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Identifying additional mitogen-activated protein kinase
(MAPK) pathway regulators is invaluable in aiding our under-
standing of the complex signaling networks that regulate cellu-
lar processes, including cell proliferation and survival. Here,
using in vitro kinase assays and by expressing WT or kinase-
dead MAPK kinase kinase 19 (MAP3K19) in the HEK293T cell
line and assessing activation of the extracellular signal–
regulated kinase (ERK) and JUN N-terminal kinase (JNK) sig-
naling pathways, we defined MAP3K19 as a novel regulator of
MAPK signaling. We also observed that overexpression of
WT MAP3K19 activates both the ERK and JNK pathways in a
panel of cancer cell lines. Furthermore, MAP3K19 sustained
ERK pathway activation in the presence of inhibitors target-
ing the RAF proto-oncogene Ser/Thr protein kinase (RAF)
and MAPK/ERK kinase, indicating that MAP3K19 activates
ERK via a RAF-independent mechanism. Findings from in
vitro and in-cell kinase assays demonstrate that MAP3K19 is
a kinase that directly phosphorylates both MAPK/ERK kinase
(MEK) and MAPK kinase 7 (MKK7). Results from an short-
hairpin RNA screen indicated that MAP3K19 is essential for
maintaining survival in KRAS-mutant cancers; therefore, we
depleted or inhibited MAP3K19 in KRAS-mutant cancer cell
lines and observed that this reduces viability and decreases
ERK and JNK pathway activation. In summary, our results
reveal that MAP3K19 directly activates the ERK and JNK cas-
cades and highlight a role for this kinase in maintaining sur-
vival of KRAS-mutant lung cancer cells.

A large portion of the kinome remains poorly characterized,
with the functions of �25% of kinases yet to be discovered (1).
This includes several MAPKs. Elucidating the roles of under-
studied kinases in cellular processes vital to oncogenesis will
provide potential candidates for therapeutic intervention
(2–4). It has been well-described that aberrant activation of
kinase signaling contributes to cancer initiation and progres-
sion. The MAPK signaling pathways represent essential signal-
ing nodes that govern cell cycle progression and cell survival,
which underscores the importance of elucidating the function
of novel MAPKs (5, 6). A published study using an short-hair-
pin RNA screen identified mitogen-activated protein kinase
kinase kinase 19 (MAP3K19 or YSK4) as a genetic dependence
in a panel of KRAS-mutant cancers (7). Consistent with a pro-

survival function for MAP3K19, short-hairpin RNA-mediated
knockdown of MAP3K19 suppressed HeLa cell proliferation
and survival, further indicating that MAP3K19 plays a role in
cancer cell survival (8). In addition, MAP3K19 overexpression
was detected in patients with chronic obstructive pulmonary
disease, a known risk factor for lung cancer (9, 10). MAP3K19
has been reported to regulate transforming growth factor-�–
induced SMAD signaling and gene expression, as well as regulate
NF-�B to promote the release of various cytokines, although the
mechanisms underpinning these activities are unknown (9, 10).
Given that these large screening studies have implicated
MAP3K19 in promoting cancer cell growth, we aimed to deter-
mine the mechanism by which MAP3K19 promotes cancer cell
viability. Our data define MAP3K19 as a novel modulator of ERK
and JNK signaling cascades and indicate that this kinase may be
essential for cell survival in KRAS-mutant cancers.

Results

MAP3K19 promotes ERK pathway activation

To determine the role of MAP3K19 in regulating down-
stream MAP2Ks, we expressed WT or kinase-dead (KD)
MAP3K19 in the HEK 293T cell line and assessed activation of
the ERK and JNK signaling pathways. Compared with protein
levels in empty vector (EV) control cells and KD-transfected
cells, expression of WT MAP3K19 markedly enhanced phos-
phorylation of MEK, ERK, and JNK proteins (Fig. 1A). We also
observed an upward mobility shift in comparing WT to KD
MAP3K19, consistent with WT MAP3K19 being post-transla-
tionally modified to an active conformation in HEK 293T cells.
To verify that MAP3K19 is an ERK pathway activator, we over-
expressed MAP3K19 in additional cancer cell lines (LK2,
MCF-7, and HCT-116) and monitored ERK pathway activation
(Fig. 1, B–D). In all three cell lines, overexpression of WT
MAP3K19 led to an increase in both MEK and ERK activation,
as assessed by increases in phosphorylation of both MEK and
ERK (Fig. 1, B–D; increases in phosphorylation were quantified
in bar graphs below representative immunoblots). MAP3K19
WT protein was detected at a higher molecular weight than KD
in these cell lines, providing further support that MAP3K19 is
post-translationally modified to assume an active conforma-
tion. To determine whether the mobility shift between WT and
KD MAP3K19 is phosphorylation-dependent, we pretreated
HEK 293T and LK2 cell lysates with �-protein phosphatase
(�-PP). In both cell lines, band migration of WT MAP3K19
notably shifted following �-PP treatment, minimizing the* For correspondence: John Brognard, john.brognard@nih.gov.
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mobility gap between WT and KD MAP3K19 (Fig. 1, E and F).
Together, these results indicate that MAP3K19 can activate
both the JNK and ERK pathways upon overexpression.

We previously characterized the mixed-lineage kinases
(MLK1– 4) as MEK kinases that can activate the ERK pathway
in the presence of RAF inhibitors. To investigate the mecha-
nism by which MAP3K19 stimulates ERK pathway activation,
we overexpressed WT MAP3K19 in HEK 293T cells and
treated these cells with a pan-RAF inhibitor (L779450), a MEK
inhibitor (AZD6244), or both the RAF and MEK inhibitors.
Overexpressed MLK1 was used as a control. Expression of
MAP3K19 resulted in an increase in MEK phosphorylation that
was maintained even in the presence of the RAF inhibitor,
indicating that MAP3K19-mediated activation of MEK is inde-
pendent of RAF, similar to MLK1 (Fig. 2A). Interestingly,
MAP3K19 could sustain a lower level of ERK phosphorylation,
even in the presence of the MEK inhibitor or the combination
of RAF and MEK inhibitors, which raises the possibility that
MAP3K19 may be able to activate ERK in a MEK-independent
manner (Fig. 2A). MLK1 was not able to maintain ERK phos-
phorylation in the presence of a MEK inhibitor, concordant

with our previous findings (11). To confirm these results and
verify that kinase activity is essential for ERK pathway activa-
tion, we overexpressed WT or KD MAP3K19 in HEK 293T
cells treated with a combination of RAF and MEK inhibitors
and monitored ERK phosphorylation. Overexpression of
MAP3K19 WT, but not KD, led to an increase in MEK and ERK
phosphorylation that was retained even in the presence of the
RAF and MEK inhibitor treatment. These data indicate that
MAP3K19 catalytic activity is critical for ERK pathway activa-
tion and suggest that MAP3K19 is a MEK kinase (Fig. 2B).

MAP3K19 is a direct MAP2K kinase

To determine whether MAP3K19 is a direct MEK kinase, we
performed in vitro kinase assays using purified KD MEK1 as a
substrate. Full-length MAP3K19 that was immunoprecipitated
from cells phosphorylated MEK1 in a kinase-dependent man-
ner (Fig. 3A). To confirm these results, we used purified
MAP3K19 kinase domain in an in vitro kinase assay with
KD MEK1. Purified MLK1 kinase domain was used as a control.
MAP3K19 directly phosphorylated MEK, indicating that
MAP3K19 is a direct MEK kinase, similar to MLK1 (Fig. 3B). To

Figure 1. MAP3K19 activates MAPK family members. A–D, HEK293T (A), LK2 (B), MCF7 (C), or HCT-116 (D) cells were transiently transfected with empty
vector (EV), WT, or KD-K1089M MAP3K19. Phosphorylation status of MAPK family members was assessed by Western blotting. Band density was quantified by
ImageJ software. The data are shown as mean phospho:total protein density normalized to EV control � S.D. *, p � 0.05; **, p � 0.01. E and F, HEK293T (E) or
LK2 (F) cells were transfected with EV, WT, or KD MAP3K19, and lysates were treated with 0 or 1 �l of �-PP. Western blotting was performed.
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determine whether MAP3K19 can phosphorylate ERK, we per-
formed an in vitro kinase assay using KD ERK2 as a substrate.
Purified MEK1, used as a positive control, catalyzed phosphor-
ylation of ERK, but neither MLK1 nor MAP3K19 are ERK
kinases (Fig. 3C). To verify that MAP3K19 was not inhibited by
RAF or MEK inhibitors, we conducted an in vitro kinase assay
using KD MEK1 as a substrate with purified MAP3K19 kinase
domain or MLK1 in the presence of MEK and/or RAF inhibi-
tors. MAP3K19-dependent MEK phosphorylation was pre-
served in the presence of all drugs, confirming that RAF and
MEK inhibitors do not inhibit MAP3K19 (Fig. 3D). To assess
whether MAP3K19 can phosphorylate MKK7 (MAP2K7), an
upstream JNK kinase, we performed an in vitro kinase assay
using KD MKK7 as a substrate. MAP3K19 directly phosphory-
lates MKK7, which leads to activation of JNK (Fig. 3E). To rule
out the possibility that MAP3K19 may directly phosphorylate
JNK, we used KD JNK1 or JNK2 as substrates in an in vitro
kinase assay and purified MKK7 as a control. MAP3K19 did not
phosphorylate JNK (Fig. 3F).

MAP3K19 does not promote resistance to ERK pathway
inhibitors in melanoma

Based on our data showing that MAP3K19 sustains MEK
pathway activation in the presence of RAF and MEK inhibitors,
we explored the possibility that MAP3K19 may play a role in
promoting resistance to ERK pathway inhibitors, similar to the
MLKs. We assessed expression of MAP3K19 and observed an
increase in MAP3K19 mRNA levels in melanoma cell lines

resistant to RAF inhibitors (Fig. 4A). To determine whether
MAP3K19 overexpression can promote increased MEK and
ERK activation in BRAF-V600E–mutant melanoma cell lines,
we expressed doxycycline-inducible MAP3K19 in A375 cells.
There was no increase in MEK or ERK phosphorylation, and
WT MAP3K19 migrated at the same mobility as KD MAP3K19
in A375 cells, suggesting that overexpressed MAP3K19 is likely
to be maintained in an inactive conformation in BRAF-V600E–
positive melanoma cells (Fig. 4B). Similar results were observed
in the Sk-Mel-28 cell line (Fig. 4C). Lastly, expression of
MAP3K19 did not promote ERK pathway activation in the
presence of RAF or MEK inhibitors in the A375 cells, indicating
that increased expression of MAP3K19 is unlikely to be an
acquired mechanism of resistance to ERK pathway inhibitors in
melanoma cells (Fig. 4D).

MAP3K19 enhances KRAS-mediated ERK activation and is
required to maintain viability in KRAS-mutant lung cancer
cells

MAP3K19 was identified as a genetic dependence in KRAS-
mutant cancers. Therefore, we investigated whether MAP3K19
would enhance KRAS-mediated activation of the ERK pathway.
Expression of KRAS G12C mutant increased both ERK and
MEK activation as expected. Co-expression of MAP3K19 and
KRAS G12C led to a marked increase in the expression levels of
MAP3K19 and a correlated increase in ERK pathway activation
compared with either KRAS or MAP3K19 alone (Fig. 5A). To
determine whether MAP3K19 is required to maintain KRAS-

Figure 2. MAP3K19 maintains MEK phosphorylation in the presence of RAF inhibitors. A, 48 h after transfection with EV, MAP3K19-WT, or MLK1-WT
HEK293T cells were treated with DMSO vehicle control, 1 �M L779450, 1 �M AZD6244, or a combination of both RAF and MEK inhibitors for 1 h, and Western
blotting was performed on cell lysates. B, 48 h after transfection with EV, WT, or KD-MAP3K19, HEK293T cells were treated with DMSO vehicle control or
indicated inhibitors: 1 �M vemurafenib (BRAFi), 1 �M selumetinib (S, MEKi), or 500 nM cobimetinib (C, MEKi) for 1 h, and Western blotting was performed on cell
lysates. Band density was quantified by ImageJ software. The data are shown as mean phospho:total protein density � S.D. Dunnett’s multiple comparisons
test was used for statistical analysis, with EV-DMSO group as control. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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mutant lung cancer cell viability, we first assessed a panel of
lung cancer cell lines for expression of endogenous MAP3K19
and observed that MAP3K19 is expressed in most lung cancer
cells at varying levels. We then depleted MAP3K19 in lung can-
cer cells with WT KRAS (H3122) or mutant KRAS (H2030 and
H2122) by using two unique siRNAs (Fig. 5C). Loss of
MAP3K19 resulted in reduced viability in KRAS-mutant lung
cancer cells, but not KRAS WT lung cancer cells (Fig. 5C). To
determine whether MAP3K19 depletion would alter MAPK
pathway activation, we assessed MEK, ERK, and JNK phosphor-
ylation in H2122 cells and observed a decrease in ERK and JNK
pathway activation (Fig. 5D). These results indicate that
MAP3K19 plays a role in maintaining KRAS-mutant lung can-
cer cell viability by regulating the ERK and JNK pathways.

A MAP3K19 inhibitor suppresses ERK activation and inhibits
viability in RAS-mutant lung cancer

To identify possible pharmacological inhibitors, we eval-
uated three kinase inhibitors that were previously identified

to inhibit MAP3K19 (AT-9283, NVP-TAE226, and GSK-
269962A) in an internal pan-kinase inhibitor screen (12, 13).
In HEK 293T cells overexpressing MAP3K19, AT-9283 was
the only compound that suppressed activation of the ERK
pathway and promoted a downward shift in MAP3K19
migration comparable with KD MAP3K19, indicating that
this compound inhibits MAP3K19 (Fig. 6A). To validate that
AT-9283 targets MAP3K19, we performed an in vitro kinase
assay where MAP3K19 was pretreated with AT-9283. We
observed a reduction in phosphorylation of inactive MEK at
both 1 and 5 �M of drug treatment, which verifies that this
compound is a MAP3K19 inhibitor. Treatment of the KRAS-
mutant lung cancer cell lines with AT-9283 suppressed via-
bility and promoted a decrease in ERK pathway activation
(Fig. 6, C and D). However, there was also a decrease in cell
viability in the H3122 cell line (KRAS WT) treated with
AT-9283, likely because of off-target effects. Overall, these
results suggest that MAP3K19 could serve as a novel thera-
peutic target in KRAS-mutant lung cancers.

Figure 3. MAP3K19 directly phosphorylates MAP2Ks. A, MAP3K19 was immunoprecipitated (IP) from HEK293T cells and subjected to a kinase assay with
kinase-inactive MEK1. B and C, in vitro kinase assay using recombinant MAP3K19 protein and kinase-inactive MEK1 or ERK2, respectively. D, kinase-inactive
MEK1 and purified GST-MAP3K19 or GST-MLK1 kinase domain were subjected to in vitro kinase assay in the presence or absence of inhibitors: 5 �M L779450,
1 �M PLX4032, 5 �M U0126, or 2 �M AZD6244. E and F, in vitro kinase assay using recombinant MAP3K19 protein and kinase-inactive MKK7 or JNK1/2,
respectively. The data are shown as mean phospho:total protein density � S.D. Dunnett’s multiple comparisons test was used for statistical analysis, with
samples in the first lane as control. *, p � 0.05; **, p � 0.01; ***, p � 0.001; �, kinase-inactive.
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Discussion

MAP3Ks are Ser/Thr kinases that, upon activation, phos-
phorylate and activate MAP2Ks, ultimately leading to activa-
tion of MAPKs (14). The RAFs (MAP3Ks) 3 MEK1/2
(MAP2Ks)3 ERK1/2 (MAPKs) cascade is a classic and cancer-
relevant example (15). In addition to the RAF/MEK/ERK cas-
cade, there are others, including those that activate JNKs, p38s,
and ERK5 (16). Identifying novel regulators of MAPK signaling
cascades is critical to fully understand how dysregulation of
these pathways occurs and contributes to cancer and resistance
to targeted therapies. Many MAP3Ks are unexplored. Our
identification of the MAP3Ks MLK1– 4 as kinases that confer
resistance to RAF inhibitors in melanoma provides proof that
analysis of these understudied kinases has therapeutic implica-

tions (11). Our current study describes MAP3K19 as a novel
activator of the ERK and JNK pathways (Fig. 7).

Mutations that activate the RAF/MEK/ERK pathway occur
in RAF proteins, such as the BRAF V600E mutation, and in the
RAS family of proteins, which are upstream activators of RAF.
Although KRAS gain-of-function mutations are detected in
�25% of lung adenocarcinoma (LUAD) patients, direct inhibi-
tion of all KRAS mutants, aside from G12C/G13C, has not been
therapeutically possible, and resistance often develops to inhib-
itors of the RAF/MEK/ERK pathway. An alternative approach
for targeting KRAS-mutant tumors is identification of tar-
getable vulnerabilities through synthetic lethal screens (7). Our
interest in MAP3K19 arises from two studies indicating that
this MAP3K may be involved in lung cancer. One study identi-

Figure 4. MAP3K19 expression does not promote resistance to ERK pathway inhibitors in melanoma cell lines. A, RT– quantitative (q) PCR analysis of
MAP3K19 expression in vemurafenib-resistant (VR) clones derived from A375 (C2, C4) or MDA-MB-435 (1E, 2D) melanoma cells. B, parental A375 melanoma cell
line was used to generate cells with doxycycline (dox)–inducible expression of MAP3K19. Protein expression of MAP3K19 was confirmed, and phosphorylation
of MEK1/2 and ERK1/2 was assessed by Western blotting 24 h after doxycycline treatment. The data are shown as mean phospho:total (p:t) protein density �
S.D. C, Sk-Mel-28 cells were transiently transfected with EV, WT, or KD-MAP3K19. Phosphorylation status of MAPK family members was assessed by Western
blotting. The data are shown as mean phospho:total protein density � S.D. D, doxycycline was added to A375-TR cells for 24 h to induce expression of
MAP3K19, and then cells were treated with DMSO vehicle control, 500 nM PLX4032 (BRAFi), 500 nM AZD6244 (MEKi), or a combination of both BRAF and MEK
inhibitors for 1 h. Western blotting was performed on cell lysates. The data are shown as mean phospho:total protein density � S.D., with MAP3K19-WT (�dox)
DMSO as control. *, p � 0.05; **, p � 0.01.
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fied MAP3K19 as a genetic dependence in a panel of KRAS-
mutant cancers, including LUAD samples (7). The authors of
the second study observed that MAP3K19 is more abundant
in patients with chronic obstructive pulmonary disease, a
known risk factor for lung cancer (9, 10). Consistent with
these observations, our data demonstrate that siRNA-mediated
depletion or pharmacological inhibition of MAP3K19 significantly
reduces cell viability and decreases ERK and JNK pathway activa-
tion in KRAS-mutant lung cancer cells. However, the AT-9283
inhibitor also decreased the viability of KRAS WT LUAD cells,
indicating the need for additional studies using more specific
MAP3K19 inhibitors to further validate MAP3K19 as a genetic
vulnerability and potential therapeutic target in KRAS-mutant
lung cancer cells.

Reactivation of MAPK signaling is a prominent mecha-
nism of resistance to BRAF inhibitors (17–23). From our
observation that MAP3K19 maintained ERK activation in
the presence of RAF and MEK inhibitors, we explored the
role of MAP3K19 in regulating resistance to MAPK-targeted
therapy. Although we observed that expression of MAP3K19
was elevated in vemurafenib-resistant BRAF-mutant mela-
noma cell lines, induced expression of MAP3K19 could not
sustain ERK pathway activation in the presence of RAF or

MEK inhibitors in melanoma cells. Thus, MAP3K19 likely
does not play a role in promoting resistance to ERK pathway
inhibitors in these cells. Our findings establishing MAP3K19
as a novel direct kinase of MEK may be relevant in other
cancer models. Response to BRAF inhibitor therapy has been
limited in patients with BRAF-V600E-mutant metastatic
colorectal cancer, and it is possible that MAP3K19 plays a
role in resistance in tumors of different origins (24). In addi-
tion, MEK inhibitor therapy has limited efficacy against
NRAS-mutant melanoma in the clinic (25). Future studies
examining MAP3K19 activity in the context of BRAF-mu-
tant colorectal cancer and NRAS-mutant melanoma may
shed light on MAP3K19’s potential role in promoting resis-
tance to ERK pathway inhibitors in these cancers. Overall,
our findings indicate that MAP3K19 is an upstream regula-
tor of the ERK and JNK cascades and is required to maintain
lung cancer cell survival in KRAS-mutant cancers.

Experimental procedures

Cell lines and reagents

Lung cancer cell lines NCI-H2122 and NCI-H2030 were
acquired from American Type Culture Collection. NCI-H3122

Figure 5. MAP3K19 cooperates with KRAS G12C to enhance ERK activation and plays a role in maintaining cell viability in KRAS-mutant lung cancer
cells. A, Western blotting analysis of MAPK phosphorylation changes because of transient expression of MAP3K19-WT, MAP3K19-KD, or KRAS G12C. The data
are shown as mean protein density (phospho:total for MEK and ERK) � S.D. B, Western blotting of endogenous MAP3K19 in lung cancer cell lines. C, top panel,
RT– quantitative PCR validation of siRNA-mediated MAP3K19 knockdown in LUAD cell lines 48 h after transfection. Bottom panel, cells were seeded in 96-well
plates 24 h after transfection, and cell viability was evaluated after 48 h by crystal violet assay. The data are represented as percentages of cell viability
normalized to control (ctrl) � S.D. D, phosphorylation status of MAPK family members following depletion of MAP3K19 expression in H2122 cells. The data are
shown as mean phosphorylated protein density normalized to control (set to 1) � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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cells were obtained from the National Cancer Institute
Repository. All LUAD cell lines were maintained in RPMI
1640 medium (Quality Biological) supplemented with 10%
fetal bovine serum (Atlanta Biologicals), 1% penicillin/strep-
tomycin (Invitrogen), and 1% GlutaMAX (Invitrogen). HEK
293T cells were cultured in DMEM supplemented with 10%
fetal bovine serum, 1% penicillin/streptomycin, and 1%
GlutaMAX. Inhibitors were purchased as follows: PLX4032
(vemurafenib), U0126, AZD6244 (selumetinib), and GDC-0973
(cobimetinib) from Selleck Chemicals; L779450 from Abcam; and
AT-9283 from Cayman Chemical. All inhibitors were dissolved in
DMSO, and aliquots were stored at �20 °C.

Western blotting
48 h after transient transfection, the cells were treated with

inhibitors or DMSO vehicle control for 1 h before lysis with
M-PER mammalian protein extraction reagent (Thermo Scien-
tific) supplemented with 1% protease inhibitor and 1% phos-

phatase inhibitors (I/II) (Invitrogen). The following primary
antibodies were used: MAP3K19 (antibody was generated at
the Dundee antibody production facility in collaboration with
Dr. James Hastie); MLK1, MEK1/2, p-MEK1/2 (S217/221),
ERK1/2, p-ERK1/2 (T202/Y204), p-MKK7 (S271/T275), JNK,
p-JNK (T183/Y185), GST, Tubulin (Cell Signaling Technol-
ogy), and V5 (Bio-Rad). Tubulin antibody was used at 1:5,000
dilution. All other antibodies were used at 1:1000 dilution.
Sheep horseradish peroxidase– conjugated antibody (Cell Sig-
naling Technology) was used as a secondary antibody at 1:5000
dilution in 5% BSA for MAP3K19 detection. After incubation
with anti-rabbit DyLightTM 680 conjugate or anti-mouse
DyLightTM 800 conjugate (Cell Signaling Technology) at
1:10,000 dilution in Odyssey Blocking Buffer (LI-COR Biosci-
ences), bands were detected using the ChemiDoc MP imaging
system (Bio-Rad). All Western blots are representative of at
least three independent experiments.

Figure 6. Analysis of MAP3K19 inhibitor. A, HEK293T cells were transiently transfected with EV or WT MAP3K19. After 48 h, the cells were treated with DMSO
vehicle control or indicated doses of inhibitors for 1 h. Western blotting was then performed on cell lysates. The data are shown as mean phospho:total (p:t)
protein density � S.D. with EV vehicle-treated control set to 1. B, kinase-inactive MEK1 and purified GST-MAP3K19 kinase domain were subjected to an in vitro
kinase assay in the presence or absence of inhibitors. The data are shown as mean protein density (phospho:total) � S.D. with vehicle-treated control set to 1.
C, Western blotting of MAPK pathway expression and activation in H2122 cells treated with AT-9283 for 24 h. The data are shown as mean protein density
(phospho:total for MEK, ERK, and JNK) � S.D. with vehicle-treated control set to 1. D, viability of lung adenocarcinoma cells was evaluated by crystal violet assay
after 72-h treatment with AT-9283. The data are represented as percentages of cell viability normalized to vehicle-treated control � S.D. *, p � 0.05; **, p � 0.01;
***, p � 0.001.
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�-PP treatment

HEK 293T or LK2 cells were lysed in radioimmune precipi-
tation assay buffer and centrifuged at 4 °C. After MnCl2 (2 mM)
was added to the lysates, the samples were treated with 0 or 1 �l
of � phosphatase (New England Biolabs) for 1.5 h at 30 °C.
Laemmli buffer was added to terminate the reaction, and sam-
ples were boiled for 5 min.

Quantitative RT-PCR

The Cells were collected in cold phosphate-buffered saline
and pelleted by centrifugation at 4 °C. Total RNA was extracted
using the RNeasy mini kit in accordance with the manufactu-
rer’s protocol (Qiagen). The quality and concentration of RNA
were determined using the NanoDrop One spectrophotometer
(Thermo Scientific). Total RNA (1 �g) was reverse-transcribed
using the iScript kit (Bio-Rad), and qPCR was performed using
SYBR Green (Bio-Rad). The following primer sequences were
used: MAP3K19 forward, GCATCAGCAGAAGTGAGGAG;
MAP3K19 reverse, TCAACACCTTCTGTCCTGGG; Actin
forward, GGCACCCAGCACAATGAAGA; and Actin reverse,
ACTCCTGCTTGCTGATCCAC. The cycle numbers were
normalized to �-actin, and control conditions were scaled to
one. The experiments were conducted in triplicate with inter-
nal duplicates.

Cell viability assays

The cells were treated with inhibitor at the indicated concen-
trations and time points or were reverse-transfected with
siRNA for 72 h in a 96-well plate format. The cells were fixed
with glutaraldehyde for 20 min and then stained with 1% crystal
violet in 10% methanol solution for 15 min. The wells were
washed thoroughly and allowed to air dry. For quantification,
100 �l of 33% acetic acid was added to each well and incubated
for at least 1 h with shaking. The absorbance values were read at
595 nm. The data are represented as mean cell viability normal-
ized to control � S.E. of triplicate experiments, each consisting
of three technical replicates.

Transient transfections

For ectopic expression of MAP3K19, HEK 293T cells were
seeded at 50% confluency and allowed to adhere overnight.

The following day, the cells were transfected with the desig-
nated amount of plasmid DNA using jetPRIME transfection
reagent (Polyplus Transfection) for the indicated time
points. MAP3K19 and MLK1 WT constructs were pur-
chased as entry vector (OriGene). The KD mutation was
introduced by site-directed mutagenesis (QuikChange II kit,
Stratagene) in the critical lysine required to bind ATP
(within the VAIK motif) (K1089M-MAP3K19). The follow-
ing primer sequences were used: K1089M forward, GGT-
ATCCAAAGCCACCTGCATTACAGCTATTAGCTGT-
CCT; and K1089M reverse, AGGACAGCTAATAGCTGT-
AATGCAGGTGGCTTTGGATACC. MAP3K19 constructs
were cloned into pLenti6.3/TO/V5-DEST vector (Thermo
Scientific) with the Gateway system according to the man-
ufacturer’s instructions. KRAS G12C plasmid (pCDH-
CMV-HA backbone) was kindly provided by Dr. Deborah
Morrison (National Cancer Institute).

For RNAi experiments, cells were reverse-transfected using
Lipofectamine RNAiMAX (Thermo Scientific) and 40 nM of
siRNA oligonucleotides (OriGene) diluted with Opti-MEM I
reduced serum medium (Thermo Scientific) in 10-cm-plate
format. Knockdown of mRNA was assessed by quantitative RT-
PCR 48 h after transfection.

Immunoprecipitation and kinase assays

48 h after transfection, the cells were treated with inhibitors
or DMSO and lysed with Triton X-100 lysis buffer (Cell Sig-
naling Technology) supplemented with protease inhibitors
(Roche) dissolved in sterile water. Cell lysates were incubated
overnight (4 °C) with anti-V5 antibody (1:100) and then incu-
bated with 50 �l of a 50% slurry of Protein G Dynabeads
(Thermo Scientific) for 1 h. The beads were washed three times,
first with lysis buffer and then with kinase buffer (Cell Signaling
Technology). The kinase assay was performed in the presence
of ATP (50 �M) and 100 ng of kinase-inactive MEK1 as sub-
strate (Carna Biosciences) at 30 °C for 30 min. The kinase assay
was terminated after adding SDS sample buffer and boiling for
15 min. The proteins were resolved by SDS-PAGE and analyzed
by Western blotting.

In vitro kinase assay

Recombinant human GST-tagged MAP3K19 (YSK4) kinase
domain (Thermo Fisher Scientific) or human MLK1 kinase
domain (Carna Biosciences) was incubated at room tempera-
ture with kinase-inactive MEK1, ERK2, MKK7, JNK1, or JNK2
(Carna Biosciences) in the absence or presence of MAPK path-
way inhibitors for 5 min. The kinase reaction was initiated with
the addition of ATP (50 �M) at 30 °C for 30 min, and the reac-
tion was stopped by adding 4� SDS sample buffer. After the
samples were boiled for 15 min, the proteins were resolved by
SDS-PAGE and analyzed by Western blotting.

Generation of tetracycline-inducible cell lines

WT or KD MAP3K19 plasmids cloned into pLenti6.3/TO/
V5-DEST and pLenti3.3/TR vector (for tetracycline repressor
expression) were transfected into HEK 293FT cells using Lipo-
fectamine 2000, and lentiviral supernatant was collected.
Parental A375 melanoma cells were transduced with lentiviral

Figure 7. Schematic representation of MAP3K19 regulating MAPK path-
ways. MAP3K19 can directly phosphorylate MEK1/2 and MKK7, leading to
ERK and JNK activation.
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stocks and treated with antibiotics for selection (blasticidin
(Invitrogen) and Geneticin (Gibco)). Doxycycline (Sigma) was
used to induce expression of MAP3K19.

Generation of vemurafenib-resistant cell lines

Melanoma cell lines A375 and MDA-MB-435 were gener-
ated by chronic treatment with 1 �M vemurafenib, as described
previously (11). The cells were cultured in medium with fresh
vemurafenib added 1.

Statistical analysis

Statistical analyses were performed using unpaired Student’s
t test or one-way analysis of variance (Dunnett’s multiple com-
parisons test) on GraphPad Prism software (GraphPad Soft-
ware Inc.). *, p � 0.05; **, p � 0.01; ***, p � 0.001.

Data availability
All data reported are contained within the manuscript.
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