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SUMMARY

Adenoid cystic carcinoma (ACC) is a rare cancer type that originates in the salivary
glands. Tumors commonly invade along nerve tracks in the head and neck, making
surgery challenging. Follow-up treatments for recurrence or metastasis including
chemotherapy and targeted therapies have shown limited efficacy, emphasizing
the need for new therapies. Here, we report a Drosophila-based therapeutic
approach for a patient with advanced ACC disease. A patient-specific Drosophila
transgenic line was developed to model the five major variants associated with
the patient’s disease. Robotics-based screening identified a three-drug cock-
tail—vorinostat, pindolol, tofacitinib—that rescued transgene-mediated lethality
in the Drosophila patient-specific line. Patient treatment led to a sustained stabi-
lization and a partial metabolic response of 12 months. Subsequent resistance
was associated with new genomic amplifications and deletions. Given the lack
of options for patients with ACC, our data suggest that this approach may prove
useful for identifying novel therapeutic candidates.

INTRODUCTION

Adenoid cystic carcinoma (ACC) is a relatively rare neoplasm that metastasizes frequently and widely. ACC
is the most common malignant tumor of the minor salivary glands and the second most common of the
major salivary glands (Coca-Pelaz et al., 2015). Despite early dissemination, it is relatively slow growing.
In the United States, approximately 20,000 patients are living with ACC in various stages of progression.
One thousand two hundred new cases are reported annually; approximately 60% of those affected are
women. On average, patients with ACC present in their 40s and therefore may live with their cancer for de-
cades depending on the rate of progression, with consequent emotional and financial costs to family and
society. The median survival is 85% at 5 years and 34% at 15 years, with lymphovascular invasion most asso-
ciated with poor prognosis (Ouyang et al., 2017).

Patients with ACC have few therapeutic options. Treatment goals are limited and focused on achieving
local or regional control through combinations of surgery, radiotherapy, and chemotherapy. Once dissem-
inated or regionally recurrent, there are no effective therapies (Gatta et al., 2020). Chemotherapy and tar-
geted therapies have proven poorly effective with arbitrary and transient responses (Tchekmedyian et al.,
2019), while regional, focused therapies such as radiotherapy and surgery are used primarily to reduce
symptoms (palliation) to address, e.g., bronchial obstruction and symptomatic bone metastases.

Recent advances in genetic studies have pointed to further challenges: most ACC tumors contain the
fusion myelobastosis viral oncogene homolog-nuclear factor 1B (MYB-NF1B (Persson et al., 2009; Ander-
sson and Stenman, 2016) but also include multiple other cancer-associated gene mutations (Ho et al.,
2013; Stephens et al., 2013; Ross et al., 2014; Mitani et al., 2016). MYB is a transcriptional activator with a
C-terminal inhibitory domain (Sakura et al., 1989; Weston and Bishop, 1989; Dubendorff et al., 1992).
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Most ACC tumors show activation of MYB through gene fusion of MYB with the transcription factor NFIB
due to a 6;9 translocation (Persson et al., 2009; Andersson and Stenman, 2016) or, less often, by truncation
or copy number gain (Persson et al., 2012). Fusion or truncation leads to loss of MYB'’s C-terminus, which is
sufficient to generate a constitutively active MYB protein (Gonda et al., 1989); though unlikely (Persson
et al., 2009), a function for the accompanying small (5 amino acids) C-terminal fragment of NFIB has not
been ruled out. Most patients have additional mutations in other cancer-related genes such as activating
mutations in the NOTCH1 and ERBB3 receptors and regulators of signal transduction and cell cycle (Ho
et al., 2013; Stephens et al., 2013; Ross et al., 2014; Mitani et al., 2016). Our recent works, both basic and
clinical (Bangi et al., 2016, 2019; Levine and Cagan, 2016; Levinson and Cagan, 2016), are consistent with
a growing body of work demonstrating that tumor heterogeneity and genetic complexity can lead to
drug resistance.

Recently, we described a personalized fly-to-bedside therapeutic discovery platform (Bangi et al., 2019)
(Figure 1A). Modeling the disease of a patient with colorectal cancer in a personalized Drosophila trans-
genic model, we identified a novel two-drug cocktail that proved effective in both Drosophila and in the
modeled patient. Building on this work, we present here a fly-to-bedside platform for ACC, a tumor that
has resisted targeted therapies. We developed a personalized Drosophila line that targeted five genes
altered in the patient’'s tumor. This “personalized avatar” exhibited aspects of transformation. We used
this line as a screening tool to identify vorinostat-pindolol-tofacitinib as a three-drug cocktail that rescued
transgene-mediated lethality in the fly avatar and led to stable disease and a metabolic response in the pa-
tient lasting for 12 months.

RESULTS

Clinical history

The patient presented with an extensive left-sided maxillary sinus ACC in February, 2013. At the time of
presentation, the patient was a 54-year-old Caucasian male with no other significant medical problems.
The tumor was found to invade the skin of the face, as well as the base of the skull on imaging. The patient
underwent an extensive surgical resection (removal) of gross disease followed by reconstruction of the face
and orbit. The tumor was staged as T3ANOMO—indicating primarily localized disease—with perineural inva-
sion and pathologically positive post-surgical margins.

The patient was treated with adjuvant proton beam radiation and weekly carboplatin and paclitaxel for 7 weeks
for local regional control, completing therapy in June 2013. He underwent periodic surveillance imaging;
enlarging pulmonary metastases were identified in March 2015. He was followed expectantly for symptoms
and growth with periodic positron emission tomography and X-ray computed tomography (PET/CT) scans.

In January 2016, the patient was consented for participation in the “Personalized Cancer Therapy for Pa-
tients With Metastatic Medullary Thyroid or Metastatic Colon Cancer (NCT02363647)" protocol under a
rare cancer cohort. A sample was obtained by excisional biopsy of a lung metastasis. This sample
confirmed the diagnosis of ACC and was used for genetic analysis and confirmatory studies of genetic
findings. Symptomatic bone metastases were identified in February 2017 by positron emission tomogra-
phy (PET) imaging and magnetic resonance imaging. The patient received radiotherapy in March, May,
and October, 2017 to thoracic bone metastases and a scapular metastasis, respectively. Imaging by
PET/CT demonstrated increasing size and the number of bone and pulmonary metastases with
increasing 2-deoxy-2-['®Flfluoro-D-glucose (FDG) uptake during this period of time and prior to starting
therapy.

The patient was consented for treatment on the protocol for a personalized treatment plan after reviewing re-
sults of drug screening on his tumor-matched fly avatar line. Assessment of his tumor by PET and CT imaging
immediately prior to treatment demonstrated continued progression with growth of metastases, new metasta-
ses, and a rising standard uptake value (SUV) indicating increased metabolic activity by the tumor.

Genomic analysis and variant selection

Our overall approach is summarized in Figure 1A. The first step toward building a personalized
Drosophila model for the patient was a comprehensive analysis of the tumor genomic landscape. Using
a freshly frozen specimen from a lung metastasis obtained from a 2016 specimen prior to treatment on
our study, we extracted DNA and RNA as well as DNA from a blood sample as matched control. For
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Figure 1. Developing a personalized Drosophila avatar screening platform

(A) Overview of personalized approach. Genomic analysis of the patient’s tumor identified predicted tumor drivers used
to develop a personalized fly avatar. Robotics-based drug screening identified a three-drug cocktail that was vetted for
safety by a tumor board and internal review board.

(B) Prioritized oncogenes and tumor suppressors that emerged from our genomic analysis. FAT4, ERCC2, and FAT1/FAT3
were heterozygous. See also supplemental figure, tables.

(C) Immunohistochemistry (brown) identified high levels of plasma membrane and nuclear NOTCH1, indicating elevated
NOTCH1 protein and activity in patient tumor sections obtained prior to treatment. Similar immunohistochemical assays
failed to validate elevated MAP2K2 activity (pERK) or loss of MAX, and neither were included in the final avatar model.
(D) Schematic of transformation vector used to target 4 of 5 cancer genes to different Drosophila tissues. Inducible Notch
overexpression (UAS-Notch) was introduced by standard genetic crosses.

(E) Small hairpins targeting xpd, ft, and kug in CPCT012.2 led to a ~50% reduction in expression as assessed with qPCR.
We used this line as the best model of heterozygosity.

(F) Quantifying results of directing ptc > CPCT012 expression on the wing’s ptc domain, which led to expansion of the
domain including a loss of the sharp boundary. Results are represented as the ratio of the ptc domain area to total wing
disc area.

(G) Example of ptc > CPCT0O12-mediated expansion. The ptc domain was visualized with an included UAS-GFP marker
(green). Insets highlight expansion; dotted lines indicate added black background to square images. Error bars represent
standard error of the mean.

genomic analysis of small molecular variants and copy number variants (CNVs), we performed whole-
exome sequencing (WES) using tumor and matched normal blood DNA as well as RNA sequencing
(RNA-seq).
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The ACC genomic landscape is typically diverse and includes many low frequency drivers (Ho et al., 2013;
Rettig et al., 2016). As a result, identifying driver alterations and building representative models are chal-
lenging. Commonly altered pathways in ACC tumors include overactivation of the MYB/MYC, NOTCH and
FGF/IGF/PI3K pathways, as well as alterations in DNA damage repair and chromatin remodeling pathway
components (Ho etal., 2013; Rettig et al., 2016). WES of our patient’s tumor DNA from the 2016 specimen—
obtained prior to treatment—identified 11 nonsynonymous somatic mutations (SNVs/indels) with allelic
fraction (AF) >0.05 (Table S1), none of which were in genes previously associated with ACC. Most were
novel, functionally uncharacterized variants in genes that were not previously associated with cancer.

In the absence of experimental data, we utilized functional prediction algorithms to determine the likeli-
hood that each variant was deleterious (i.e. had a negative impact on protein function) (Kircher et al,,
2014; Liu et al., 2016). Most WES variants found in the patient’s tumor were predicted to be benign by
two different functional prediction tools and were eliminated. Finally, we discarded variants that were
not detected by RNA-seq, suggesting that they were either false positives or they were not expressed in
the tumor. At the end of our analysis, we concluded that none of the somatic variants were appropriate
for model building.

In addition to somatic mutations, we also identified 935 rare germline variants in the patient’s non-tumor
(i.e. blood) DNA. Given this large number, we focused our analysis on variants in genes previously associ-
ated with cancer, as well as those encoding components of cancer relevant pathways and cellular pro-
cesses. Of these, we found that heterozygous missense mutations in four genes—FAT4, FAT1, FAT3,
and ERCC2—were predicted to be deleterious and also detected by tumor RNA sequence data, indicating
that the mutant alleles were expressed in the tumor. These were selected for the fly model (Figure 1B).

NOTCH1 is a component of the NOTCH signaling pathway frequently activated in ACC (Ho et al., 2013).
Although copy number analysis was inconclusive, elevated NOTCH1 protein in the tumor specimen was
established by immunohistochemistry (Figure 1C). Two other potential variants, MAP2K2 (predicted
gain) and MAX (predicted loss), were rejected by similar immunohistochemical criteria (Figure 1C). In addi-
tion, RNA-seq data revealed a t(6;9) (q22-23;p23-24) MYB-NFIB fusion event in our patient’s tumor, a
commonly observed cancer driver in patients with ACC (Ho et al., 2019). In our patient’s tumor, the fusion
event resulted in an out-of-frame transcript encoding a truncated, constitutively active MYB protein that
lacked the C-terminal cytoplasmic domain required to regulate its activity (West et al., 2011). NOTCH1
and truncated MYB—which together define a common subtype of adenoid cystic carcinoma (Ho et al.,
2019)—were also selected for the fly model, bringing the final number of modeled cancer drivers to six pa-
tient variants modeled by five targeted fly genes (Figure 1B).

Model building and validation

To create a patient-specific model that represents the six alterations identified in our genomic analysis
(Figure 1B), we utilized a multigenic vector platform that we tailored for this purpose (Bangi et al., 2019).
This vector carries three different multiple cloning sites, each flanked by promoter and transcription termi-
nator sequences: two are designed for protein expression to model oncogenes, and one is reserved for
short hairpin-mediated knockdown of Drosophila tumor suppressor orthologs (Figure 1D). Transgenes
were cloned downstream of a GAL4-inducible UAS promoter, a well-established ectopic expression system
in Drosophila that allows both spatial and temporal control of transgene expression (Brand and Perrimon,
1993). Transgene expression was targeted by crossing the patient-specific transgenic line to transgenic fly
lines that express GAL4 in specific tissues, such as ptc-GAL4. The result was a “ptc > CPCT012.2" transgenic
fly line that expressed the transgenes—targeting five fly orthologs of six patient variants—in discrete re-
gions across the developing fly.

Previous work found that expressing full-length c-MYB in Drosophila can disrupt developing tissues
including aspects of the cell cycle (Lipsick et al., 2001; Fitzpatrick et al., 2002; Davidson et al., 2005). To
model the MYB-NFIB fusion, we generated a truncated MYB construct that represents the product of
the translocation event (MYB4C). NOTCH1 copy gain was modeled by overexpressing a wild-type
Drosophila Notch ¢cDNA. Heterozygous missense variants in FAT4, FAT1/3, and ERCC2 were modeled
by targeting their Drosophila orthologs using short hairpins designed to achieve moderate knockdown
(to model the heterozygous nature of each variant). Individual hairpins targeting each gene were selected
using previously reported protocols (Vert et al., 2006; Ni et al., 2011) and stitched together as a synthetic
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multi-hairpin cluster using our microRNA-inspired design (Bangi et al., 2019). As hairpin selection relies on
algorithms to predict efficacy (Vert et al., 2006; Ni et al., 2011), we generated two hairpin clusters targeting
the same three Drosophila genes with different hairpins—12.1 and 12.2—to increase the likelihood of
success.

To build the patient-specific multigenic vector, the MYBAC coding sequence and the hairpin cluster were
cloned into their respective multiple cloning sites, each downstream of their own inducible UAS promoter
(Figure 1D). We generated two different versions of the patient model: CPCT012.1 and CPCT012.2. Both
versions carried the same MYBAC transgene but a different hairpin cluster designed to reduce expression
of Drosophila orthologs of FAT4, FAT1/3, and ERCC2. We established two transgenic lines using a site-spe-
cific chromosomal integration method mediated by standard $C31-based integration (Bischof et al., 2007).
Once transgenic lines were established, an existing Notch transgenic construct that expresses the full-
length Drosophila Notch protein under UAS control (Matsuno et al., 2002) was introduced into each line
by standard genetic crosses.

Once the two final patient models were established, we ubiquitously expressed each multigenic construct
(tub > CPCT012) in developing larvae to determine whether the hairpin clusters we generated were effec-
tive. Quantitative polymerase chain reaction (QPCR) analysis indicated that the short hairpin cluster in
CPCT012.2 was effective in moderately reducing expression of all three genes, our goal for modeling het-
erozygous variants; CPCT012.1 did not show significant knockdown of the Drosophila FAT4 ortholog ft
(Figure 1E). We therefore focused on the CPT012.2 patient-specific transgenic line for further
characterization.

To further validate the CPCT012.2 line, we used ptc-GAL4 to direct transgene expression within several tis-
sues including a discrete stripe of expression at the developing wing epithelium’s anterior/posterior
boundary (Figures 1F and 1G). In previous work, expressing oncogenes with the ptc-GAL4 driver led to
expansion of the ptc domain in the developing wing, reflecting overproliferation (Vidal et al., 2006; Vidal
et al., 2007; Levinson and Cagan, 2016; Sonoshita et al., 2018). Consistent with promoting at least one
aspect of transformation, expressing the transgenes at the larval wing boundary (ptc > CPCT012.2) led
to expansion of the ptc domain (Figures 1F and 1G). We concluded this model could prove useful as an
accessible whole animal platform to screen for candidate therapeutics.

Drug screening

Rescue from lethality is a useful primary readout for whole animal drug screens, providing rapid, quantita-
tive data (Rudrapatna et al., 2014; Levine and Cagan, 2016; Bangi et al., 2019). We have successfully used
ptc-gal4 in previous genetic and drug screens of Drosophila cancer models (Dar et al., 2012; Sonoshita
et al., 2018). We therefore calibrated ptc > CPCT012.2 flies for lethality, using temperature to alter GAL4
activity to a level of near-complete animal lethality.

We previously found that most drugs are not effective as single agents against genetically complex cancer
models (Bangi et al., 2019). We therefore used an iterative screening process to progressively identify drug
combinations (Figure 2A). We first screened a custom-built 'Focused FDA-Approved Library’ of 122 drugs/
drug combinations enriched for cancer relevant activities. We identified and confirmed two hits with weak
efficacy: the chemotherapy drug docetaxel is an anti-microtubule agent; the JAK inhibitor tofacitinib
(Changelian et al., 2003; Vyas et al., 2013) is FDA approved for rheumatoid arthritis, ulcerative colitis,
and psoriatic arthritis (Figures 2A and 2B). The patient was previously treated with the anti-microtubule
agent paclitaxel as part of a combination therapy with carboplatin, and we therefore did not pursue doce-
taxel further.

Tofacitinib is a promising candidate for combination screens. Its target pathway, JAK/STAT signaling, can
be activated by NOTCH in cancer cells (Jin et al., 2013), which was elevated in the patient’s tumor. Re-
screening the Focused Library in the presence of low dose tofacitinib (see methods) identified the DNA
synthesis inhibitor and FDA-approved chemotherapy agent gemcitabine as an effective partner for tofaci-
tinib (Figures 2A and 2C). We also screened a commercially available "FDA-Approved Drug Library” of
1280 drugs approved for all indications, again in combination with low dose tofacitinib. These combination
screens identified several tofacitinib drug combinations with low efficacy. We then tested all confirmed hits
in double and triple combinations (Figure 2A). From these screens, a three-drug cocktail emerged
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Figure 2. Screen for candidate combinations of FDA-approved drugs

(A) Flowchart of multi-step drug screen. An initial screen of the Focused FDA Library yielded tofacitinib and docetaxel as
weak single agent hits. Subsequent screens identified tofacitinib, vorinostat, and pindolol as an effective 3-drug
combination.

(B) Data demonstrating initial rescue by docetaxel and tofacitinib as single agents.

(C) Data demonstrating CPCT012 rescue to adulthood by gemcitabine plus tofacitinib, an effective two-drug
combination. Tofacitinib was used at a dose below that required for significant rescue.

(D) Data demonstrating CPCT012 rescue to adulthood by tofacitinib, vorinostat, and pindolol. The 3-drug combination
proved the most effective at rescuing CPCT012 to adulthood. Asterisks (*) in panels (B-D) indicate p < 0.05 as assessed by
Student'’s t-test. Error bars represent standard error of the mean.

(Figure 2D): tofacitinib, vorinostat (histone deacetylase inhibitor, anti-cancer agent), and pindolol (a non-
selective beta blocker used to treat high blood pressure).

Each drug identified in our screens has been reported to have targets or anti-tumor effects that could be
relevant to our patient tumor’s genomic profile. Tofacitinib is an inhibitor of JAK/STAT signaling (Vyas
et al., 2013), a cancer-relevant pathway that can be activated downstream of Notch signaling in tumor cells
(Jin et al., 2013). Gemcitabine is a nucleoside analog that interferes with DNA synthesis (Plunkett et al.,
1995) and is approved for treatment of multiple cancer types. The histone deacetylase (HDAC) inhibitor
vorinostat may be particularly relevant for treatment of ACC, as deregulation of chromatin remodeling is
observed in about 35% of sequenced tumors (Duvic and Vu, 2007; Marks and Breslow, 2007; Ho et al.,
2013). Amechanism of action clearly relevant to cancer has not been reported for pindolol. However, there
is some evidence suggesting that inhibition of B-adrenergic signaling by beta blockers can have anti-tumor
effects, including inhibition of tumor cell proliferation, migration, invasion, angiogenesis, and metastases
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(Creed et al., 2015; Partecke et al., 2016; Wrobel et al., 2016). A positive correlation between beta blocker
use and cancer-specific survival has been documented (Na et al., 2018), although no causal relationship be-
tween the two has been reported.

Our findings were reviewed by a multidisciplinary tumor board that included pharmacists and oncologists
with expertise in clinical trial design and dosing. The tumor board raised some concerns regarding myelo-
suppression, the major dose limiting toxicity associated with gemcitabine. Given the concerns with gem-
citabine and both the clinical relevance of the signaling nodes targeted by the triple drug combination and
their particular importance for this patient’s tumor genome landscape, the tumor board unanimously
selected the tofacitinib/vorinostat/pindolol triple combination as the first line recommendation for the
patient.

Patient treatment

The patient initiated treatment orally with 400 mg of vorinostat daily (2800 mg/week), 10 mg of tofacitinib
daily, and 10 mg of pindolol daily beginning on 4/19/18. At four weeks, grade 1 thrombocytopenia, creat-
inine elevation, and folliculitis were observed likely due to vorinostat; minor fatigue was reported likely due
to pindolol. All the drugs were held and then restarted 10 days later with 400 mg of vorinostat reduced to
five days per week (2000 mg/week). Recurrent rash, thrombocytopenia, and creatinine elevation developed
after restarting vorinostat, which resolved after halting and then restarting vorinostat with a further dose
reduction to 300 mg four days per week (1200 mg/week) after which creatine and platelet counts remained
within normal limits.

In response to treatment, the patient exhibited documented stable disease (Figure 3) with no new bone
lesions and mild regression of lung lesions. Quantitative imaging of a FDG tracer with PET/CT scans was
used to measure relative glucose uptake by the tumor. Cumulative FDG data over time indicated a signif-
icant reduction (49%) in SUV in pulmonary and bone metastases (Figure 3), indicating a significant meta-
bolic response.

The patient continued on therapy until 4/19/2019 (12 months), when he exhibited documented progression
by progression by response evaluation criteria in solid tumors (RECIST), version 1.1, criteria. He had sub-
sequent palliative surgery, chemotherapy, and radiation for further rapid progression. The patient passed
away on 3/17/2020.

Post-treatment analysis

To better understand the nature of the emergent resistance at 12 months, we obtained two additional bi-
opsy samples from the patient shortly after he stopped receiving the drug cocktail treatment in April 2019.
Similar to the original sample, WES was performed on both biopsies: two specimens were obtained from
the same formalin-fixed paraffin-embedded (FFPE) tumor block in June 2019 biopsy; a bone biopsy spec-
imen was obtained in October 2019. The somatic non-synonymous small molecular variants with AF >0.05
and CNVs from the post-treatment 2019 specimens were compared to the original pre-treatment 2016
specimen. We observed significant genomic differences (Figure 4).

A small number of somatic variants were common to all 2019 specimens but not the 2016 specimen (Fig-
ure 4A and Table S1). These included variants in genes encoding ANKAR, ANXA8L2, CNTRL, EP300,
GEMINS, which are therefore candidates to play a role in the resistance that emerged during treatment.
Somatic copy number variants (sCNVs), identified by saasCNV (Zhang and Hao, 2015), found that all three
2019 specimens had a significantly larger number of sCNVs than the original 2016 sample, which had rela-
tively few sCNVs (Figure 4B). Loss of a large segment on chromosome 14 in the original specimen was the
sole sCNV retained in 2019 specimens; in contrast, e.g., an aneuploid gain of chromosome 19 from the orig-
inal specimen was lost in all 2019 specimens, suggesting the aneuploid gain was contained within a sub-
clonal alteration that was selected against as the patient’s disease advanced. GATK4 sCNV was used to
confirm the sCNV calling in the 2019 specimens (Figure S1, Tables S2 and S3; see also methods); the
sCNV profiles between the two callers largely agreed with each other.

Finally, to further identify driver genes responsible for emergent resistance, annotated tumor suppressor
genes by Catalogue of Somatic Mutations in Cancer (COSMIC) Cancer Gene Census (Sondka et al.,
2018) were checked against the biallelic inactivated genes (defined by the intersection between loss sCNVs
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Figure 3. Body PET scans from baseline and after 6 months of treatment

(A) Prior to the start of treatment, tumor volume (upper panel) and standardized uptake value (SUV; lower panel) of the
2-deoxy-2-['®Ffluoro-D-glucose (FDG) tracer were increasing over time, indicating progressive disease. Initiation of
treatment led to stabilization of total tumor volume and reduction of lung SUV.

(B) Control scans just prior to treatment highlight extensive tumor metastases in the bone and lung.

(C) Glucose tracer (FDG) uptake in the lung and bone metastases was substantially reduced after 6 months of therapy in
imaged sites; further, no new lesions appeared. These data indicate clinical benefit from the drug treatment, manifested
as reduced FDG uptake and absence of progression. h = heart, r = renal tubules, b = bladder.

and germline protein-altering variants with gnomAD allele frequency < 0.05%). No additional examples of
functionally significant variants were found unique to all three 2019 specimens vs. the 2016 specimen (Table
S1). Overall, candidates for emergent drug resistance include multiple somatic mutated loci plus significant
changes in the CNV landscape.

DISCUSSION

ACC has proven to be a challenging disease, with limited overall response to traditional and targeted ther-
apies. We therefore undertook an experimental approach based on efforts to model its genomic
complexity in the context of a personalized approach. Here, we report our results treating a patient with
progressive disease that failed to respond to standard-of-care treatments: a novel three-drug cocktail pro-
vided stable disease for 12 months, followed by treatment resistance and extensive genomic alterations
observed in biopsy samples.
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Figure 4. Patient somatic genomic profiles

The patient tumor samples from 2016 to 2019 exhibited significant genomic differences.

(A and B) (A) Somatic protein-altering molecular variants (SNVs and indels with AF > 0.05) and (B) somatic copy number
variant (sCNV) profiles of the four tumor samples are summarized, as assessed with saasCNV (Zhang and Hao, 2015). The
2019 specimens contained de novo variants and more unstable sCNV profiles.

Building on an approach we previously reported for a patient with advanced colorectal cancer
adenocarcinoma (Bangi et al., 2019), we used a decision tree approach to prioritize six genes that were
identified as key for affecting tumor progression and, potentially, drug response. Additional tools such
immunohistochemistry (Figure 1) were used to help validate our gene choices, but especially given the
presence of CNVs and the timeline required for patient treatment, our analysis is necessarily incomplete.

ACC is commonly associated with truncation of MYB and elevated NOTCH1 expression/activity, and this
patient’s tumor presented with both. ACC tumors are not associated with large numbers of somatic muta-
tions (Ho et al., 2013) and, again, this patient’s tumor reflected this as we observed few other somatic
changes including CNVs. Germline mutations are often not accounted for in similar analyses. Nevertheless,
our germline analysis identified four genes with known functions likely to contribute to tumor progression
and potentially drug response: FAT1 and FAT3, FAT4, and ERCC2, modeled by targeting kug, ft, and xpd,
respectively.

FAT1, FAT3, and FAT4 are atypical cadherins and key regulators of cancer-relevant cellular processes
including planar cell polarity and MST/HIPPO signaling, which regulates organ size. They are associated
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as tumor suppressors in a variety of tumors including ovarian, medullary thyroid, gastric, cervical, colo-
rectal, bladder, and squamous cell carcinomas, as well as ACC (Ho et al., 2013; Gao et al., 2014; Chen
et al., 2019; Huang et al., 2019; Skuja et al., 2019; Malgundkar et al., 2020; Melis et al., 2020; Qu et al.,
2020; Wang et al., 2020). Reducing these atypical cadherins by approximately 50% expression was there-
fore considered potentially impactful to our drug screening platform. ERCC2 encodes XPD, a protein asso-
ciated with regulation of TFIIH-mediated transcription and DNA damage. XPD has effects on progression
of a broad palette of tumor types when mutated or altered—increased or decreased—in expression, and
variants in ERCC2 have been associated with altered drug response, especially platinum-based therapies
(Duetal., 2014; Fu et al., 2017; Tan et al., 2017, Pajuelo-Lozano et al., 2018; Liu et al., 2019). This may have
contributed to the patient’s failure to respond to earlier carboplatin-based therapy.

A key advantage of our approach is the ability to identify novel drug combinations selected solely on the basis
of efficacy in a whole animal model. The three-drug cocktail—tofacitinib, pindolol, and vorinostat—is especially
interesting to consider from a mechanism standpoint. Vorinostat has been reported to provide some benefit to
a subset of patients with ACC (Goncalves et al., 2017), though it did not display activity as a single agent in our
screens. The primary hit was tofacitinib, a JAK inhibitor used primarily for rheumatoid arthritis. As part of the
JAK/STAT pathway, JAK is a signaling kinase with broad effects on development and disease including cancer
(Thomas et al., 2015). JAK is positively regulated by NOTCH signaling activity in multiple contexts (Monsalve
et al,, 2006; Jin et al.,, 2013; Ho et al., 2015), suggesting a mechanism for tofacitinib activity.

Finally, our genomic analysis of later biopsies highlights the challenge that selection-based resistance
poses, even for a three-drug therapeutic cocktail. Our analysis confirmed retention of the MYB-NFIB fusion;
however, the CNV landscape was significantly altered including a number of new CNVs in the post-treat-
ment samples. This provides potential insight into the mechanisms by which ACC has proven recalcitrant to
most drug treatments: selection for progressive clones can lead to significant genomic changes that can in
turn subvert therapeutic activity. One potential response would have been to follow with treatment of our
second-line drug cocktail, tofacitinib-gemcitabine. However, follow-up radiation-based therapy and sub-
sequent rapid patient decline made use of gemcitabine contraindicated.

In conclusion, we present a personalized approach to treating ACC. Genomic analysis followed by con-
struction and screening of a “personalized fly avatar” led to a unique three-drug cocktail that promoted
stable disease and reduced tumor metabolic activity for 12 months. To date, in our work, this drug cocktail
is unique (data not shown), suggesting at least some specificity for this patient. Assessing the broad utility
of this whole animal platform approach—and this specific drug cocktail—for patients with ACC will require
a larger study. This personalized approach is adaptable to a broad palette of tumor types and may prove
especially useful for rare cancers that do not have a standard-of-care second-line therapy or a clear treat-
ment guidance protocol.

Limitations of the study

This study is based on a single patient and, given the divergence between species, should be considered a
first step in determining whether this Drosophila approach can provide patient benefits that match or
exceed other available approaches.

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Ross Cagan (Ross.Cagan@glasgow.ac.uk).

Materials availability

All Drosophila lines generated in this study are available upon request. All data and accession numbers
needed to evaluate the conclusions in the paper are present in the paper and/or the supplemental infor-
mation. Additional data related to this paper may be requested from the authors.

Data and code availability

The published article includes all patient analysis generated during this study except for private genomic
data that is restricted due to patient confidentiality.
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METHODS

All methods can be found in the accompanying transparent methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.102212.
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Figure S1: 2019 samples- sCNV profiles; related to Figure 4: GATK4 Somatic CNV algorithm-based profiles of

the 2019 specimens are consistent with results from the saasCNV analysis shown in Figure 4.
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AF
0.2554
0.28
0.2717
0.2711
0.273
0.2575
0.1013
0.2219
0.1437
0.2421
0.2582
0.058
0.2444
0.28
0.1429
0.3462
0.3462
0.2557
0.1155
0.0606
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0.1304

0.0718
0.0602
0.119
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0.1989
0.25
0.0521
0.0737
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0.39
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0.2837
0.0579
0.3504

0.1429

0.0968
0.1176
0.2426
0.059
0.1059
0.0886
0.1696
0.3426
0.3426
0.1067
0.2487
0.0977
0.3263
0.3294

0.3904
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gene_symbol
PRRC2A
NEBL
RARG
PCDH9
MGA
SLC6A2
NOS2
PIAS4
NPHS1
SLC2A4RG
RUNX1
MTOR
ANKAR
GEMINS
EPM2A
CNTRL
CNTRL
ANXA8L2
NCAM1
SCNN1A
PCDH9

PHLPP1

DSEL
KCNK15
EP300
NEB
ANKAR
SORCS2
HERC3
BDP1
GEMINS
CNTRL
CNTRL
ANXA8L2
NCAM1
PCDH9

PHLPP1

C190rf68
EP300
ANKAR
PDGFRB
GEMINS
TTYH3
KIF13B
CNTRL
CNTRL
WDRS
ANXA8L2
SYT12
PRB1
PCDH9

KANSL1

EP300

hgvs_p

p.Gly1184Ala
p.Glu57Lys
p.Arg396Lys
p.Leu769Phe
p.Val1057fs
p.Asn120Asp
p.Arg802His

p.Met13fs

p.Trp374*

p.Pro195_Ala196fs
p.Ala165Thr
p.Ala1430Val
p.Cys737Phe
p.Pro462Leu
p.Argd1_Pro42fs
p.Asp781Gly
p.Asp229Gly
p.Ala183Gly
p.Asp473Tyr
NULL

p.Leu769Phe

p.Pro24_Ala38del

p.Asn720Tyr
p.Pro266Arg
p.Pro16_Lys17fs
p.Tyr1749del
p.Cys737Phe
p.Asp83Gly
p.Glu76_GIn77fs
p.Pro1945fs
p.Pro462Leu
p.Asp781Gly
p.Asp229Gly
p.Ala183Gly
p.Asp473Tyr
p.Leu769Phe

p.Pro24_Ala38del

effect_seqontology
missense_variant
missense_variant
missense_variant
missense_variant
frameshift_variant
missense_variant
missense_variant
frameshift_variant
stop_gained
frameshift_variant
missense_variant
missense_variant
missense_variant
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frameshift_variant
missense_variant
missense_variant
missense_variant
missense_variant
splice_acceptor_variant
missense_variant

inframe_deletion

missense_variant
missense_variant
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inframe_deletion

missense_variant
missense_variant
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frameshift_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant

inframe_deletion

p.Arg313_Val314del disruptive_inframe_del..

p.Pro16_Lys17fs
p.Cys737Phe
p.Asp598Tyr
p.Prod62Leu
p.Gly521_Ser522fs
p.Arg1126Cys
p.Asp781Gly
p.Asp229Gly
p.Trp241Cys
p.Ala183Gly
p.Arg419Trp
p.Pro39Ala
p.Leu769Phe

NULL

p.Pro16_Lys17fs

frameshift_variant
missense_variant
missense_variant
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splice_donor_variant
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Table S1: List of variants identified for the four patient tumor samples; related to Figure 1: Note conserved
alterations in ANKAR, ANXA8L2, CNTRL, EP300, and GEMINS in the 2019 samples. Only the variant in PCDH9 was

common to all samples; this was not included in the avatar models because it was not predicted to alter protein function.



Table S2
sample

tumor-Oct-2019
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tumor-Oct-2019
tumor-Oct-2019
tumor-Oct-2019
tumor-Oct-2019
tumor-Oct-2019
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tumor-B-Jun-2019
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tumor-B-Jun-2019
tumor-B-Jun-2019
tumor-B-Jun-2019
tumor-B-Jun-2019
tumor-B-Jun-2019
tumor-B-Jun-2019
tumor-B-Jun-2019

Call
Type
loss
gain
loss
gain
loss
gain
gain
loss
gain
loss
gain
gain
loss
gain
loss
gain
gain
gain
loss
gain
loss
loss
loss
loss
loss
gain
loss
loss
gain
gain
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gain
loss
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gain
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loss
loss
gain
gain
gain
gain
loss
loss
loss
loss
loss
loss
loss
loss
loss
loss
gain
loss
loss
gain
gain
loss
gain
loss
loss
gain
loss
loss
loss
loss
loss
gain

Num

Genes

395
578
270
573
393
1412
126
1013
840
215
116
180
614
185
125
106
42
16
2
8
10
4
2
1
395
1331
179
393
1412
314
669
848
441
345
116

205
122
160
106
37
16

10

295
401
634

395
1331
179
188
1412
314
244
848
445
293
116
206
88
478
213
122
106

Seg
Chrom
chr12
chr1
chr14
chr1
chr1
chr7
chr18
chr15
chr1
chrb
chr18
chr1
chrb
chr18
chr1
chr1
chr1
chr14
chr1
chr12
chr1
chr18
chrX
chr2
chr12
chr1
chr14
chr1
chr7
chr18
chr15
chr1
chrb
chr15
chr18
chr14
chr5
chr1
chr
chr1
chr1
chr14
chr12
chr15
chr14
chr1
chrX
chr8
chr17
chr11
chr3
chr17
chr12
chr1
chr14
chr1
chr7
chr18
chr15
chr1
chrb
chr15
chr18
chr1
chr14
chr15
chr
chr1
chr1

seglL

39047434
152329836
54863537
196857031
13182741
192950
18531095
20739247
34497945
140865491
158449
145414532
60394569
44559124
5987459
861072
120611698
19377344
196743767
11174021
12908011
44554323
47917607
131413872
39047434
145414532
54863537
13182741
192950
18531095
42985064
34497945
123974576
20739247
158449
74326992
79733325
5987459
60240509
861072
121116437
19377344
11174021
42977064
74196093
12907011
47917607
190646
5757
192850
75785779
18291283
39047434
145414532
54866362
24424163
192950
18531095
79069536
34497945
122491328
20739247
158449
13182741
74326992
40917588
60394569
5987459
861072

segR

62261456
196716693
86090091
249212550
34401805
158937713
44497558
102359139
120548461
167182447
14852729
152329835
140865490
78005481
12908010
5969523
145368934
20296357
196801379
11286633
13001563
44555322
47920574
131415700
62261456
249212550
74194477
34401805
158937713
78005481
102359139
121116297
162945619
42977063
14852729
86090091
123973849
12888773
79733324
5969523
145368934
20296357
11286633
42985063
74206961
13001563
47920574
30242924
18287151
56128923
75787778
18395935
62261456
249212550
74194477
34401805
158937713
78005481
102359139
121116297
162945619
40913587
14852729
24411379
86090091
79063786
89990456
12888773
5969523

Seg
Len
23214023
44386858
31226555
52355520
21219065
158744764
25966464
81619893
86050517
26316957
14694281
6915304
80470922
33446358
6920552
5108452
24757237
919014
57613
112613
93553
1000
2968
1829
23214023
103798019
19330941
21219065
158744764
59474387
59374076
86618353
38971044
22237817
14694281
11763100
44240525
6901315
19492816
5108452
24252498
919014
112613
8000
10869
94553
2968
30052279
18281395
55936074
2000
104653
23214023
103798019
19328116
9977643
158744764
59474387
23289604
86618353
40454292
20174341
14694281
11228639
11763100
38146199
29595888
6901315
5108452

Segment
Cytoband

q12q14.1
q21.3931.3
q22.2931.3
q31.3944
p36.21p35.1
p22.3936.3
q11.1g21.1
q11.2926.3
p35.1p12
q31.3q34
p11.32p11.21
q21.1921.3
q12.1931.3
q21.1923
p36.31p36.21
p36.33p36.31
p11.2921.1
q11.2
q31.3
p13.2
p36.21
q21.1
p11.23
q21.1
q12q14.1
q21.1q44
422.2q24.3
p36.21p35.1
p22.3936.3
q11.1g23
q15.2926.3
p35.1p11.2
q23.2q34
q11.2915.2
p11.32p11.21
q24.3q31.3
q14.1g23.2
p36.31p36.21
q12.1g14.1
p36.33p36.31
p11.2921.1
q11.2
p13.2
q15.2
q24.3
p36.21
p11.23
p23.3p12
p13.3p11.2
p15.5012.1
p12.3
p11.2
q12q14.1
q21.1q44
422.2924.3
p36.11p35.1
p22.3936.3
q11.1g23
§25.1926.3
p35.1p11.2
q23.2q34
q11.2915.1
p11.32p11.21
p36.21p36.11
q24.3931.3
q15.1925.1
q12.1914.3
p36.31p36.21
p36.33p36.31

Tumor Num
Copies
1.3088
2.6268
1.3071
2.6372
1.3214
2.6379
2.6021
1.3155
2.6399
1.4964
3.8927
2.5896
1.4549
2.6297
1.3051
2.7424
25783
3.1031
1.1489
2.0581
0.0565
0.0014
0.0064
0.0115
1.1526
2.8002
1.1513
11775
2.6028
2.5895
1.1594
2.8008
1.5554
1.1552
3.8233
1.1545
1.3682
1.1786
15339
3.0759
2.7728
2.3845
2.0068
1.1922
1.1567
0.0433

0
1.8007
1.8082
1.7992
0.0096
1.3259
1.1898
2.7593
1.1794

1.211
2.6255
2.6095
1.2001
2.7527
1.5062
1.1763
3.9075
1.2163
1.1811
1.1926
1.4784
1.2146
3.0404

Tumor Num
Copies_ciLow
1.3027
26182
1.3013
2.6328
1.3169
2.6327
2.5939
1.3111
2.6347
1.4917
3.8809
2.5764
1.4524
2.6192
1.2988
2.7338
2.5486
3.0291
1.1152
1.9823
0.0507
0.0012
0.0059
0.0105
1.1475
2.7877
1.1466
11715
2.5908
2.5789
1.1546
2.7886
1.5481
1.1515
3.807
1.1483
1.3618
11727
1.5258
3.0619
2.7478
2.3168
1.9197
1.1484
1.101
0.0399
0
1.7915
1.8023
1.7873
0.0083
1.2337
1.1869
2.7489
11731
1.2062
2.6116
2.5998
1.1934
2.7364
1.5006
1.1689
3.8853
1.2129
11744
1.1833
14702
1.2079
3.0221

Tumor Num
Copies_ciHigh
1.3143
2.6314
1.3111
2.6437
1.3257
2.6443
2.6131
1.3198
2.6449
1.501
3.9044
2.5998
1.4595
2.6418
1.3114
2.7503
2.6098
3.2005
1.183
2.1423
0.0639
0.0015
0.0068
0.0125
1.1561
2.8078
1.1581
1.1859
26117
2.5976
1.1697
2.8145
1.5595
1.1621
3.8418
1.1587
1.377
1.1859
1.5405
3.0942
2.8062
2.469
21123
1.2691
1.2223
0.0451
0
1.8084
1.8157
1.8075
0.0105
1.4274
1.1947
2.7681
1.1846
1.2178
2.6337
2.6272
1.2064
2.7689
1512
1.1841
3.9292
1.2203
1.1864
1.1971
1.4894
1.2195
3.0619



tumor-B-Jun-2019 gain 37 chr1 121116437 145368934 24252498 p11.2921.1 2.77 2.7297 2.798

tumor-B-Jun-2019 loss 147 chrd 89992504 122435906 32443403 q14.3q23.2 1.3518 1.3437 1.3563
tumor-B-Jun-2019 gain 16 chr14 19377344 20296357 919014 q11.2 2.3562 2.2822 24738
tumor-B-Jun-2019 gain 8 chr12 11174021 11286633 112613 p13.2 1.9849 1.8989 2.0369
tumor-B-Jun-2019 loss 1 chr14 74196093 74206961 10869 q24.3 1.1603 0 1.2757
tumor-B-Jun-2019 loss 1 chr15 79063787 79069433 5647 q25.1 1.1365 1.0675 1.1912
tumor-B-Jun-2019 loss 1 chr15 40913588 40917587 4000 q15.1 1.1748 1.1129 1.2248
tumor-B-Jun-2019 loss 10 chr1 12907011 13001563 94553 p36.21 0.1924 0.1692 0.687
tumor-B-Jun-2019 loss 1 chr1 24412884 24422226 9343 p36.11 1.1673 1.122 1.2056
tumor-B-Jun-2019 loss 2 chrxX 47917607 47920574 2968 p11.23 0.0012 0.0011 0.0014
tumor-B-Jun-2019 loss 3 chr2 131413872 131487474 73603 q21.1 1.6924 1.5345 1.9158
tumor-B-Jun-2019 loss 295 chr8 190646 30242924 30052279 p23.3p12 1.8051 1.7991 1.8129
tumor-B-Jun-2019 loss 2 chrd 75785779 75787778 2000 p12.3 0.0116 0.0101 0.0133

Table S2: GATK4 somatic gene variant analysis; related to Figure 1: SCNV segmentation profiles of 2019 specimens

as determined by the GATK4 somatic CNV algorithm.



Table S3

chrom pos ref alt gene symbol transcript protein change
chr1 6947717 C T CAMTA1 NM_001242701.1 p.Leu80Phe
chr1 14106394 A ACTC PRDM2 NM_012231.4 p.Pro703dup
chr1 14143003 A G PRDM2 NM_001135610.1 p.GIn198Arg
chr1 15832543 T C CASP9 NM_001229.4 p.GIn221Arg
chr1 15850613 G A CASP9 NM_001229.4 p.Ala28Val
chr1 17991052 T C ARHGEF10L NM_018125.3 p.Trp991Arg
chr1 18023690 A G ARHGEF10L NM_018125.3 p.le1219Val
chr1 23885498 T C D3 NM_002167.4 p.Thr105Ala
chr5 68695940 T G RAD17 NM_133339.2 p.Leub57Arg
chr5 112176756 T A APC NM_000038.5 p.Val1822Asp
chr12 49447416 G C KMT2D NM_003482.3 p.Arg228Gly
chr15 40477831 G A BUB1B NM_001211.5 p.Arg349GIn
chr15 40898643 G C KNL1 NM_170589.4 p.Arg43Thr
chr15 40903684 A G KNL1 NM_170589.4 p.Thr113Ala
chr15 40913840 G T KNL1 NM_170589.4 p.Ala486Ser
chr15 40914177 T C KNL1 NM_170589.4 p.Met598Thr
chr15 40915190 A G KNL1 NM_170589.4 p.Arg936Gly
chr15 40916237 A G KNL1 NM_170589.4 p.Lys1285Glu
chr15 40916801 A G KNL1 NM_170589.4 p.Thr1473Ala
chr15 74328116 A G PML NM_033239.2 p.Ser772Gly
chr15 74328206 G C PML NM_033239.2 p.Ala802Pro
chr15 74336633 T C PML NM_033238.2 p.Phe645Leu
chr15 89876827 T TTGC POLG NM_001126131.1 p.GIn53dup

Table S3: COSMIC Cancer Gene Census analysis of germline variants; related to Figure 1: The
list of germline variants in annotated tumor suppressor genes (TSGs) by COSMIC Cancer Gene
Census were also examined for the loss of SCNV status to identify any bi-allelic inactivated gene
candidates. The sole germline variant with gnomAD allele frequency <= 0.1% in a loss SCNV segment
(KMT2D p.Arg228Gly) was found to have lost the mutant allele, not the wild type allele. We therefore

did not identify any functionally relevant, bi-allelic inactivated TSGs in the 2019 specimens.



Table S4

Sample Median Usable Median Insert Num Pf Aligned Pf Aligned Pf Duplication
sample Type Calling Depth Size Clusters Reads Count  Reads-Percent Percent
normal-blood normal 89 313 57,234,845 114,264,257 99.82 2217
tumor-2016 tumor 230 254 193,039,303 385,778,108 99.92 39.23
tumor-A-Jun-2019 tumor 207 273 134,992,302 269,516,884 99.83 2483
tumor-B-Jun-2019 tumor 184 289 122,795,895 245,068,214 99.79 24.88
tumor-Oct-2019 tumor 403 282 263,307,126 524,690,393 99.63 25.8

Target Bases Target Bases Target Bases Target Bases Target Bases = Target Bases Target Bases

sample Percent_1X  Percent_10X Percent_ 20X  Percent_30X Percent_40X Percent_50X Percent_60X
normal-blood 99.05 98.43 97.77 96.92 95.4 91.95 85.29
tumor-2016 99.47 99.29 99.09 98.79 98.34 97.69 96.78
tumor-A-Jun-2019 99.09 98.63 98.28 97.95 97.62 97.29 96.9
tumor-B-Jun-2019 99.09 98.58 98.16 97.77 974 96.99 96.48
tumor-Oct-2019 99.15 98.88 98.77 98.69 98.62 98.56 98.5

Table S4: Quality control metrics; related to Figure 1: The sequencing QC metrics of tumor and

matching normal patient specimens used in the study.



Table S5

Hairpins selected to target each gene, full hairpin sequences

gene name miR-1 flank 5' (21nt)
generic CCATATTCAGCCTTTGAGAGT
ft CCATATTCAGCCTTTGAGAGT
cluster 012.1 kug CCATATTCAGCCTTTGAGAGT
Xpd CCATATTCAGCCTTTGAGAGT
ft CCATATTCAGCCTTTGAGAGT
cluster 012.2 kug CCATATTCAGCCTTTGAGAGT
Xpd CCATATTCAGCCTTTGAGAGT
gene hame
ft
cluster 012.1 kug
Xpd
ft
cluster 012.2 kug
Xpd

Spacer sequences

Variable Passenger (21nt)

CTGGCTAAGTGTGGACAGAAA
CAGAGGTTAAGTATAGGATAA
CCCGAAGATACTCGATTTCGA

AACGGGTGAGGTGAAGACCAA
ATCATGGGTGAACCATCAGAA
CCAGGTGACCATTTCGTCCAA

spacer name derived from sequence
G-WALF vectar actctgaatagggaattgggaattgagatctgtictaga
G39.1 miR-1 agtagtgccaccaaaagttagecgegttgtggaaaatce
G39.2 miR-279 gagggaaatggagaacgcaaaaatcccattataatggaa
G39.4 miR-8 acaaataatgttgcaataace caatggaat
G-WALR vector tagcggccgcaagaattcaggogaga

Fully assembled cluster sequences

Loop (18nt)
TAGTTATATTCAAGCATA
TAGTTATATTCAAGCATA
TAGTTATATTCAAGCATA
TAGTTATATTCAAGCATA

TAGTTATATTCAAGCATA
TAGTTATATTCAAGCATA
TAGTTATATTCAAGCATA

GWAL-F ft G39.1 kug
CCATATTCAGCCTTTGAGA
CCATATTCAGCCTTTGAGAGTCT GTCAGAGGTTAAGTATAGG
GGCTAAGTGTGGACAGAAATAGT ATAATAGTTATATTCAAGCA
actctgaatagggaa TATATTCAAGCATATTTCTGTCCA TATTATCCTATACTTAACCT
ttgggaattgagatc CACTTAGCCAGGCGAAATCTGGC ag cace cgegtty CTGGCGAAATCTGGCGAGA
012.1 tgttctaga GAGACATCG tggaaaatcc CATCG
CCATATTCAGCCTTTGAGA
CCATATTCAGCCTTTGAGAGTAA GTATCATGGGTGAACCATC
CGGGTGAGGTGAAGACCAATAG AGAATAGTTATATTCAAGC
actctgaatagggaa TTATATTCAAGCATATTGGTCTTC ATATTCTGATGGTTCACCCA
ttgggaattgagatc ACCTCACCCGTTGCGAAATCTGG agtagtgccaccaaaagttagccgegtty TGATGCGAAATCTGGCGAG
012.2 tgttctaga CGAGACATCG tggaaaatcc ACATCG
012.1 actc t
012.2

Table S5: Construction of knockdown vectors; related to Figure 1. Sequences for the hairpin, spacer and assembled

Variable Guide (21nt)

miR-1 flank 3' (21nt)

TTTCTGTCCACACTTAGCCAG
TTATCCTATACTTAACCTCTG
TCGAAATCGAGTATCTTCGGG

TTGGTCTTCACCTCACCCGTT
TTCTGATGGTTCACCCATGAT
TTGGACGAAATGGTCACCTGG

G39.2

gagggaaatggagaacgcaaaaatece
attataatggaa

gagggaaatggagaacgcaaaaatcce
attataatggaa

GCGAAATCTGGCGAGACATCG
GCGAAATCTGGCGAGACATCG
GCGAAATCTGGCGAGACATCG
GCGAAATCTGGCGAGACATCG

GCGAAATCTGGCGAGACATCG
GCGAAATCTGGCGAGACATCG
GCGAAATCTGGCGAGACATCG

CCATATTCAGCCTTTGAGAGTCTGGCTAAGTGTGGACAGAAATAGTTATATTCAAGCATATTTCTGTCCACACTTAGCCAGGCGAAATCTGGCGAGACATCG
CCATATTCAGCCTTTGAGAGTCAGAGGTTAAGTATAGGATAATAGTTATATTCAAGCATATTATCCTATACTTAACCTCTGGCGAAATCTGGCGAGACATCG
CCATATTCAGCCTTTGAGAGTCCCGAAGATACTCGATTTCGATAGTTATATTCAAGCATATCGAAATCGAGTATCTTCGGGGCGAAATCTGGCGAGACATCG

CCATATTCAGCCTTTGAGAGTAACGGGTGAGGTGAAGACCAATAGTTATATTCAAGCATATTGGTCTTCACCTCACCCGTTGCGAAATCTGGCGAGACATCG
CCATATTCAGCCTTTGAGAGTATCATGGGTGAACCATCAGAATAGTTATATTCAAGCATATTCTGATGGTTCACCCATGATGCGAAATCTGGCGAGACATCG
CCATATTCAGCCTTTGAGAGTCCAGGTGACCATTTCGTCCAATAGTTATATTCAAGCATATTGGACGAAATGGTCACCTGGGCGAAATCTGGCGAGACATCG

Xpd G39.4 GwalrR

CCATATTCAGCCTTTGAGAGTCC
CGAAGATACTCGATTTCGATAGT acaaataatgt
TATATTCAAGCATATCGAAATCG tgcaataacca tageggeege
AGTATCTTCGGGGCGAAATCTG gttgaaaccaa aagaattcag
GCGAGACATCG tggaat gegaga

CCATATTCAGCCTTTGAGAGTCC
AGGTGACCATTTCGTCCAATAGT acaaataatgt
TATATTCAAGCATATTGGACGAA tgcaataacca tagcggeege
ATGGTCACCTGGGCGAAATCTG gttgaaaccaa aagaattcag
GCGAGACATCG tggaat gcgaga

ctgttctagaCCATATTCAGCCTTTGAGAGTCTGGCTAAGTGTGGACAGAAATAGTTATATTCAAGCATATTTCTGTCCACACTTAGCCAGGCGAAATCTGGCGAGACATCGagtagtgccaccaaaagttageegegttg
actctgaatagggaattgggaattgagatctgttctagaCCATATTCAGCCTTTGAGAGTAACGGGTGAGGTGAAGACCAATAGTTATATTCAAGCATATTGGTCTTCACCTCACCCGTTGCGAAATCTGGCGAGACATCGagtagtgccaccaaaagttagcegegttg

knockdown vectors are listed for CPCT012.1 and CPCT012.2. The assembled vector was then placed into a

transformation vector as described in Materials and Methods.



Transparent Methods

Enrollment: This work was regulated by a biorepository protocol that managed specimen acquisition, processing
and inventory and a separate protocol that governed analysis of genome data, model building validation and drug
screening. Patient treatment was regulated by a third protocol and a personalized treatment consent written for the
therapy recommended by the multidisciplinary tumor board. All protocols and consent forms were approved by the
Mount Sinai Institutional Review Board.

Whole exome sequencing: Genome assays were performed on a fresh frozen tumor specimen and whole blood
collected at the time of consent to serve as a patient matched normal (i.e. germline) control. Protocols for sample

processing, genomic assays and analysis were as previously described (Uzilov et al., 2016; Bangi et al., 2019).

Paired-end (2x100 nt) whole exome sequencing (WES) was carried using lllumina HiSeq 2500 or 4000
instruments. Hybridization capture was carried out using SureSelect Human All Exon V5 (Agilent) for the 2016
specimen and Twist Human Core Exome for all three 2019 specimens. Libraries for tumor and normal samples
were multiplexed in a 2:1 or 3:1 ratio of tumor to normal. The same normal (blood) sample was used as the matching

normal for all four tumor specimens. Full details of the resulting sequencing QC result are given in Table S4.

Alignment of de-multiplexed FASTQ files and calling of molecular variants (somatic or germline SNVs and
small insertions/deletions) were carried out using a Sema4 in-house pipeline (Tigris version 2.2.0). This pipeline
implemented Broad Institute’s best practices for running the Genome Analysis Toolkit (GATK) version 4.0.4.0
(McKenna et al., 2010; DePristo et al., 2011). The pipeline was written in Workflow Description Language (WDL)
and executed using the Cromwell workflow engine using the Amazon AWS Batch backend. Sequencing reads were
aligned to the hg19 human reference genome (UCSC Genome Browser Downloads, no date) using BWA-MEM
version 0.7.17 (Li, 2013), duplicate reads were marked out using Picard MarkDuplicates (Picard, no date), and base
quality recalibration was carried out using GATK4’s BaseRecalibrator, resulting in BAM files used for all further
analysis. Somatic mutations were called using GATK4’s Mutect2 in tumor/normal analysis mode with default
settings, then filtered using GATK4’s FilterMutectCalls and FilterByOrientationBias. The resulting VCFs were
loaded into a custom MySQL database schema using in-house scripts and annotated using RVS (Hakenberg et al.,
2016) and SnpEff 4.0b (Cingolani et al., 2012), using the Ensembl version 75/GRCh37 resource bundle. The
germline protein-altering variant KMT2D (p.Arg228Gly) was manually reviewed in IGV (Thorvaldsdottir, Robinson
and Mesirov, 2013) to inspect supporting alignment quality. Of note, the WES sequencing hybridization capture
region was different in the 2016 specimen, and we could only apply GATK4 Somatic CNV to the 2019 specimens
(Figure S1).

Somatic copy number variants (SCNV) calling and analysis: All 2016 and 2019 specimens were analyzed for
SCNV using saasCNV (Zhang and Hao, 2015). In addition, since we have internal normal (blood) samples from
other individuals sequenced via the same hybridization capture kit (Twist Human Core Exome) similar to the three
2019 specimens, we were able to create a panel of control samples; we therefore used GATK4 somatic CNV as
an alternative sCNV calling tool to confirm the sCNV in all three 2019 specimens. NOTCH1 amplification was
functionally confirmed by identifying nuclear-localized protein using immunohistochemical assays on tumor sections

using previously described staining and scoring protocols (Donovan et al., 2009; Bangi et al., 2019).


https://paperpile.com/c/QUTpbY/AnPMJ+2gMa2
https://paperpile.com/c/QUTpbY/CtDCe+BbsEx
https://paperpile.com/c/QUTpbY/F1F4b
https://paperpile.com/c/QUTpbY/frVp2
https://paperpile.com/c/QUTpbY/M9Ta2
https://gatkforums.broadinstitute.org/gatk/discussion/11136/how-to-call-somatic-mutations-using-gatk4-mutect2#4
https://paperpile.com/c/QUTpbY/J7Cx4
https://paperpile.com/c/QUTpbY/J7Cx4
https://paperpile.com/c/QUTpbY/Ie1br
https://paperpile.com/c/QUTpbY/hNKiq
https://paperpile.com/c/QUTpbY/hNKiq
https://paperpile.com/c/QUTpbY/IXxOy
https://paperpile.com/c/QUTpbY/oTmgV+2gMa2

Model Building and Validation: In order to generate the patient model, a previously reported multigenic Drosophila
transformation vector (Ni et al., 2011; Bangi et al., 2019) that contains three UAS cassettes was used. Each UAS
cassette in the vector contains a unique multiple cloning site (MCS) flanked by a UAS promoter and SV40
transcription terminator sequence. The coding sequence for the truncated MYB protein observed in the patient was
generated by PCR from a cDNA clone of the human MYB gene using the following forward and reverse primer
sequences respectively: atgcGGCCGGCCcaaaATGGCCCGAAGACCCCG and
atgcTTAATTAATTACTGCAAGGGGCTCGCCA. These primers also included restriction sites for enzymes Fsel and
Pacl to the 5" and 3" ends of the product respectively, which were used to clone the amplified product into MCS1

of the multigenic vector (Figure 1D).

For gene knockdown, our previously established synthetic short hairpin cluster design where individual short
hairpins were separated by spacer sequences found 5" to well expressed endogenous microRNAs in the Drosophila
genome. Criteria for short hairpin selection and the protocol for short cluster design have both been previously
reported (Vert et al., 2006; Ni et al., 2011; Bangi et al., 2019). In order to increase the likelihood of success, two
synthetic clusters that target the same three genes using different short hairpin sequences were designed (012.1
and 012.2). The hairpin, spacer and final cluster sequences can be found in Table S5. Cluster synthesis was
outsourced to GENEWIZ. Sequence confirmed synthetic clusters 012.1 and 012.2 were separately cloned into a
UAS cassette of the multigenic vector that already contained the truncated human MYB coding sequence using
Xbal and Notl enzymes using restriction sites that were appended to the 5° and 3" ends of the clusters respectively.
The UAS cassette that the clusters cloned into was specifically designed for short hairpin expression (Vert et al.,
2006; Ni et al., 2011; Bangi et al., 2019). The resulting two multigenic vectors both contained the same MYBAC
transgene and a different hairpin cluster targeting the same three genes using different hairpin sequences (Table
S5).

After the final vectors were sequence confirmed, transgenic flies were generated by PhiC31-mediated
targeted integration (Bischof et al., 2007) into the second Drosophila chromosome using the landing site attp40.
Tranegensis was outsourced to BestGene. After transgenic lines containing the multigenic vectors were generated,
a previously established UAS-Notch line on chromosome three (Matsuno et al., 2002) was introduced into the
multigenic vector background to generate the final patient models: w; UAS-multigenic [UAS-MYBAC, UAS-
3sh(Xpd,ft,kug)] attp40; UAS-N/S-T, Cy, Hu, Th.

The efficacy of gene knock-down induced by the hairpin clusters were evaluated by qPCR analysis.
Experimental animals were generated by crossing patient models containing hairpin clusters 012.1 and 012.2 to a
ubiquitously expressed gal4 line that also contains a gal80® (tub-gal4, tub-gal80%) to transiently induce transgene
expression for three days during larval development. Whole larvae with genotypes 1) tub-gal4, tub-gal80>UAS-
012.1; UAS-N 2) tub-gal4, tub-gal80>UAS-012.2; UAS-N, and 3) tub-gal4, tub-gal80'/+ as controls were collected
for RNA extraction (three biological replicates per genotype; six larvae per replicate) and stored in 300 ul RNALater
(Life Technologies). For RNA extraction, Qiagen’s RNeasy Plus Kit with RNase-free DNase Set for on-column DNA
digestion was used following the manufacturer’s instructions. RNA concentration was measured using Qubit. For
gPCR analysis, 1 pg of RNA per replicate was used to generate complementary DNA (cDNA) using the High-
Capacity RNA-to-cDNA kit (Life Technologies). gPCR assays were performed using the PerfeCTa SYBR Green
FastMix for 1Q (VWR Scientific). To identify the best housekeeping control, a panel of 5 candidate genes (rpl32,


https://paperpile.com/c/QUTpbY/bJGrP+2gMa2
https://paperpile.com/c/QUTpbY/bJGrP+2gMa2+gg4rK
https://paperpile.com/c/QUTpbY/bJGrP+2gMa2+gg4rK
https://paperpile.com/c/QUTpbY/bJGrP+2gMa2+gg4rK
https://paperpile.com/c/QUTpbY/CDOfs
https://paperpile.com/c/QUTpbY/vM42l

hsp83, sdha, rpl13a and cyp33) were assayed. Of these, rpll3a produced the most robust and consistent result
across replicates and genotypes and was selected as the housekeeping control. gPCR data were analyzed using
the AAC(t) method as previously described (Sopko et al., 2014).

Quantifying ptc>CPCT012: Wing discs from wandering w" (control) and ptc>CPCTO012 L3 larvae grown at 27 °C
were fixed with 4% paraformaldehyde, mounted with Vectashield plus DAPI and imaged on a Leica DM5500 Q
microscope. The same exposure (220 ms, 545 ms) and gain (2.8, 6.0) was used within each channel for all images.
The ptc region was quantified using FIJI (ImageJ, v2.1.0) and represented as a ratio of the ptc region to total wing
disc area to account for varying sizes of each individual wing disc. An outline was drawn around (i) the ptc region
(GFP) or (ii) the entire wing disc (DAPI) manually using the freehand selection tool to exclude extraneous signal
from the peripodial membrane, trachea, etc. Areas within the outlines were measured by establishing a threshold
(adjust—threshold), then quantifying the GFP-labeled area (analyze—analyze particles). Area Ratios were

calculated, graphed, and analyzed by Student’s t-test (Microsoft Excel).

Drug Screening: Focused FDA Library was custom-made in house using drugs individually purchased as powder
from Selleck Chemicals, LC Laboratories, TOcris Bioscience or MedChemExpress depending on availability. Stock
solutions were made by dissolving drugs in water or 100% dimethyl sulfoxide (DMSQO) at the highest possible
concentration based on solubility information provided by the manufacturers. For each drug, the highest dose with
no discernible toxicity (Maximum Tolerable Dose or MTD) on wildtype animals was selected for screening. Full FDA
Library used for this patient was purchased from Selleck Chemicals in a 96-well format (100 pl of 10 mM solution).
Both libraries were aliquoted into 384-well plates for screening. Drug screens were conducted at a single dose for
each drug for both libraries along with DMSO and no DMSO controls (8 replicates per condition for Focused FDA

screens and 4 replicates per condition for the Full FDA screens)

Drug-food was prepared using the PerkinElImer automated liquid handling workstation by mixing 0.7 pl of
drug from the screening plate with 700 ul of semi-defined Drosophila medium (recipe available from the
Bloomington Drosophila Stock Center) in 12 mm by 75 mm round-bottom test tubes (Sarstedt). As a result, each

drug was diluted 1:1000 in the food, also bringing the DMSO concentration to 0.1% .

Drug food for combination screens were prepared by first adding 0.7 ul of 18 mM tofacitinib into each tube
followed by 0.7 pl of each drug in the library and finally 700 pl Drosophila medium and mixing by repeated pipetting
using the PerkinElmer automated liquid handling workstation, resulting in a 1:1000 dilution of each drug in the food
and a DMSO concentration of 0.2%. Drug food for hit retests were prepared by hand, using a new batch of powder

drug.

Experimental animals for drug screening were generated from the following cross: w/Y; UAS-012.2; UAS-N
X w; ptc-gal4, tub-gal80® and directly aliquoted into the drug-food tubes as embryos after the food was solidified.
Crosses were set up en masse in cages which produced embryos for four to five consecutive days laid on apple-
juice plates supplemented with fresh yeast paste. Egg lays were performed at 22 °C for 24 hours to minimize
transgene expression during embryogenesis and prevent embryonic lethality or irreversible developmental defects

that could not be rescued by drug feeding during larval development.

Embryos were collected from fresh apple juice plates every day and embryo suspensions were generated in

an “embryo buffer” designed to minimize embryo clumping and setting while aliquoting (15% glycerol, 1% Bovine


https://paperpile.com/c/QUTpbY/Fn6ch

Serum Albumin, 0,1% Tween-20 in water). 7.5-10 yl embryo suspension was added to each drug-food tube using

a single-channel, variable volume multi-dispense electronic pipette.

After the embryos were aliquoted, drug tubes were transferred to 29 °C to induce transgene expression.
Tubes were scored for survival to adult stage 12 days later by counting both total number of experimental pupae
(EP) and those that were empty, which reflected the number of experimental adults (EA). Drugs that showed
significantly higher survival to the adult stage compared to controls based on multiple t tests (PRISM software) were

considered hits.
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