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Abstract
Activating mutations in the epidermal growth factor receptor (EGFR) are common driver mutations in nonsmall cell lung cancer (NSCLC). First, second and third generation EGFR tyrosine kinase inhibitors (TKIs)
are effective at inhibiting mutant EGFR NSCLC, however, acquired resistance is a major issue, leading to
disease relapse. Here, we characterize a small molecule, EMI66, an analog of a small molecule which we
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previously identified to inhibit mutant EGFR signalling via a novel mechanism of action. We show that
EMI66 attenuates receptor tyrosine kinase (RTK) expression and signalling and alters the electrophoretic
mobility of Coatomer Protein Complex Beta 2 (COPB2) protein in mutant EGFR NSCLC cells. Moreover,
we demonstrate that EMI66 can alter the subcellular localization of EGFR and COPB2 within the early
secretory pathway. Furthermore, we find that COPB2 knockdown reduces the growth of mutant EGFR
lung cancer cells, alters the post-translational processing of RTKs, and alters the endoplasmic reticulum
(ER) stress response pathway. Lastly, we show that EMI66 treatment also alters the ER stress response
pathway and inhibits the growth of mutant EGFR lung cancer cells and organoids. Our results demonstrate that targeting of COPB2 with EMI66 presents a viable approach to attenuate mutant EGFR signalling and growth in NSCLC.
Ó 2021 Elsevier Ltd. All rights reserved.

compounds that target COPI coated vesicles and
disrupt their formation, including the wellcharacterized ADP ribosylation factor 1 (Arf1) inhiand
2bitors
brefeldin
A
(BFA)13
methylcoprophilinamide (M-COPA).14,15 Both molecules inhibit Arf1, a GTPase that regulates the formation of COPI and/or clathrin-coated transport
vesicles. Specifically, they act by inhibiting GBF1,
a guanine nucleotide exchange factor specific for
ARF1, resulting in an inactive ARF1-GDP bound
state, which fails to recruit the coatomer and clathrin
to Golgi membranes.16,17 M-COPA has also been
shown to reduce cell surface levels of various
RTKs, including mutant EGFR and MET, and
reduces tumor volume in multiple xenograft models.14,15 Identification of additional small molecules
that can target other components of COPI coated
vesicles could be of high relevance in terms of further understanding COPI coat biology as well as
presenting a potentially novel treatment option for
cancers that are addicted to oncogenic surface proteins including mutant EGFR.
Recently we identified a small molecule coumarin
derivative called EMI1 (7-diethylamino-3(20 -benzox
azolyl)-coumarin), that is a potent microtubule
destabilizer but also targets mutant EGFR
signalling via a novel mode of action.18 Furthermore, we demonstrated that EMI1 affects mutant
EGFR endosomal trafficking and reduces cell surface mutant EGFR levels.18 These results
prompted us to further explore the specificity of
EMI1 in targeting wild-type and mutant EGFR, as
well as additional cellular modes of action. Here
we report the results of our studies on the effect of
EMI1, and its newly generated analogs, on mutant
EGFR NSCLC cells and organoids.
We describe how EMI1, and its more potent
analog EMI66, attenuates RTK expression and
signalling and alters the electrophoretic mobility of
Coatomer Protein Complex Beta 2 (COPB2) in
lung cancer cells. Specifically, we show that
EMI66 affects the subcellular localization of EGFR
and COPB2, altering the endoplasmic reticulum

Introduction
Lung cancer is the leading cause of cancer
mortality throughout the world. Roughly 85% of
diagnosed cases are non-small cell lung cancer
(NSCLC), of which 15–50% (varying with
ethnicity) involve activating mutations in the
epidermal growth factor receptor (EGFR).1 Notably,
tumors carrying these mutations display ‘oncogenic
addiction’ to EGFR, requiring its activity for cell
growth and survival.2 EGFR has therefore been a
target of significant biomedical interest and a number of therapies have been developed directed
against the receptor, including antibody therapeutics3 and tyrosine kinase inhibitor (TKI) drugs
(specifically targeting the two most commonly
occurring NSCLC EGFR activating mutations,
L858R and ex19del, present in 85% of cases).4–7
Unfortunately, the effectiveness of these treatments
has been hampered by a lack of specificity and offtarget effects, as well as the rapid development of
EGFR mutants resistant to available TKIs.8,9 In
20% of cases treated with the latest generation
EGFR TKI osimertinib, resistance can develop via
a third mutation, C797S, against which no approved
targeted therapies are currently available.8 Additionally, another common mechanism of acquired
resistance to osimertinib involves the activation of
alternative RTK signaling pathways that bypass
EGFR; for example, the amplification of MET (hepatocyte growth factor (HGF) receptor) gene which
occurs in about 20% of cases.8,10
Proper subcellular localization and function of
RTKs such as EGFR is dependent upon the Golgi
apparatus, an important intracellular organelle
involved in the transport, processing, and sorting
of secreted and plasma membrane proteins. An
integral component is the Golgi coatomer, a
seven-protein complex that forms COPI coated
vesicles, important for budding and vesicular
trafficking within the Golgi network as well as
retrograde Golgi-endoplasmic reticulum (ER)
trafficking.11,12 Previous studies have identified
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(ER) stress response pathway, resulting in growth
inhibition of mutant EGFR lung cancer cells and
organoids. Importantly, we also demonstrate that
COPB2 knockdown strongly inhibits the growth of
mutant EGFR lung cancer cells, alters post
translational
processing
of
RTKs,
and
dysregulates the ER stress response. Overall, our
results demonstrate that targeting COPB2
presents a viable therapeutic option to attenuate
mutant EGFR signalling in NSCLC cells.

action of EMI1. The total levels of the ALKF1245C and ALK-L1196M mutants were only modestly affected by EMI1, with minimal or no effect on
ERK activation observed in the ALK-F1245C or
ALK-L1196M lines, respectively (Supplementary
Figure 1(b)). This suggests that these mutants have
some inherent resistance to EMI1.
Previously we found that EMI1 treatment leads
to decreased mutant EGFR cell surface
expression.18 To assess whether EMI1 can also
affect the surface expression of MET, we performed cell surface biotinylation assays in PC9
cells and determined that EMI1 treatment results
in a decrease of total and surface EGFR and
MET expression levels (Figure 1(c)). Taken
together, our results show that EMI1 induces the
downregulation of multiple RTKs and decreases
their cell surface localization.

Results
EMI1 attenuates RTK expression, signalling
and cell surface localization
Previously we showed that EMI1, but not its
inactive analog EMI47, which contains a fluorine
atom on the benzoxazole ring region (Figure 1(a)),
inhibits mutant EGFR activation and downstream
signalling.18 Here we sought to evaluate the specificity of these molecules towards wild-type and
mutant EGFR signalling. We first assessed the
effect of EMI1 and EMI47 on EGFR activation and
downstream signalling in HEK293 cells stably
expressing EGFR WT or EGFR L858R/T790M/
C797S and PC9 lung adenocarcinoma cells
expressing EGFR ex19del/T790M/C797S (Figure 1
(b)). In EGFR WT cells, neither molecule impacted
EGFR activation at two tyrosine sites (Y1068 and
Y1173), however, EMI1 did induce EGFR downregulation and reduced the activation of downstream
effectors ERK and S6. Conversely, EMI1 did attenuate EGFR activation and downstream signalling in
HEK293 EGFR L858R/T790M/C797S and PC9
ex19del/T790M/C797S cells. These data indicate
that there is a differential response to EMI1 treatment with respect to EGFR activation between
wild-type and mutant EGFR-expressing cells,
where mutant EGFR activation is decreased.
We further assessed the specificity of EMI1 on
the activity of two additional RTKs, MET and ALK,
both of which are also dysregulated in lung
cancers.19 We first examined the effect of EMI1 in
comparison to crizotinib (a TKI that potently targets
both MET and ALK20) on HEK293 cells stably
expressing each RTK. We found that EMI1 induces
MET downregulation and reduces activation of MET
and ERK when cells are treated with the MET
ligand, hepatocyte growth factor (HGF), though
the effect is not as strong as with crizotinib treatment, which results in complete reduction of total
and activated MET and ERK at a lower concentration (Supplementary Figure 1(a)). Next, we
assessed the effect of EMI1 on wild-type ALK,
and two NSCLC-associated oncogenic mutants
ALK-F1245C and ALK-L1196M. We found that
EMI1 also induces ALK downregulation and
reduces activation of ERK in wild-type ALK cells
(Supplementary Figure 1(b)). Interestingly, crizotinib, which reduces ALK activation, did not affect
total WT ALK levels, indicating a unique mode of

EMI1 alters the electrophoretic mobility of
COPB2
To better understand the mechanism of action
and cellular effects of EMI1, we performed a
genome-wide CRISPR/Cas9 knockout screen to
systematically profile the genetic dependencies of
the response to 70 nM EMI1 (EC30 dose) in the
NALM-6 pre-B cell lymphocytic leukemia cell
line.21 Using this approach and the RANKS scoring
algorithm,21 we identified many genes that act as
resistance and sensitization determinants for EMI1
(Figure 1(d)). A complete list of genes ordered
based on RANKS score can be found in Supplementary Table 1. Among our top sensitizers, we
identified many genes involved in microtubule
dynamics, including KNTC1, ZWILCH, and
DLGAP5 (Supplementary Figure 2). These
chemical-genetic interactions align with our previous study showing the microtubule destabilizing
properties of EMI1.18 Interestingly, the top proteincoding resistance genes from screen was Coatomer Protein Complex Beta 2 (COPB2), a WD40
repeat (WDR)-containing protein that forms a major
structural component for COPI-coated vesicles.22
In contrast, a control screen run with the inactive
analog EMI7 at the same dose did not show any
interaction with either COPB2 or microtubule
dynamics genes (Supplementary Figure 2 and
Supplementary Tables 1 and 2). Upon EMI1 treatment, we detected a COPB2 band at higher
molecular weight, suggestive of oligomerization
or aggregation in PC9 lung cancer cells, whereas
its dimerization partner COPA,22 whose knockout
did not show any significant enrichment or depletion in the CRISPR screen, was only slightly
reduced in its expression (Figure 1(e)). Next, we
assessed whether there is a direct interaction
between EMI1 and full-length biotinylated COPB2
protein using surface plasmon resonance. We
found that EMI1, but not EMI47, can bind to
recombinant COPB2 protein in the low micromolar
(Kd 3.98 mM) range (Figure 1(f)). Taken together,
3
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Figure 1. EMI1 inhibits RTK signaling and alters the electrophoretic mobility of COPB2 in mutant EGFR
lung cancer cells. (a) Chemical structure for EMI1 and EMI47. (b) Western blot analysis showing activity of EMI1
(20 mM) and EMI47 (20 mM) after 2 h treatment on EGFR activation and downstream signaling in HEK293 wild-type
EGFR, HEK293 EGFR L858R/T790M/C797S and PC9 EGFR ex19del/T790M/C797S cells (see Supplementary
Figure 15 for source blot images). Results are representative of at least two independent experiments. (c) Cell surface
biotinylation assay assessing cell surface expression levels for EGFR and MET after treatment with EMI1 for 2 h in
PC9 EGFR ex19del/T790M/C797S cells. Results are representative of at least two independent experiments (See
Supplementary Figure 15 for source blot images). (d) Volcano plot show RANKS scores in CRISPR/Cas9 screen after
8 days of EMI1 (70 nM). Shades of gray in each hexagonal bin represent gene count. Top 20 genes are highlighted in
blue (buffering genetic interactions) or red (synthetic lethal genetic interactions). (e) Western blot analysis showing
electrophoretic mobility shift of COPB2 upon 18 h EMI1 treatment in PC9 EGFR ex19del/T790M/C797S cells. Results
are representative of at least two independent experiments (See Supplementary Figure 15 for source blot images). (f)
Surface plasmon resonance assays assessing binding kinetics of EMI1, its inactive analog EMI47 and improved
analog EMI66 on recombinant full-length COPB2 protein.

EMI1 can bind to COPB2 in a biochemical manner, and has a direct cellular effect on COPB2
protein expression by altering its electrophoretic
mobility, which could have downstream effects
on its cellular functions.

Medicinal chemistry analysis of EMI1
To improve the potency of EMI1, we conducted
structure activity relationship (SAR) studies.
Previously we found that the addition of a methyl
4
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group to the benzoxazole ring of EMI1 yielded a
more potent analog [EMI48, (3)] with respect to its
effect on mutant EGFR signalling.18 We performed
another round of SAR focusing on this derivative
and generated 17 analogs (4–20) (Supplementary
Figure 3(a)) which were each tested to measure
their effect on EGFR and ERK signalling (at a
5 mM dose) in PC9 EGFR ex19del/T790M/C797S
cells (Supplementary Figure 3(b)). We identified
four derivatives, EMI65 (7), EMI66 (8), EMI70 (12)
and EMI74 (16), displaying potency similar to, or
greater than, EMI48 with respect to inhibiting EGFR
signalling (Supplementary Figure 3(c)). All these
derivatives contain modifications to the benzoxazole ring region of the molecule, with EMI66 (Figure 2(a)) showing strong effects on EGFR and
MET signalling (Figure 2(b)). Dose-response experiments show that EMI66 inhibited total EGFR and
MET levels, activation, and downstream signalling
at lower concentrations than EMI1 (compare Figures 1(b) and 2(b)). Moreover, EMI66 also binds
to recombinant COPB2 protein with an increased
affinity compared to EMI1 (Figure 1(f)).
Since we previously found that EMI1 also
possesses microtubule depolymerization activity,18
next we evaluated the microtubule inhibitory properties of the new EMI1-derived analogs using both
in vitro and in vivo assays. In vitro plus-end microtubule dynamics assays using purified tubulin and
mCherry-EB3 (End-Binding Protein 3) showed that
EMI47 and EMI48 directly target microtubules,
where both compounds inhibited the growth rate
and increased the catastrophe frequencies (Supplementary Figure 4). Interestingly, EMI65, EMI66
and EMI70 did not alter the in vitro microtubule
growth rate or catastrophe frequencies (Supplementary Figure 4). Moreover, using PC9 cells
expressing fluorescently tagged EB3 protein, we
found that EMI65, EMI66 and EMI70 do not alter
microtubule plus-end growth rate in cells, whereas
EMI47 and EMI48 are potent microtubule destabilizers (Figure 2(c) and Supplementary Figure 5).
Taken together, these results suggest that the
microtubule inhibitory properties and RTK signaling
effects for these derivatives are distinct.
The nuclear transport of wild-type and mutant
EGFR is in part regulated by COPI-coated
vesicles.23,24 In the nucleus, EGFR has been
shown to play a pro-oncogenic role in multiple cancers, where it can act as a transcriptional coactivator for multiple genes including cyclin D1,25
iNOS,26 B-Myb,27 Aurora-A,28 COX-2,29 c-Myc30
and BCRP.31 To this end, we assessed the effect
of EMI47 and EMI66 on the nuclear translocation
of COPB2, EGFR and MET in PC9 cells. We found
that EMI66, but not EMI47, alters the electrophoretic mobility of COPB2, with an increase in
the non-nuclear expression of monomeric COPB2
and a possible induction of nuclear oligomerization/aggregation (Figure 2(d)). Furthermore,
EMI66 attenuates EGFR activation and downregu-

lates EGFR and MET in PC9 cells, an effect not
observed when cells are treated with EMI47. Interestingly, EMI66 also alters the electrophoretic
mobility of nuclear EGFR and MET, indicating possible oligomerization/aggregation and/or changes in
protein PTMs, albeit at much lower levels than
COPB2 (Figure 2(d)). Furthermore, EMI66 treatment also results in a significant decrease in the
mRNA transcript levels of both COPB2 and EGFR
in PC9 cells (Supplementary Figure 6). To evaluate
specificity, we assessed the effect of EMI66 and
EMI47 on an additional mutant EGFR lung cancer
cell line H1975 (which harbors a L858R/T790M
“double” mutation) (Figure 2(e)) and on wild-type
EGFR H460 cells (Figure 2(f)). Like in PC9 cells,
EMI66 attenuates EGFR activation, downregulates
EGFR and MET, increases non-nuclear monomeric
COPB2 and possibly induces COPB2 oligomerization/aggregation in the nuclear fraction in both cell
lines (Figure 2(e and f)). Taken together, these data
indicate that EMI66 treatment leads to a COPB2
band at a higher molecular weight (suggestive of
oligomerization or aggregation) in the nuclear fraction and downregulates RTK expression and
activation.
EMI66 alters EGFR and COPB2 subcellular
localization
It is well established that changes in RTK
internalization, recycling and degradation affect
signaling response and can contribute to
tumorigenesis.32 Importantly, oncogenic RTKs
have been implicated in altered endocytic trafficking, with increased internalization and decreased
degradation.33–35 Previously we found that EMI1
altered mutant EGFR endocytic trafficking and cell
surface localization.18 To quantify subcellular localization for EGFR and COPB2 we made use of a reference library for assigning protein subcellular
localizations in MCF10A cells by image-based
machine learning.36 This tool enabled, using fluorescence microscopy to assess the subcellular
localization of EGFR and COPB2 relative to 22 different landmark proteins in the same cell line.
MCF10A wild-type mScarlet-I-EGFR or mScarletI-EGFR L858R/T790M/C797S cells were treated
with 5 mM of EMI66 or EMI47 and imaged after 30
minutes. Representative images for subcellular
localization effects on EGFR L858R/T790M/
C797S and wild-type EGFR are provided in Figure 3
(a and c), respectively. We found that mScarlet-IEGFR L858R/T790M/C797S targets to multiple
compartments, including the nuclear membrane
(Lamin A, 18%), lysosomes (LAMP1, 15%), mitochondria (MAO, 12%), ER/Golgi (Sec22b, 12%),
and recycling endosomes (RAB11B, 10%) (Figure 3
(b)). Interestingly, EMI47 treatment increases the
nuclear membrane (Lamin A, 37%) localization
but decreases ER/Golgi (Sec22b, 5%) and recycling endosome (RAB11B, 6%) localizations. In
contrast, EMI66 treatment considerably increases
5
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Figure 2. Generation and testing of EMI1 chemical analogs. (a) Chemical structure for EMI66. (b) Western blot
analysis showing activity of EMI66 after 2 h treatment on EGFR and MET activation and downstream signaling in PC9
EGFR ex19del/T790M/C797S cells (see Supplementary Figure 16 for source blot images). Results are representative
of at least two independent experiments. (c) Maximal intensity projections (stream acquisition/exposure time 500 ms/
100 frames) showing the effect of EMI47 (0.5 lM) and EMI66 (1 lM) on microtubule dynamics in PC9 EGFR ex19del/
T790M/C797S cells transfected with EB3-TagRFP as a microtubule plus-end marker. The contrast is inverted.
Graphs show quantification of microtubule plus-end velocity in PC9 cells for EMI47 and EMI66. n = 140, 35, 179 for
DMSO, EMI47 and EMI66, respectively. Significant P values are displayed and were calculated using the MannWhitney test (***, p < 0.0001). Western blot analysis showing the effect of EMI66 after 18 h treatment on the
expression of COPB2, EGFR and MET in the nuclear and non-nuclear fractions in (d) PC9 (EGFR ex19del/T790M/
C797S), (e) H1975 (EGFR L858R/T790M) and (f) H460 cells (wild-type EGFR) (see Supplementary Figure 16 for
source blot images). Results are representative of at least two independent experiments.

lysosomal (LAMP1, 39%) localization, but
decreases ER/Golgi (Sec22b, 6%) and recycling
endosome (RAB11B, 3%) localizations. Next, we
explored the effects of EMI47 and EMI66 on the
localization of wild-type mScarlet-I-EGFR in
MCF10A cells. We found that wild-type mScarletEGFR targets primarily to the ER (Cytb5, 24%),
ER/Golgi (Sec22b, 16%) and cytoplasm (delta-

TMD, 17%) (Figure 3(d)). Whereas EMI47 treatment has modest effects on wild-type EGFR localization, EMI66 treatment markedly increases
lysosomal (LAMP1, 30%) localization, but
decreases ER/Golgi (Cytb5, 2%) and cytosolic
(delta-TMD, 1%) localizations. These results show
that EMI47 and EMI66 have differential effects on
the subcellular localization of wild-type and mutant
6

Journal of Molecular Biology 433 (2021) 167294

P. Saraon, J. Snider, W. Schormann, et al.

Figure 3. EMI66 alters the subcellular localization of EGFR and COPB2 in MCF10A cells. (a) Representative
microscope images of MCF10A cells expressing mScarlet-I-EGFR L858R/T790M/C797S treated with DMSO, 5 mM
EMI47 or 5 mM EMI66 for 30 minutes. Scale bars, 25 mm. (b) Random Forest (RF) classifier assignments of mutant
EGFR localization according to the scale below. The most frequent assignment for each protein is indicated as a
percentage within the heat map. (c) Representative microscope images of MCF10A cells expressing mScarlet-I-wildtype EGFR treated with DMSO, 5 mM EMI47 or 5 mM EMI66 for 30 minutes. Scale bars, 25 mm. (d) Random Forest
(RF) classifier assignments of wild-type EGFR localization according to the scale below. The most frequent
assignment for each protein is indicated as a percentage within the heat map. (e) Representative microscope images
of MCF10A cells expressing mScarlet-I-COPB2 treated with DMSO, 5 mM EMI47 or 5 mM EMI66 for 30 minutes. Scale
bars, 25 mm. (f) Random Forest (RF) classifier assignments of COPB2 localization according to the scale below. The
most frequent assignment for each protein is indicated as a percentage within the heat map.

EGFR, with EMI66 treated cells resulting in markedly elevated lysosomal localization of both wildtype and mutant EGFR in MCF10A cells.
Next, we assessed the effects of EMI47 and
EMI66 on the localization of COPB2 in MCF10A
mScarlet-I-COPB2 cells. Representative images
for subcellular localization effects on COPB2 are
provided in Figure 3(e). We found that mScarlet-I-

COPB2 targets primarily to the ER/Golgi (Sec22b,
27%) and to a lesser degree, lysosomal (LAMP1,
12%) and nuclear membrane (Lamin A, 12%)
compartments (Figure 3(f)). EMI47 treatment
modestly effects COPB2 localization, whereas
EMI66 treatment increases ER (Bik/Cytb5, 30%)
and cytosolic (delta-TMD, 20%), but decreases
ER/Golgi (Sec22b, 8%) and lysosomal (LAMP1,
7
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5%) localizations. These findings clearly
demonstrate that EMI66 induces an almost
complete loss of COPB2 from endomembranes.
To further test the specificity of EMI47 and EMI66
towards COPB2 localization, we assessed their
effects on three landmark proteins representing
the
Golgi
(mScarlet-I-Golgin84),
ER/Golgi
(mScarlet-I-Sec61b) and mitochondria (mScarlet-IMAO) in MCF10A cells. Representative images
for subcellular localization effects on Golgin84,
Sec61b and MAO are provided in Supplementary
Figures 7–9, respectively. Overall, neither EMI47
nor EMI66 treatment resulted in any significant
changes in the localization of these landmarks in
MCF10A cells. Overall, our results demonstrate
that EMI66 alters the subcellular localizations of
EGFR and COPB2, while not affecting the
localization of different landmark proteins in the
early secretory pathway.

To assess whether COPB2 KD affects additional
mutant EGFR NSCLC cells, we generated DOXinducible shCOPB2-8 and shCOPB2-8 + Flag-CO
PB2 OE H1975 cells, harbouring the EGFR
L858R/T790M double mutation. Unlike the effects
observed in PC9 cells, COPB2 KD did not affect
the total or activated levels of EGFR in the H1975
cells harbouring the EGFR L858R/T790M double
mutation (Figure 4(d)). However, MET posttranslational processing was affected, with
COPB2 KD resulting in elevated precursor MET,
an effect that was rescued in the COPB2 OE
cells. COPB2 KD also resulted in a strong antiproliferative phenotype compared to control
shRNA H1975 cells (Figure 4(e)). COPB2 OE
partially rescued the anti-proliferative phenotype
observed in the H1975 shCOPB2-8 cells. Finally,
COPB2 KD also induced a significant caspase-3
and -7 activation after 4 days in H1975 cells, an
effect that was partially rescued in the COPB2 OE
cells (Figure 4(f)). Taken together, these results
demonstrate that COPB2 KD alters post
translational processing of EGFR and MET,
induces growth suppression, and activates latestage apoptosis markers in mutant EGFR NSCLC
cells.

COPB2 suppression alters RTK post
translational processing
Next, we sought to further explore the potential
role that COPB2 may play in RTK signalling. To
this end, we generated lentiviral doxycycline
(DOX)-inducible shRNA hairpins to target COPB2
in PC9 cells expressing EGFR ex19del/T790M/
C797S. We also generated double stable DOXinducible shCOPB2 knockdown (KD) and FlagCOPB2 overexpression (OE) rescue cells. Using
this system, we first assessed whether COPB2
KD had any effects on EGFR or MET expression
and/or nuclear localization. Using two different
shCOPB2 hairpins (shCOPB2-7 and shCOPB2-8),
we found that COPB2 KD alters the post
translational processing of both mutant EGFR and
MET in PC9 cells (Figure 4(a)). With regards to
EGFR, there is a slight band shift to a lower
molecular weight in COPB2 KD cells, an effect
that is reversed in the COPB2 OE rescue cells in
both hairpin models (Figure 4(a)). In the case of
MET, COPB2 KD results in an accumulation of
precursor MET (higher band) and less active MET
(lower band), which were rescued in the COPB2
OE cells. Interestingly, the nuclear expression of
both EGFR and MET also modestly increases
after COPB2 KD. Furthermore, COPB2 OE cells
also display elevated nuclear levels of COPB2,
indicating that COPB2 may have a role in the
nucleus. Next, we assessed the effects of COPB2
KD on cell proliferation and apoptosis in PC9
cells. We find that COPB2 KD results in significant
growth suppression for both shCOPB2 hairpin
models (Figure 4(b)). COPB2 OE partially rescued
the anti-proliferative effects in the shCOPB2-7
cells, but completely rescued the anti-proliferative
phenotype in shCOPB2-8 cells. Furthermore,
COPB2 KD also results in an activation of
caspase-3 and -7, with COPB2 OE cells rescuing
this effect in PC9 cells (Figure 4(c)).

COPB2 suppression alters expression of ER
stress response proteins
Previously, it has been shown that depletion of
COPI complex members can elevate the
expression of the ER stress response protein
BiP,37 an ER chaperone protein that plays a major
role in the unfolded protein response (UPR). To
see if this is also the case in mutant EGFR lung cancer cells, we assessed the effect of COPB2 KD on
the expression of several proteins involved in the
ER stress response pathway, including ER chaperones (BiP, Calnexin), ER stress response kinases/downstream effectors (PERK, eIF2a, IRE1a, XBP1s), ER enzymes involved in disulfide bond formation (PDI, Ero1-La).38 We found that COPB2 KD
results in a strong decrease in the expression of
Calnexin and modest decreases in the expression
of PERK and Ero1-La in PC9 cells. Conversely,
COPB2 KD induces the expression of IRE1a,
XBP-1s and BiP, and modestly increases the phosphorylation of eIF2a in PC9 cells. All these effects
were reversed in the COPB2 OE cells, showing that
COPB2 KD can alter the expression of multiple ER
stress response proteins in PC9 cells (Figure 5(a)).
We also assessed the effect of COPB2 KD in
H1975 cells and observed similar results. H1975
COPB2 KD results in a weak decrease in Calnexin
expression (Figure 5(b)), but elevated expression of
IRE1a and BiP in H1975 cells. COPB2 OE cells display a complete rescue of these effects, further
demonstrating the on-target effects of COPB2 on
the ER stress response pathway. These results
suggest that COPB2 KD alters the ER stress
8

Journal of Molecular Biology 433 (2021) 167294

P. Saraon, J. Snider, W. Schormann, et al.

Figure 4. Knockdown of COPB2 alters RTK post-translational processing, reduces proliferation, and
activates late-stage apoptosis markers in mutant EGFR lung cancer cells. (a) Western blot analysis showing the
effect of COPB2 knockdown using two different shCOPB2 constructs on the expression of EGFR and MET in the
nuclear and non-nuclear fractions in PC9 EGFR ex19del/T790M/C797S cells after 3 days DOX induction. (see
Supplementary Figure 17 for source blot images). Results are representative of at least two independent
experiments. (b) Assessing the effect of COPB2 knockdown on the proliferation of PC9 cells after 7 days shCOPB2
induction (c) Assessing the effect of COPB2 knockdown on the activation of caspase 3/7 in PC9 cells after 4 days
shCOPB2 induction. (d) Western blot analysis showing the effect of COPB2 knockdown on the expression of EGFR
and MET in the nuclear and non-nuclear fractions in H1975 cells (EGFR L858R/T790M) after 3 days DOX induction
(see Supplementary Figure 17 for source blot images). Results are representative of at least two independent
experiments. (e) Assessing the effect of COPB2 knockdown on the proliferation of H1975 cells after 7 days shCOPB2
induction. (f) Assessing the effect of COPB2 knockdown on the activation of caspase 3/7 in H1975 cells after 4 days
shCOPB2 induction. (*, p < 0.01, **, p > 0.001, ***, p < 0.0001).
9

P. Saraon, J. Snider, W. Schormann, et al.

Journal of Molecular Biology 433 (2021) 167294

Figure 5. Knockdown of COPB2 alters ER stress response in lung cancer cells. Western blot analysis
showing the effect of COPB2 knockdown on ER stress response proteins in (a) PC9 (EGFR ex19del/T790M/C797S),
(b) H1975 (EGFR L858R/T790M), and (c) H460 (wild-type EGFR) cells. (see Supplementary Figure 18 for source blot
images). Results are representative of at least two independent experiments. (d) Assessing the effect of COPB2
knockdown on the proliferation of H460 cells after 7 days shCOPB2 induction. (e) Assessing the effect of COPB2
knockdown on the activation of caspase 3/7 in H460 cells after 7 days shCOPB2 induction. (f) Western blot analysis
showing the effect of COPB2 knockdown on ER stress response proteins in IMR90 (wild-type EGFR) fibroblast cells
(see Supplementary Figure 18 for source blot images). Results are representative of at least two independent
experiments. (g) Assessing the effect of COPB2 knockdown on the proliferation of IMR90 cells after 7 days shCOPB2
induction. (h) Assessing the effect of COPB2 knockdown on the activation of caspase 3/7 in IMR90 cells after 7 days
shCOPB2 induction. (*, p < 0.01, **, p > 0.001).
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response pathway in mutant EGFR lung cancer
cells.
Next, we sought to explore the effect of COPB2
KD on wild-type EGFR H460 lung cancer cells.
We find that COPB2 KD results in elevated
precursor MET, IRE1a and BiP expression in
H460 cells (Figure 5(c)). Furthermore, COPB2 KD
results in a moderate anti-proliferative phenotype
compared to control shRNA in H460 cells
(Figure 5(d)). Interestingly, COPB2 KD does not
cause the activation of Caspase-3 and -7 after
7 days of DOX induction (Figure 5(e)). We also
assessed the effect of COPB2 KD on normal lung
fibroblast IMR90 cells. Interestingly, we find that
COPB2 KD does not alter the expression of RTK
or ER stress response proteins in IMR90 cells
after 3 days DOX induction (Figure 5(f)).
Moreover, COPB2 KD leads to a significant
growth suppression of IMR90 cells after 6 days
DOX induction but are not as sensitive compared
to mutant EGFR cells (Figure 5(g)). Finally,
COPB2 KD does not cause the activation of
Caspase-3 and -7 after 7 days of DOX induction
in IMR90 cells (Figure 5(h)). Taken together, our
results demonstrate that two mutant EGFR lung
cancer cells are more sensitive to COPB2 KD
than wild-type EGFR lung cancer cells and normal
lung fibroblasts.

molecular weight COPB2 in non-DOX induced
PC9 cells (no COPB2 KD), whereas in DOXinduced PC9 cells (COPB2 KD), there is a strong
decrease in the expression of both molecular
weight COPB2 bands, indicating a synergistic
effect of COPB2 KD in combination with EMI66
treatment on COPB2 protein expression
(Supplementary Figure 10). Moreover, COPB2 KD
in combination with EMI66 treatment also results
in a decrease in EGFR, MET, Calnexin and pERK
expression
(Supplementary
Figure
10).
Interestingly, BiP levels are increased upon
COPB2 KD, but the levels are less in combination
with COPB2 KD (Supplementary Figure 10).
Taken together, these results show that there is a
complex relationship between the role of COPB2
in mediating the effects of EMI66 and will require
additional experimentation to understand the
association in more detail.
EMI66 blocks proliferation of lung cancer cells
and organoids
We next looked at the anti-proliferative effects of
EMI66, EMI47 and additional active derivatives
(EMI1, EMI48, EMI65 and EMI70) on lung cancer
cell line growth. We found that EMI66 inhibits the
growth of PC9 (EGFR ex19del/T790M/C797S)
and H1975 (EGFR L858R/T790M) cells (in the
micromolar range) but does not affect MCF10A (a
normal breast epithelial cell line with wild-type
EGFR) cell proliferation after 4 days of treatment
(Figure 6(d–f)). The most potent anti-proliferative
EMI derivatives were EMI1 and EMI47, both of
which inhibited the growth of cells in the
nanomolar range, possibly due to their strong
microtubule inhibition properties (Supplementary
Figure 11). The other active derivatives all
displayed anti-proliferative effects at micromolar
levels. Moreover, these analogs also exerted antiproliferative effects on the growth of PC9 EGFR
ex19del/T790M/C797S organoids, with EMI1 and
EMI47 displaying the strongest growth inhibition
(Supplementary Figure 12). Furthermore, we also
assessed the anti-proliferative effects of these
compounds on three primary lung cancer organoid
models, including XDO-137 (EGFR ex19del),
PDXO-4000 (EGFR ex19del) and XDO-344 (wildtype EGFR). Like the cancer cell line data, EMI66
also exerts an anti-proliferative effect on all three
primary organoid models after 6 days of
treatment, with EC50 values ranging between 3
and 5 mM (Figure 6(g–i)). Representative images
of the organoids treated with different doses of
EMI66 are shown in Supplementary Figure 13. All
other derivatives also exerted anti-proliferative
effects on lung cancer organoids, with EMI1 and
EMI47 displaying effects in the nanomolar range
(Supplementary Figure 14). Collectively, our data
show that EMI66 and its chemical analogs exert
anti-proliferative effects in lung cancer cells and
organoid models.

EMI66 alters expression of ER stress response
proteins
Next, we assessed the effect of EMI66 and EMI47
on the ER stress response pathway in lung cancer
cells. We found that EMI66 treatment, but not
EMI47,
results
in
increased
BiP
and
phosphorylated eIF2a expression, but decreased
PERK, IRE1a, Calnexin, Ero-La, and PDI
expression in PC9 cells (Figure 6(a)), while also
altering the electrophoretic mobility of the Calnexin
protein. Similarly, EMI66 treatment also results in
increased BiP expression, but decreased PERK,
IRE1a, Calnexin, Ero-La, and PDI expression in
H1975 cells (Figure 6(b)), and increased BiP
expression, but decreased PERK, IRE1a and
Calnexin expression in H460 (Figure 6(c)).
Interestingly, EMI66 treatment did not alter BiP or
IRE1a expression, and did not affect the
phosphorylation of eIF2a, however, did decrease
PERK, Calnexin, PDI and Ero1-La in MCF10A
cells. These results show that EMI66 treatment,
like COPB2 KD, can also alter the expression of
multiple proteins involved in the ER stress
response pathway in lung cancer cells.
To further establish the role of COPB2 in
mediating the effects of EMI66, we assessed the
effect of EMI66 on PC9 COPB2 KD and rescue
cells and monitored COPB2, EGFR, MET, pERK
and ER stress marker (Calnexin, BiP, peIF2a)
expression. We observe that EMI66 treatment
results in a reduction in a high molecular weight
COPB2 band and an increase in a lower
11
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Figure 6. EMI66 alters ER stress and blocks proliferation of lung cancer cells and organoids. Western blot
analysis showing activity of EMI66 after 18 h treatment on ER stress response markers in (a) PC9 cells (EGFR
ex19del/T790M/C797S), (b) H1975 (EGFR L858R/T790M), (c) H460 (wild-type EGFR) and (d) MCF10A (wild-type
EGFR) cells (see Supplementary Figure 19 for source blot images). Results are representative of at least two
independent experiments. Effect of EMI66 on the proliferation of (e) PC9, (f) H1975 and (g) MCF10A cells after
4 days. Results are shown as single 16-point dose–response experiments. Effect of EMI66 on the proliferation of (h)
XDO-137 (EGFR ex19del), (i) PDXO-4000 (EGFR ex19del) and (j) XDO-344 (wild-type EGFR) organoids after 6 days
treatment. Results are shown as single 16-point dose–response experiments.

destabilizer and inhibitor of mutant EGFR
signalling.18 Through medicinal chemistry efforts,
we were able to discriminate between both activities, generating a more potent, EMI66, which does
not alter microtubule polymerization, but retains its

Discussion
In this work, we characterized and generated
additional analogs for EMI1, a compound that was
previously identified as a strong microtubule
12
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mutant EGFR inhibitory properties. To understand
the direct targets of EMI66, our CRISPR/Cas9
chemical genetic screen identified COPB2 among
the top resistance genes for EMI1, but not for the
inactive compound EMI7. Subsequently we found
that treatment with EMI1/EMI66 leads to accumulation of COPB2 bands of higher molecular weight,
which are suggestive of oligomerization/aggregation of COPB2 in multiple lung cancer cells. Furthermore, EMI66 treatment alters EGFR and COPB2
subcellular localization, with increased lysosomal
distribution for EGFR and increased ER localization
for COPB2. Additionally, we show that COPB2 KD
leads to a dysregulation of ER stress markers,
altered RTK post-translational processing and
increased growth sensitivity in mutant EGFR lung
cancer cells. Finally, we show that EMI66 treatment
also leads to a dysregulation in ER stress markers,
RTK downregulation and blocks the proliferation of
lung cancer cells and organoids.
The unique mode of action of EMI66 on the
electrophoretic mobility of COPB2 and RTK
signalling will be the focus of future studies. Our
results show using surface plasmon resonance
that EMI66 can biochemically bind to COPB2
protein. Going forward, assessing this mode of
binding will be integral to understanding the
regions of COPB2 that might be important for
compound activity. Notably, the crystal structures
for the yeast COPB2-COPA complex have been
determined,22 demonstrating that the WD40 repeat
(WDR) domain from three different COPB2 proteins
come together to form a triskelion trimer.22 COPB2
also contains an a-solenoid region that is important
for its interaction with COPA. Targeting the WDR
domain of proteins has garnered much recent interest, with WDR proteins such as WDR539 and EED40
successfully being targeted by potent small molecule probes. Further exploration of the EMI66COPB2 interaction will be important to guide structure–activity relationship (SAR) optimizations to
modify EMI66 into a potentially more potent COPB2
binder.
Our study also opens the avenue for assessing
the role and impact of COPB2 (and COPI coated
vesicles) on RTK trafficking and signalling. Our
findings show that RTK post-translational
processing is altered upon COPB2 KD, which
could be attributed to altered protein glycosylation
dynamics due to elevated ER stress. Asparagine
(N)-linked glycosylation is a highly regulated PTM
and critical for RTK folding, stability, and cellular
localization.41 For example, the glycosylation inhibitors tunicamycin and NGI-1, which inhibit the
GlcNAc-1-phosphotransferase (GPT) and oligosaccharyltransferase (OST) enzymes, respectively,
have been shown to inhibit RTK expression and
activation.41–44 It will be interesting to assess
whether COPB2 KD or EMI66 treatment could alter
RTK glycoproteome dynamics using mass spectrometry to determine if specific glycosylation

events can affect subsequent trafficking and signalling outcomes. Furthermore, using EMI66, we
find that the subcellular distribution for EGFR and
COPB2 is altered, with elevated lysosomal and
ER localization, respectively, in MCF10A cells.
Interestingly, we also find that COPB2 can localize
to lysosomes, albeit at a lower percent classification, and that EMI66 could reduce this distribution
to lysosomes. This might imply that COPB2, and
the coatomer by extension, could play an important
role in directing RTKs away from the lysosomes for
degradation, in a potential positive feedback loop
via recycling endosomes. It would be interesting to
further explore the colocalization of EGFR and
COPB2 with lysosomal (LAMP1) or recycling endosome (RAB11B) markers in NSCLC cells treated
with EMI66, or in COPB2 KD cells, as this would
help better understand the role of COPB2 in RTK
trafficking.
Mutant EGFR lung cancer is a major health
burden which will ultimately lead to death.
Although targeted first, second and third
generation EGFR kinase inhibitor therapeutics are
FDA approved, the effectiveness of these
treatments has been hampered by the rapid
development of acquired resistance through
diverse mechanisms including additional EGFR
kinase domain mutations and/or changes in the
expression of other cellular factors, such as MET
amplification.8,10 Recently, there has been increasing interest in identifying novel small molecules that
are able to inhibit mutant EGFR signalling outside of
conventional direct binding, which can in essence,
help dampen acquired resistance mechanisms.
One such target that we have identified is COPB2,
which appears to play an important role in EGFR
signalling and trafficking. COPB2 expression has
been shown to be elevated in numerous cancers
including lung,45 breast,46 prostate47 and colon.48
Knockout of COPB2 in the mouse is embryonic
lethal, suggesting COPB2 is an essential gene.49
However, the impact of decreased COPB2 expression/activity on human somatic cells is currently
unknown. Our data shows that COPB2 knockdown
leads to a significant growth suppression of lung
fibroblasts but are not as sensitive compared to
mutant EGFR cells and does not result in the activation of late-stage apoptosis markers thus pointing to
a potential therapeutic window. Future studies
focusing on the role of COPB2 as a possible mechanism of acquired resistance in mutant EGFR
NSCLC would be an interesting avenue to explore.
The concept of “non-oncogene addiction”, where a
cancer cell becomes more reliant on cellular proteins such as COPB2, is another aspect that needs
to be further explored. Additionally, our data showing that EMI66 can downregulate multiple RTKs
including mutant EGFR, MET and ALK; it would
be interesting to assess if the expression of other
membrane protein families, such as G-protein coupled receptors, ion channels and others are also
13
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influenced by EMI66 or COPB2 KD. Finally, the
in vivo efficacy of EMI66 and analogs in animal
models will also need to be further evaluated, as
well as possible combination treatment with EGFR
first/second/third generation inhibitors.
In summary, in this study, we demonstrate using
a variety of chemical biology, microscopy, and
genetic engineering approaches, that: (1) EMI66
can alter the electrophoretic mobility of COPB2
and downregulate RTK expression, (2) EMI66
alters EGFR and COPB2 subcellular localization,
(3) COPB2 suppression alters ER stress response
markers and RTK post-translational processing,
and (4) EMI66 blocks proliferation of lung cancer
cells and primary lung cancer organoids. Going
forward, the complete understanding of COPB2
with respect to mutant EGFR NSCLC
pathophysiology will depend on the development
of relevant in vitro and in vivo models. However,
our present findings provide enough initial
evidence to explore the targeting of COPB2 with
small molecule probes as an interesting approach
to target mutant EGFR-associated NSCLC.

were performed after separation by SDS-PAGE
and transferred to nitrocellulose membranes using
an iBlot2 transfer system (Invitrogen). The
membranes were then blocked with 2% BSA in
Tris-buffered saline/Tween 20 (TBS-T). Antibodies
used for Western blot analysis were: phosphoEGFR Y1173 (Santa Cruz, sc101668, 1:10,000),
phospho-EGFR
Y1068
(Cell
Signalling
Technology, #3777, 1:10,000), total EGFR
(Abcam, ab52894, 1:10,000), phospho-AKT
(Ser473; Cell Signalling Technology, #4060,
1:10,000), total AKT (Cell signalling Technology,
#4691, 1:10,000), phospho-ERK (Thr202/Tyr204;
Cell Signalling Technology, #9101, 1:10,000), total
ERK1/2 (Cell Signalling Technology, #9102,
1:10,000),
phospho-S6
(Ser240/244,
Cell
Signalling Technology, #5364, 1:10,000), total S6
(Cell Signalling Technology, #5364, 1:10,000),
anti-GAPDH (Santa Cruz, 1:10,000), anti-tubulin
(Cell Signalling Technology, #2144, 1:10,000),
anti-V5 (Cell Signalling Technology, 1:10,000),
total MET (Cell Signalling Technology, #8198,
1:10,000), phospho-MET Y1234/1235 (Cell
Signalling Technology, #3077, 1:5000), total ALK
(Cell Signalling Technology, #3633, 1:5000), total
COPB2 (ThermoFisher, PA5-96557, 1:2000), total
COPA (Santa Cruz, sc-398099, 1:2000), total
Histone H3 (Cell Signalling Technology, #9715,
1:5000), PERK (Cell Signalling Technology,
#5683,
1:5000),
IRE1a
(Cell
Signalling
Technology, #3294, 1:5000), phospho-IRE1a
S724 (abcam, ab48187, 1:2000), total Calnexin
(Cell Signalling Technology, #2679, 1:5000), total
BiP (Cell Signalling Technology, #3177, 1:5000),
total Ero-La (Cell Signalling Technology, #3264,
1:5000), total PDI (Cell Signalling Technology,
#3501, 1:5000), total eIF2a (Cell Signalling
Technology, #5324, 1:5000), phospho- eIF2a (Cell
Signalling Technology, #9721, 1:5000), XBP-1s
(Cell Signalling Technology, #12782, 1:5000) and
phospho-Tyrosine
(Santa
Cruz,
sc-7020,
1:10,000). Densitometric analyses of immunoblots
were performed using ImageJ 1.49 (National
Institutes of Health).

Online Methods
Cell line and culture
H1975, H460, IMR90, HEK293, and MCF10A
cells were obtained from ATCC. PC9 cells were
obtained from P.A. Jänne lab. HEK293, PC9,
H1975 and H460 cells were cultured in RPMI1640 (Gibco) with 10% FBS (Gibco). IMR90 cells
were cultured in EMEM (ATCC) with 10% FBS
(Gibco). MCF10A cells were cultured in DMEM/
F12 (Gibco), supplemented with 5% horse serum
(Gibco), 10 mg/ml insulin (Sigma), 0.02 mg/ml EGF
(R&D Systems), 0.5 mg/ml hydrocortisone
(Sigma), and 0.25 mg/L isoproterenol (Sigma). All
cell lines were maintained at 37 °C in a humidified
5% CO2 atmosphere. All cell lines tested
mycoplasma-free and STR profiled at the Centre
for Applied Genomics, SickKids, Toronto, Canada.
Western blots

RNA isolation and qRT-PCR

Cells grown under the specified conditions were
washed with ice cold PBS before addition of the
cell lysis buffer (Cell Lysis Buffer 10X, Cell
Signalling Technology, #9803) for whole cell lysis
or NE-PER nuclear and cytoplasmic extraction
reagents (Thermo) for nuclear fractionation. All
lysis buffers were supplemented with Halt
protease and phosphatase inhibitor cocktails
(Thermo). Lysates were transferred to 1.5 mL
microtubes, sonicated, and centrifuged for
16,000g for 10 min. The supernatants were mixed
with Laemmli sample buffer, and boiled at 95 °C
for 5 min. Protein quantification was performed
using the DC Protein Assay Reagent (Bio-Rad)
according to the manufacturer’s protocol prior to
addition of sample buffer. Western blot analyses

PC9 cells were seeded in 10 cm dishes and after
EMI66 treatment, total mRNA purification was
performed using the RNeasy Mini Kit (Qiagen).
One-step qRT-PCR was performed using TaqMan
Express One-Step SuperScript qRT-PCR kit
(Invitrogen) according to the manufacturer’s
protocol on an Applied Biosystem ViiA 7 Real
Time PCR machine using the 96-well standard
block. The following TaqMan probes were used:
COPB2 (Hs00178076_m1, ThermoFisher), EGFR
(Hs01076090_m1,
ThermoFisher),
GAPDH
(Hs02786624_g1, ThermoFisher). The incubation
conditions were as follows: 50 °C for 15 minutes
(cDNA synthesis), 95 °C for 2 minutes (inactivate
RT and activate Taq), followed by 40 cycles of
14
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15 s at 95 °C, and annealing/extension for 1 min at
60 °C. PCRs for each sample were done in
quadruplicate for all genes.

used to perform the genome-wide knockout
screens.21 The frozen uninduced library was
thawed in RPMI 1640 media containing 10% FBS
(v/v) and Cas9 expression was induced with doxycycline at 2 mg/mL. After 8 days of doxycycline
treatment, the pooled library was split in different
T-75 flasks (28 M cells per flask, corresponding to
100 cells/sgRNA for the 278,754 different sgRNAs
in the EKO library) at 200,000 cells/mL. DMSO only
or 70 nM EMI1 was added to a final DMSO concentration of 0.1% (v/v). Cells were counted every
2 days, and upon reaching 800,000 cells/mL, cells
were reseeded at 200,000 cells/mL in the presence
of fresh compound for a total of 8 days, after which
EMI1-treated population had doubled 6.7 times and
the DMSO control 7.2 times. Then, cells were harvested, genomic DNA was extracted using a Gentra
Puregene Cell kit according to manufacturer’s
instructions (QIAGEN #158388) and the sgRNA
sequences were PCR-amplified. sgRNA frequencies were obtained by next-generation sequencing
(Illumina NextSeq500). Reads were aligned using
Bowtie2.2.550 in the forward direction only (–norc
option) with otherwise default parameters and total
read counts per sgRNA tabulated. Read counts
from the different time-points of the control screens
were summed (for further details see NCBI GEO
record GSE178289). Control samples were pooled
irrespective of whether they were treated with
DMSO 0.1% (v/v) or untreated (i.e., no DMSO),
since we observed no DMSO-specific signature
and pooling of read counts from all controls provided additional statistical power. Contextdependent gene essentiality and genetic buffering
were calculated using a modified version of the
RANKS algorithm21 (Coulombe-Huntington et al.,
in preparation). Gene ontology terms enrichment
was calculated with the “gprofiler2” package in R
where the list containing the top 100 hits for synthetic sick/lethal or buffering genetic interactions
was considered an unordered query. For simplification, GO terms containing less than 1000 genes
were processed with the “rrygo” package in R to
reduce redundance based on semantic similarity
(dispensability was set at 0.7).

Reagents
EMI1 was purchased from InterBioScreen Ltd,
with a purity greater than 95%. EMI47 and EMI48
were previously synthesized by our group.18 HGF
and EGF were obtained from R and D systems. Crizotinib was purchased from Selleckchem.
Generation of stable RTK-expressing HEK293
cell lines
Isogenic HEK293 reporter cell lines stably
expressing RTK of interest were generated using
the Flp-In TREx system (Thermo Fisher) as
previously described.18 Briefly, cells were grown at
37 °C/5% CO2 in DMEM/10%FBS/1%PS media in
6-well TC-treated plates to 50–60% confluency.
Cells were transfected with 900 ng pOG44 and
100 ng of RTK bait construct in A1160 using XtremeGENE 9 DNA transfection reagent (Roche) as
per manufacturer instructions. After 5 hours, media
containing transfection reagent was removed and
replaced with fresh DMEM/10%FBS/1%PS. Cells
were grown for 48 hours and then split 1 in 2 into
new 6-well plates using DMEM/10%FBS/1%PS +
100 lg/mL hygromycin and grown until individual
foci appeared. Foci were expanded and proper,
tetracycline-induced bait expression was verified
by Western blotting.
Surface biotinylation assay
PC9 cells were seeded at density of 200,000
cells/well in a 6-well plate. Cells were serumstarved for 18 hours and then treated with 10 mM
or 20 mM EMI1 for 2 hours at 37 °C. Cells were
then washed three times with ice-cold PBS and
biotinylated using 2 mg/ml biotin for 30 minutes at
4 °C. Cells were washed three times with 100 mM
glycine and lysed in lysis buffer (Cell Lysis Buffer
10, Cell Signalling Technology, #9803)
supplemented with protease inhibitors. Lysates
were transferred to 1.5 mL microtubes, and
centrifuged for 16,000g for 10 min. Supernatants
were transferred to fresh tubes, with 20% of the
supernatant being kept as an input control. The
remainder of the supernatant was used for pulldown using streptavidin beads. Pull-down of the
beads and supernatants was carried out overnight
at 4 °C on a rotating shaker. Beads were washed,
resuspended in Laemmli sample buffer, and
heated at 95 °C for 5 minutes. Samples were run
on a 12% SDS-PAGE gel and western blotting
was performed.

COPB2 surface plasmon resonance assays
The experiments were carried out using Biacore
T200 SPR (GE Healthcare, Chicago, IL) with
control software version 2.0.1032 and Series S
Sensor Chip SA (Streptavidin) (GE, Healthcare,
Chicago, IL). All assays were carried out at 25 °C.
A biotinylated full-length COPB2 protein at a
concentration of 50 ug/mL in HBS-P running
buffer and 1 mM DTT, was injected for 7 min with
approximately 6500-7200 RU of protein was
immobilized in different experiments. The running
buffer used was HBS-P buffer (HEPES 100 mM,
0.05% Tween20, 150 mM NaCl, 1 mM DTT with
5% DMSO) for the kinetic experiments.
Experimental results were analyzed using Biacore

Genome-wide CRISPR knockout screen
A NALM-6 clone with inducible Cas9 expression
previously transduced with the EKO library was
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T200 software version 3.0.006, and results were
fitted using the steady state affinity model.

Generation of DOX-inducible double stable
COPB2 rescue cells
Codon-optimized full length COPB2 cDNA was
cloned into a pLV series lentiviral transfer plasmid
containing a H1 promoter for Tet-ON expression
and geneticin selectable marker. PC9 and H1975
shCOPB2-8 stable cells were seeded at 100,000
cells per well and infected with 10 ml concentrated
codon-optimized COPB2 virus followed by
overnight incubation (37 °C, 5% CO2) without
removing the virus. The next day, viral medium
was replaced with fresh medium containing
geneticin (1 mg/mL) to select a population of
resistant cells.

EMI1 medicinal chemistry
EMI1 medicinal chemistry synthesis schemes
along with corresponding mass spectrometry,
nuclear
magnetic
resonance
and
highperformance liquid chromatography data for each
compound are provided in Supplementary Note 1.
In vitro microtubule polymerization assays
To monitor the direct effects of EMI1 analogs on
microtubule dynamics, in vitro assays were
performed as described previously using purified
pig brain tubulin and mCherry-EB3.51

Lentivirus production and transduction
To express mScarlet-I tagged constructs (pLVXEF-Puromycin, Clontech) in MCF10A, the lentiviral
DNA plasmid and both pPAX2 and pMD2.G
plasmids were transfected into HEK293T cells at
1:1:0.1 ratios by using polyethylenimine (Sigma)
transfection. Prior to transfection, the three
plasmids were briefly mixed with sterile OptiMem
(Gibco) and incubated for 20 min at room
temperature before it was added to the HEK293T
cells. After 48 h, the virus-containing supernatant
was collected from the HEK293T cells and filtered
through a 0.45-lm filter unit (Foggabio) and
transferred onto MCF10A cells. To obtain stable
cell lines, selection was performed by adding
puromycin (2 lg/ml) (Sigma) 48 h after
transduction.

Tracking of EB3-positive microtubule plus
ends in cells
PC9 EGFR ex19del/T790M/C797S cells were
transfected with EB3-TagRFP. Cells were
incubated with EMI1 analogs for 30 min prior to
imaging. Inverted research microscope Nikon
Eclipse Ti-E (Nikon) supplemented with the
perfect focus system (PFS) (Nikon) and equipped
with Nikon CFI Apo TIRF 100x 1.49 N.A. oil
objective (Nikon), Photometrics Evolve 512
EMCCD (Roper Scientific) controlled with
MetaMorph 7.7 software (Molecular Devices) was
used to perform the live cell imaging. Images were
acquired in a stream mode with an exposure time
of 500 ms. Kymographs were generated using
ImageJ plugin KymoResliceWide (https://github.co
m/ekatrukha/KymoResliceWide). Parameters of
microtubule dynamics were analyzed as described
previously.52,53

Live cell imaging
MCF10A cells expressing m-Scarlet-I-EGFR, mScarlet-I-EGFR L858R/T790M/C797S, m-ScarletI-COPB2, or one of the landmarks (Golgin84,
monoamine oxidase A (MAO) and Sec22b) were
seeded in separate wells in 384-well microplates
(CellCarrier-384 ultra, B128 SRI/160; Perkin
Elmer) and allowed to grow for 24 h. Cells were
stained with the nuclear dye DRAQ5 (5 nM;
Biostatus) and treated with 5 mM of EMI47 or
EMI66 for 30 minutes prior to imaging. Cells were
imaged (three wells, 20–30 fields of view) on a
spinning disk automated confocal microscope
(Phenix; PerkinElmer) with 40 water objective
(NA = 0.9) in a defined temperature (37 °C) and
CO2 (5%) environment by using Harmony v. 4.4
software (Perkin Elmer). Images were collected
using sCMOS cameras (4.6 MP, 16-bit),
unbinned. Segmentation and feature extraction
were carried out in CellProfiler software version
4.1.3.54 Random Forests algorithm (KNIME) was
deployed to classify cell images.

Generation of DOX-inducible shCOPB2 KD
cells
COPB2 shRNAs were generated using BLOCKiT RNAi designer (Invitrogen). The trigger
sequences for the two different COPB2 hairpin
constructs were 50 -CCTGACTAAACAGATCAT
TAT-30 (shCOPB2-7) and 50 -GCCCACATCATCT
TAAGAAGA-30 (shCOPB2-8), both targeting the
3’UTR of COPB2 mRNA. The hairpins were
cloned into a pLV series lentiviral transfer plasmid
containing a H1 promoter for Tet-ON expression
and puromycin or blasticidin selectable markers.
Lentivirus infections were performed by treating
one well of a 6-well plate containing 100,000 cells
with 10 ml of concentrated virus followed by
overnight incubation (37 °C, 5% CO2) without
removing the virus. The next day, viral medium
was replaced with fresh medium containing
puromycin (1 mg/mL) or blasticidin (1 mg/mL) to
select a population of resistant cells.

ATP lite cell viability assays
For drug treatment assays, cells were seeded into
384 well plates at 3,000 cells per well. Cell were
16
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treated the next day with each compound using a
HP D300e digital dispenser. After 4 days of
compound treatment, cell viability was measured
using the luminescence ATP lite assay (Perkin
Elmer). For COPB2 KD assays, cells were seeded
into 96 well plates at 1,000 cells per well with a
subset being treated with 0.5 mg/ml doxycycline to
induce knockdown. ATP lite assays were
measured daily for a total of seven days.

the M.T. lab is supported by Genome Canada and
Genome Quebec.
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Caspase-3 and -7 assays
COPB2 KD cells were seeded into 96 well plates
at 1,000 cells per well with a subset being treated
with 0.5 mg/ml doxycycline to induce knockdown.
After 4 and 7 days of drug treatment, caspase-3
and -7 activity was measured using the CaspaseGlo 3/7 assay (Promega).
Lung cancer organoid viability assays
Patient-derived NSCLC organoids (XDO-137,
XDO-344, PDXO4000) were adapted to grow in
Matrigel conditions, as previously described.55 For
viability assays, organoids were dissociated into
single cells, counted, and plated in Matrigelcoated 384 well plates (3,000 cells per well) for 24
hours prior to drug treatment. Organoids were treated with each compound using a HP D300e digital
dispenser for 6 days and cell viability was determined by CellTiter Glo 3d viability assay (Promega).
Drug-response curves were graphed and EC50 values were calculated using GraphPad Prism 8.4.2
software. Organoid generation and screening were
performed in Princess Margaret Living Biobank
Facility (https://www.livingbiobank.ca/).
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