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Increased MAPK signaling is a hallmark of various cancers
and is a central regulator of cell survival. Direct ERK1/2 inhi-
bition is considered a promising approach to avoid ERK1/2
reactivation caused by upstream kinases BRAF, MEK1/2, and
KRAS, as well as by receptor tyrosine kinase inhibitors, but the
dynamics and selectivity of ERK1/2 inhibitors are much less
studied compared with BRAF or MEK inhibitors. Using
ERK1/2 and downstream kinase ELK1 reporter cell lines of
lung cancer (H1299; NRAS?K)  colon cancer (HCT-116;
KRAS%%3D), neuroblastoma (SH-SY5Y), and leukemia (U937),
we examined the relationship between ERK inhibition and
drug-induced toxicity for five ERK inhibitors: SCH772984,
ravoxertinib, L'Y3214996, ulixertinib, and VX-11e, as well as
one MEK inhibitor, PD0325901. Comparing cell viability and
ERK inhibition revealed different ERK dependencies for these
cell lines. We identify several drugs, such as SCH772984 and
VX-11e, which induce excessive toxicity not directly related to
ERK1/2 inhibition in specific cell lines. We also show that
PD0325901, LY3214996, and ulixertinib are prone to ERK1/2
reactivation over time. We distinguished two types of ERK1/2
reactivation: the first could be reversed by adding a fresh dose
of inhibitors, while the second persists even after additional
treatments. We also showed that cells that became resistant to
the MEK1/2 inhibitor PD0325901 due to ERK1/2 reactivation
remained sensitive to ERK1/2 inhibitor ulixertinib. Our data
indicate that correlation of ERK inhibition with drug-induced
toxicity in multiple cell lines may help to find more selective
and effective ERK1/2 inhibitors.

Extracellular signal-regulated kinases (ERKs) are important
regulatory proteins that control cell proliferation and survival.
ERK1/2 activation thus plays a significant role in cancer
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progression (1, 2), metastasis (3, 4), and chemoresistance (5, 6).
ERK1/2 are activated through the RAS/RAF/MEK cascade,
which propagates signals from receptor tyrosine kinases
(RTKs). Mutations in genes encoding RTKs and RAS/RAF/
MEK kinases lead to aberrant ERK1/2 activation in many
cancer types and together constitute the most frequent mu-
tation group (7). Overall, 30% to 96% of all tumors display
dependency on overactivation of RAS/RAF/MEK/ERK
signaling axis (7).

In particular, mutations in RAS family genes occur in
approximately 20% of all cancers (8, 9), while BRAF mutations
occur in 7% of all cancers, primarily in melanoma, colorectal,
and papillary thyroid cancers (7, 10). MEK mutations are less
common and occur primarily as secondary mutations that
grant the resistance to RTKs or BRAF inhibitors. Primary
mutations in ERK genes are relatively rare, and secondary
mutations were reported only in cervical carcinomas (11). In
turn, mutations in RTK genes are usually mutually exclusive
with RAS/RAF mutations, and EGFR, ERBB2, FGFRI-3,
PDGFRA, KIT, and MET are among the most frequently
mutated RTK genes (7).

BRAF and MEK inhibitors (vemurafenib/dabrafenib, and
cobimetinib/trametinib, respectively) are now included in the
standards of care for treatment of various cancers with BRAF
mutations (6, 12, 13). Although being truly effective against
BRAF mutated tumors, they showed limited efficacy against
cancers with RAS mutations, and cancer cells can develop
resistance to such inhibitors (14—17). ERK reactivation is
thought to be one of the key events in developed resistance
and escape from the therapy for MEK/BRAF (18-20), RAS
(21, 22), and RTK inhibitors (23, 24).

Thus, direct ERK inhibition might overcome resistance
mechanisms associated with its reactivation and could be used
in combinational therapy to improve activities of other cancer
drugs (22, 23, 25). Recently several clinical-grade ERK1/2
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Investigation of ERK1/2 inhibitor selectivity in live cells

inhibitors were developed, and their tolerability was proved in
clinical studies: SCH772984 (26), ulixertinib (BVD-523)
(27, 28), ravoxertinib (GDC-0994) (29), and LY3214996 (30).
Unwanted toxicity from ERK inhibitors remains one of the
obstacles for their use, especially in combinational therapies.
Ideally ERK inhibitors should effectively inhibit ERK and
induce cell death only via ERK inhibition. Usually, selectivity
of ERK targeting drugs is measured in cell-free assays by their
ability to inhibit ERK activity more effectively compared with
other proteins. However, such tests cannot predict how well
these drugs will perform in live cells and whether they will
induce unwanted toxicity. Although characteristics of other
MAPK pathway inhibitors, such as MEK and BRAF inhibitors,
were extensively studied in live cells (19), there are no
benchmarking studies on ERK inhibitors. Here we used a live
ERK reporter system to compare how existing ERK inhibitors
affect cell viability and how well this corresponds with their
inhibition of ERK activity in three cancer cell cultures.

Results
ERK reporter cell lines

First, we selected three cell lines: human lung adenocarci-
noma H1299 cells harboring NRAS?K mutation (31), human
colon carcinoma cells HCT-116 cells with KRAS®?*” mutation
(32), and human neuroblastoma cells SH-SY5Y cells with no
mutations in the genes of RAS, RAF, MAPK, and ERK families
but harboring ALK"/”# mutation (Anaplastic lymphoma
kinase), which may also contribute to constant ERK activation
(33). To measure ERK1/2 activity in live cells we created HCT-
116 cells with ERK kinase translocation reporter (ERK-KTR)
expression (34, 35). H1299 and SH-SY5Y ERK-KTR cell lines
were created and described previously (23, 36). The ERK-KTR
system allows measuring ERK1/2 activity in individual cells by
calculating the fluorescent signal ratio in the cytoplasm to the
nucleus (C/N ratio).

In these experiments, we used the CellProfiler software (37)
for identification and segmentation of nucleus and cytoplasm
(Fig. 1A), and then we tested reporter cell lines using
SCH772984, a potent ERK1/2 inhibitor frequently used as a
tool compound (38). SCH772984 caused ERK1/2 inhibition
(calculated as C/N ratio) in a dose-dependent manner for each
cell line (Fig. 1B).

ERK inhibitors display different relation between toxicity and
ERK inhibition

To compare the extent of ERK1/2 activity inhibition and
changes in cell viability, we measured ERK1/2 activity 24 h
after drug treatment (Fig. S1) when cells were still alive and
had not significantly changed their morphology, which could
affect our measurements. We then measured cell viability 94 h
after drug treatment (Fig. 2A). For further experiments we
selected five potent ERK inhibitors, with potent reported IC50
<5 nM against ERK1/2 in biochemical assays: SCH772984
(26), ravoxertinib, LY3214996 (30), ulixertinib (28), and
VX-11e (39); and one MEK1/2 inhibitor PD0325901 frequently
used as a tool compound. All drugs tested showed
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concentration-dependent ERK inhibition (Fig. S1) but had
different relation between viability and ERK inhibition
(Fig. 2B). For example, for SH-SY5Y cells ravoxertinib at
100 nM was less toxic than PD0325901 at 5 nM concentration,
while ravoxertinib induced much stronger ERK inhibition. To
quantify differences how drugs affected viability versus ERK
inhibition we calculated the ratio between area under the curve
(AUC) values for cell viability and ERK1/2 activity (Fig. 2B).
Higher ratios between cell viability and ERK1/2 activity AUC
values indicate that drug induces less toxicity during ERK
inhibition. SCH772984 displayed the highest toxicity in
relation to ERK inhibition, with a mean AUC ratio 0.9, while
ravoxertinib and ulixertinib had the highest mean AUC ratios
(1.32 and 1.27). Generally, for all cell lines there was significant
correlation between drug-induced toxicity and ERK inhibition,
although RAS mutant H1299 and HCT-116 (R* = 0.92 and
0.79) cells had stronger correlation than SH-SY5Y cells (R* =
0.56) (Fig. 3A).

Although there are a lot of studies describing specificity of
ERK inhibitors and their dissociation parameters on purified
proteins or cell lysates, there are little data on comparison of
different ERK inhibitors’ effective concentrations in live cells.
Thus, we also calculated IC50 values for ERK1/2 inhibition
(Fig. 3B) and cell viability (Fig. 3, C and D) using reporter cell
lines. These calculations also showed that different drugs can
have the same ERK1/2 inhibition IC50 but exhibit different
viability IC50 values for the same cell line (Fig. 3D). For
example, for SH-SY5Y cells three drugs had similar ERK IC50:
SCH772984 (75 nM), ulixertinib (86 nM), and ravoxertinib
(97 nM), but the difference between viability IC50 was much
larger: SCH772984 (24 nM), ulixertinib (180 nM), and
ravoxertinib (467 nM). Similarly, for HCT-116 VX-11e inhibits
ERK at slightly higher concentration than ulixertinib (39 versus
32 nM) but exerts toxicity at considerably lower concentration
(12 versus 36 nM). For most drugs ERK1/2 inhibition
happened at lower concentrations than viability inhibition,
suggesting that SCH772984 and VX-lle potentially have
excessive toxicity for SH-SY5Y and HCT-116. On the other
hand, for H1299 cells drugs with lower ERK IC50 had lower
viability IC50 values.

We measured levels of ERK1/2, pERK1/2, and pRSK1, which
is an ERK downstream target and is used to determine ERK1/2
inhibitor efficacy (38, 40) (Fig. 3E). We selected SH-SY5Y and
HCT-116 cells, and VX-11e, ulixertinib, and SCH772984, since
these inhibitors showed difference in their IC50 values for
these cell lines. Effects on RSK1 phosphorylation were weak,
and we were not able to detect significant effects for ERK in-
hibitors. However, all three inhibitors induced paradoxical
pERK1/2 activation, which was previously described for
different ERK1/2 inhibitors (22, 41). Paradoxical pERK1/2
activation results from inhibition of active ERK1/2 proteins
and prevents activation of negative feedback, which inactivates
excessive ERK1/2. Thus, inhibition of ERK1/2 active sites leads
to accumulation of pERK1/2, which we detected for all
inhibitors in both cell lines (Fig. 3E). Unphosphorylated ERK1/
2 levels were affected differently depending on cell type:
VX-11e and ulixertinib reduced ERK1/2 levels in SH-SY5Y but
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Figure 1. Cell lines expressing ERK-KTR. A, images of H1299, HCT-116, and SH-SY5Y cells expressing ERK-KTR treated by dimethyl sulfoxide (DMSO) and
SCH772984 (500 nM for H1299 and SH-SY5Y, and 250 nM for HCT-116). Images were taken 24 h after drug treatment. Nuclei were stained by 500 ng/ml
Hoechst-33342. Images processed by CellProfiler are shown as overlays, cytoplasm outlined by green and nuclei by blue. B, ERK-KTR median intensity ratios
for cytoplasm to nucleus (C/N ratio) are shown by violin plots for cells treated with SCH772984 for 24 h. Individual points show median values for each
analyzed microscopic field. For violin plots median values, SD, and 25th to 75th percentiles are shown. Median values for analyzed microscopic fields (n = 6)
for each treatment were compared with control (0 concentration) using one-way ANOVA nonparametric Kruskal-Wallis test *p-value < 0.05,
**p-value < 0.01, ***p-value < 0.001.
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Figure 2. Measurement of ERK activity and cell viability. A, scheme for experiment design. B, cell viability (n = 3) measured 96 h after drug treatment as
percentage of viable cells compared with control (dimethyl sulfoxide-treated cells). ERK activity (n = 6) was measured using the same drug concentrations
24 h after drug treatment. ERK activity and corresponding C/N ratios range for each cell line was determined earlier (Fig. 1B) and used for normalization.
Mean and SD values are shown for each measurement. AUC ratio shows ratio between area under the curve for cell viability and ERK activity. ERK activity

distributions for each drug are shown in Fig. S1.
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Figure 3. ERK activity and cell viability 1C50. A, correlations between cell viability and ERK median activity for each cell line. Data for all inhibitors and
concentrations were combined. Linear regression coefficients (k), R-squared values are provided for each cell line. Data for each drug is marked by color,
and 95% confidence intervals for linear regression are marked by gray area. B and C, nonlinear regressions used to calculate ERK inhibition (B) and cell
viability (C) IC50 values for ERK inhibitors SCH772984 (SCH), ravoxertinib (Rav), LY3214996 (LY), ulixertinib (Ulix), VX-11e (VX), and MEK inhibitor PD0325901
(PD). ERK activity was normalized for IC50 calculations: median reporter C/N ratios in dimethyl sulfoxide-treated control were used for determining 100%
activity and 0% was determined as minimal observed median C/N ratios in all experiments. Normalization was performed separately for each cell line.
D, IC50 values provided in nM for each inhibitor. E, Western blot analysis of ERK, pERK, and pRSK1 protein levels in SH-SY5Y and HCT-116 cells treated with
ERK inhibitors SCH772984 (SCH), Ulixertinib (Ulix), and VX-11e for 24 h. All inhibitors were used in 50 nM concentration for SH-SY5Y cells and 25 nM for
HCT-116. The fold changes in band intensity values relative to dimethyl sulfoxide-treated cells and normalized by B-actin are provided in the heatmap.
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not in HCT-116 cells, and SCH772984 reduced ERK1/2 levels
only in HCT-116.

ERK inhibition shows different stability depending on cell type

To analyze ERK1/2 inhibition stability over time we treated
cell with each inhibitor for 96 h, and ERK activity was
measured every 24 h (Fig. S2). A 100 nM concentration of each
drug was selected for H1299 and SH-SY5Y cells, and 50 nM
for HCT-116 cells, because HCT-116 cells were more sensitive
to the drugs. We used hierarchical clustering to compare
ERK1/2 activity changes between different drugs, which was
inspired by similar approaches to cluster time-dependent re-
porter activities (42—44) (Fig. 4A4).

All ERK inhibitors and MEK inhibitor PD0325901 showed
substantial ERK inhibition 24 h after treatment (Fig. 4, A and
B). However, at later time points, ERK1/2 activity distributions
for some drugs clustered together with dimethyl sulfoxide
(DMSO)-treated cells, thus indicating ERK reactivation. Such
reactivation was observed for H1299 and HCT-116 cells
treated with PD0325901 and LY3214996, and for H1299 cells
treated with ulixertinib. For SH-SY5Y cells, which do not have
RAS mutations, all inhibitors showed stable inhibition without
noticeable ERK1/2 reactivation.

ERK1/2 reactivation suggests a possible resistance mecha-
nism, which may occur due to cell adaptation to inhibitors or
drug instability/efflux. To discriminate these effects we
measured how ERK1/2 activity and cell viability changed
during several repeated treatments with PD0325901, and ERK
inhibitors SCH772984 and ulixertinib. We treated cells with
these inhibitors, and after 96 h, when first ERK reactivation
occurs, we removed the growth medium and added fresh
growth medium and inhibitors in the same concentrations
(100 nM for SH-SY5Y and H1299, and 50 nM for HCT-
116 cells), then after another 96 h repeated this process. To
perform continuous measurement of ERK activity without the
need for Hoechst staining for extended period of time (12 days
in total) we introduced H2B-Ruby nucleus marker, which also
allowed us to measure cell viability by calculating the number
of nuclei in each well.

We detected two types of responses to the second treatment
with MEK1/2 and ERK1/2 inhibitors. In H1299 cells treated
with PD0325901 and ulixertinib, and HCT-116 treated with
ulixertinib, ERK1/2 reactivation was completely reversed after
the second treatment (Fig. 5A4). This suggests that initial
ERK1/2 reactivation occurred due to drug instability, which is
likely caused by drug efflux or drug metabolism by the cells,
since the effects for the same drug were cell line dependent. To
the contrary, ERK1/2 reactivation in HCT-116 treated with
PD0325901 continued over the time even after addition of
fresh drug, suggesting some adaptation mechanism (Fig. 5A).
Surprisingly, although we did not detect ERK reactivation in
SH-SY5Y cells, second treatment of these cells with
SCH772984 or ulixertinib failed to inhibit ERK1/2. In both
cases for HCT-116 and SH-SY5Y cells continuous ERK1/2
reactivation coincided with an increase in cell proliferation
rate (Fig. 5B). However, drugs that stably inhibited ERK1/2 in
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HCT-116 and SH-SY5Y stopped cell proliferation after the
second treatment.

The MEK1/2 inhibitor PD0325901 demonstrated one of the
lowest IC50 values for ERK1/2 and cell viability inhibition, but
is prone to rapid ERK1/2 reactivation, so we were interested in
whether direct ERK1/2 inhibitors would be effective in
MEK1/2 resistant cells. We compared sensitivity to
PD0325901, SCH772984, and ulixertinib for cells that were
treated with PD0325901 or DMSO for a total of 12 days.
HCT-116 and H1299, which proliferated in the presence of
PD0325901 over the time (Fig. 5B), showed decreased
sensitivity to PD0325901, with IC50 values increased by 6- and
2.7-fold (Fig. 5C). Sensitivity to PD0325901 for SH-SY5Y cells,
which failed to proliferate in the presence of this drug, did not
sufficiently change (changes in IC50 values were <2-fold).
Interestingly, treatment with PD0325901 showed different
effects on sensitivity to SCH772984 for SH-SY5Y and
H1299 cells; thus, H1299 cells became less sensitive to
SCH772984 (3.3-fold increase in IC50) and SH-SY5Y cells
became more sensitive to SCH772984 (2.8-fold decrease in
IC50). Overall sensitivity to ulixertinib did not change for
PD0325901-treated cells (Fig. 5C), suggesting that ulixertinib
may have a potential use for MEK inhibitor-resistant cells.

ERK inhibitors have different effects on induction of leukemic
cell death

As an alternative to the ERK-KTR reporter system, we also
used a synthetic promoter composed of ELK1-binding sites,
which drives fluorescent protein expression. ELK1 is a tran-
scription factor and one of the main targets of ERK1/2, and part
of the ELK1 protein containing the ERK1/2-binding site is used
in the KTR system described above. Approaches using promoter
reporters can be beneficial to measure ERK/ELK1 activity in
leukemic cells, which is hard to capture using high-throughput
fluorescent imaging as in the KTR system, but could be easily
measured by flow cytometry. To measure ELK1 activity in
leukemic cells, we created U937-S(ELK1)p leukemic cells using
the FuGW-S(Elk1)p-mKate2 system (45) (Fig. 6A). U937 cells
turned out to be much less sensitive to ERK inhibitors, with IC50
values of 1.7 uM for SCH772984, 4.5 pM for ulixertinib, and 5.7
uM VX-11e (Fig. 6B). Although H1299, HCT-116,and SH-SY5Y
were all sensitive to the MEK inhibitor PD0325901 (IC50 varied
from 8 to 22 nM), it did not significantly affect U937 viability
even at 20 pM concentration. Similarly to SH-SY5Y and HCT-
116 (Fig. 3E) ERK inhibitors caused accumulation of pERK1/2;
pRSK1 protein levels were undetectable in U937, however
(Fig. 6C). Accumulation of pERK1/2 suggests inhibition of its
activity, which is consistent with reporter intensity changes in
U937-S(ELK1)p cells (Fig. S3). Overall, treatment with ERK
inhibitors slightly affected reporter intensity in U937-S(ELK1)p
cells (Fig. S3), thus suggesting that its potential to measure ERK
activity is limited. We also tested this system using SH-SY5Y
cells, and this reporter system also did not show robust ELK1
activity changes after treatment with inhibitors (Fig. S3).

However, we found that this ELK1 reporter system could
identify cells with higher ELK1 activities during drug treat-
ment. U937-S(ELK1)p showed varying fluorescent intensity
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Figure 4. ERK1/2 reactivation in cells treated with ERK inhibitors. A, ERK1/2 activity distribution heatmaps for cells treated with ERK inhibitors
SCH772984 (SCH), ravoxertinib (Rav), LY3214996 (LY), ulixertinib (Ulix), VX-11e (VX), and MEK inhibitor PD0325901 (PD) for 96 h. Color scale indicates
percentage of cells with certain ERK1/2 activity. ERK1/2 activity distributions for each drug and time point were clustered using Ward’s method. Dimethyl
sulfoxide (DMSO) treatment was used as a control mock treatment. Percentage of cells in each bin is shown by color. B, ERK KTR median intensity ratios for
cytoplasm to nucleus (C/N ratio) are shown by violin plots for cells treated with SCH772984 or PD0325901. Individual points show median values for each
analyzed microscopic field. For violin plots median values, SD, and 25th to 75th percentiles are shown. Median values for analyzed microscopic fields (n = 6)
for each time point were compared with control (pretreatment) using one-way ANOVA nonparametric Kruskal-Wallis test *p-value < 0.05, **p-value < 0.01,

***p-value < 0.001. ERK activity distributions for other drugs are shown in Fig. S2.
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Figure 5. Cell adaptation to ERK1/2 and MEK1/2 inhibitors. A, ERK1/2 activity and (B) cell proliferation in H1299, HCT-116, and SH-SY5Y cells treated with
MEK1/2 and ERK1/2 inhibitors for 12 days. For H1299 and SH-SY5Y 100 nM drug concentration was used, and 50 nM was used for HCT-116 cells. Medium
change and addition of fresh inhibitors in the same concentrations was performed after 4 and 8 days of treatment. C, cell viability measurement for cells
treated with dimethyl sulfoxide (DMSO-treated) or PD0325901 (PD-treated) for 12 days and then treated with PD0325901, ulixertinib, and SCH772984 for 96 h.

(Fig. 6D), which represented different levels of ELK1 activity as
originally described for this reporter system (45). We
measured apoptosis in U937-S(ELK1)p after 24 h treatment
with ERK inhibitors (Fig. 6, E and F). We observed that
U937 cells with the top 25% ELK1 reporter activity (mKate-
high cells) were more susceptible to necrosis induced by
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SCH772984 than the remaining cell population (mKate-low
cells) (Fig. 6E). For ulixertinib and VX-11e there was no dif-
ference between mKate-high and mKate-low cells (Fig. 6F).
We also noticed that ERK inhibitors exerted different actions
on the induction of apoptosis and necrosis in U937 cells:
VX-11le induced apoptosis but not necrosis, SCH772984

SASBMB



Investigation of ERK1/2 inhibitor selectivity in live cells

FuGW-S(Elk1)p-mKate2 kDa non-transduced FuGW-S(ELK1)p-mKate2
F—Ta s
40— 10°4 1.7 10° 49.1
1o SNSNNNPERK - o Kate
7o— BN PRSK1 3¢ 3" high
4o—x_b-act|n 10" g’
x x
2 z é’ o 8.1 2. mKate
‘ = < & g, low
D > 10 ': 10 3
- 0 98.3 o 50.9
10.08 3 RN AR
ERK1/2 10 | 1.8 75 % = 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
pERK1IZ:H 42 | 20 B 32 Es FSC-A Fsc-A
B ' €5 [E SCH772984 5uM
S E 9 5 |
3 ° «1Q1 Q@ SCH772984 5 uM,,,
) PE 30.1 3| 8 .
g - PD0325901 3 " ] 3 60 = m”te
S -~ SCH772984 @ c er
Z Ulixertinib €] 5 40— o mKate
3 N =~ VX-1te & : o high
0 : Q4 Q3 § 20
0025 2551020 w*165.5 1.3 0
Inhibitor, uM 10" 10 02 0’ w0t Qt Q2 Q3 Q4
FITC-A
DMSO Ulixertinib 20 um _qpy SN EOA-Annexin¥E
“’5'0.5 2.2 10° 1.2 3.0 N ol
S - » g
PE S R mKate 3
@ D . 6
B0 £ high e
e e 1 o 4
S Gt mKate 2
o o ] o 2 *
105 10" low 2‘ *%
1° 94.'5 N 2.‘8 »193.8 2.0 0
0 1 2 3 4 5 3 y ) N )
10 10 ‘DF|1'C1.0A 0 10 10° 10! 111:ch|:1; 10t 10° @e QOQQ Q.\' '\- \5\\ \\+ 0 Q\
VX-11le 20uM SCH772984 20 uM SYTOX+ AnnexinV+
w41.7 3.6 1©°490.3 3.6 2
4] s »w 8
<.1n E 10 b=
3 3, S s
o m10 3 P *k
e e F=4 *x
g 5?4 o 4 «
I 3 g
o o [*]
1n1j “"f % 2
10° 86.'2 S N - % W 15.7 0.4 0
100 1‘,‘1 1’.’2 103 104 105 0 1 2 3 4 5
FITC-A ST hmea N Qoqo 4." Kyl \)\‘+\\+ GQ‘ ‘?‘

Figure 6. ELK1 activity reporter in U937 cells. A, schematic representation of reporter U937-S(ELK1)p cells. B, measurement of cell viability 96 h after
treatment. Cell viability was calculated as a percentage of viable cells compared with control (dimethyl sulfoxide [DMSO]-treated cells). C, Western blot
analysis of ERK, pERK, and pRSK1 protein levels in U937 cells treated with 5 uM ERK inhibitors SCH772984 (SCH), Ulixertinib (Ulix), and VX-11e for 24 h. The
fold changes in band intensity values relative to DMSO-treated cells and normalized by B-actin are provided in the heatmap. D, intensity of mKate2
fluorescence in U937 cells transduced with FUGW-S(ELK1)p-mKate2 lentiviral particles. E, measurement of apoptosis in U937 cells 24 h after 5 uM
SCH772984 treatment using SYTOX blue DNA stain (Pacific Blue), and annexin V (FITC). U937 cell with top 25% ELK1 reporter activity are marked by red. F,
measurement of apoptosis in U937 cells 24 h after drug treatment by 5 and 20 uM of SCH772984 (SCH), ulixertinib (Ulix), VX-11e (VX), and PD0325901 (PD).
G, percentage of apoptotic (SYTOX- Annexin V+) and necrotic (SYTOX+ Annexin V+) U937 cells treated with 5 or 20 pM PD0325901, SCH772984 (SCH),
ulixertinib, and VX-11e. Mean values, SD, and individual data points (n = 3) are presented on bar plots. *p-value < 0.05, -value < 0.05, **p-value < 0.01, ***p-
value < 0.001 as calculated by two-tailed t test.

dramatically increased the percentage of necrotic cells, and
ulixertinib did not induce apoptosis or necrosis (Fig. 6G).
Thus, we showed that, although these inhibitors target ERK as
their known primary target, their cell death—inducing mech-
anisms can vary, probably depending on both mechanisms of
ERK inhibition and potential off-target activities.

Both genetic and transcriptomic features of cancer cells can
predict sensitivity to ERK inhibitors

Action of ERK inhibitors seems to be cell line specific, so we
investigated which factors may determine drug sensitivity of
cancer cells. To investigate genetic and transcriptomic markers

SASBMB

of sensitivity to ERK inhibition, we used data from the GDSC
(Genomic of Drug Sensitivity in Cancer) database (46). Owing
to large difference in sensitivity to ERK inhibitors and
transcriptomic differences between solid cancers and blood
cancers (leukemia, lymphoma, and myeloma), we analyzed
these cancer types separately (Fig. 7A4). We investigated mo-
lecular markers for three ERK inhibitors present in the data-
base: SCH772984, ulixertinib, VX-11le. First, we calculated
which mutations or genetic aberrations were associated with
sensitivity to ERK inhibitors (Fig. 7B and Table S1). In line with
the previous trends, BRAF mutations in solid cancer cell lines
were the strongest predictors of increased sensitivity for all
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three ERK inhibitors (p < 0.0001). In addition, other mutations
associated with increased sensitivity were found in genes APC
(Adenomatous polyposis coli) for all three ERK inhibitors
(p < 0.0001), and BMPR2 (bone morphogenetic protein
receptor type II) for ulixertinib (p = 0.008) and VX-1le (p =
0.002). Interestingly, NRAS mutations were good biomarkers
only for SCH772984 (p < 0.0001). In blood cancers, we iden-
tified associated mutations only with SCH772984: mutations of
ASXLI gene (p = 0.002) and BCR/ABL translocation (p = 0.007)
were associated with increased sensitivity to the drug (Fig. 7B
and Table S1). We analyzed how mutations in a particular
codon, for example, NRAS codon Q61 (which combines Q61K,
Q61H, Q61L, and Q61R mutations), were associated with
sensitivity to ERK1/2 inhibitors (Fig. S4). Cells with mutations
at NRAS-Q61 showed increased sensitivity to SCH772984 than
cells with wildtype NRAS. Mutations at BRAF-V600, repre-
sented mostly by BRAFV*?, were more sensitive to all three
ERK inhibitors than wildtype cells, and cells with BRAF muta-
tions at other codons. Interestingly, mutations at any codon in
KRAS gene were associated with sensitivity to SCH772984, but
for ulixertinib and VX-11e only mutations other than in KRAS-
G12 codon showed increased sensitivity. So overall our data
suggest that sensitivity for SCH772984 may be driven by
mutations at the NRAS-Q61 codon and sensitivity to ERK in-
hibitors in general may be driven by BRAF'**%, and KRAS
mutations, except mutations at the G12 codon. Thus, presence
of the NRAS?®'® mutation in H1299 may explain good corre-
lation between ERK activity inhibition and SCH772984-
induced toxicity for these cells (Fig. 2B).

We then analyzed gene expression patterns linked with
sensitivities to ERK inhibitors. We performed linear regression
for ERK inhibitors IC50 values and 478 ERK-related genes
(Table S2) expression using the machine learning—based
elastic net regularization (Fig. 7A). Elastic net is regularly
used to identify genetic subtypes associated with drug sensi-
tivity (47). For initial regression analysis we used 478 genes
involved in ERK regulation according to Gene Ontology and
REACTOME (Table S2) and performed 100 rounds of elastic
net regression. Then we selected unique gene signatures for
each drug consisting of 13 to 22 genes (with z-scores > 2) and
performed additional 100 rounds using only these genes
(Table S3). The resulting gene coefficients in the linear
regression model were then used to compare gene expression
impact on ERK inhibitor IC50 values.

Only 5 of 40 genes were common predictors for all three ERK
inhibitors in solid cancers. Expression of MAPKAPK2, OR2A T4,
C5AR2, and notably direct ERK target ELK1 positively impacted
IC50 values for all three inhibitors, thus potentially promoting
resistance to drugs (Fig. 7C). EIF3A expression was revealed as
the only sensitivity marker for all three drugs. In blood cancers,
the only common predictor for ERK inhibitors was CASR gene
expression associated with drug resistance. The strongest
markers for sensitivity to ERK inhibitors in blood cancers were
EGFR expression for ulixertinib, and GATA4 and FGFI19
expression for SCH772984 and VX-11e (Fig. 7C).

To check for possible association between sensitivity to ERK
inhibitors and function of one of five common predictors
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(MAPKAPK2, OR2AT4, C5AR2, ELKI, and EIF3A) in solid
tumors we compared ERK inhibitor IC50 values from GDSC
database and cells dependency from DepMap CRISPR-Cas9
screen database. However, we detected no strong correla-
tions between cell dependencies for these genes and sensitivity
to ERK inhibitors (Fig. S5), suggesting that individual gene
function is unlikely to determine sensitivity to ERK inhibitors.
To validate whether the transcriptome analysis and the
signature based on expression of five identified genes can
predict sensitivity to ERK inhibitors we selected nine cell lines
with different mutations upstream of ERK and of different
tumor origin (details are provided in Table S4), including
SH-SY5Y, H1299, and HCT-116, and performed tran-
scriptome analysis to calculate this signature and measured
IC50 for SCH772984, as most cells were sensitive to this in-
hibitor. We used k-means clustering to divide cell lines into
two groups, one of which consisted of two cell lines (SK-OV-3
and SK-BR-3) with the highest signature scores (Fig. 7D).
Notably these cell lines were the least sensitive to SCH772984
(IC50 values 7.5 pM and >10 pM). Overall the signature score
and IC50 values for SCH772984 showed good correlation
(Fig. 7E).

Discussion

In this study, we aimed at comparing the ERK1/2 inhibitors
in their abilities to affect cancer cell proliferation with ERK
activity in live cells. All tested ERK inhibitors are highly se-
lective to ERK1/2 compared with other kinases as determined
by various biochemical assays and have IC50 ranging from 1 to
5 nM (26, 28, 30, 39, 48). Analyzing the relation between
ERK1/2 activity and drug toxicity, we found that some ERK
inhibitors may exhibit excessive toxicity. Some ERK inhibitors’
excessive toxicity most likely can be explained by potential off-
target effects; however, further experiments are needed to
verify this hypothesis and to identify exact off-targets. For
example, our results indicate that, for SH-SY5Y and HCT-
116 cells, ulixertinib exhibits less excessive toxicity than
SCH772984, which is supported by KinomeScan data that
show less off-targets for ulixertinib (49) than for SCH772984
(38). Also, it was recently suggested that BRAF mutant cancer
cells are dependent on ERK2, but not ERK1 (50), so selective
targeting of ERK2 rather than both kinases may reduce the
toxicity of ERK1/2 inhibitors. Ulixertinib and ravoxertinib,
which showed lower toxicity than other drugs, have a higher
affinity toward ERK2 than ERK1 (28, 48). Higher selectivity
toward ERK2 might explain why these drugs show less toxicity,
although some biochemical assay showed no selectivity of
ulixertinib toward ERK2 over ERK1 (41). Although ulixertinib,
VX-11e, and SCH772984 induced accumulation of phos-
phorylated ERK1/2, a well-described phenomenon for ERK1/2
inhibitors (22, 41), these inhibitors had different effect on
unphosphorylated ERK1/2. SCH772984 had excessive toxicity
on SH-SY5Y cells and did not affect ERK1/2 levels in SH-SY5Y
but reduced ERK1/2 in HCT-116 cells for which ERK1/2 ac-
tivity inhibition and drug-induced toxicity were consistent
(Fig. 3E). Similarly, VX-1le reduced unphosphorylated
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ERK1/2 levels in SH-SY5Y but caused an increase in HCT-
116 cells for which it had excessive toxicity. This also indicates
different mechanisms of ERK1/2 inhibition by SCH772984 and
VX-11e in SH-SY5Y and HCT-116 cells, which may be con-
nected to drug excessive toxicity.

Like in earlier studies (18, 19), significant ERK1/2 inhibition
caused by MEK inhibitors (in our case PD0325901) during
24 h was followed by ERK reactivation in cells with RAS mu-
tations. Similar ERK reactivation was observed after treatment
with ERK inhibitors ulixertinib and LY3214996, while other
drugs resulted in stable ERK inhibition. VX-1le and
SCH772984 are known to have slow dissociation time (38, 51),
and ulixertinib is considered a reversible ERK1/2 inhibitor
(27), which can partially explain the difference in ERK inhi-
bition stability. We also observed two types of reactivation: the
first can be reversed by addition of fresh ERK1/2 inhibitors and
the second persists even after several treatments. The first type
of ERK1/2 reactivation is likely caused by drug dissociation,
loss of stability, or drug efflux. The second type is caused by
cell adaptation to ERK inhibition and ERK1/2 reactivation by
alternative mechanisms. The increase in cell proliferation for
the second ERK1/2 reactivation type and increased IC50 values
for MEK1/2 inhibitor PD0325901 for cells that proliferated in
the presence of this drug for 12 days further supports our
hypothesis. However, we found no significant changes in
sensitivity to ulixertinib in cells that adapted to PD0325901.
This indicates potential use for ulixertinib to kill cells that can
rapidly adapt to MEK1/2 inhibitors.

Further investigation of genetic and transcriptomic signa-
tures that determine sensitivity to ERK inhibitors is also needed
since only a few known mutations, such as BRAF"®%E \yere
revealed as associated with sensitivity to ERK1/2 inhibitors.
Low number of identified mutations associated with drug
sensitivity could be caused by low number of existing cell lines
harboring other KRAS and NRAS mutations, which impairs the
strength of statistical analysis. Either way the development of
transcriptional signature that predicts sensitivity to ERK
inhibitors may provide an alternative to mutation markers and
prove beneficial for cancers with low incidence of MAPK mu-
tations. Several studies show specific gene expression signatures
associated with tumors’ sensitivity to MEK inhibitors (52—54).
Our analysis suggests that signature based on expression of five
genes (C5AR2, MAPKAPK2, EIF3A, OR2AT4, and ELKI) can
determine sensitivity to ERK inhibitors at least for cancer cell
lines and this justifies further studies to reveal such signatures
for patient-derived cells or tumors.

Overall, we suggest that measuring the relation between
ERK inhibition and drug toxicity at different concentrations,
inhibition stability, and using multiple cell lines with different
ERK dependency may be beneficial to identify selective ERK
inhibitors. For example, our data show that ulixertinib may be
prioritized over VX-1le to study ERK inhibition in HCT-
116 cells, as in these cells, ulixertinib inhibits ERK at the same
concentration as VX-11e, has similar inhibition stability, but
causes less cytotoxicity. We believe that measuring relation
between kinase activity and cell viability ultimately can provide
benefits both to academic and clinical research.
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Experimental procedures
Cell cultures and inhibitors

Human cancer cells and HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium or RPMI-1640 medium
(Gibco), at 37 °C and 5% CO,. The medium was supplemented
with 10% fetal bovine serum, 100 units/ml penicillin,
100 pg/ml streptomycin, and 1 mM sodium pyruvate. Details
for each cell line are provided in Table S4. None of the used
cell lines is listed in the list of commonly misidentified cell
lines maintained by the International Cell Line Authentication
Committee. All cell lines were a gift from Heinrich-Pette
Institute for Experimental Virology, Hamburg, Germany, and
were routinely checked for mycoplasma contamination.
SCH772984, ravoxertinib, LY3214996, ulixertinib, and VX-11e
were purchased from Selleckchem, and PD0325901 was pur-
chased from Sigma-Aldrich. All inhibitors were dissolved in
DMSO, and initial stocks were stored at —80 °C. During the
experiments working stocks were prepared, so the final con-
centration of DMSO in growth medium for all experiments
would not exceed 0.2%. Working stocks were stored at —20 °C,
and each stock was defrosted no more than five times. All
stocks concentrations for inhibitors and catalog numbers are
provided in Table S4.

Lentiviral pseudotyped particles production and titration

pLentiCMV Puro DEST ERKKTRClover (Addgene #59150)
and pLentiPGK Hygro DEST H2B-mRuby2 (Addgene #90236)
were obtained from Markus Covert lab (Addgene plasmid
#59150) (34). The stocks containing VSV-G pseudotyped
lentiviral particles were generated by cotransfection of
HEK293T with LeGO-C or pLentiCMV Puro DEST
ERKKTRClover, and packaging plasmids. For the creation of
expressing ERK KTR, cells were transduced with ERKKTRC-
lover lentiviral particles to achieve ~30 to 50% transduction
rate and then transduced cells were selected with medium
supplemented with 1 pg/ml puromycin (Sigma). H2B-mRuby2
ERK-KTR-expressing cells were created after lentiviral trans-
duction, selection on 0.5 mg/ml hygromycin b, and cell sorting
on BD FACS Aria (BD Biosciences).

Analysis of cell survival, drugs IC50, and apoptosis

The number of viable cells was counted in the Neubauer
chamber by the trypan blue exclusion method. Approxima-
tions for IC50 calculations were performed by nonlinear
regression with variable slope (four parameters) and robust
fitting in GraphPad 9. Apoptosis was measured by double
staining with annexin V-FITC (ThermoFisher) and SYTOX
Blue (ThermoFisher). Measurements were performed on
LSRFortessa flow cytometer (BD Biosciences) and analyzed
with FlowJo software.

ERK KTR quantification and cell count by automated
microscopy

For nuclear segmentation cells were incubated with
500 ng/ml Hoechst-33342 for 30 min before imaging or
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H2B-mRuby2-expressing cells were used. Cytoplasm to nu-
cleus ratios (C/N ratio) of mClover intensity were calculated
for each cell. Illumination correction, segmentation, and object
intensity calculations were performed with CellProfiler (37).
Median intensities of mClover fluorescence in cytoplasm and
nucleus were quantified and used to calculate cytoplasm to
nucleus (C/N) ratios for each cell. Each experiment was
repeated at least three times; two random microscopic fields
were chosen for imaging for each well. For experiments
involving H2B-mRuby2-expressing cells six fixed microscopic
fields were chosen for imaging for each well. Number of cells
counted as number of nuclei was averaged between all fields
for each well (repeat). All images were obtained by Leica DMIS8
automated microscope using 10x magnification lenses. Data
processing was performed in Python and GraphPad Prism 9.
Violin plot for C/N ratios were made using the “superplots”
concept for visualization of cell-to-cell and sample-to-sample
variance (55, 56). Heatmaps were created using Complex-
Heatmap R package (57).

Western blot analysis

A total of 1 x 10° cells were lysed with buffer (150 mM
sodium chloride; 1.0% Triton X-100; 50 mM Tris pH 8.0); 30
pg of protein was loaded into wells of Mini-protein TGX stain
free gel (Bio-Rad, 456 8094). After transfer of proteins to
polyvinylidene difluoride membrane, it was incubated over-
night with anti-ERK (Abcam, ab184699), anti-pERK (Abcam,
ab201015), anti-pRSK (Abcam, ab62324), or anti-Actin as
loading control (Abcam, abl115777) antibodies in iBIND
(ThermoFisher) according to the manufacturer’s protocol us-
ing iBIND buffers. Membranes were imaged with Chemidoc
(Bio-Rad), and the intensity of the bands was calculated in
ImageStudioLite.

Mutation analysis and elastic net regression

For mutational analysis we used gene expression and genetic
features data from Genomics of Drug Sensitivity in Cancer
database (46). For analysis we used data for 802 solid cancer
and 167 blood cancer cell lines with available genetic features
data. For each genetic feature we compared IC50 values for
drugs between mutant and wildtype cells using nonparametric
Mann—-Whitney test. Then we applied false discovery rate
(FDR) correction to adjust for comparing multiple genetic
features. Genetic features with p-values <0.01 and more than
2-fold IC50 differences were considered as significant. To
analyze mutations in specific codons we used data from CCLE,
which provides data for specific codon mutations, and corre-
lated it with sensitivity to ERK1/2 inhibitors SCH7729784,
ulixertinib, and VX-11e the from GDSC database, since the
CCLE drug sensitivity database does not contain data for these
ERK inhibitors. Overall, there were 543 to 585 solid cancer cell
lines present in both databases for each drug. We compared
sensitivity for cells with and without mutations in NRAS,
KRAS, and BRAF genes for all solid cancer types and lung
cancer cells. Owing to low number of cells with specific mu-
tations (e.g., NRAS?®'X) we combined data for mutations at
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particular codon, for example, NRAS codon Q61 (which
combines Q61K, Q61H, Q61L, and Q61R mutations). We
selected codon mutations represented by at least ten cell lines,
and rarer mutations were combined together for each gene.
Mann—-Whitney tests and FDR correction were performed
using SciPy and statsmodels Python libraries.

To identify genes whose expression might predict sensitivity
of ERK inhibitors we used data from Genomic of Drug
Sensitivity in Cancer (46) for 802 solid cancer and 167 blood
cancer cell lines and applied linear regression with elastic net
regularization to determine how IC50 values depend on genes
expression:

S= yo+2wi * exp;
i

-

® —min(S—Xoo2 +ok 1 * ||| +oax
(0]

ol,

where exp; is the expression of gene i, w; is the weight of gene i,
Yo is the intercept, ® is the weights estimator, S is the IC50
values vector, X is the expression matrix,  is the weights
matrix, and a and 11 are the elastic net penalty parameters.

For initial regression analysis we used 478 ERK-related
genes according to Gene Ontology and REACTOME
(Table S2). We performed 100 independent rounds of elastic
net regression each time calculating the gene coefficients in
IC50 values regression model. For each gene we calculated
z-scores based on that gene mean coefficient across 100
rounds and selected genes with the highest z-scores (>3).
After that we performed additional 100 rounds of elastic net
regression using only selected subset of genes for each inhib-
itor. For linear regression and elastic net regularization we
used scikit-learn Python library. Penalty parameters for elastic
net regularization were determined by performing 10-fold
cross validation.

DepMap dependency analysis

We downloaded genetic dependencies (gene effect scores)
from DepMap 21Q4 Chronos database (https://depmap.org/
portal/) for MAPKAPK2, ELK1, C5AR2, and EIF3A genes
and drug sensitivity (IC50 values) for SCH772984 from the
GDSC database (Genomics of Drug Sensitivity in Cancer,
https://www.cancerrxgene.org/). Then we calculated Pearson
correlation for SCH772984 IC50 values and gene score effects
for solid cancer cell lines present in both datasets.

Library preparation, sequencing, and signature score
calculation

RNA was isolated for nine cell lines using TRIzol (Ther-
moFisher) and RNA Clean & Concentrator kit (Zymo
Research) and then subjected to DNAase I treatment (Ther-
moFisher). In total, nine libraries were prepared from isolated
total RNA using TruSeq Stranded mRNA Library Prep Kit
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(Ilumina) based on poly(A) enrichment protocol (TruSeq
Stranded mRNA Reference Guide, Illumina). RNA samples
having RIN (RNA Integrity Number) >8.0 were used for li-
brary preparation. The final cDNA library sizes were approx-
imately 260 to 270 bp. cDNA libraries were equally pooled and
sequenced on a NextSeq 500 System (Illumina) to generate 75
nucleotide single-end reads.

RNA sequencing FASTQ files were processed with STAR
aligner (58) in “GeneCounts” mode with the Ensembl human
transcriptome annotation (Build version GRCh38 and tran-
script annotation GRCh38.89). Ensembl gene IDs were con-
verted to HGNC gene symbols using Complete HGNC dataset
(https://www.genenames.org/). Totally, expression levels were
established for 36,596 annotated genes with the corresponding
HGNC identifiers. Gene expression values were normalized
using quantile normalization protocol (59) prior to further
processing. Sequencing data were deposited in NCBI
Sequencing Read Archive (SRA) under accession ID
PRJNA799888.

Gene impact on signature score was determined by Elastic
Net regression; MAPKAPK2, OR2AT4, C5AR2, and ELKI had
positive impact on signature score (contributed toward
increased IC50 values for ERK inhibitors) and EIF3A had
negative impact. Gene expression relative to mean expression
for all cell lines was used to calculate signature score.

Statistical analysis

All the data are expressed as mean + SD from at least three
individual experiments, unless stated otherwise in the text.
Statistical significances of differences observed in apoptosis
and cell count experiments were determined by two-tailed ¢
test. All other statistical calculations were performed in Python
3.7 and GraphPad Prism 9 software.

Data availability

The Python and R source codes and CellProfiler pipelines
used in this study are available at GitHub: https://github.com/
CancerCellBiology/ERK-inhibitors. ~Sequencing data were
deposited in NCBI Sequencing Read Archive (SRA) under
accession ID PRJNA799888.
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