: Monarch NEB Catalog #: T2010S
Total RNA Miniprep Kit

Neon Transfection System Thermofisher Catalog #: MPK5000S
GenElute Mammalian Genomic Millipore Sigma Catalog #: GIN350
DNA Miniprep Kit

Minelute 96-well clean-up plate Qiagen Catalog #: 28053
Enzyme: Platinum Taq Thermofisher Catalog #: 10966018
LMPCR reagent: ATP Thermofisher Catalog #: R0441
Enzyme: Hpal NEB Catalog #: R0O105S
Enzyme: EcoNI NEB Catalog #: R0O521S
Enzyme: BamH1 NEB Catalog #: R3136S
Enzyme: dsDNA Fragmentase NEB Catalog #: M0348
Enzyme: T4 DNA polymerase NEB Catalog #: M0203
Enzyme: T4 DNA ligase NEB Catalog #: M0202

Deposited data

Raw and analyzed RNAseq files

Tsoi undifferentiated genes
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Tsoi et al.””

NCBI GEO: GSE226664
https://ars.els-cdn.com/content/image/
1-s2.0-51535610818301223-mmc4.xIsx
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SOURCE
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Verfaillie TEADs genes

Verfaillie et al.®’

https://static-content.springer.com/esm/
art%3A10.1038%2Fncomms7683/
MediaObjects/41467_2015_BFncomms7683_
MOESM1479_ESM .xlsx

Experimental models: Cell lines

Human: A375
Human: 451Lu
Human: SKMEL28
Human: UACC257
Human: UACC62

American Type Culture Collection (ATCC)

Rockland Inc.

American Type Culture Collection (ATCC)
NCI DCTD Tumor Repository
NCI DCTD Tumor Repository

Catalog #: CRL-1619
Catalog #: 451Lu-01-0001
Catalog #: HTB-72
Catalog #: UACC-257
Catalog #: UACC-62

Human: PDX10 University of lowa MAST N/A
Oligonucleotides

Primer: SB100 RT-qPCR F: Feddersen et al."’ N/A
5'-AATGGGTCTTCCAACACGAC-3

Primer: SB100 RT-qPCR R: Feddersen et al."’ N/A
5'-GTGATGGCCACTCCAATACC-3

Primer: TBP RT-gPCR F: Feddersen et al."’ N/A
5'-TTCGGAGAGTTCTGGGATTG-3'

Primer: TBP RT-qPCR R: Feddersen et al."’ N/A
5'-CTCATGATTACCGCAGCAAA-3

Linker+: 2021: 5'- GTACCCATACGA This paper N/A
CGTCCCAGACTCCGCTTAAGGGAC-3'

Linker-: 2021: 5'-Phos-GTCCCTTAAG This paper N/A
CGGAG-C3spacer-3'

Primer: Primary PCR IRR: 2021: This paper N/A
5'-GGATTAAATGTCAGGAATTGTGAAAA- 3

Primer: Primary PCR IRL: 2021: This paper N/A
5'-GGATTAAATGTCAGGAATTGTGAAAA- 3

Primer: Primary PCR linker: 2021: This paper N/A
5'-TACCCATACGACGTCCCAGA-3’

Linker+: 2019: 5-GTAATACGACTCACTA Feddersen et al."’ N/A
TAGGGCTCCGCTTAAGGGAC-3'

Linker-: 2019: 5'-Phos-GTCCCTTAAG Feddersen et al."’ N/A
CGGAG-C3spacer-3'

Primer: Primary PCR linker 2019: Feddersen et al."’ N/A
5'-GTAATACGACTCACTATAGGGC-3'

Primer: Primary PCR IRL V1.1: Feddersen et al.'’ N/A
5'-TCGTCGGCAGCGTCAGATGT

GTATAAGAGACAGHAAATTTGT

GGAGTAGTTGAAAAACGA-3'

Primer: Primary PCR IRL V1.2: Feddersen et al."’ N/A
5'- TCGTCGGCAGCGTCAGATG

TGTATAAGAGACAGNCAAATTT

GTGGAGTAGTTGAAAAACGA-3'

Primer: Primary PCR IRL V1.3: Feddersen et al."’ N/A

5'-TCGTCGGCAGCGTCAGATGT
GTATAAGAGACAGNNYAAATTT
GTGGAGTAGTTGAAAAACGA-3'
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Primer: Primary PCR IRL V1.4:

5'- TCGTCGGCAGCGTCAGATG
TGTATAAGAGACAGNNYCAAA
TTTGTGGAGTAGTTGAAAAACGA-3'

Primer: Primary PCR IRL V1.5:

5'- TCGTCGGCAGCGTCAGATGT
GTATAAGAGACAGNNNBCCAAA
TTTGTGGAGTAGTTGAAAAACGA-3'

Primer: Primary PCR IRR V1.1:

5- TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGHGGATTAAATG
TCAGGAATTGTGAAAA-3'

Primer: Primary PCR IRR V1.2:
5- TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGNNGGATTAAAT
GTCAGGAATTGTGAAAA-3'

Primer: Primary PCR IRR V1.3:
5- TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGNNYGGATTAAA
TGTCAGGAATTGTGAAAA-3

Primer: Primary PCR IRR V1.4:

5'- TCGTCGGCAGCGTCAGATGT
GTATAAGAGACAGNNNYGGATT
AAATGTCAGGAATTGTGAAAA-3'

Primer: Primary PCR IRR V1.5:

5'- TCGTCGGCAGCGTCAGATGT
GTATAAGAGACAGNNNYCGGAT
TAAATGTCAGGAATTGTGAAAA-3'

Primer: Primary PCR LINK V1.1 2019:
5'- TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGGTAATACGACT
CACTATAGGGC-3'

Primer: Primary PCR LINK V1.2 2019:
5'- TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGHNGTAATACGACT
CACTATAGGGC-3’

Primer: Primary PCR LINK V1.3 2019:
5'- TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGNNYBGTAATACGA
CTCACTATAGGGC-3'

Primer: Primary PCR LINK V1.4 2019:
5'- TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGNNYBCNGTAATAC
GACTCACTATAGGGC-3'

Primer: Primary PCR LINK V1.5 2019:
5'- TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGNNYBCNCCCGTAA
TACGACTCACTATAGGGC-3'
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Feddersen et al.'"

Feddersen et al."’

Feddersen et al."

Feddersen et al.'"

Feddersen et al.'

Feddersen et al."

Feddersen et al.'

Feddersen et al.'

Feddersen et al."’

Feddersen et al."’

Feddersen et al.'

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Primer: Primary PCR LINK V1.1 2021:
5'- TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGTACCCATACGACGT
CCCAGA-3'

Primer: Primary PCR LINK V1.2 2021:
5- TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGHNTACCCATACGAC
GTCCCAGA-3'

Primer: Primary PCR LINK V1.3 2021:
5- TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGNNYBTACCCATAC
GACGTCCCAGA-3'

Primer: Primary PCR LINK V1.4 2021:
5'- TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGNNYBCNTACCC
ATACGACGTCCCAGA-3'

Primer: Primary PCR LINK V1.5 2021:
5- TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGNNYBCNCCCTAC
CCATACGACGTCCCAGA-3'

Primer: Secondary PCR Nextera XT index

This paper

This paper

This paper

This paper

This paper

lllumina

N/A

N/A

N/A

N/A

N/A

Catalog #: FC-131-2001, FC-131-2002,
FC-131-2003, FC-131-2004

Recombinant DNA

Plasmid: pT2-Onc3

Plasmid: PB-EF12-SB100

Plasmid: hyPBase

Plasmid: PB-EF1a-VAV1

Plasmid: PB-EF1a-PDGFRB
Plasmid: PB-EF1a-CSF1R

Plasmid: PB-EF1a-PDGFRBN¢¢<
Plasmid: PB-EF1a-CSF1R L3015 Y969

Feddersen et al.'

Feddersen et al.'

Yusa et al.®*
This paper
This paper
This paper
This paper
This paper

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Software and algorithms

FastQC

Kallisto

Deseq2
fgsea
GSEA
ggvenn
Enrichr
enrichplot

DOSE

Analysis scripts

S. A. and Bittencourt A%

Bray et al.®®

Love et al.®’
Korotkevich et al.®®
Subramanian et al.®”

Yan L.7°

Chen et al.,°*; Kuleshov et al.,*®

and Xie et al.®®

YU(M

Yu et al.”

This manuscript

https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/
https://pachterlab.github.io/kallisto/download

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://github.com/ctlab/fgsea
https://www.gsea-msigdb.org/gsea/index.jsp

https://cran.r-project.org/web/
packages/ggvenn/index.html.

https://maayanlab.cloud/Enrichr/

https://bioconductor.org/packages/
release/bioc/html/enrichplot.html
https://bioconductor.org/packages/
release/bioc/html/DOSE.html
https://github.com/eyzhu/
SB_Melanoma_BRAFi
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Adam J. Dupuy
(adam-dupuy@uiowa.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® RNAseq data generated from this study can be obtained from GEO (accession no. GSE226664) and are publicly available.

® Custom code used to analyze the RNAseq data can be obtained from GitHub (https://github.com/eyzhu/SB_Melanoma_BRAFi) and are
publicly available.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

A375,451Lu, COLO858, and SKMEL28 were obtained from ATCC. UACC257 was obtained from NCl cell line repository. PDX10 was obtained
from a patient-derived xenograft model of cutaneous melanoma. PDX10 habors BRAFY?F and has wild-type NRAS. Informed consent was
obtained from patient to create PDX10 for research use. PDX10 was confirmed to be a human cell line via STR analysis. A375 and 451Lu were
cultured in Gibco DMEM, supplemented with penicillin/streptomycin, and 10% FBS. SKMEL28 was cultured in Gibco DMEM, supplemented
with penicillin/streptomycin, 10% FBS, Sodium pyruvate, and non-essential amino acids. COLO858, PDX10, and UACC257 were cultured in
Gibco RPMI, supplemented with penicillin/streptomycin, and 10% FBS.

METHOD DETAILS

Sleeping beauty genetic screens

Cells were first stably transfected with SB100 using the piggyBac transposon/transposase system.®*”* Following, cells were transfected with
the pT2-On3 transposon either with Qiagen Effectene (4ug DNA for 10 cm dish, 1:8 enhancer and 1:10 effectene ratios) for A375 and
COLO858, Jet OPTIMUS (10ug DNA for 10 cm dish, 10 ulL reagent) for PDX10, or the Neon electroporation system (100 uL tip, 10 ug
DNA, 1200 V, 20 ms, 2 pulses) for UACC62 and UACC257. Two days following transfection, one million cells for A375, COLO858, and
PDX10 or two million cells for UACC62 and UACC257 were seeded in a T0CM dish. One day after seeding, cells were either treated with
DMSO for 3-5 days or with ENCOR and COBI for 3-5 weeks until colonies formed. For each cell line, a screen consisted of 13-28 BRAF/
MEK inhibitor treated plates and 9-10 DMSO treated plates. The concentration of ENCOR/BINI used were 500/50 nM for A375, 10/2 nM
for COLO858, 8/2 nM for UACC62, 60/6 nM for PDX10, and 18/2 nM for UACC257. The concentration of LY3009120 used were 130 nM for
A375 and 38 nM for COLO858.

Library preparation and sequencing

Genomic DNA was extracted using the sigma GenElute Mammalian Genomic DNA Miniprep Kit (G1N350). Instructions to perform trans-
poson targeted sequencing can be obtained from Github. A375 and COLO858 samples were prepared using the 2021 protocol while
UACC257, UACC62, and PDX10 samples were prepared using the 2022 protocol.

Cell staining

10 cm plates were first rinsed with PBS. Following, cells were fixed with ice cold 70% ethanol. Plates were then coated with Coomassie blue
stain and allowed to rest for 5 minutes. Finally, plates were rinsed with tap water.

RT-qPCR

The following primers were used to perform RT-gPCR on the indicated targets: SB100X (5'-AATGGGTCTTCCAACACGAC-3,
5-GTGATGGCCACTCCAATACC-3) and TBP (5-TTCGGAGAGTTC TGGGATTG-3, 5-CTCATGATTACCGCAGCAAA-3). cDNA was
synthesized using NEB AMV reverse transcriptase (M0277S). RT-qPCR was performed using Taqg polymerase with EvaGreen dye with total
reaction volume of 12 uL. Three technical replicates were obtained for each sample. Samples were run on the BioRad CFX Real-Time PCR
Detection System.

Enforced expression of candidates

Cloned cDNAs of candidate genes were inserted into a piggyBac transposon expression vector and co-transfected with the piggyBac trans-
posase at a 5:1 ratio (transposon-to-transposase). Transfections were performed in a six-well format. Qiagen Effectene (0.8ug DNA, 1:8
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enhancer and 1:10 effectene ratios) for A375 and 451Lu, Jet OPTIMUS (2ug DNA and 2 uL reagent) for PDX10, or the Neon electroporation
system (100 ulL tip, 10 ug DNA, 1200 V, 20 ms, 2 pulses) for SKMEL28. Media was changed 24 hours after transfection. Cells were split into
10 cm cell culture dishes 48 hours post-transfection. 72 hours post-transfection, cells were selected with puromycin for six days with antibiotic
changes every 48 hours. The concentration of puromycin used was 0.8 ug/mL for A375 and 451Lu, 1 ug/mL for PDX10, and 0.6 ug/mL for
SKMEL28. The cell lines we used for validation were chosen because we had previously characterized their differentiation status.”®

Viability assays

Drug dose response curves were generated using the resazurin assay. Viability at each dose was measured in triplicate. Cells were seeded in a
96-well plate. Cells were treated with drug 24 hours later. Data shown represents fluorescent signal detected at day 3 or 4 either normalized to
the vehicle treated wells at the endpoint or at day 0. The assay was performed by putting 100 uL of cell culture media and 20 uL of 6x stock
(0.15mg/ml) of resazurin onto cells, followed by a 2 hour incubation at 37-degrees in a tissue culture incubator. Plates were acquired using the
Biotek Synergy HT microplate reader and Gen5 software.

Inhibitors

Encorafenib (LGX818), Binimetinib (ARRY-162), and LY3009120 were obtained from MedChemExpress, Cobimetinib (GDC-0973) and Saraca-
tinib (AZD0530) was obtained from Selleckchem.

Immunoblotting

Whole-cell lysates were separated on Tris-Glycine 4-20% gradient gels (Thermofisher) or hand-cast SDS-PAGE gels and transferred to nitro-
cellulose or PVDF membranes overnight. The blots were blocked in Odyssey Blocking Buffer PBS (Licor) for 1 hour and incubated with primary
antibodies overnight at 4 degrees followed by 1h incubation at room temperature with secondary antibodies. Blots were imaged using the
Odyssey 9210 (Licor). The antibodies we used were alpha-tubulin (12G10 UIOWA hybridoma bank), ARAF (CST 4432), VAV1 (Sigma AB-174),
PDGFRB (CST 28E1), CSF1R (CST D309X), ERK1/2 (CST 9102), p-ERK1/2 (CST 9101), CAV1 (CST 3267S), and AXL (CST C89E7). Blots to confirm
overexpression were performed with technical duplicates. Blots to determine p-ERK levels were performed with technical triplicates.

QUANTIFICATION AND STATISTICAL ANALYSIS
RNAseq analysis
FastQC was used to determine the quality of the fastq files.®® Transcript alignment/quantification was performed with Kallisto using default
settings.®® Ensembl annotation v86 was used as the reference transcriptome. Differential expression analysis was performed using Deseq2
with default settings.?” Enrichment analysis was performed using the fgsea, enrichplot, DOSE, and GSEA R packages.”®*”7"%? Genes
were ranked using the log2 fold change (log,FC). Benjamini-Hochberg was used to compute the adjusted p values. The Venn diagram in Fig-
ure 4C was made using the ggvenn R package.”

The Tsoi 2018 Undifferentiated gene set included 224 genes belonging to “undifferentiated” and “undifferentiated-neural crest like” listed
in Table S3 of Tsoi et al.>® The Verfaillie-TEADs gene set was obtained from Supplementary Data 3 from Verfaillie et al.*” Enrichr was used to
generate the LINCs L1000 chemical perturbation consensus signatures for the indicated gene sets.***

Transposon insertion site analysis

We used our gene-centric common insertion site analysis to determine the statistical significance of insertions.'*'® This method relies on a chi-
squared test based on the observed and expected number of insertions in a gene. The expected number of insertions in a gene is derived
from the number of TA sites in a gene and the total number of insertions in the dataset.

TCGA analysis

TCGA patient data was extracted from the TCGA SKCM dataset using the GDCquery function in the TCGAbiolinks R package.” The settings
for GDCquery were project = "TCGA-SKCM", data.category = “Transcriptome Profiling”, data.type = “Gene Expression Quantification”,
and workflow.type = "HTSeq - Counts”. These counts were normalized using the DESegDataSetFromMatrix function with default settings.
Patients were assigned to either the differentiated or de-differentiated class based on k-means clustering k=2 of ~400 genes that define
the de-differentiated cutaneous melanoma subtype described in our previous paper.®’

Statistical analysis

Specific details on the statistical tests performed are provided in figure captions.
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