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Abstract

The identification of activating mutations in NOTCHZ1 in 50% of T cell acute lymphoblastic
leukemia has generated interest in elucidating how these mutations contribute to oncogenic
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transformation and in targeting the pathway. A phenotypic screen identified compounds that
interfere with trafficking of Notch and induce apoptosis via an endoplasmic reticulum (ER) stress
mechanism. Target identification approaches revealed a role for SLC39A7 (ZIP7), a zinc transport
family member, in governing Notch trafficking and signaling. Generation and sequencing of a
compound-resistant cell line identified a V430E mutation in ZIP7 that confers transferable
resistance to the compound NVS-ZP7-4. NVS-ZP7-4 altered zinc in the ER, and an analog of the
compound photoaffinity labeled ZIP7 in cells, suggesting a direct interaction between the
compound and ZIP7. NVS-ZP7-4 is the first reported chemical tool to probe the impact of
modulating ER zinc levels and investigate ZIP7 as a novel druggable node in the Notch pathway.

Advances in genomics have led to many new medicines through target-based approaches®-2.
But not all proteins have validated as good drug targets and not all target-based screens
identify ligands. For example, many oncogenes in cancer, for example, MYCand RAS,
remain undrugged?, and identifying ligands does not guarantee a path to molecules with the
desirable disease modulation properties. The Notch signaling family of proteins is a good
example of both challenges. Notch signaling is a conserved cell-cell communication
pathway important in development and differentiation®. ldentification of oncogenic
activating Notch1 mutations in over 50% of T cell acute lymphoblastic leukemia (T-ALL)®
and constitutive activation of the pathway in mantle cell lymphoma and chronic lymphocytic
leukemia as well as some solid tumors has generated interest in this pathway®7. When a
Notch receptor interacts with a ligand on an adjacent cell, the receptor is cleaved at the S2
site in the negative regulatory region by an ADAM metalloprotease. This cleavage generates
the substrate for the subsequent cleavage by the gamma-secretase complex and release of the
intracellular domain (ICD) of Notch for translocation to the nucleus8-19. Targeting of Notch
signaling with gamma-secretase inhibitors has met with challenges in the clinicl112, mostly
due to dose-limiting side effects1314, In addition, the pathophysiology of Notch alterations
in cancer is complex and not fully understood’. Therefore, we sought to identify additional
modulators of Notch signaling through phenotypic screening and use these tools to provide
insights into Notch regulation. The screening of small-molecule libraries against cellular
pathways has re-emerged as a credible drug discovery strategy®16, particularly when
coupled with rigorous hit triage and follow-up on molecular targets and mechanism of
actionl”.18, Phenotypic screening can yield chemical probes, new druggable nodes, new
connections between biological targets and disease as well as accelerate testing of these
connections in translational models®-21,

We describe the discovery of a low molecular weight probe of SLC39A7, a Zrt-, Irt-like
protein zinc transport family member ZIP722:23 through a phenotypic screen for inhibitors
of the Notch signaling pathway. Treatment of cells with the NVS-ZP7-4 class of
compounds, led to ER stress, interfered with trafficking of Notch to the cell surface, and
induced apoptosis in T-ALL cells. Multiple approaches validated ZIP7 as the target of these
compounds, including generation of a compound-resistant cell line and photoaffinity
labeling of ZIP7. NVS-ZP7-4 increased ER zinc levels, suggesting functional modulation of
ZIP7. Two families of zinc transporters control zinc homeostasis in cells?42%, The SLC30
(ZnT) proteins transport zinc from the cytoplasm to organelles or extracellular space. The
SLC39 (ZIP) transporters are responsible for zinc transport into the cytoplasm from the
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extracellular space or out of organelles. The ZIP and ZnT families of zinc transporters play
critical roles in cellular and physiological functions, and have been linked to Notch biology,
in flies?6, NVS-ZP7-4 is the first chemical tool to probe this important yet poorly

understood biology and further investigate ZIP7 as a druggable node in the Notch pathway.

Identification of small-molecule Notch inhibitors.

We screened a subset of the Novartis chemical library (~1.2 x 108 compounds) to identify
inhibitors of Notch signaling using U20S cells containing a HES-Luciferase (HES-Luc)
Notch reporter gene, and a tetracycline (Tet)-inducible Notch ICD. Treatment of cells with
doxycycline led to the production of the ICD and activation of HES-Luc. Compounds with
known mechanisms unrelated to Notch and possessing highly reactive or promiscuous
moieties were removed. Hits were then tested in a Notch co-culture assay, where human
cervical cancer C33A cells containing a HES-Luc reporter were co-cultured with L cells
expressing the Notch ligand Jagged 127, The screen resulted in the selection of NVS-ZP7-1
(1), which blocked Notch signaling in a concentration dependent manner (Supplementary
Fig. 1a). The enantiomer NVS-ZP7-2 (2) was prepared and found to be inactive; confirming
that the biological activity of this scaffold is stereospecific (Supplementary Fig. 1b). Further
studies of the structure activity relationship of the scaffold showed that replacement of the
benzoxazine of NVS-ZP7-1 by a quinazolinone (NVS-ZP7-3) (3) offered a modest
improvement in activity, and subsequent fluorination of the aminobenzothiazole (NVS-ZP7-
4) (4) (Fig. 1a) or replacement with a 3,4-difluorobenzamide moiety further improves
activity (NVS-ZP7-5) (5). Diazirine-containing analogs (for example, NVS-ZP7-6 (6))
were generated for proteomics. Loss of the 2-hydroxyl group (NVS-ZP7-7) (7) had little
impact on activity, while heterocyclic benzamides were found to be inactive (NVS-ZP7-8)
(8) (Supplementary Fig. 1).

Notch signaling is constitutively active in T-ALL cell lines, such as HPB-ALL, with
activating mutations in the HD and PEST domains®. NVS-ZP7-1 treatment of HPB-ALL
cells, dose dependently inhibited mMRNA expression of the well-characterized Notch target
genes, DeltexI and Notch3 (Fig. 1b). NVS-ZP7-1 was less potent than DAPT, a gamma-
secretase inhibitor, and known Notch signaling modulator. In contrast to DAPT, treatment of
HPB-ALL cells with NVS-ZP7-1 resulted in decreased levels of Notchl on the cell surface
as monitored by flow cytometry (Fig. 1c). To further understand the effects of NVS-ZP7-1
on Notch signaling we monitored the various forms of the Notch receptor by western
blotting. NVS-ZP7-1, but not its enantiomer, NVS-ZP7-2, reduced the levels of the Notch
ICD similarly to DAPT (Fig. 1d). Notch is synthesized in the ER and is cleaved by a furin-
like convertase in the frans-Golgi network generating an extracellular domain that can be
detected by an antibody to the amino (N) terminus of the receptor®. Treatment of HPB-ALL
cells with NVS-ZP7-1 resulted in detection of multiple altered mobility forms of full length
(FL) Notchl that were not observed on DAPT treatment (Fig. 1d). Use of a Notchl antibody
that detects an epitope in the carboxy (C) terminus, allowed us to monitor effects of
compound treatment on FL non-furin-cleaved Notchl (FL Notchl) as well as the
transmembrane ICD form of Notch1 generated on furin cleavage (TM Notchl).
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Interestingly, treatment of Notch mutant MT-3 cells?® with NVS-ZP7-3 resulted in a clear
increase in levels of FL Notchl (Fig. 1e) suggesting furin processing of Notchl in the Golgi
was inhibited by compound treatment.

NVS-ZP7 selectively induces apoptosis and ER stress.

To characterize antiproliferative effects of the NVS-ZP7 compounds in T-ALL cell lines we
first assessed NVS-ZP7-1 and NVS-ZP7-2 in a series of orthogonal assays. Induction of
cleaved PARP (Supplementary Fig. 2a,b) and caspase 3/7 activity (Supplementary Fig. 2c)
was observed in the Notch3 mutant TALL-1 cells?? but not in the Notch wild type SUPT11
cells®. We also demonstrated that NVS-ZP7-1 induced apoptosis and cell death in a
propidium iodide and annexin V fluorescence-activated cell sorting (FACS) assay
(Supplementary Fig. 2d,e). To extend these observations we tested a more potent compound,
NVS-ZP7-3, in a panel of T-ALL cell lines that differed in their Notch mutation status.
Compound treatment resulted in significant increases in dead and apoptotic cells in the
annexin V/Pl FACS assay in three of four Notch mutant cell lines but in none of the Notch
wild type lines (Fig. 2a). P12-Ichikawa cells have a unique activating mutation in Notchl
with a 12-amino acid insertion between the negative regulatory region and the
transmembrane domain®. Interestingly, treatment of P12-Ichikawa cells with NVS-ZP7-3
did not result in an increase in dead/apoptotic cells and this lack of sensitivity may be due to
their unique mutation.

To further characterize the mechanism of action of these compounds, microarray analysis
was used to compare gene expression profiles of mutant and wild type Notch T-ALL cell
lines treated with NVS-ZP7-3. The number of significantly changing gene probe sets
(adjusted £< 0.001 and a fold change greater than two) was higher in T-ALL cell lines that
undergo apoptosis/cell death (RPMI-8402 and TALL-1) following compound treatment (Fig.
2b and Supplementary Fig. 3). Comparison of expression changes identified 133 genes
common to TALL-1 and RPMI-8402 and gene-set enrichment analysis revealed effects on
ER unfolded protein response (UPR) and N-linked glycosylation (Fig. 2¢,d and
Supplementary Dataset 1). To confirm the microarray profile and demonstrate induction of
UPR in the NOTCHZ1-mutant RPMI-8402 cell line, we monitored mRNA and protein
readouts of this pathway detecting increased levels of HSPA5 (BIP)and DDIT3 (CHOP)
mMRNA as well as spliced XBP1 and phosphorylation of EIF2 (Supplementary Fig. 4). As
positive controls for ER stress, we treated cells with thapsigargin, a specific inhibitor of
sarcoplasmic/endoplasmic reticulum Ca2*-ATPase (SERCA) and/or tunicamycin, an
inhibitor of N-glycosylation, and observed similar induction of UPR mRNA and protein
markers (Supplementary Fig. 4b,d). However, not all ER stress-inducing compounds
inhibited Notch signaling (Supplementary Fig. 4a) nor gave the same pattern of
antiproliferative effects in the T-ALL panel as NVS-ZP7-3 (Supplementary Fig. 4e). In
summary, gene expression analysis provided insight into the mechanism of action and
revealed that our NVS-ZP7 compounds induce UPR in Notch mutant T-ALL cells lines.

Characterization of a NVS-ZP7—4 compound-resistant cell line.

The different profile of gamma-secretase inhibitors (DAPT) and NVS-ZP7 compounds
indicated that the NVS-ZP7 chemotype inhibits Notch signaling through a unique
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mechanism, and we therefore sought to identify the efficacy target(s). We generated and
characterized a compound-resistant cell line and, in parallel, performed a genome-wide
SiRNA screen in the presence and absence of compound. Our goal was to intersect the hits
from these two approaches to prioritize targets for further validation. We selected a
compound-resistant TALL-1 cell line (referred to as TLR1) by increasing the dose of NVS-
ZP7-4 over a six-month time frame, eventually exceeding the initial half-maximum
inhibitory concentration (ICgg) tenfold. In contrast to the parent cell line, the resistant cell
line did not undergo apoptosis/death following NVS-ZP7-4 compound treatment (Fig. 3a).
To verify that resistance was not due to upregulation of multidrug resistance proteins, we
tested cytotoxic compounds such as vinblastine and taxol and observed no differences in
antiproliferative effects in the parental and resistant line (data not shown). In addition,
treatment with NVS-ZP7-4 no longer reduced the levels of Notch ICD in the resistant cell
line. However, DAPT was able to block Notch signaling and reduce ICD in both the parental
and resistant lines (TLR1), indicating that Notch signaling was not generally suppressed in
the resistant cell line (Fig. 3b). To identify genomic changes in the resistant cell line, whole-
exome sequencing was performed and 33 genes with single nucleotide polymorphisms
(SNPs) were identified in the resistant line (Fig. 3c and Supplementary Dataset 2).
Quantitation of RNA expression of the 33 genes in RPMI-8402 and TALL-1 cells revealed
that 13 altered genes were expressed in both TALL-1 and RPMI-8402 cells (Supplementary
Dataset 2).

Phenotypic effects due to RNAi knockdown of ZIP7.

We investigated the effects of short interfering RNA knockdown of our 13 prioritized genes,
identified from exome sequencing. We leveraged our prior insight into UPR induction on
compound treatment (Fig. 2d and Supplementary Fig. 4) and generated a cell line expressing
an ER stress reporter (ERSE-Luc). From cell line profiling39, we determined that the
adherent cell line HSC-3 was sensitive to compound treatment and was amenable to well-by-
well screening in a high-throughput format. In addition, the “‘gain of signal” HSC-3 ERSE-
Luc assay was able to differentiate between general antiproliferative effects of siRNAs and
siRNAs that functionally interacted with compound. Of the 13 genes identified from the
resistance cell line sequencing only siRNAs to SLC39A7 (referred to as Z/P7here), in
combination with a low dose of NVS-ZP7-4 (20 nM) resulted in enhanced induction of the
ERSE-Luc relative to negative-control siRNAs (Fig. 3d). Prior to embarking on additional
experiments to validate ZIP7, we performed a genome-wide siRNA screen using the ERSE-
Luc assay in the presence and absence of compound. The screen was performed at an I1Cyq
concentration of compound, providing the opportunity to identify genes for which reduced
protein levels sensitize cells to compound treatment. Similar to haplo-insufficiency
profiling3L, hits in this assay may include the efficacy target as well as related pathway
components. Validation of hits from the screen revealed that only a few genes (Z/F7,
ARRDC2, GSC2and PLRGI) showed a differential effect relative to the DMSO control
(Fig. 4a and Supplementary Fig. 5a,b). Four out of eight ZIP7 siR-NAs, induced a stronger
increase in ERSE-Luc activity at 20 nM NVS-ZP7-4 treatment than in the DMSO treatment,
resulting in a logy(fold change) > 1 (Fig. 4b). In contrast, ARRDC2, GSC2and PLRGI
failed to show significant gene-level activity (Supplementary Fig. 5¢c—e€). In addition,
investigation of sources of off-target effects in the screen highlighted ZIP7 3" untranslated
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regions (UTR) as the major off-target of SiRNAs that showed the differential effect
(Supplementary Fig. 6a—c). We focused our efforts on ZIP7 and quantitated the level of
MRNA knockdown by four ZIP7 siRNAs (Fig. 4c) and tested the two most effective SIRNAs
in combination with a full dose-response of NVS-ZP7-4 in the ER stress and Notch
signaling reporter gene assays. We detected modest I1Cs shifts in NVS-ZP7-4 dose
responses in the ERSE-Luc (Fig. 4d) and HES-Luc (Fig. 4e) assays with both ZIP7 siRNAs.
From these data, ZIP7, an ER-localized zinc transporter, emerged as our lead target for the
NVS-ZP7 compound series.

Genetic and proteomic validation of ZIP7.

To confirm that ZIP7 is the physiological target of NVS-ZP7-4, we re-introduced the point
mutation (V430E) identified in the compound-resistant TALL-1 cell line into the
endogenous ZIP7 gene using CRISPR gene editing. The design for CRISPR gene editing
used a repair single-stranded oligodeoxyribonucleotide containing the VV430E sequence, as
well as a mCherry Cas9 expression vector, to allow for cell sorting and enrichment (Fig. 5a
and Supplementary Fig. 7a). After expansion of the mCherry-positive cells, we selected cells
by addition of NVS-ZP7-4 or DMSO for 10 d. NVS-ZP7-4- and DMSO-selected cells were
sequenced and a fivefold enrichment of V430E mutation was detected in NVS-ZP7-4-
treated cells (Supplementary Fig. 7b). Introduction of the ZIP7 V430E mutation, shifted the
dose-response of NVS-ZP7-4 tenfold in the annexin V apoptosis assay such that the
response was similar to the original compound-resistant cell line (TLR1) (Fig. 5b). We used
an identical approach to introduce the ZIP7 V430E mutation in a second Notch mutant T-
ALL line (RPMI-8402) with a similar result (Supplementary Fig. 7c,d).

To further characterize ZIP7 mutations that modulate NVS-ZP7-5 binding, we conducted
saturating mutagenesis (variomics) of ZIP7 followed by identification of mutations that
confer resistance (Fig. 5¢)32-33, Resistant clones were sequenced and four mutations (L173F,
F230S, F427L and VV430E) were identified that occurred with high frequency
(Supplementary Table 1). Expression constructs for all four ZIP7 mutants were generated
and introduced into HSC-3 cells resulting in shifts in 1C5y of NVS-ZP7-5 in proliferation
assays of 15-25-fold relative to expression of wild type ZIP7 (Fig. 5d). A control mutation,
P204L, showed no difference in ICsq relative to wild type ZIP7. To predict the location of
the mutations within the ZIP7 structure, we prepared a homology model of human ZIP7 on
the basis of the crystal structure of a bacterial ZIP transporter ortholog®4, and subsequently
mapped the positions of the four mutants in this model along a narrow cleft (Fig. 5e). The
co-localization of the mutations strongly suggests that NVS-ZP7-5 and analogs bind in
close proximity and further validates ZIP7 as the target of the NVVS-ZP7 compounds.

To test whether the NVS-ZP7 compounds engage ZIP7 protein directly, we performed
photoaffinity labeling with a chemical probe, NVS-ZP7-6, derived from NVS-ZP7-4 by
appending a linker bearing a photoreactive diazirine group and terminal alkyne to allow
introduction of a biotin enrichment handle with click chemistry. RPMI-8402 cells were
incubated with varying concentrations of the photoaffinity labeling probe, NVS-ZP7-6, to
identify proteins with saturable binding, and NVS-ZP7-4 was used as free competitor (Fig.
6a). The samples were analyzed by quantitative mass spectrometry and ZIP7 was identified
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as one of only a limited number of proteins that was enriched by NVS-ZP7-6 and where this
labeling was competed by NVS-ZP7-4 (Fig. 6b). We further validated that ZIP7 as well as
TRAML are enriched with the photoaffinity probe and competed by pre-incubation with
NVS-ZP7-7 with western blotting (Supplementary Fig. 8a—c). The convergence of data from
the genetic and proteomic target ID approaches indicates that the NVS-ZP7 scaffold indeed
targets ZIP7.

ER and cytosolic zinc quantitation using Forster resonance energy transfer (FRET)

sensors.

Mammalian ZIP7 proteins localize to the ER and Golgi compartments, where they
contribute to the release of Zn?* cations into the cytosol from ER/Golgi stores?2:23, We
wanted to determine whether modulation of cellular zinc levels would impact the response
of NVS-ZP7-4 in the Notch and ER stress reporter gene assays. Treatment of cells with zinc
ionophores such as pyrithione significantly rescued the effects of NVS-ZP7-4 in the Notch
and ER stress reporter gene assays, suggesting that modulation of zinc levels was important
for the cellular phenotypes (Supplementary Fig. 9). To quantify the effects of NVS-ZP7-4
on ER zinc, we used a genetically encoded FRET sensor3®36, The ER zinc FRET sensor
(ER-ZapCY1) was expressed in U20S cells and calibrated with a Zn%*-specific chelator
followed by addition of excess Zn?* and pyrithione (Supplementary Fig. 10) and as
described previously3°37. A robust increase in normalized FRET ratio of ER-ZapCY1 was
seen in cells within a few minutes following NVS-ZP7-4 addition, and the response was
maintained up to 3 h or until the experiment ended (Fig. 6¢). The magnitude of the effect of
NVS-ZP7-4 was similar to that seen with addition of excess Zn2* and pyrithione in the
sensor calibration experiments (Supplementary Fig. 10). To investigate if this response was
ER specific, we used the cytosolic zinc FRET sensor NES-ZapCV238. No changes in
normalized FRET ratio on NVS-ZP7-4 in cells expressing the cytosolic zinc sensor were
detected, suggesting that NVS-ZP7-4 is not altering cytosolic zinc levels (Fig. 6d). No effect
on FRET ratio with either the ER or cytosolic sensor was detected with the inactive analog
NVS-ZP7-8 (Fig. 6¢,d).

Taken together, the data for the NVS-ZP7 series suggest that the compounds inhibit ZIP7,
which increases ER zinc levels, and this leads to induction of UPR and inhibition of Notch
signaling. We propose a model where the increased ER zinc affects Notch receptor
trafficking and maturation resulting in selective apoptotic induction in Notch mutant T-ALL
lines (Fig. 6e).

Discussion

Notch receptors have been implicated as oncogenic drivers in a variety of different human
cancers, most notably Notch1 in T-ALL®. In this article, we describe a cell-based high-
throughput screen that led to the identification of novel small-molecule inhibitors of the
Notch pathway. A compound series, exemplified by NVS-ZP7-4, was shown to inhibit
Notch signaling in T-ALL cell lines and induce ER stress, accompanied by apoptosis. A
comprehensive approach to mechanism of action and target identification, combining
genetics, cell biology and chemical proteomics, led to the discovery of ZIP7 as the target of
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this compound series. This work represents a description of a small-molecule ZIP7
modulator.

Notch receptors are large transmembrane proteins whose cellular trafficking through the
Golgi and ER has long been appreciated as a key mode of regulation3240, Cellular
homeostasis and survival depend on correct ER/Golgi function and one of the quality control
mechanisms that prevent the accumulation of damaged proteins is the UPR. Cells enter
apoptosis if ER stress is protracted or if they are unable to restore homeostasis®l. Treatment
of T-ALL cell lines with NVS-ZP7-4 resulted in decreased levels of Notch receptors on the
cell surface and apoptosis in Notch mutant T-ALL lines (Figs. 1c and 2). Transcriptional
analysis of T-ALL cell lines that differed in terms of Notch pathway activity and Notch
receptor mutation status revealed ER stress upregulation as a key feature of the NVS-ZP7
mechanism of action (Fig. 2b—d and Supplementary Fig. 4). This connection between Notch
trafficking, ZIP7 and ER stress is consistent with data from a recently published forward
genetic screen in Drosophila?8. Interestingly, the authors demonstrated that mutations in
Catsup, the Drosophila ortholog of ZIP7, resulted in defects in Notch trafficking and
signaling in tissues that require a high level of Notch signaling. In addition, characterization
of other membrane-bound proteins in Catsup mutant clones in Drosophila did not show
effects on Notch ligand Delta, DE-Cadherin or a -Spectrin28. Small-molecule and cDNA
enhancers of SERCA, an ER Ca?* ATPase, were also identified in high-throughput screens,
and were shown to target leukemia-associated Notch1 alleles*2. We confirmed that
thapsigargin, an inhibitor of SERCA, does inhibit Notch signaling; however, the
antiproliferative profile of thapsigargin, as well as a second ER stress-inducing compound
(tunicamycin), is distinct from NVS-ZP7 compounds in a T-ALL cell panel (Supplementary
Fig. 4). A complete understanding of the impact of ZIP7 on protein trafficking awaits
detailed global proteomics studies. Our data suggest that there may be a unique sensitivity of
Notch mutant T-ALL, with constitutively active Notch signaling, to modulation of ZIP7
activity that is distinct from other compounds that modulate proper ER/Golgi function
(thapsigargin and tunicamycin).

Identification of biological targets of active small molecules from phenotypic screening is
challenging. As described above, we focused on extensive characterization of the
mechanism of action of the NVS-ZP7-4 compounds before attempting target identification.
Screening for compound-resistant variants has been used extensively in organisms such as
yeast3! and the use of chemotype-specific resistance in mammalian cells is emerging as a
valuable target identification approach®3. We generated a compound-resistant T-ALL cell
line and a combination of exome sequencing of the resistance cell line, as well as a full
genome siRNA screen, led to a focus on ZIP7 as the physiological target of the NVS-ZP7
series. Others have suggested that the ‘gold standard’ evidence of the direct target of a
chemical inhibitor is obtained on introduction of a resistance-conferring point mutation in
both cellular and biochemical contexts*3. We introduced the V430E mutation into the
endogenous ZIP7 gene using CRISPR (Fig. 5b and Supplementary Fig. 7d) and were able to
shift the dose—response of NVS-ZP7-4 in an apoptosis assay by tenfold. In addition, we
conducted saturating mutagenesis (variomics) of ZIP7, identified resistance-conferring
mutations and overexpressed these mutants in cells, resulting in shifts in 1Cgq of NVS-ZP7-
5 in proliferation assays (Fig. 5d). When we mapped the positions of the four mutants in this
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ZIP7 homology model (Fig. 5e) we noted that the mutations are co-localized and speculate
that NVS-ZP7 compounds bind in close proximity to this site. Although we were unable to
determine the effects of the VV430E mutation or other mutations in a biochemical assay, due
to lack of any protein reagents or biochemical assays for ZIP proteins, we did show through
photoaffinity labeling844 that the NVS-ZP7 compounds physically engage the ZIP7 protein
(Fig. 6b and Supplementary Fig. 8). All of the genetic data, as well as the published
connections between Notch, ZIP7/Catsup and ER stress, are consistent with ZIP7 as the
target of NVS-ZP7-4 and provide a chemical tool to further investigate ZIP7 biology.

Elucidation of the functional roles of proteins often relies on the intersection of insights
from genetic modulation of the protein as well as low molecular weight tools to acutely
affect protein function. Zinc is an essential metal ion that plays a critical role in
development, and its deficiency contributes to human disease*®. Despite the evidence that
zinc acts as a signaling factor and regulation of zinc levels is critical, no specific modulators
of zinc transporters exist to acutely alter zinc levels in specific organelles. Mammalian ZIP7
proteins contribute to the release of Zn2* cations into the cytosol from ER/Golgi stores?2:23,
Two recent reports using tissue-specific knock-out of ZIP7 demonstrate a role for ZIP7 in
dermal development#® and intestinal epithelial self-renewal*’. Both reports highlight ER
stress induction and effects on ER function in mice lacking ZIP7. Using genetically encoded
zinc FRET sensors, we demonstrate increased zinc levels in the ER within 10 min after
treatment with NVS-ZP7—-4 (Fig. 6¢). These data, combined with published reports2348 are
consistent with a model where NVS-ZP7-4 is an inhibitor of ZIP7 activity. Further studies
will be required to determine the cellular effects of NVS-ZP7 compounds on protein
function, as well as the exact ZIP7-binding mode of these compounds. NVS-ZP7-4
represents a unique tool to modulate ER zinc levels and elucidate the roles of ZIP7 on
cellular processes. Finally, we believe that the target identification and validation workflow
described here, intersecting both genome- and proteome-wide techniques, provides a
roadmap for future phenotypic discovery efforts.

Chemical synthesis and characterization are provided as Supplementary Note 1 and spectra
as Supplementary Note 2

HPB-ALL, TALL-1, RPMI-8402, PF382, Loucy, SUP-T1, SUP-T11, P12-Ichikawa, MT-3
(DSMZ), C33a-Hes-Luc clone38 (Parental ATCC), HSC-3 ERSE-Luc (Parental JCRB),
U20S ICD Inducible (Parental ATCC), U20S (ATCC), SN3T9, L cells. Cell lines were
acquired from the sources indicated and authenticated by SNP fingerprinting. Cell lines were
routinely maintained in growth media (indicated by supplier specifications) supplemented
with 10% FBS and 1% penicillin—streptomycin. SN3T9 and L cells were obtained from G.
Weinmaster (UCLA) and maintained in DMEM media (Thermo Fisher) with 10% FBS and
1% penicillin—streptomycin. HSC-3 ERSE-Luc, C33a-Hes-Luc and U20S ICD4A48 cell
lines were generated at Novartis and are described below. The growth media for the
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generated lines were further supplemented with 2 ug mI=! puromycin (HSC-3 ERSE-Luc),
0.8 ug ml~1 puromycin (C33a-Hes-Luc) and 200 ug ml~1 G418 and 0.8 pg mI~1 puromycin
(U20S ICD4 A48). The Notch mutation status of the T-ALL cell lines is noted in
Supplementary Table 2.

Generation of C33a-Hes-Luc cells.

The 14 x CSL-hHESR-Luciferase construct contains a portion of the native human HES1
promoter with two CSL binding sites (bold) as well 12 additional CSL binding sites
(indicated in bold capital letters) upstream of the pGL4 luciferase (Promega). The 14 x CSL-
hHESR-Luciferase construct was transiently transfected into C33a cells using Fugene6
reagent (Roche) and transfected cells were selected with 0.8 pg mI=1 puromycin. Stable
clonal lines were screened for activity by co-culture with either Jagged-expressing SN3T9
cells or control L cells. At 48 h after co-culture, luciferase activity was assessed with Bright-
Glo reagent (Promega). A single clonal line was used for all experiments.

14 x CSL-hHESR-luciferase:

ggtaccGTG GG AACGTGGGAACGTGGGAACGTGGGAACGTG GG
AACGTGGGAAGCGGCCGCTGGGAACGTG GG AA
CGTGGGAACGTGGGA
ACGTGGGAACGTGGGAAgcttgggaaagaaagtttgggaagtttcacacgagcc
gttcgcgtgcagtcccagaTATATATAgaggcecgecagggcctgcggatcacacaggatctgga
gctggtgctgataacagcggaatcecctgtcetacctetctecttggtectggaaAAGCTT

Generation of HSC-3 ERSE-Luc.

HSC-3 cells were transduced with ERSE-Luciferase Reporter (catalog no. 336851, SA
Biosciences) according to manufacturer’s instructions. Transduced cells were selected with 2
g miI~1 of puromycin and stable clonal lines were selected. ERSE-Luciferase activity was
quantitated with Bright-Glo (Promega), 6-7 h following compound treatment. A single
clonal line was used for all experiments.

Generation of U20S ICD4 A48.

A DNA construct containing the intracellular domain of Notch 4 (ICD4) was obtained from
J. Griffin at Dana Farber Cancer Institute and used as a template for PCR and cloning into
the pTRE-tight vector (catalog no. PT3720-5, Clontech). U20S Tet-on cells (catalog no.
631143, Clontech) were maintained with Tet-approved FBS (catalog no. 631105, Clontech)
for all experiments. U20S Tet-on cells were transfected with 500 ng 14 x CSL-hHESR-
luciferase and 250 ng pTRE _tightICD4 using Fugene6 reagent (Roche). At 24 h after
transfection, cells were selected with 200 pug ml~1 of G418 and 1.2 pg mi~1 of puromycin.
Stable clonal lines were selected by single-cell cloning and screened for Notch activation of
the 14 x CSL-hHESR-luciferase with Bright-Glo (Promega). After plating cells, 2 pg ml~1
of doxycycline was added to induce production of the ICD4 protein and activation of Notch
signaling. Luciferase activity was quantitated 48 h following doxycycline addition. A single
clonal line was used for all experiments.
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Notch target gene and ER stress induction mRNA assay.

To quantitate mMRNA levels of both Notch target genes and ER stress-induced target gene
expression, 4 x 10° cells per well were seeded into 96-well tissue culture plates (Corning)
and compound dilutions were prepared in DMSO and added to each well. DAPT
(Calbiochem) and DMSO (ATCC) were the controls used for this assay. Cells were
incubated with compound at 37 °C and 5% CO, for specified time points. RNA was isolated
using the Qiagen RNeasy 96 kit. cDNA was made using the TagMan Reverse Transcription
reagents (Life Technologies) and the MJ Research PTC-225 Thermal cycler. TagMan gene
expression assays were run using either the TagMan Universal PCR Master Mix or the
TagMan Fast Advanced Master Mix along with gene expression probes for Deltex1, Notch3,
CHOPand BiP, as well as the housekeeping gene PP1A. Details of the probes used are
described in Supplementary Table 3. TagMan gene expression assays were run on the ABI
Prism 7900HT Fast Real-Time PCR system or the ViiA 7 Real-Time PCR system (Thermo
Fisher). All TagMan reagents were purchased from Thermo Fisher (Applied Biosystems).
Samples are normalized to the DMSO control target gene values. To quantitate the levels of
each target gene, 2—[delta][delta] Ct method*® was calculated and then converted to
percentage normalized relative gene expression using a power calculation.

FACS assay to assess cell surface levels of Notch1l receptor.

HPB-ALL cells were diluted to 1 x 106 cells mI~1 in FACS buffer (PBS; 0.1% BSA; 0.01%
NaN3). A total of 2.5 x 10° cells per well were added to each well of a 96-well plate and
centrifuged at 1,500 r.p.m. for 5 min at 4 °C before removing the supernatant. Anti-Notch1-
APC (Supplementary Table 4) or mouse IgG isotype control labeled with APC (R&D
Systems) was added to the cell pellets, 10 pl in 100 pl of FACS buffer and incubated for 1 h
at 4 °C. The cells were washed and pelleted twice with 100 pl FACS buffer. Finally, cells
were resuspended in 200 ul FACS buffer and fluorescence values were measured with a BD
FACSCanto Il cytometer (BD Biosciences). The amount of cell surface-bound anti-Notch1-
APC was assessed by measuring the mean channel fluorescence of 10 K collected cell
events. Cells were initially gated using forward and side scatter properties to isolate single
cells. Data for each sample were then plotted on a histogram with APC-positive cells having
values above the negative isotype control sample (not shown). Data were analyzed using
FlowJo7.5.5 (Tree Star).

Vybrant apoptosis assay.

Staining for FITC annexin V and propidium iodide binding was performed in T-ALL cell
lines as follows in 96-well v-bottom plates. 0.1 x 106 — 0.2 x 10° cells were treated with
compounds for 72 h as indicated in the figures. Cells were washed with 1 x PBS and
resuspended in 1 x annexin binding buffer (10 mM HEPES, 140 mM NacCl, 2.5 mM CaCl,)
containing 5 ul FITC annexin V (Thermo Fisher) and 1 pg mI~1 propidium iodide (Thermo
Fisher). Cells were spun down at 1,500 r.p.m. for 4-5 min between washes and staining.
Cells were incubated at room temperature for 15 min in the dark and then fluorescence
values were measured with a BD FACSCanto Il cytometer (BD Biosciences). Cells were
initially gated using forward and side scatter properties to isolate single cells. Scatter plots of
propidium iodide versus FITC annexin V staining were gated into quadrants. FITC annexin

Nat Chem Biol. Author manuscript; available in PMC 2020 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nolin et al.

Page 12

V and propidium iodide-negative cells were assigned as the viable cell population. FITC
annexin V-positive and propidium iodide-negative cells are undergoing apoptosis. Propidium
iodide and FITC annexin V-positive constitute dead cells and propidium iodide-positive and
FITC annexin V-negative are considered cell debris. BD FACS Diva Software (version 6)
and Flow Jo (Tree Star) were used for analysis. To generate graphs the sum of the apoptotic
and dead quadrants were plotted. Plots can also be shown as persentage dead and apoptotic
or the total sum of dead and apoptotic cells. An example FACS gating strategy is shown in
Supplementary Fig. 15.

Cleaved PARP ELISA.

To assess if NVS-ZP7-1 was stimulating the cleavage of PARP, an indicator of apoptosis,
the Path Scan Cleaved PARP (Asp 214) sandwich ELISA kit (Cell Signaling) was used.
Included in this assay were control compounds including staurosporine (Calbiochem), which
is known to induce apoptosis along with negative controls that included DMSO and NVS-
ZP7-2 (inactive version of NVS-ZP7-1). The T-ALL cell lines TALL-1 and SUPT11 were
used for this assay. Cells (4 x 108) were plated into six-well assay plates and treated with a
10 uM final concentration of compound. Samples were collected at 24 and 48 h after
compound addition. Samples were prepared and analyzed according to the conditions
outlined in the protocol provided by Cell Signaling for this particular ELISA kit. The
SpectraMax microplate reader (Molecular Devices) was used to read absorbance at 450 nm
of each sample. Bar charts were then generated using the absorbance reads in GraphPad
Prism.

Caspase-Glo 3/7 assay.

To assess if NVS-ZP7-1 was stimulating the activity of caspase 3/7, an indicator of
apoptosis, the Caspase-Glo 3/7 assay system (Promega) was used. Included in this assay
were control compounds including staurosporine (Calbiochem), which is known to induce
apoptosis, along with negative controls that included DMSO and NVS-ZP7-2 (inactive
version of NVS-ZP7-1). The T-ALL cell lines TALL-1 and SUPT11 were used for this
assay. Cells (1 x 103) were plated into 384-well assay plates and treated with a 10 pM final
concentration of compound. Caspase-Glo 3/7 reagent was prepared according to the
Promega protocol and added to the cells 48 h after compound addition. Each sample was
incubated with the Caspase-Glo 3/7 reagent for 45 min and then luminescence (relative
luminescence units) was read out on the EnVision multilabel plate reader (PerkinElmer). Bar
charts were then generated using the luminescence reads in GraphPad Prism.

Western blotting.

For HPB-ALL western blots, 4 x 10° cells were cultured in six-well plates. For MT-3
western blots, 10 x 10 cells were cultured in 10-cm plates. For RPMI-8402, 2.5 x 106 cells
were cultured in six-well plates. The cells were treated with compounds for time points
indicated in Figs. 1d,e and 3b and Supplementary Fig. 4d. Cells were lysed in 1x Cell Lysis
buffer (Cell Signaling Technologies) containing 20 mM Tris—HCI pH 7.5, 150 mM NacCl, 1
mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM NazVOy,, 1 pg mi~1 leupeptin, supplemented with the HALT
protease and phosphatase inhibitor cocktail (Thermo Fisher). Total protein (30 pg) was
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electrophoresed per lane on a 4-12% Bis—Tris SDS-PAGE gel. For high molecular weight
proteins, electrophoresed gels were soaked in 2x NuPage Transfer buffer (Thermo Fisher)
and 10% methanol for 15-20 min with gentle shaking. Proteins were transferred to
nitrocellulose membranes (Thermo Fisher) using the iBlot detection and transfer system
(Thermo Fisher). Membranes were incubated for 1 h at room temperature in 4% milk
dissolved in 1x TBST. Membranes were incubated with primary antibodies according to
supplier instructions. After incubation, membranes were washed with 1x TBST for 3 x 10
min at room temperature, and probed with a 1:10,000 dilution of either donkey anti-rabbit
IgG or sheep anti-mouse 1gG conjugated to horseradish peroxidase (Amersham Life
Science) in 1x TBST for 1 h at room temperature. Following 3 x 10 min wash in 1x TBST
at room temperature the blots were developed using enhanced chemiluminescence
(Amersham Life Science). Antibodies are described in Supplementary Table 4.

siRNA transfection optimization and assay development.

Transfection conditions for human cervical C33a-Hes-Luc or the oral carcinoma HSC-3
ERSE-Luc cell lines were individually optimized using commercially available cationic
lipids. The best transfection conditions were those that produced the least reduction in cell
viability with negative controls and greatest reduction in luciferase readout with positive
controls.

Cells were reverse transfected with siRNAs using RNAiIMax lipofectamine (Thermo Fisher)
transfection reagent. SiIRNA sequences are described in Supplementary Table 5. RNAiMax
lipofectamine (180 ul) was diluted in 30 ml OptiMEM. This mix (10 pl) was added to 0.3 pl
of a 2-uM siRNA in a 384-well plate. The plate was incubated at room temperature for 30
min. Cells were trypsinized using standard protocol for TrypLE (Thermo Fisher). Cell
suspension at 3,750 cells per well in 10 ul 20% FBS media was added to wells containing
SiRNA. Plates were incubated at 37 °C and 5% CO, for 48 h.

After 48 h 10 ul of a dose—response of compounds was added to the transfected cells. For
C33a-Hes-Luc assay, 10 pl of 4 x SN3T9 or L cells were added to activate the Notch
pathway. Cells were incubated for the time indicated in Fig. 4d,e. Readout was performed
using Bright-Glo reagent to measure luminescence or CellTiterGlo reagent, as a toxicity
counter screen (Roche) using the EnVision (PerkinElmer). Six biological replicates and
three independent experiments were performed for each condition.

siRNA screen for NVS-ZP7-4 targets.

Genome-wide coverage of siRNA library or siRNA against human candidate target genes
with 4-8 siRNAs per gene coverage (Dharmacon and Qiagen) were screened in 1,536-well
plates. For each siRNA, 60 nl at 2 uM stock was transferred to assay plates using acoustic
liquid dispenser. A 2 pl amount of diluted transfection reagent containing 12 nl of RNAiMax
lipofectamine and 2 pl of OptiMEM was dispensed into each well of the assay plates and
incubated for 30 min at room temperature. A 2 ul amount of HSC-3-ERSE-Luc cells
suspension in PRMI/10% FCS/PS/2 ug mi~1 puromycin were added into assay plates at 750
cells per well and incubated for 48 h at 37 °C. To each well 2 pul NVS-ZP7-4 in RPMI1/10%
FCS/PS/2 ug mI~1 puromycin were added in assay plates at a final concentration of 20 nM
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and incubated for 9 h at 37 °C. The assay plates were equilibrated to room temperature and 3
ul per well of Bright-Glo reagent (Promega) was added. Luminescence level was measured
after 5 min of incubation at room temperature. The activity readout (relative luminescence
units) was normalized by dividing the median readout of siRNA-transfected wells per plate
to give a fold change (FC) of activity. The FC was logs-tranformed (log(FC)). For the
individual conditions (DMSO and 20 nM NVS-ZP7-4), the log,(FC) was further
transformed with the robust zscore calculation per condition: each siRNA FC was
subtracted from the condition median siRNA FC and then divided by the median absolute
deviation of siRNAs FC in the condition. For the differential SiRNA activity calculations, the
log,(FC) in DMSO was subtracted from the logo(FC) in the treated condition (20 nM NVS-
ZP7-4) and further transformed by the robust zscore calculation.

On-target analysis.—To summarize the activity of approximately eight siRNAs for each
gene, compared with all sSiRNAs/genes tested, the redundant iRNA activity (RSA) method>?
was used for each individual or differential condition. The RSA is a directional test and was
employed on the assay agonist (RSA up) and antagonist (RSA down) sides. In addition,
gene-level Q1 and Q3 quartiles of activity, representing the activity (robust z-score) of the
SiRNAs at the 25th and 75th percentiles out of eight SIRNAs activity per gene, respectively,
were calculated and the quartiles were graphed as a function of the corresponding RSA
logq1oP. The RSA logy010 Pthresholds depicted by the green and red lines represent the
thresholds of — 5 (seldom attained in a randomized dataset) and — 4 (some false positives
expected), respectively, which were informed by performing RSA/quartile determination
from the randomized dataset.

Off-target analysis.—A major source of off-target effects in SiRNA screens result from
the siRNAs acting as microRNA (miRNA)-like molecules and off-targeting transcript
through targeting RNA-induced silencing complexes to their 3" UTRs. Methods
concentrating in identifying the 3" UTRs commonly bound by siRNAs with a certain
activity in a screening assay are available. GESS®152 was employed to identify potential
sources of off-target effects in the siRNA screen. The input data were prepared as indicated
in the original publication. GESS results were annotated with the most current NCBI Entrez
gene annotation database gene_info table (current Entrez gene_id, symbol and description;
downloaded on 2017/04/04 from: ftp://ftp.ncbi.nih.gov/gene/DATA/GENE_INFO/). The
GESS model tests the statistical significance of enrichment of siRNAs for off-target miRNA-
like seed match binding to each human transcriptome mRNA 3" UTR between two
categories of sSiRNAs measurement in the screen (Tail A: 2,500 most active siRNAs on the
down/antagonist assay side; Tail C: 2,500 most active SiRNAs on the up/agonist assay side;
siRNAs in between considered as the B category are not considered in the GESS analysis),
The 3" UTR sequence for the human transcriptome were derived from Ref-seq. The off-
target and on-target analyses were cross-compared by plotting the 3" UTR transcript-level
off-target statistic (Chi-squared logqgP) as a function of the gene-level on-target statistic
(RSA up/agonist logyoP) per gene for each individual and differential condition
(Supplementary Fig. 5a—c). ZIP7 was observed as the common strongest significant outlier
in the two orthogonal analyses, reinforcing ZIP7 as the top hit in the screen.
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Ten million cells (TALL-1, RPMI-8402, SUPT11 and P12-ICHIKAWA) were plated in
triplicate for each condition and compound was added on the same day. The DMSO final
concentration for all compound treatment conditions was 0.5%. NVS-ZP7-3 was tested at a
final concentration of 1 uM with DMSO-treated cells serving as the negative control. Cells
were treated with compound for 16 h and then collected for RNA isolation using the Qiagen
RNeasy Plus Mini Kit. RNA quality and concentration were measured using the Nanodrop
ND-1000 spectrophotometer (Thermo Scientific). Gel electrophoresis was run (E-Gel
Precast Agarose Gel, Thermo Scientific) to ensure that the RNA samples were not degraded.
The GeneChip IVT Express kit (Affymetrix) was used for cDNA synthesis and in vitro
transcription before hybridization to Affymetrix GeneChip Human Genome 133 Plus 2.0
arrays. Open source microarray analysis software from the R/Bioconductor consortium was
used to analyze the microarray data (http://www.bioconductor.org/). arrayQualityMetrics
was used for microarray technical quality assessment®3, and data were background corrected
and quantile normalized using the gcrma algorithm®#. The raw data passed quality
assessment (data not shown). Differentially expressed genes were calculated using a
moderated #statistic in limma applying a simple regression model comparing compound-
treated to vehicle-treated biological triplicates (two-sided #test). A Benjamini-Hochberg
multiple hypothesis testing correction was applied and used to threshold probe sets for
subsequent meta-analysis®®. Probe sets were considered significantly changed if they had an
adjusted £< 0.001 and a fold change greater than two (JlogoFC| > 1). Genes with at least one
probe set passing these criteria were considered significantly changed between groups, and
for cases where multiple probe sets correspond to one gene, the probe set with the best ~
statistic was selected to represent the gene in subsequent steps. The publicly available
Metascape (http://metascape.org) resource was sed for gene-set enrichment analysis®®.

Exome sequencing.

Exome sequencing was performed for two parental and three NVS-ZP7-4-resistant TALL-1
lines. Genomic DNA was extracted using DNeasy Blood and Tissue kit (Qiagen). Library
preparation and exome capture were performed using the SureSelectXT Human All Exon
V4 + UTR (71 megabase) capture baits as described in Agilent SureSelectXT Target
Enrichment System for Illumina Paired-End Sequencing Library Protocol without
modification. The resulting sequencing libraries were then multiplexed and sequenced on an
Illumina HiSeq 2000 instrument using TruSeq chemistry with a read length of 2 x 91 base
pairs.

The raw sequence reads were aligned to the human genome (hg19) using BWA version
0.5.9%7. SNPs were called in two different ways. First, GATK version 1.6—-1158 was used to
call SNPs for each of the resistant samples as well as for two samples of the unmutagenized
reference strain TALL-1. The SNPs of the two reference strain samples were then subtracted
from the SNPs of the resistant samples. Second, we used a slightly modified version of the
SNP calling method described previously®® to obtain SNPs at positions where the resistant
mutant differs from the parental strain. SNPs were only kept if called against both of the
reference strain samples. The combined set of SNPs from both methods was annotated using
VEP for Ensembl v696°.
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Next generation sequencing and variant analysis CRISPR.

Illumina sequencing libraries were generated from PCR amplicons using the Nextera DNA
Library Preparation Kit (Illumina, catalog no. FC-121-1031) following the manufacturer’s
recommendations. Libraries were sequenced on a MiSeq sequencer (Illumina) using 101
base paired-end reads to minimum of 1,000-fold coverage, following the manufacturer’s
recommendations. Variants were called using standard methods.

ZIP7 variomics Library generation.

The 1,410-nucleotide open reading frame encoding the C-terminal 347 amino acid of
isoform 1 (NP_008910.2) of ZIP7/SLS39A7 was cloned into vector pXP1510 (lentiviral
vector with G418 selection marker and EF1a promoter driving open reading frame
expression). Schematic of pXP1510 cloning vector is shown in Supplementary Fig. 16.

Error-prone PCR-mediated mutagenesis was performed using the Ex Taq hot start enzyme
(TaKaRa Hot Start Ex Taq Kit, Clontech) in the presence of 100 uM manganese chloride to
induce mutations in the ZIP7 open reading frame. Briefly, 100 ng of plasmid DNA
(pXP1510-Z1P7) was mutagenized by PCR according to the manufacturer’s protocol using
the following primers: XPO2011-F, 5" -CAGATCCAAGCTGTGACC-3’, and XPO2010-R,
5" -GTAACGTCTACGTGTCTG -3’. PCR products were separated by gel electrophoresis
and purified using a Qiaquick PCR purification kit (Qiagen). After restriction enzyme digest
(Nod-HF, Ascl, Dpnt), the DNA was purified with the PCR purification kit (Qiagen)
mentioned above and cloned into pXP1510. Mutagenized DNA was transformed into
Escherichia coli XL10-Gold ultracompetent cells (Agilent). A total of 48 colonies were
chosen for plasmid sequencing to infer the mutation rate of the library, which was 0.7 non-
silent mutations per kilobase.

Generation of lentiviral ZIP7 variomics library, infection of HSC-3 cells and selection of
NVS-ZP7 resistant cells.

For virus packaging, pXP1510-ZIP7WT and pXP1510-Z1P7-100 pM MnCl;, variomics
libraries were transfected into HEK293TN cells with TransIT-293T transfection reagent
(Mirus) and Cellecta packaging mix (Cellecta) according to the manufacturer’s protocol.
HSC-3 cells were infected with lentivirus in the presence of 8 ug mi=1 polybrene (Applied
Bioanalytical). Cells stably expressing ZIP7 were selected with 400 ug ml~1 G418 creating
stable cell pools. The cell pools expressing the ZIP7 variomics library were treated with 10
UM NVP-ZP7-5 for 12 d in six-well format to identify compound-resistant mutants. DNA
was collected from pools of cells that survived compound treatment and then sequenced.
ZIP7 PCR products were amplified, combined and cloned into pXP1510 using Nod and
Ascl. Frequency and location of 45 mutations in ZIP7 are shown in Supplementary Table 3.
Expression constructs for wild type ZIP7 as well as five ZIP7 mutants were re-introduced
into HSC-3 cells and proliferation examined following NVS-ZP7-5 treatment for 72 h.

ZIP7 homology modeling.

Homology modeling was conducted with MOLSOFT ICM®L, The crystal structure of the
bacterial zinc transporter ortholog BdZIP (PDB code 5TSA) served as a structural template
to model the transmembrane (TM) helices of human ZIP7 (residues 129-469) following the
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strategy described to model human ZIP434, Predicted unstructured loops connecting TM3
and TM4 and between TM7 and TM8 were omitted.

Photoaffinity labeling experiments.

In brief, 40 million RPMI-8402 cells were added to individual wells of a six-well plate in
OptiMEM Reduced Serum Media with 0% FBS. DMSO was added to cells in four wells,
while cells in the remaining well were treated with 20 uM NVS-ZP7-4 for 1 h at 37 °C with
5% CO,. DMSO-treated cells were then treated with 0, 0.01, 1, or 10 uM NVS-ZP7-6,
while NVS-ZP7-4 -reated cells were treated with 1 uM NVS-ZP7-6 for 1 h at 37 °C with
5% COo». Irradiation, cell lysis, enrichment, sample processing and data acquisition were
performed as previously described*4, except that the samples were first digested with
chymotrypsin before digestion with trypsin. Mass spectrometry data are shown in
Supplementary Dataset 3.

FRET sensor cell culture and transfection.

U20S cells were cultured in DMEM medium (Invitrogen) supplemented with 10% FBS and
penicillin-streptomycin at 37 °C with 5% CO,. All sensor constructs were transiently
transfected with Lipofectamine LTX (Invitrogen) according to the manufacturer’s
instructions. The zinc ER FRET sensor, ER-ZapCY13°, and zinc cytosol FRET sensor, NES-
ZapCV238, constructs have been described previously. Cells were imaged or collected 24-48
h after transfection.

Live cell FRET sensor fluorescence imaging.

Imaging experiments were performed on a Nikon Ti-E wide-field fluorescence microscope
equipped with Nikon elements software, Ti-E perfect focus system, an iXon3 EMCCD
camera (Andor), mercury arc lamp, and YFP FRET (434/16 excitation, 458 dichroic, 535/20
emission) and CFP (434/16 excitation, 458 dichroic, 470/24 emission) filter sets. External
excitation and emission filter wheels were controlled by a Lambda 10-3 filter changer
(Sutter Instruments), while dichroic mirrors were placed on cubes in the dichroic turret.
Images were collected using a x60 oil objective (numerical aperture 1.40), 100 ms exposure
time, electron mutiplying gain 1 MHz at 16-bit readout mode with an electron mutiplying
gain multiplier of 200, and a neutral density filter with 25% light transmission. Cells were
maintained at 37 °C and 5% CO, in a LiveCell environment chamber (Pathology Devices)
during the experiments. Images were collected every minute.

FRET sensor data analysis.

All imaging data were analyzed in MATLAB (Mathworks). Images were background
corrected by drawing a region of interest in a blank area of the image and subtracting the
average fluorescence intensity of the background region of interest from the average
intensity of each cell. FRET ratios for each cell were calculated by dividing the background-
corrected YFP FRET intensity by the background-corrected CFP intensity ((/eeliular FRET —
Ihackground FRET)/ (Zellular CFP — /background cFp))- Unless otherwise indicated, error bars are
s.e.m.
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ysis.

| statistical tests were done using Prism7 software (GraphPad) unless specifically stated in

the Methods.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Identification and characterization of molecules that inhibit Notch signaling.

a, Structure of representative hit compound NVS-ZP7-4. b, Notch pathway target gene
MRNA expression in a Notchl mutant T-ALL cell line. HPB-ALL cells were treated with a
single dose of the gamma-secretase inhibitor DAPT or three doses of NVS-ZP7-1 for 48 h.
Percentage of DMSO normalized gene expression is plotted for OD7.XZ and Notch3and
represents the data for the technical replicates of the compound-treated samples from one
individual experiment. The average readout value for these samples is represented by the
dot-plot bar graph. Each experiment was performed three independent times. c, Cell surface
expression of Notchl in HPB-ALL cells. Cells were treated with 10 pM of NVS-ZP7-1
(black line), NVS-ZP7-2 (dashed line), DAPT (gray line), and DMSO (dotted line) for 48 h.
Results from one biological replicate shown. Experiment was performed three independent
times. d. Full length Notch1l extracellular domain (ECD) and Notch1 intracellular domain
protein (ICD1) expression in HBP-ALL cells treated with 10 pM of compounds for 48 h.
Full length gels are shown in Supplementary Fig. 11, and this experiment was repeated two
independent times with representative data shown. e, Full length and Notchl intracellular
domain protein (ICD1) expression in MT-3 cells treated with 2 uM of compounds for 48 h.
Notchl western blot uses an antibody that has a C-terminal epitope that can detect full
length non-furin-cleaved Notchl (FL Notch1) as well as the furin-cleaved transmembrane
domain/intracellular domain of Notchl (TM Notchl). Full length gels are shown in
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Supplementary Fig. 12 and this experiment was repeated two independent times with
representative western blot data shown.
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Venn analysis of gene expression changes caused by NVS-ZP7-3
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Fig. 2 |. NVS-ZP7-3 treatment induces apoptosis and ER stress in Notch pathway-active T-ALL
cell lines.
a, Increase in percentage of dead and apoptotic cells by annexin V/PI staining after 72 h of 2

UM NVS-ZP7-3. Each bar graph represents the data from one individual experiment in
which two independent samples are treated with compound. The average readout value for
these samples is represented by the dot-plot bar graph. Each experiment was performed three
independent times. Basal levels of apoptotic/dead cells from DMSO-treated cells are used to
normalize the data. Notch pathway-active T-ALL cell lines are indicted in shades of red,
while Notch pathway-inactive cell lines are shown in black/gray. b, Number of statistically
significant gene expression level changes observed by microarray analysis. Both increased
(orange) and decreased (blue) gene counts were greater in TALL-1 and RPMI-8402 cells. c,
Venn analysis of gene expression changes associated with NVS-ZP7-3 treatment identifies
three gene expression changes common to all four cell lines and 133 gene expression
changes common to TALL-1 and RPMI-8402. d, Gene sets enriched in 133 genes common
to TALL-1 and RPMI-8402 cells. List is sorted by Pvalues for biological process with
unfolded protein response and asparagine N-linked glycosylation processes highlighted.
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Fig. 3 |. Generation and characterization of a NVS-ZP7-4 compound-resistant cell line.
a, Comparison of effects of NVS-ZP7-4 on apoptosis/cell death in the parental TALL-1 and

resistant TALL-1 cell line (TLR1). Dose response of NVS-ZP7-4 following 72 h of
compound treatment. Data shown are the sum of percentage dead and apoptotic cells by
annexin V/propidium iodide staining after compound treatment. Each bar graph represents
the data from one individual experiment in which two independent samples are treated with
compound. The average readout value for these samples is represented by the dot-plot bar
graph. Each experiment was performed three independent times. b, Levels of Notch3
intracellular domain (ICD3) in the parental (TALL-1) and compound-resistant TALL-1
(TLR1) cell line following 20 h of 1 uM NVS-ZP7-4 or 10 uM DAPT treatment. Full length
gels are shown in Supplementary Fig. 13, and the experiment was performed two
independent times with representative western blot data shown. ¢, Schematic of sequencing
and mutation detection in compound-resistant cell line. NGS, next generation sequencing. d,
Effect of SiIRNA knockdown of genes identified from resistant cell line sequencing in
combination with 20 nM NVS-ZP7-4 in ERSE reporter gene assay. Plate median
normalized ERSE-Luc data are shown on the yaxis.
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Fig. 4 |. Genetic screens reveal increased ER stress and decreased Notch signaling following ZIP7
siRNA knockdown.

a, Gene on-target activity in the ERSE-Luc assay agonist side (increased signaling) was
plotted as robust zscore (activity of the 75th percentile SiRNA per gene) as a function of
RSA (significance of enrichment) for NVS-ZP7-4 over DMSO control. Color was set to
depict the number of siRNAs per gene with significant activity (robust zscore > + 2). Dotted
lines represent stringent (green) and loose (red) thresholds of significance of enrichment,
determined on the basis of randomized dataset analysis. b, The impact of the individual ZIP7
siRNAs (log, fold change; luminescence for test sSiRNA over median luminescence for all
SiRNAS) in the ERSE-Luc assay is shown for each of the three screening conditions

(DMSO, 20 nM NVS-ZP7-4, 20 nM NVS-ZP7-4 over DMSOQ). ¢, Quantitation of ZIP7
MRNA expression after treatment of HSC-3 cells with control (pGL2) or four independent
ZIP7 siRNAs for 24 h. Data are representative of eight technical replicates from one
biological sample represented in a box-plot graph. d, NVS-ZP7-4 dose response in ERSE-
Luc assay in combination with sSiRNA knockdown with two independent ZIP7 siRNAs or a
control siRNA (pGL2). Error bars represent s.d. of the mean from six biological replicates (7
= 6) in an individual experiment. Each experiment was performed three independent times.
e, NVS-ZP7-4 dose response in Notch signaling HES-luciferase assay in combination with
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siRNA knockdown with two independent ZIP7 siRNAs or a control sSiRNA (pGL2). Error
bars represent the s.d. of the mean from six biological replicates (r7= 6) in an individual
experiment. Each experiment was performed three independent times.
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Fig. 5 |. Genetic validation of ZIP7 as the target of NVS-ZP7-4.
a, Schematic of the process to generate the ZIP7 V430E CRISPR knock-in cell line in the

TALL-1 cellular background. b, Effect of 72 h of NVS-ZP7-4 treatment on apoptosis/cell
death as measured by annexin V/propidium iodide staining in TALL-1 cells, spontaneous
resistant TLR1 cells, as well as TALL-1 cells, following introduction of the ZIP7 V430E
mutation with CRISPR and short-term selection with either DMSO (CRISPR_DMSO) or
NVS-ZP7-4 (CRISPR_NVS-ZP7-4). Data shown are the sum of percentage dead and
apoptotic cells by annexin V/propidium iodide staining after compound treatment. The x-y
line graph represents the data from one individual experiment in which two independent
samples are treated with compound. The average readout value for these samples is
represented by the points and connecting lines with standard error bars. This exact
experiment was performed two independent times. ¢, Schematic of process to generate ZIP7
variomics library and identify mutations that confer resistance to NVS-ZP7 compounds. d,
Effect of 72 h of NVS-ZP7-4 treatment on proliferation (CTG) of parental HSC-3 cells or
HSC-3 cells expressing wild type or mutant ZIP7 (V430E, L173F, F427L, F230S, P204L).
Error bars represent s.d. of the mean from three biological replicates (7= 3) in an individual
experiment. Each experiment was performed two independent times. e, Homology model of
hZIP7 on the basis of the crystal structure of bacterial zinc transporter ortholog BdZIP (PDB
code 5TSA) with transmembrane helices shown as ribbons. Zinc and cadmium ions at the
binuclear center of the transporter are shown as gray and black spheres, respectively.
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Mutations that confer resistance to NVS-ZP7 compounds are shown in yellow ball-and-stick
representation. Rotated view (right panel) is also shown.
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Fig. 6 |. NVS-ZP7-4 interacts with ZIP7, increases ER Zn2* levels in the ER and modulates

Notch signaling.

a, Schematic overview of photoaffinity labeling probe titration strategy. Cells were treated
with varying concentrations of the NVS-ZP7-6 to identify proteins with saturatable binding.
Additionally, cells were pretreated with NVS-ZP7-4 to identify that proteins specifically
bound the pharmacophore. NGS, next generation sequencing. b, Identification of proteins
that are enriched by NVS-ZP7-6 and where this labeling can be competed by NVS-ZP7-4.
The xaxis denotes the enrichment observed in the presence of 1 UM NVS-ZP7-6 relative to
0 UM NVS-ZP7-6 (logig (0 pM NVS-ZP7-6/1 uM NVS-ZP7-6)). Proteins to the left of the
vertical dashed lined are enriched by more than threefold over no probe control. Plotted on
the yaxis is the magnitude of competition observed in the presence of pre-incubated free
competitor compound NVS-ZP7-4. Proteins below the dashed horizontal line show = 50%
reduction in enrichment in the presence of 20 pM NVS-ZP7-4 (log1g ((20 uM NVS-ZP7-4
+ 1 uM NVS-ZP7-6)/1 uM NVS-ZP7-6). ¢, Quantitation of Zn2* levels in the ER following
NVS-ZP7-4 treatment. U20S cells were transfected with ER-ZapCY1 for 24 h before
imaging. Cells were treated with 1 uM NVS-ZP7-8 (blue, 7= 7 cells) or 1 uM NVS-ZP7-4
(red, n=6 cells) at the time indicated by the arrow. FRET ratios were normalized to the
average FRET ratio of each cell before compound treatment. Error bars are the s.e.m. d,
Quantitation of cytosolic Zn2* levels following NVS-ZP7-4 treatment. U20S cells were
transfected with NES-ZapCV2 24 h before imaging. Cells were treated with 1 pM NVS-
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ZP7-8 (blue, n= 4 cells) or 1 uM NVS-ZP7-4 (red, n= 4 cells) at the time indicated by the
arrow. FRET ratios were normalized to the average FRET ratio of each cell before
compound treatment. Error bars are the s.e.m. e, Model of ZIP7 modulation by NVS-ZP7-4
and effects on Notch signaling.
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