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Gain-of-function mutations in the catalytic domain of
DOT1L promote lung cancer malignant phenotypes via
the MAPK/ERK signaling pathway
Jiayu Zhang1,2, Ting Yang1,2, Mei Han1,2, Xiaoxuan Wang1,2, Weiming Yang1,2, Ning Guo1,2,
Yong Ren3, Wei Cui1, Shangxiao Li4, Yongshan Zhao4, Xin Zhai5, Lina Jia1, Jingyu Yang1,
Chunfu Wu1, Lihui Wang1,2*

Lung cancer is a lethal malignancy lacking effective therapies. Emerging evidence suggests that epigenetic
enzyme mutations are closely related to the malignant phenotype of lung cancer. Here, we identified a series
of gain-of-function mutations in the histone methyltransferase DOT1L. The strongest of them is R231Q, located
in the catalytic DOT domain. R231Q can enhance the substrate binding ability of DOT1L. Moreover, R231Q pro-
motes cell growth and drug resistance of lung cancer cells in vitro and in vivo. Mechanistic studies also revealed
that the R231Q mutant specifically activates the MAPK/ERK signaling pathway by enriching H3K79me2 on the
RAF1 promoter and epigenetically regulating the expression of downstream targets. The combination of a
DOT1L inhibitor (SGC0946) and a MAPK/ERK axis inhibitor (binimetinib) can effectively reverse the R231Q-
induced phenomena. Our results reveal gain-of-function mutations in an epigenetic enzyme and provide prom-
ising insights for the precise treatment of lung cancer patients.
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INTRODUCTION
Among all malignancies, lung cancer is associated with very high
rates of morbidity and mortality across the world (1). It is classically
divided into two histological types, small cell lung cancer (SCLC)
and non–small cell lung cancer (NSCLC) (2). SCLC has a low
degree of differentiation and a high degree of malignancy, but ac-
counts for a small proportion of cases. Although NSCLC is not as
malignant as SCLC, it accounts for about 85% of the total number of
lung cancers (3, 4). At present, lung cancer is incurable. The need
for new therapeutic strategies provides a compelling reason to elu-
cidate the pathogenic mechanisms, identify the tumor-associated
mutations, and search for potential drug targets.

Recent studies have shown that lung cancer tumorigenesis is
often accompanied by gene mutations. Loss-of-function mutations,
such as mutations that inactivate tumor suppressor genes, are con-
sidered as “undruggable.” In contrast, therapeutic strategies target-
ing gain-of-function mutations, such as those that activate
oncogenes, are relatively feasible. For example, epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitors, which are
widely used in lung cancer, have achieved notable therapeutic
effects in patients with EGFR mutations (5). Thus, gain-of-function
mutations have attracted more attention. In addition, the evidence
suggests that mutations in oncogene functional domains and
nearby sites often have a stronger carcinogenic effect. For
example, mutations in EGFR exons 19, 20, and 21 are more
capable of activating downstream cancer-promoting signaling

pathways (6). Moreover, secondary mutations in these regions,
such as the T790M mutation in EGFR exon 20, can also confer
drug resistance (7, 8). These findings motivate us to discover
gain-of-function mutations to understand the pathogenesis of
lung cancer and develop precise treatment strategies (9, 10).

Previous reports suggested that abnormal alterations of epige-
netic enzymes play critical roles in the occurrence and development
of lung cancer (11, 12). Disrupter of telomere silencing 1 like
(DOT1L) is the only methyltransferase that regulates methylation
of lysine 79 in histone 3 (H3K79me) (13, 14). DOT1L regulates
target gene transcription by altering chromatin compaction and is
frequently involved in tumor proliferation, self-renewal, invasion,
and metastasis (15). Clinical studies have shown that DOT1L ex-
pression is increased in various malignant tumor tissues, resulting
in enhanced methylation, and is closely related to poor prognosis
(16, 17). DOT1L participates in the proliferation and self-renewal
of cervical cancer cells by activating the WNT signaling pathway
(18). It also affects the tumor cell cycle and apoptosis by regulating
estrogen receptor signaling (19), and it can interact with the tran-
scription factor C/EBPβ to mediate multidrug resistance in ovarian
cancer cells (20). Furthermore, DOT1L is involved in various
cancer-related signaling pathways, such as signal transducer and ac-
tivator of transcription 1 (STAT1) and phosphatidylinositol 3-
kinase (PI3K)/AKT (21, 22). There are few reports that DOT1L is
associated with the proliferation and epidermal-mesenchymal tran-
sition of lung cancer cells (23, 24). The above results provide pre-
liminary evidence that DOT1L is an oncogene involved in the
development of numerous malignancies.

Because of the recent research focus on regulation of aberrant
epigenetic enzymes in cancer, there has been some progress in un-
derstanding epigenetic enzyme mutations. Mutation in DNA meth-
yltransferase 3A (DNMT3A) in chronic myelomonocytic leukemia
contributes to tumor growth and is associated with poor patient
prognosis (25). Similarly, mutations in the gene encoding the
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histone methyltransferase enhancer of zeste homolog 2 (EZH2) can
promote the proliferation of lymphoma and melanoma cells and
may serve as potential targets for drug therapy (26). Campbell
et al. (27) reported that the mutation rate of DOT1L in lung
cancer is about 3%. This result, combined with the role of
DOT1L in multiple malignancies, prompted us to ask two ques-
tions. Are the DOT1L mutations in lung cancer also gain-of-func-
tion mutations? What is the impact of these mutations on lung
cancer? Here, we identified a series of gain-of-function mutations
in the DOT1L gene. Many of them, including the strongest one,
R231Q, are located within the catalytic DOT domain. DOT1L
R231Q enriches H3K79me2 on the RAF1 promoter to remodel
the chromatin structure, thereby regulating the expression of
genes related to the mitogen-activated protein kinase/extracellular
signal–regulated protein kinase (MAPK/ERK) signaling pathway
and mediating various malignant phenotypes of lung cancer. In
turn, targeting the DOT1L R231Q mutation with a DOT1L inhibi-
tor (DOT1Li) and a MAPK/ERK axis inhibitor can effectively
reverse the impact of mutation. These findings not only help us
to further understand the essential characteristics of lung cancer
but also suggest a potential therapeutic approach to lung cancer.

RESULTS
Identification ofDOT1L expression andmutations in human
lung cancer
To explore the role of DOT1L in lung cancer, we interrogated pub-
licly available mRNA data in the Broad Institute Cancer Cell Line
Encyclopedia (CCLE) to visualize the expression of DOT1L in 1282
tumor cell lines (Fig. 1A). These results showed that DOT1L was
highly expressed in SCLC and NSCLC. Moreover, we also detected
the expression of DOT1L protein in NSCLC from 98 patients. We
found that a high level of DOT1L was associated with a bad prog-
nosis (Fig. 1B). The data were confirmed by open access databases,
including the PROGgene V2 (GSE30219, GSE11969) database and
UALCAN data from The Cancer Genome Atlas (TCGA) (fig. S1, A
to C), which indicated that DOT1L might play an oncogenic role in
lung cancer. Simultaneously, we found that DOT1L mutations exist
in a variety of tumors. Lung adenocarcinoma and lung squamous
cell carcinoma were both among the top 10 cancer types with
DOT1L mutations. The incidence of DOT1L mutations in lung ad-
enocarcinoma was 2.83%, and the incidence in lung squamous cell
carcinoma was 1.64% (Fig. 1C). Notably, the TCGA database dem-
onstrated a halved overall survival in lung cancer patients with
DOT1L mutations (single-nucleotide polymorphisms and small in-
sertions/deletions), suggesting that DOT1L mutations may also
contribute to poor prognosis in lung cancer patients (Fig. 1D and
fig. S1D). Moreover, there was no obvious difference in key clinical
characteristics between patients with and withoutDOT1Lmutation,
includingDOT1L expression, tumor-node-metastasis (TNM) stage,
gender, and age (fig. S1, E and F). This suggests that DOT1L muta-
tions are associated with malignant phenotypes of lung cancer,
rather than altered DOT1L expression, TNM stage, or other factors.

To further elucidate the sites and types of DOT1L mutations in
lung cancer, we analyzed DOT1L mutation cases in NSCLC and
SCLC using cBioPortal for Cancer Genomics (28). We found that
the types of DOT1L mutations were missense, truncating, and in-
frame mutations (Fig. 1E). In total, 19.6% of all the mutations
were missense mutations in the DOT domain. Because DOT1L

lacks a SET domain, its catalytic effect on histone methylation
relies on its unique DOT domain (29). Previous studies have
shown that mutations in oncogene functional domains and the ad-
jacent sites often have strong oncogenic potential (30, 31). This sug-
gests that missense mutations in the region of the DOT1L gene
encoding the DOT domain may be gain-of-function mutations
with oncogenic effects.

Multiple mutations in DOT1L cause gain-of-function
phenotypes
To identify the gain-of-function mutation sites of DOT1L, we
screened the cBioPortal database and selected the common mis-
sense mutations ofDOT1L in lung cancer. Seven common missense
mutations are located in the DOT catalytic domain: E186A, Y216C,
S225L, R231Q, I232N, N241T, and F243L. There was also a high-
frequency missense mutation site, A1003, outside the DOT
domain. A1003 was mutated to both G and S. Using the human
NSCLC cell line NCI-H460, we transiently expressed each of the
above mutant proteins to investigate the effects of the mutations
on the enzymatic activity. We found that cells expressing the
DOT1L E186A, S225L, and R231Q mutants had significantly in-
creased levels of H3K79me2 compared to wild type (WT), while
cells expressing the I232N mutant tended to reduce levels of
H3K79me2 (Fig. 2A). Next, we explored the biological properties
of the mutants. The results showed that the cells expressing the
DOT1L S225L, R231Q, F243L, and A1003S mutants had an in-
creased capacity for proliferation, while the E186A and I232N
mutants had weak proliferation ability (fig. S2, A and B). Migration
assays showed that cells expressing the DOT1L Y216C and R231Q
mutants migrated faster than WT cells, while cells expressing the
A1003S mutant had weak migration ability (fig. S2C). For all the
different mutation sites, we combined the data on catalytic activity
and biological function (Fig. 2B). The mutations had a spectrum of
effects from loss of function to gain of function. On the basis of our
assays, the strongest gain-of-function mutation was R231Q in the
DOT domain. Cells carrying the R231Q mutation had elevated
enzyme activity and increased proliferation and migration capacity.
Because we wanted to focus on druggable gain-of-function muta-
tions, we selected R231Q for further analysis.

To evaluate the structural effects of this mutant, we generated
structures of DOT1L WT and DOT1L R231Q using PyMOL soft-
ware and molecular dynamics (MD) simulations (32, 33). Geomet-
ric and topological properties of the DOT1LWTand R231Q protein
structures, including surface pockets, interior cavities, and cross
channels, were determined using CASTp 3.0 software (34). We
found that the substrate-binding pocket of DOT1L R231Q has a
larger surface area and volume than WT DOT1L (Fig. 2C). This in-
dicates that the R231Q mutation would widen the enzyme activity
pocket and enhance the substrate binding. Moreover, the occupancy
of hydrogen bonds formed at position 231 of the mutant protein
was slightly reduced, resulting in a decrease in the rigidity and a rel-
ative increase in the flexibility of the R231Q protein, which might
also explain why the R231Q mutation causes an enlarged binding
pocket (fig. S2D). To test whether the mutations at position 231 to
other amino acids are also gain of function, we used the MD simu-
lations to analyze the structure of DOT1L when R231 was replaced
with nonpolar amino acids (A, M, W) or polar amino acids (K, N, T)
(fig. S2E) (35). We found that changing to a nonpolar amino acid at
position 231 led to a decrease or no change in the size of the
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Fig. 1. Identification of DOT1L expression and mutations in human lung cancer. (A) DOT1LmRNA expression levels in 1282 human cancer cell lines. DOT1LmRNA is
highly expressed in SCLC cell lines (n = 51) and NSCLC cell lines (n = 135), indicated by red triangles. (B) Representative sections of NSCLC tumor tissues from two patients
showing immunohistochemical detection of DOT1L protein (patient #1 has low DOT1L expression, and patient #2 has high DOT1L expression). Scale bars, 50 μm. The
correlation between DOT1L protein expression level and overall survival is also shown. Log-rank (Mantel-Cox) test, **P < 0.01. (C) Incidence ofDOT1Lmutations in 32 types
of cancer, including lung adenocarcinoma (2.83%) and lung squamous cell carcinoma (1.64%). (D) Survival probability of lung cancer patients with DOT1Lmutation (n =
29) versus no DOT1Lmutation (n = 485). Log-rank (Mantel-Cox) test, **P < 0.01. (E) Analysis of mutation frequency and mutation site of DOT1L in lung cancer cases from
the cBioPortal database.
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substrate binding pocket and the activity of DOT1L. In contrast,
polar amino acids enhanced the binding pocket and enzymatic ac-
tivity, which might be related to the properties of the amino acids.
Among all the changes, R231Q increases the surface area and
volume of the substrate binding pocket the most.

To fully understand the DOT1L R231Q mutation, we selected
four cell lines with different DOT1L expression levels, including
three NSCLC cell lines (NCI-H460 with low DOT1L, NCI-H1299
with middle DOT1L, and NCI-H1975 with middle DOT1L) and
one SCLC cell line (NCI-H446 with high DOT1L) (fig. S3, A and

B), and established stably overexpressing the catalytic domain
(amino acids 1 to 416) of WT and mutant DOT1L in these cell
lines (H460/H1299/H1975/H446-DOT1L-WT/R231Q) (13, 32).
The overexpression levels of DOT1L were confirmed to be within
the pathophysiological range of lung cancer (fig. S3, C to E).
Next, we verified the methylation status of histone H3 in the cells
to demonstrate the catalytic activity of the enzymes. Studies have
shown that H3K79me1 and H3K79me2 can relax chromatin to
promote target gene transcription (36, 37), while H3K79me3 is
thought to lead to repression of target gene transcription (38). In

Fig. 2. The enzyme activities and biological functions of lung cancer–associated DOT1L mutants. (A) Protein expression levels of H3K79me2 in NCI-H460 cells
transiently transfected with recombinant plasmids expressing different DOT1L mutants (E186A, Y216C, S225L, R231Q, I232N, N241T, F243L, A1003G, and A1003S) or
WT DOT1L. Data are shown as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. P values were determined using one-way ANOVAwith Tukey’s multiple comparisons
test. (B) Heatmap showing the level of H3K79me2, cell growth, colony formation ability, and migration ability in NCI-H460 cells transiently transfected with recombinant
plasmids expressing DOT1L mutants (E186A, Y216C, S225L, R231Q, I232N, N241T, F243L, A1003G, and A1003S) or WT DOT1L. Values are indicated as log2 fold change. (C)
Geometric and topological properties of DOT1L WT and R231Q protein structures determined by CASTp 3.0 software. The red shaded areas in the bottom panels are
substrate binding pockets. (D) Levels of common histone H3 modifications (H3K79me1, H3K79me2, H3K79me3, H3K36me2, H3K27me3, H3K9me1, H3K9me2, and
H3K4me1) in DOT1L WT cells or R231Q mutant cells (expressing DOT1L catalytic domain).
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cells expressing DOT1L R231Q, we found that the levels of
H3K79me1 and H3K79me2 were increased, while the level of
H3K79me3 was decreased. In addition, we also analyzed other
methylation changes, including H3K4me1 and H3K36me2, which
are associated with transcriptional activation, and H3K9me1,
H3K9me2, and H3K27me3, which are associated with transcrip-
tional repression (39). The DOT1L R231Q mutation only modified
the methylation of histone H3K79 and did not affect the methyla-
tion status of other sites in H3 (Fig. 2D). These observations are
consistent with the possibility that the DOT1L DOT domain muta-
tion R231Q exerts a gain-of-function effect by enhancing its own
enzyme activity in lung cancer.

The DOT1L R231Q mutant enhances H3K79me2
methylation levels and promotes malignant phenotypes
To directly determine the functional effect of the R231Q missense
mutation, we used the four pairs of lung cancer cell lines to test the
effects of WT DOT1L and the R231Q mutant on DOT1L substrates.
The results indicated that the R231Q mutant specifically enhanced
dimethylation of H3K79 (Fig. 3A and fig. S4A). Simultaneously, we
also found that the R231Q mutant increased the expression of
H3K79me2 in overexpressing full-length DOT1L cell model and
CRISPR-introduced R231Q cell model (Fig. 3B). Then, we deter-
mined the impact of mutated DOT1L on regulating cell prolifera-
tion. Empty vector (EV), DOT1L WT, and R231Q stable cell lines
were monitored using real-time cellular analysis (RTCA). We found
that H460/H1299/H1975/H446-DOT1L-R231Q cells had a much
greater capacity to proliferate than the WT cells (Fig. 3C and fig.
S4B). Moreover, the number of colonies formed was markedly in-
creased in cells carrying the R231Q mutation compared to the WT
cells (Fig. 3D and fig. S4C). We further analyzed whether the R231Q
mutation also affects cell migration and self-renewal. The results
showed that cells expressing the DOT1L R231Q protein migrated
in greater numbers with a higher intensity of fluorescence and
formed more spheres in H460/H1299/H1975/H446-DOT1L-
R231Q mutant cells compared to the WT cells (Fig. 3D and fig.
S4, D and E). The ability of R231Q mutant in promoting cell pro-
liferation and self-renewal was recapitulated in overexpressing full-
length DOT1L and CRISPR-introduced R231Q cell models
(Fig. 3E). Collectively, these results indicated that the capacity of
DOT1L R231Q mutant cells for H3K79 dimethylation, prolifera-
tion, colony formation, migration, and self-renewal was higher
than that of WT cells, which was consistent with the results of tran-
sient transfection.

Mutation of tumor-related genes can reduce the sensitivity of
tumor cells to drugs and cause drug resistance. This is a major
problem with the use of current antitumor drugs for cancer treat-
ment (9, 40). Therefore, we wondered whether the DOT1L R231Q
mutation would also confer drug resistance. We selected two con-
ventional chemotherapy drugs, cisplatin and vinorelbine, the first-
line drugs for the treatment of lung cancer, and the DOT1L small-
molecule inhibitor SGC0946 for in vitro and in vivo experiments
(41). First, we treated NCI-H460-DOT1L-WT/R231Q cells with
the drugs. The results of half-maximal growth inhibitory concentra-
tion (IC50) analysis showed that H460 cells overexpressing DOT1L
R231Q were significantly less sensitive to cisplatin, vinorelbine, and
SGC0946, and the phenomenon was also observed in H1299/
H1975/H446 cells overexpressing DOT1L R231Q (Fig. 3F and fig.
S4F). To further validate tumor growth ability and the drug

sensitivity, we established cell-derived xenograft (CDX) models in
mice using three different DOT1L R231Q mutant constructed cell
lines. First, we compared the tumor weight in mice receiving WT
and R231Q mutant cells. We found that the tumor weight or
tumor volume in the mutant groups was significantly higher than
that in the WT groups (Fig. 3, G and H). This indicates that the
tumor burden of the mice in the mutant group was greater,
which also verified the role of DOT1L R231Q in promoting cell
growth. Next, we tested the antitumor effects of cisplatin, vinorel-
bine, and SGC0946 on tumor weight. The tumor inhibitory effect of
all three agents was significantly weaker in the mice receiving
mutant cells than in the mice receiving WT cells (Fig. 3I). These
results fully demonstrate that the DOT1L R231Q mutation
induces resistance to cisplatin, vinorelbine, and SGC0946 in vitro
and in vivo. Together, the data show that DOT1L is a lung cancer
oncogene and the identified R231Q mutation could be involved in
the development and progression of lung cancer, leading to malig-
nant phenotypes.

The DOT1L R231Q mutant retains its promalignant effects
when endogenous DOT1L is depleted
To ensure that endogenous DOT1L is not involved in the effects of
R231Q mutation, we knocked down DOT1L in NSCLC cells and
then reintroduced WT and mutant DOT1L proteins via the Tet-
on system. We then detected the level of H3K79 dimethylation. In
cells with knockdown of endogenous DOT1L, doxycycline-induced
expression of the exogenous DOT1L R231Q mutant increased di-
methylation of H3K79, whereas WT DOT1L caused a slight in-
crease in H3K79me2, but less than the mutant (Fig. 4A).
Moreover, we found that in the absence of inducer, the number
of colonies and tumorspheres formed in DOT1L knockdown cells
was significantly reduced. In contrast, the numbers of colonies and
tumorspheres formed were significantly increased after doxycy-
cline-induced expression of DOT1L R231Q mutant protein
(Fig. 4, B and C). Moreover, the migration ability and drug resis-
tance enhanced significantly after doxycycline-induced expression
of DOT1L R231Q mutant protein (fig. S5, A and B). These findings
further indicate that the R231Q mutant enhances the proliferation,
self-renewal, migration ability, and drug resistance of lung
cancer cells.

To continue to explore the role of the R231Q mutation in vivo,
we applied the Tet-on model to animal experiments. The results
showed that in the absence of doxycycline induction, the tumor
growth in mice was slow, and there was no statistically significant
difference in tumor growth between the WT and mutant groups
(Fig. 4D). After addition of the inducer, the tumor growth rate in
mice receiving the R231Q mutant cells was significantly greater
than that in mice receiving WT cells (Fig. 4D). The survival time
of mice in the R231Q group was significantly lower than that of
mice in the WT group, and immunoblot analysis showed that the
expression levels of WT DOT1L and mutant DOT1L were very
similar in the two groups, while more H3K79me2 was detected in
tumors from the R231Q group than in tumors from the WT group
(Fig. 4, E and F). Immunohistochemistry (IHC) staining analysis of
Ki67 showed that the DOT1L R231Q mutation induced prolifera-
tion of tumor cells (Ki67-positive cells) in mice (Fig. 4G). The
TUNEL (terminal deoxynucleotidyl transferase–mediated deoxyur-
idine triphosphate nick end labeling) assay also demonstrated that
the DOT1L R231Q mutation significantly reduced tumor apoptosis
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Fig. 3. DOT1L R231Q promotes lung cancer malignant phenotypes. (A) Western blotting analysis of tagged protein (DOT1L-flag) and H3K79me2 levels in NCI-H460-
DOT1L-EV/WT/R231Q (expressing DOT1L catalytic domain). (B) DOT1L protein and H3K79me2 levels in NCI-H460-FULL-DOT1L-EV/WT/R231Q (expressing full-length
DOT1L) or NCI-H460 DOT1LR231Q introduced by CRISPR. (C) RTCA assay of NCI-H460-DOT1L-EV/WT/R231Q for 90 hours. (D) Crystal violet staining, Transwell assay
(scale bars, 200 μm), and tumorsphere formation assay (scale bars, 1000 μm) of NCI-H460-DOT1L-EV/WT/R231Q cells. (E) Crystal violet staining and tumorsphere forma-
tion assay of NCI-H460-FULL-DOT1L-EV/WT/R231Q or NCI-H460 parental/DOT1LR231Q cells. Scale bars, 1000 μm. (F) CCK-8 assay data showing the sensitivity of NCI-H460-
DOT1L-WT/R231Q cells to cisplatin, vinorelbine, and SGC0946. Cells were treated for 72 hours (cisplatin and vinorelbine) or 6 days (SGC0946). IC50 values were calculated
using SPSS V 21.0 software. (G) Tumor images and weights in the NCI-H460-DOT1L-WT/R231Q CDX model (n = 7 mice per group). (H) Tumor images and volumes in the
NCI-H460-FULL-DOT1L-EV/WT/R231Q or NCI-H460 parental/DOT1LR231Q CDXmodel (n = 6mice per group). (I) CDX-bearingmice (n = 7mice per group) were treated with
vehicle [10% dimethyl sulfoxide (DMSO) + 40% polyethylene glycol 300 (PEG300) + 5% Tween 80 + 45% saline, five times per week], cisplatin (3 mg/kg, twice per week),
vinorelbine (4 mg/kg, twice per week), or SGC0946 (20 mg/kg, five times per week) through intraperitoneal administration. The graphs show the tumor images and
weights, with the tumor inhibition rate (TIR%). (TIR%) = (1 − average tumor weight after drug treatment/average tumor weight of vehicle control) × 100%. Data are
shown as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. In (A), (B), (D), and (E) to (H), P values were determined using Student’s t test (independent samples t test).
Data from (I) were analyzed using one-way ANOVA with Tukey’s multiple comparisons test.
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Fig. 4. In CDXmice receiving NSCLC cells with knockdown of endogenous DOT1L, induction of the R231Qmutant increases the malignancy of lung cancer. (A)
DOT1L-depleted NSCLCs were infected with lentivirus encoding doxycycline (Dox)–inducible WT or mutant DOT1L (Tet-on system). (B) The cells generated in (A) were
subjected to clonogenic survival assay by crystal violet staining 7 to 14 days after seeding. (C) The cells generated in (A) were seeded for tumorsphere formation assay and
cultured for 7 to 14 days. Scale bars, 1000 μm. (D) Effect of doxycycline induction on the relative tumor volume in BALB/c-nu mice xenografted with NCI-H460-DOT1L-KD-
DOT1L-WT/R231Q cells (n = 10 mice per group). (E) Survival analysis of mice in the DOT1LWT and R231Q groups (n = 20 mice per group and tumor volume > 2000 mm3).
(F) Western blotting analysis of DOT1L-flag and H3K79me2 expression in xenograft tumors from the CDXmodel in (D) (n = 3). (G) Ki67 staining and TUNEL staining of the
CDX tumors. Scale bars, 50 μm. Data are shown as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. In (A), P values were determined using one-way ANOVA with
Tukey’s multiple comparisons test. Data from (B) to (D), (F), and (G) were analyzed using Student’s t test (independent samples t test). The log-rank (Mantel-Cox) test was
used for (E), **P < 0.01.
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(TUNEL-positive cells) (Fig. 4G). These results confirm that the
DOT1L R231Q mutation increases the malignancy of lung cancer
when endogenous DOT1L is knocked down.

DOT1L R231Q promotes lung cancer malignancy through
activation of the canonical MAPK/ERK axis
To elucidate potential molecular mechanisms by which gain-of-
function DOT1L R231Q mutation regulates proliferation and
drug resistance in lung cancer, we performed gene microarray anal-
ysis in NSCLC NCI-H460 cells expressing exogenous WT or R231Q
DOT1L. We observed that 546 genes were up-regulated and 184
genes were down-regulated in the mutant group compared to the
WT group (Fig. 5A). Consistent with the results above, gene set en-
richment analysis (GSEA) data confirmed that the differentially ex-
pressed genes were enriched in functions related to various
malignant phenotypes (Fig. 5B). In addition, GSEA identified acti-
vation of previously reported oncogenic pathways associated with
DOT1L, such as WNT, STAT1, and PI3K/AKT (18, 21, 22).
Notably, GSEA analysis also revealed activation of some other on-
cogenic signaling pathways, such as the MAPK axis and the trans-
forming growth factor–β (TGF-β) pathway (Fig. 5C). To validate
these results, we treated H460-DOT1L-WT and H460-DOT1L-
R231Q cells with specific signaling pathway inhibitors. The
results showed that among the 12 pathway inhibitors, only RAF in-
hibitor (RAFi; AZ 628) and MAPK pathway inhibitors [MAPK
kinase (MEK) inhibitor (MEKi) and ERK inhibitor (ERKi)] had a
stronger selective anti-proliferation effect in R231Q mutant cells
(Fig. 5D). Next, we examined the expression of oncogenic
pathway-associated proteins in four different DOT1L R231Q
mutant constructed and paired cell lines. In the R231Q mutant
cell lines, we detected notable increases in important components
of the MAPK signaling axis, including RAF1, phosphorylated MEK
(p-MEK), and phosphorylated ERK (p-ERK) proteins (Fig. 5E and
fig. S6A). However, there were no obvious changes in other
pathway-related proteins in the R231Q cells compared to those in
paired cells (Fig. 5E). These observations suggest that gain-of-func-
tion DOT1L mutation may activate canonical MAPK signaling by
stimulating the expression of pathway-associated proteins.

Accumulating evidence has shown that the MAPK signaling
pathway is related to the malignant phenotypes of tumors (42–
44). The MAPK axis transduces extracellular signals into cells via
a three-step cascade (MAPKKK→MAPKK→MAPK), thereby regu-
lating cell biological functions including proliferation, differentia-
tion, apoptosis, inflammation, and vascular development (45). We
found that the RAF signaling axis is significantly enriched in cells
expressing R231Q, so we used RAFi, MEKi, and ERKi (FR 180204)
to investigate the proliferation, self-renewal, and drug resistance
properties of DOT1L-WT and DOT1L-R231Q cells. The results
showed that the number of clones and tumorspheres formed by
the R231Q cells was notably reduced under treatment with RAFi,
MEKi, and ERKi compared to the WT cells (Fig. 5, F and G, and
fig. S6, B to D). This suggests that inhibition of the MAPK axis
caused a decrease in the proliferation and self-renewal capacity of
cells expressing the R231Q mutant. It is worth noting that in the
H460-DOT1L-R231Q cells, MAPK inhibitor exhibited good syner-
gistic effects with the chemotherapeutic agents, including cisplatin
and vinorelbine (Fig. 5H and fig. S6E). This suggests that the resis-
tance of H460-DOT1L-R231Q cells to cisplatin and vinorelbine was
reversed under treatment with MAPK pathway inhibitors. Overall,

the results further establish the MAPK axis as a mediator of DOT1L
R231Q function in the malignancy of lung cancer cells.

DOT1L R231Q enriches H3K79me2 at the RAF1 gene
promoter
After demonstrating that the gain-of-function DOT1L R231Q mu-
tation activates MAPK signaling, we wanted to investigate whether
DOT1L R231Q regulates MAPK pathway activation by altering the
enrichment of H3K79me2 on chromatin. Chromatin immunopre-
cipitation sequencing (ChIP-Seq) assays were performed to ascer-
tain the genetic profile of H3K79me2 enrichment in cells. We
observed that the R231Q mutation of DOT1L resulted in a global
increase of H3K79me2 accumulation compared to DOT1L WT
(Fig. 6A). The Venn diagram in Fig. 6B shows the number and
overlap of genes with increased H3K79me2 levels in cells expressing
DOT1L WT and R231Q. A total of 1959 genes overlapped in cells
expressing WT and mutant DOT1L; however, the R231Q cells con-
tained 3351 unique H3K79me2-enriched genes compared to 1792
unique H3K79me2-enriched genes in the WT cells. Furthermore,
the H3K79me2 peak intensity was higher in cells expressing the
R231Q mutant (Fig. 6B). We noticed that H3K79me2 accumulated
at the RAF1 promoter in cells expressing R231Q, and the promoter
regions of ELK3 and KLF4, which function downstream of MAPK,
also gained H3K79me2 (Fig. 6C). We used ChIP–quantitative poly-
merase chain reaction (qPCR) to verify that H3K79me2 levels were
higher on the RAF1 locus in DOT1L R231Q cells than in WT cells
(Fig. 6C). Next, we performed quantitative reverse transcription
PCR (qRT-PCR) in cells expressing WT and mutant DOT1L to
examine the mRNA expression of 29 genes involved in MAPK sig-
naling. In DOT1L R231Q cells, 9 genes were down-regulated, and
the remaining 20 genes had a trend of up-regulation. The mRNA
levels of ELK3 and KLF4 were most strongly increased in R231Q
cells (Fig. 6D). To further confirm the target genes, we measured
the mRNA expression levels of the top five up-regulated genes in
DOT1L knockdown cells and in DOT1L R231Q cells incubated
with DOT1Li SGC0946. The results showed that the expression of
RAF1, ELK3, and KLF4 mRNA was reduced in DOT1L knockdown
cells and in SGC0946-treated cells. This suggested that DOT1L
knockdown or administration of DOT1Li reduced the level of
H3K79me2, resulting in a suppressive effect on MAPK signaling.
Next, we confirmed this epigenetic regulation relationship in the
other cancer cell lines with low RAF1 expression. Our data
showed that the expression of exogenous DOT1L R231Q protein
led to increased levels of RAF1 and H3K79me2 (Fig. 6E) in
HepG2 (liver cancer) and RD (rhabdomyosarcoma) cell lines.
This demonstrates that R231Q activates MAPK signaling, resulting
in the accumulation of H3K79 methylation in diverse cancer cells.
Together, these results indicate that DOT1L R231Q favors an active
chromatin state by enriching H3K79me2 at the RAF1 promoter to
increase RAF1 expression and promote MAPK signaling.

SGC0946 is efficacious against cells expressing gain-of-
function DOT1L mutants
Although some progress has been made with developing and char-
acterizing DOT1Lis, it is currently unclear whether these inhibitors
are effective against DOT1L gain-of-function mutations. Therefore,
we tested the sensitivity of H460 cells expressing DOT1L WT and
R231Q to novel synthetic and commercially available DOT1Lis. Cell
Counting Kit-8 (CCK-8) assay results showed that among the
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Fig. 5. DOT1L R231Q activates MAPK/ERK signaling in lung cancer. (A) Volcano plot showing the distribution of gene expression differences between H460 cells
expressing R231Q or WT DOT1L. (B) GSEA analysis of the genes, which are up-regulated in H460-DOT1L-R231Q cells compared to H460-DOT1L-WT cells. GSEA identified
the following gene sets: RAHALHO stemness, SCHAEFFER development, BENPORATH proliferation, gemcitabine resistance, WNT pathway, and STAT1 targets. (C) Bubble
plot showing gene counts, P values, and enrichment scores of DOT1L R231Q cells versus WT cells. (D) Heatmap showing the effect of 12 different pathway inhibitors on
DOT1LWT and R231Q cells. Cells were treated for 6 days. IC50 values were generated using SPSS V 21.0 software. (E) RAF1, p-MEK, MEK, p-ERK, and ERK expression levels
were detected in NCI-H460-DOT1L-WT/R231Q (expressing DOT1L catalytic domain), NCI-H460-FULL-DOT1L-WT/R231Q (expressing full-length DOT1L), or NCI-H460 pa-
rental/DOT1LR231Q introduced by CRISPR. In addition, p-EGFR, EGFR, p-AKT, AKT, p-SMAD2/3, SMAD2/3, p-SRC, and SRC expression levels were detected in NCI-H460-
R231Q and WT cell lines. (F and G) Effect of MEKi on cell proliferation and self-renewal in NCI-H460-DOT1L-WT/R231Q cells assayed by colony formation analysis (F) and
tumorsphere formation analysis (G) 7 to 14 days after seeding. Scale bars, 1000 μm. (H) Synergistic effect of MAPK inhibition with cisplatin or vinorelbine on NCI-H460-
DOT1L-R231Q cells after 72 hours of treatment. Combination index (CI) values were calculated using the CalcuSyn program. CI < 0.90 indicates synergism, 0.90 to 1.10
indicates an additive effect, and >1.10 indicates antagonism. Data are shown asmeans ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, as compared to the control group. ##P
< 0.01, as compared to the WT group. Data from (F) and (G) were analyzed using Student’s t test (independent samples t test) and one-way ANOVAwith Tukey’s multiple
comparisons test.
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numerous DOT1Lis, SGC0946 had the most potent inhibitory effect
on H460-DOT1L-WT and H460-DOT1L-R231Q cells (Fig. 7A).
We next simulated the binding of DOT1L and SGC0946 by molec-
ular docking (46). The results showed that compared with WT
DOT1L, the R231Q mutation reduced the binding energy of
SGC0946 to DOT1L (Fig. 7B). This means that DOT1L R231Q
has a weaker binding affinity to SGC0946 than WT, and explains

why the cells expressing the R231Q mutant were more resistant to
SGC0946 than the cells expressing WT DOT1L in previous exper-
iments (Fig. 3, F and I). We subsequently compared the effects of
three commercially available DOT1Lis (SGC0946, EPZ004777,
and EPZ5676) on H3K79me2 levels. The results indicated that
SGC0946 treatment resulted in the strongest reduction of
H3K79me2 at a concentration-dependent manner (Fig. 7C and

Fig. 6. DOT1L R231Q enriches
H3K79me2 at the RAF1 gene
promoter. (A) ChIP-Seq assay
results showing H3K79me2 signal
intensities in cells expressing
DOT1L WT and R231Q. (B) Venn
diagram depicting the number of
overlapping genes with
H3K79me2 peaks in samples from
cells expressing DOT1L WT or
R231Q (top) and ChIP-Seq
summary plot of H3K79me2 peak
intensities in WT and R231Q cells
(bottom). (C) ChIP-Seq tracks of
H3K79me2 signals in the RAF1,
ELK3, and KLF4 gene loci (top) and
ChIP-qPCR assay for H3K79me2
modifications at the RAF1 locus
(bottom). The green shaded areas
are the H3K79me2 signals en-
riched in gene promoters. (D)
Heatmap showing the relative
mRNA expression levels of 29 pre-
dicted potential R231Q target
genes in DOT1L WT and R231Q
cells by qRT-PCR analysis (left). The
expression levels of the top five
up-regulated genes were then an-
alyzed in DOT1L knockdown cells
and R231Q cells incubated with
DOT1Li SGC0946 (5 μM, 7 days).
Histograms summarizing the qRT-
PCR results are presented (right).
(E) Western blotting analysis of
RAF1, DOT1L-flag, and H3K79me2
expression in HepG2-DOT1L-WT/
R231Q and RD-DOT1L-WT/R231Q
cells. Data are shown as means ±
SEM. *P < 0.05 and **P < 0.01. Data
from (C) were compared using
Student’s t test (independent
samples t test). In (D), P values were
determined using one-way ANOVA
with Tukey’s multiple compari-
sons test.
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fig. S7A). We also analyzed the levels of H3K9me2 and H3K27me3
(fig. S7B) and found that the DOT1Lis only affected H3K79me2. In
addition, SGC0946 had a stronger inhibitory effect on the prolifer-
ation of cells expressing the other DOT1L gain-of-function mutants
than EPZ5676, which is already in clinical trials (Fig. 7D). This sug-
gests that SGC0946 has great potential to inhibit DOT1L gain-of-
function mutants.

Therapeutic targeting of MAPK signaling mitigates DOT1L
R231Q-induced malignancy
Although SGC0946 is more effective against gain-of-function mu-
tations than other DOT1Lis, the R231Q gain-of-function mutation
still reduces the therapeutic effect of SGC0946. We provided evi-
dence above for the molecular mechanism by which DOT1L
R231Q activates MAPK signaling. Therefore, we hypothesized
that MAPK axis inhibitors might be a promising approach for the

Fig. 7. SGC0946 as a candidate to inhibit gain-of-function DOT1L mutations. (A) Scatterplot summarizing the efficacy of commercially available DOT1Lis and syn-
thetic compounds (the gray dots) using the CCK-8 assay in H460 cells expressing DOT1L WT or R231Q. Cells were treated for 6 days. The values of IC50 were calculated
using SPSS V 21.0 software. (B) Binding of SGC0946 to the active site of WT and R231Q DOT1L in three-dimensional (3D) mode (top) and 2D mode (middle). The binding
energy is shown at the bottom. (C) H3K79me2 levels in HCI-H460 cells expressing WT or R231Q DOT1L after treatment with different concentrations (0, 0.5, and 5 μM, 9
days) of DOT1Lis (SGC0946, EPZ004777, and EPZ5676). (D) Common gain-of-function DOT1Lmutations in lung cancer (top) and the effects of DOT1Li SGC0946 (10 μM) or
EPZ5676 (10 μM) on the colony-forming ability of cells transfected with the gain-of-function mutants Y216C, S225L, N241T, F243L, and A1003G (bottom). The number of
colonies was assessed by crystal violet staining 7 to 14 days after seeding. Data are shown as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, as compared to the
control group. #P < 0.05, as compared to theWT group. In (C), P values were determined using one-way ANOVAwith Tukey’s multiple comparisons test and Student’s t test
(independent samples t test).
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treatment of lung cancer patients harboring DOT1L gain-of-func-
tion mutations. Unsurprisingly, single treatment of H460-DOT1L-
WT/R231Q cells with SGC0946 or binimetinib (a U.S. Food and
Drug Administration–approved MEKi for melanoma) moderately
inhibited cell growth. However, the combination of SGC0946
with binimetinib resulted in enhanced growth inhibition of
R231Q mutant cells in vitro, and the efficiency increased with the
addition of a higher dose of binimetinib (Fig. 8A). Furthermore, we
found the same enhanced suppression phenomenon with the other
DOT1L gain-of-function mutations when SGC0946 and

binimetinib were used simultaneously (Fig. 8B). This suggested
that the addition of MEKi increased the anti-proliferative effect of
DOT1Li and reversed the resistance induced by R231Q. Next, we
created four xenograft models to validate the above in vitro
results. NCI-H1299-DOT1L-R231Q, NCI-H446-DOT1L-R231Q,
NCI-H460-DOT1L-KD-DOT1L-R231Q, or NCI-H460
DOT1LR231Q cells were inoculated subcutaneously into the flanks
of male nude mice. The CDX-bearing mice were continuously
treated with SGC0946, binimetinib, or a combination. The combi-
nation of SGC0946 and binimetinib retarded tumor growth and

Fig. 8. Combination of SGC0946 and
binimetinib inhibits proliferation of
cells expressing gain-of-function
DOT1L mutants in vitro and tumor
growth in vivo. (A) Crystal violet staining
of NCI-H460-DOT1L-WT/R231Q cells
treated with SGC0946 (2.5 or 7.5 μM), bi-
nimetinib (2.5 or 7.5 μM), or the combi-
nation at the same concentrations for 7 to
14 days (top). Comparison of relative
colony formation between groups at 7.5
μM drug concentration (bottom). (B)
Clonogenic survival assay to evaluate the
effects of DOT1Lis SGC0946 (1 μM), bini-
metinib (1 μM), or the combination at the
same concentrations on cells transfected
with constructs expressing the other
DOT1L gain-of-function mutants (Y216C,
S225L, N241T, F243L, and A1003G). The
plates were photographed 7 to 14 days
after seeding. (C) Tumor growth curves
and images for four xenograft models (n
= 6 mice per group) that were treated
with vehicle (10% DMSO + 40% PEG300 +
5% Tween 80 + 45% saline, five times per
week), SGC0946 (10 mg/kg, five times per
week), binimetinib (15 mg/kg, five times
per week), or the combination at the
same doses through intraperitoneal ad-
ministration and oral gavage. The graphs
show the TIR%. (D) IHC staining for Ki67
and TUNEL staining of the NCI-H1299-
DOT1L-R231Q CDX tumor tissues. Scale
bars, 50 μm. (E) Levels of RAF1, DOT1L-
flag, p-MEK, MEK, and H3K79me2 in
tumors from the NCI-H1299-DOT1L-
R231Q CDX mice (n = 2). (F) Summary
diagram describing that regulation gain-
of-function DOT1Lmutations increase the
malignant phenotypes of lung cancer by
regulating the MAPK/ERK signaling
pathway. Data are shown asmeans ± SEM.
*P < 0.05, as compared to the WT group.
#P < 0.05, ##P < 0.01, and ###P < 0.001, as
compared to the single treatment group.
In (A), P values were determined using
one-way ANOVA with Tukey’s multiple
comparisons test and Student’s t test (in-
dependent samples t test). In (C) and (D),
P values were determined using one-way
ANOVA with Tukey’s multiple compari-
sons test.
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reduced the tumor burden, and the effect was highly significant
compared to the single treatments (Fig. 8C). In addition, the surviv-
al time of mice in the combination group was significantly pro-
longed compared to the single treatments (fig. S8A). IHC staining
analysis for Ki67 demonstrated that the combination therapy dra-
matically suppressed cell proliferation in CDX tumor tissues, and
TUNEL staining demonstrated that the combination of SGC0946
and binimetinib induced apoptosis in tumor cells expressing the
R231Q mutant (Fig. 8D and fig. S8, B and C). Inhibition of the ac-
tivated MAPK axis by the combined SGC0946 and binimetinib
therapy was further confirmed by the decreased expression levels
of RAF1, p-MEK, and H3K79me2 in CDX tumor tissues (Fig. 8E
and fig. S8, D and E). Together, these results confirmed that simul-
taneous inhibition of the MAPK axis and DOT1L is a potential ther-
apeutic strategy for patients with DOT1L gain-of-function
mutations.

DISCUSSION
Lung cancer, as a malignant tumor, is a serious threat to human
health. Genetic mutations are the main cause of lung cancer.
Gene mutations in lung cancer can be divided into two categories
according to their effects. One category contains inactivating muta-
tions of tumor suppressor genes represented by Tp53 and RB1; the
other category contains gain-of-function mutations represented by
KRAS and EGFR oncogenic mutations (driver mutations) (30, 47).
The former mutations inactivate tumor suppressor genes and allow
uncontrolled tumor growth, while the latter can trigger cancer pro-
gression by activating oncogenes. Current studies suggest that ther-
apeutic strategies to restore the activity of tumor suppressor genes
are difficult to achieve, while strategies to target and suppress onco-
gene-activating mutations are relatively feasible. This makes gain-
of-function oncogenic mutations more intriguing.

Gain-of-function mutations include not only driver mutations,
with high mutation rates and concentrated mutation sites, but also
passenger mutations, with relatively low mutation rates and dis-
persed loci (48). Several previous studies showed that passenger mu-
tations, similar to driver mutations, also displayed a unique
functional role in the development and progression of cancer,
such as being involved in the tumor plasticity and drug resistance
(49, 50). Similarly, recent studies reveal that mutation in genes en-
coding epigenetic enzymes, almost categorized as passenger muta-
tion, can also contribute to multiple malignant phenotypes (10, 51,
52), which further demonstrates the clinical significance of passen-
ger mutation in cancer. Here, we identified a series of gain-of-func-
tion mutations, with relatively low mutation rates, in the catalytic
DOT domain of epigenetic enzyme DOT1L. Our results indicated
that the gain-of-function mutations, typical example R231Q, can
enhance the substrate binding ability and promote the proliferation,
migration, self-renewal, and drug resistance of lung cancer cells in
vitro and in vivo, which suggested their potential role in lung
cancer. However, it should be noticed that the absence of patient-
derived DOT1L mutation cell lines and the weaker phenotype for
mutations other than R231Q will limit to mimic real clinical behav-
ior and their clinical utility. Nevertheless, combined with our find-
ings, it can still provide a new idea for understanding the role of
gain-of-function mutation during oncogenesis and a potential
target for lung cancer.

Molecularly targeted drug therapy has proven to be an effective
strategy against tumors. DOT1L has become an important antitu-
mor drug target due to its unique DOT catalytic domain and cata-
lytic effect on H3K79 methylation, as well as its close relationship
with tumors (17). In terms of activity, DOT1Lis have shown strong
antitumor activity against both hematological cancers and solid
tumors. Studies have found that DOT1Lis can exert antitumor
effects, including inhibiting tumor cell proliferation, inducing
tumor cell apoptosis, blocking tumor invasion and metastasis, in-
hibiting tumor stem cell self-renewal, and regulating tumor immu-
nity (53, 54). Recent studies have shown that DOT1Lis can be
combined with other drugs to exert anticancer effects; for
example, they can be combined with sirtuin 1 (SIRT1) activators
to enhance the inhibitory effect on hematological cancers (55) or
enhance the antitumor effect of targeted drugs (56). Despite this
progress with DOT1Lis, it is unclear whether these inhibitors are
efficacious against DOT1L gain-of-function mutations. We
showed here that SGC0946, a commercially available inhibitor of
DOT1L, had a good inhibitory effect on cells overexpressing WT
DOT1L but had a relatively weak inhibitory effect on cells overex-
pressing the DOT1L gain-of-function mutant R231Q. Through
mechanistic studies, we first demonstrated that DOT1L R231Q ac-
tivated the MAPK oncogenic pathway and enriched H3K79me2 on
the RAF1 promoter. This caused changes in downstream pathway
proteins, resulting in the malignant phenotype of lung cancer.
This led us to hypothesize that the DOT1Li could be used in com-
bination with a MAPK axis inhibitor.

The MAPK signaling pathway is closely related to the molecular
pathogenesis of many cancers, including lung cancer, and its acti-
vation has been reported to be associated withKRAS and EGFRmu-
tations (45, 57). We found that the gain-of-function mutation
R231Q, located on the DOT domain, specifically caused activation
of the MAPK signaling pathway. Through the analysis of TCGA da-
tabase, we found that few patients with DOT1L mutations had con-
current KRAS or EGFR mutations (lower than the average level in
lung cancer) (fig. S9), suggesting that there may be a mutually ex-
clusive effect between mutations. This further demonstrated that
DOT1L mutation was the cause of MAPK pathway activation in
our study. In addition, MAPK axis has been extensively reported
to be relevant to the malignant phenotype, including drug resis-
tance. Researchers have found that key molecules in MAPK axis
are associated with chemotherapy, molecularly targeted drugs,
and immune checkpoint inhibitor resistance (58, 59). In our
study, we similarly found the drug resistance induced by DOT1L
gain-of-function mutations, which may be related to MAPK
pathway activation. This implies that inhibition of MEK signaling
is a promising strategy in cancer therapy.

MEKis, in combination with BRAF, KRAS, and PI3K inhibitors,
have shown promising results in a variety of malignancies including
mutant metastatic melanoma, KRAS-mutant colorectal adenocarci-
noma, and BRAF- and KRAS-mutant NSCLC (60–62). Binimetinib
is an oral selective inhibitor of MEK1 and MEK2 that is currently
used clinically in combination with BRAF inhibitors mainly in pa-
tients with BRAF-mutated melanoma and colorectal cancer (63,
64). The combination of binimetinib with BRAF inhibitors has
shown improved efficacy (65). Furthermore, the efficacy of binime-
tinib combined with erlotinib and chemotherapeutic drugs inKRAS
and EGFRmutant NSCLC patients is currently being tested in phase
2 clinical studies (57). This suggests that binimetinib has a strong
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MAPK signaling inhibition profile and a good antitumor effect.
Therefore, we chose binimetinib combined with SGC0946 to
inhibit the proliferation of lung cancer cells expressing the
DOT1L R231Q mutant protein in vitro and to reverse drug resis-
tance and improve antitumor activity in vivo. Studies have shown
that DOT1Li treatment can lead to feedback up-regulation of
MAPK-related signaling. After the use of a DOT1Li, the prolifera-
tion of cancer cells is more dependent on the MAPK pathway (66).
Therefore, we used the DOT1Li SGC0946 in combination with the
MEKi binimetinib. This combination may also reduce the up-regu-
lation of MAPK caused by SGC0946 alone, thus exerting an en-
hanced effect. The combined use of a MAPK axis inhibitor and
SGC0946 is a potential approach for the treatment of lung cancer
carrying a DOT1L gain-of-function mutation, and it is expected
to become a new reference for the clinical treatment of lung cancer.

In this study, we first found that the tumor-associated mutation
R231Q in the catalytic DOT domain of DOT1L is a gain-of-function
mutation. The mutant protein can reshape the chromatin structure
by affecting the dimethylation level of H3K79, thereby regulating
the MAPK/ERK pathway. The expression of genes related to signal-
ing pathways mediates a variety of malignant phenotype mecha-
nisms, and the use of a DOT1Li combined with a MAPK/ERK
axis inhibitor to target and regulate DOT1L R231Q mutations can
effectively inhibit the malignancy of lung cancer (Fig. 8F). These
findings will not only help to further understand the essential char-
acteristics of lung cancer but also provide potential methods for pre-
cision treatment, thereby opening up a promising path for treating
lung cancer patients.

MATERIALS AND METHODS
Study design
This study aims to discoverDOT1L gain-of-function mutations and
their molecular mechanisms in promoting malignant phenotypes in
lung cancer from an epigenetic perspective. On the basis of the dis-
covered mechanism, we can overcome lung cancer malignancy by
targeting key proteins, and provide a potential therapeutic strategy
for lung cancer patients harboring DOT1L gain-of-function muta-
tions. We support our results based on a large number of available
online databases, tissue microarray analysis, mRNA microarray, and
ChIP-Seq data. For in vitro assays, we assessed the role of DOT1L
gain-of-function mutations and epigenetic mechanisms in lung
cancer using ectopic expression, lentiviral transduction, colony for-
mation assays, RTCA, tumorsphere formation assays, migration
assays, Western blotting, qRT-PCR, CCK-8 assays, molecular
docking, and computer simulation. At least three independent bio-
logical replicates for each condition were used for statistical analysis.
For in vivo experiments, we evaluated the functional effect of the
DOT1L R231Q gain-of-function mutation and the antitumor
effect of combination therapy in animal studies by CDX model,
Western blotting, IHC staining, and TUNEL staining analysis. To
minimize environmental differences and avoid experimental bias,
animals were randomly assigned to control and treatment groups
in a blinded manner, with no less than six animals in each experi-
mental group to ensure statistical power. The control and treatment
groups, number of biological replicates (sample size), and statistical
analysis for each experiment in this article are stated in the
figure legends.

Cells and cell culture
Three human NSCLC cell lines (NCI-H460, NCI-H1299, and NCI-
H1975) and one human SCLC cell line (NCI-H446) were obtained
from the American Type Culture Collection. NCI-H460
DOT1LR231Q cells introduced by CRISPR-Cas9 were obtained
from Cyagen Biosciences (guide RNA, GCACTAT-
GAGGGCTGCTCGA-GGG; donor oligo,
AGGCCGGGGGTCCGCGCTCACACCTGTTTTCCCTTT-
CAGTTGGAGAGAGGCGATTTCCTCAGCGAAGAGTG-
GAGGGAGCAGATCGCCAACACGAGGTATGGC-
CAGCGTGGGGCATGCAGGGCATGTGGGGTGTGCGCTCAC)
and cultured in RPMI 1640 medium (Gibco) with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin (Gibco) at 37°C in a
humidified incubator with 5% CO2. The same culture conditions
were applied to our constructs of lung cancer cell lines (NCI-
H460-WT/R231Q, NCI-H1299-WT/R231Q, NCI-H1975-WT/
R231Q, and NCI-H446-WT/R231Q) ectopically expressing WT
or R231Q mutant DOT1L proteins (amino acids 1 to 416), the
DOT1L knockdown NSCLC cell line (NCI-H460-DOT1L-KD),
lung cancer cell lines (NCI-H460-DOT1L-KD-DOT1L-WT/
R231Q) with inducible expression of DOT1L WT/R231Q (amino
acids 1 to 416), and lung cancer cell lines (NCI-H460-FULL-
DOT1L-WT/R231Q) ectopically expressing WT or R231Q
mutant DOT1L proteins (full length).

Plasmids and compounds
The pCMV6-Entry vector, full-length DOT1L, DOT1L with point
mutations (E186A, Y216C, S225L, R231Q, I232N, N241T, F243L,
A1003G, and A1003S), and DOT1L containing different mutations
at site 231 (R231A, R231M, R231W, R231K, R231N, and R231T) in
the pCMV6-Entry vector were obtained from OriGene Technolo-
gies. Lentiviral expression plasmid pLVX-Puro (EV, WT, and
R231Q), packaging plasmid psPAX2, and envelope plasmid
pMD2G were obtained from Tsingke Biotechnology.

The series of anti-DOT1L compounds was synthesized in our
laboratory as previously described. Cisplatin, vinorelbine,
SGC0946, EPZ004777, EPZ5676, and binimetinib were purchased
from MedChem Express (MCE).

Western blotting analysis
Cells were collected and lysed in radioimmunoprecipitation assay
buffer (Cell Signaling Technology) containing 1% Protease Inhibi-
tor Cocktail (MCE) and 1% Phosphatase Inhibitor Cocktail (MCE)
or EpiQuik Total Histone Extraction Kit (EpiGentek), and protein
concentration was determined using the BCA Protein Assay Kit
(Thermo Fisher Scientific). Protein extracts were separated on 8
to 15% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) by
electrophoresis and transfer equipment (Bio-Rad) and transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore). The
PVDF membrane was blocked and incubated with the correspond-
ing primary and secondary antibodies, reacted with enhanced
chemiluminescence (ECL) detection reagent (PerkinElmer), and
exposed to x-ray films or imaging system (Azure). For the detection
of proteins with the same or similar molecular weight, the primary
antibody was stripped with ReBlot Plus Strong Antibody Stripping
Solution (Millipore), and the corresponding primary and secondary
antibodies were reincubated for chemiluminescence. Results were
normalized to the internal control β-actin or histone 3. All antibody
information is shown in table S1.
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Transfection and lentiviral transduction
The pCMV6 recombinant plasmid was transfected into cells for 48
to 72 hours using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s protocol. Lentiviral expression plasmid pLVX-Puro,
packaging plasmid psPAX2, and envelope plasmid pMD2G were
also simultaneously transfected into 293T cells using Lipofectamine
3000 for 48 hours to produce lentivirus. Cells were seeded in six-well
plates with lentivirus containing polybrene (4 μg/ml; Solarbio). Pos-
itive cells were screened with puromycin (MCE) 72 hours after in-
fection and further characterized by Western blotting analysis.

DOT1L short hairpin RNA (shRNA) lentivirus and doxycycline-
inducible DOT1L-WT/R231Q lentivirus were obtained from Obio
Technology. Viruses were added to cells that had been seeded over-
night in six-well plates and cultured in complete medium contain-
ing polybrene (4 μg/ml). Seventy-two hours after infection, positive
cells were screened with blasticidin and puromycin (MCE), and
protein expression was assessed by Western blotting.

The full-length DOT1L-WT/R231Q lentivirus was obtained
from Cyagen Biosciences. Viruses were added to cells that had
been seeded overnight in six-well plates and cultured in complete
medium containing polybrene (4 μg/ml). Seventy-two hours after
infection, positive cells were screened with puromycin (MCE),
and protein expression was assessed by Western blotting.

Cell viability assay
Cells were inoculated in 96-well plates at an appropriate density and
incubated with various concentrations of agents at 37°C in a 5%
CO2 incubator. CCK-8 (MCE) and multimode plate reader (Molec-
ular Devices) were used according to the manufacturer’s instruc-
tions to measure cell growth.

Colony formation assay
Cells were seeded in plates and then treated in complete medium
with different concentrations of agents for 7 to 14 days. Cells were
fixed with 100% methanol for 10 min, stained with 0.1% crystal
violet (Sigma-Aldrich) for 30 min, and photographed (Nikon) to
count the number of colonies.

Wound healing assay
Cells were seeded in 24-well plates for overnight culture. A standard
10-μl pipette tip was used to make a straight incision in the cell layer.
Detached cells were removed with phosphate-buffered saline (PBS;
Gibco), and the incubation was continued for 24 hours in medium
containing 0.5% fetal bovine serum. Photographs of wounds were
taken with an inverted microscope (Nikon) at 0 and 24 hours.

MD simulations
Using the crystal structure of DOT1L [Protein Data Bank (PDB) ID:
1NW3], two structures were prepared: DOT1L WT and DOT1L
R231Q. MD simulations were run with Amber 18 software with
the FF14SB force field for protein and ions, and the TIP3P model
for water. The protein system water molecules were appended to a
cube with periodic boundary conditions, while counterions (Na+)
were added to maintain the electrical neutrality of the overall
system. The particle mesh Ewald algorithm was used for energy
minimization, and MD was used to calculate the long-range electro-
static interactions with a cutoff value of 10 Å in the whole simula-
tion process. The SHAKE algorithm was applied to constrain all the
covalent bonds with hydrogens, and Langevin dynamics with a

collision frequency γ of 1.0 was used to control the change of tem-
perature during MD simulation. The energy of the system is mini-
mized first to remove the bad contact caused by the addition of
water. In the process of energy minimization, first, the solute was
confined [the protein was immobilized, the binding force constant
is 2 kcal/(mol Å−2)], the system was optimized with 5000 steps of
steepest descent method, and then a maximum of 5000 steps of con-
jugate gradient method optimization was performed. Next, without
limiting the force, the entire system was let go and the same energy
minimization was performed. Then, the system was heated from 0
to 300 K within 100 ps and then dynamic equilibrium was per-
formed at room temperature (300 K) and atmospheric pressure (1
atm) for 100 ns.

Molecular docking
Docking calculations were performed with the AutoDock program
4.2. The small drug molecule SGC0946 (AW2) was docked with the
crystal structure of DOT1L protein (PDB:1NW3) and the mutant
R231Q. The grid box was defined as a cubic binding pocket with
50 points for every side in the grid spacing of 0.375 Å. Two
hundred binding poses were calculated through the genetic algo-
rithm with 2.5 × 107 maximum number of evaluations and 150 pop-
ulation size. The default parameters were used for other options.

Real-time cell analysis
Cells were seeded in E-Plates after the baseline had been measured
and cultured in complete medium. Cell proliferation was detected
using an xCELLigence analyzer system (ACEA Biosciences) accord-
ing to the manufacturer’s instructions.

Transwell migration assay
Using Transwell Permeable Supports (Corning) according to the
manufacturer’s instructions, single-cell suspensions that had been
starved overnight were seeded in the upper chamber containing
serum-free medium. Complete medium was added to the lower
chamber. After incubation for 48 hours, cells were fluorescently
labeled with Calcein AM (Sigma-Aldrich), photographed (Nikon),
and counted.

Tumorsphere formation assay
Cells from different groups were digested into suspensions, and
single cells were counted and seeded into low-attachment surface
six-well plates (Corning) containing 2 ml per well of serum-free
stem cell medium (Gibco). The cultures were supplemented with
0.2 ml of stem cell medium every 3 days. The number of tumor-
spheres containing more than 50 cells was counted and photo-
graphed on days 7 to 14 to examine the self-renewal ability of
tumor cells.

In vivo xenograft model
In CDX studies, 1 × 106 to 2 × 106 cells suspended in PBS (Gibco)
containing Matrigel (BD Biosciences) were inoculated subcutane-
ously into the right flank of 6- to 8-week-old male BALB/c-nu
mice, and visible tumors were measured with digital calipers.
When the average tumor volume reached 50 to 80 mm3, the mice
were randomly divided into the control group and different treat-
ment groups. The tumor size and body weight were measured every
day or every 2 days, and the tumor volume was calculated using the
formula volume = 0.5 × length × width2. At the end of the
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experiment, the mice were sacrificed, and the tumors were weighed
and stored at 80°C or fixed in formalin for subsequent determina-
tion of tumor tissue protein expression or IHC. These experiments
were performed in strict accordance with the recommendations in
theGuide for the Care and Use of Laboratory Animals of the Nation-
al Institutes of Health, and the corresponding protocols were ap-
proved by the Animal Experimentation Ethics Committee of
Shenyang Pharmaceutical University.

RNA isolation and qRT-PCR
Total RNA was extracted from cells using TRIzol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions, and
the RNA concentration was determined using NanoDrop (Thermo
Fisher Scientific) and reverse-transcribed into complementary
DNA (cDNA) by the Revert Aid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). qRT-PCR was performed using the
SYBR Green Supermix Kit (Thermo Fisher Scientific) in Bio-Rad
PCR equipment. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as the internal control, and gene expression
levels were determined using the 2−ΔΔCt method. All primer se-
quences are shown in table S2.

IHC and TUNEL assay
Patient tissue microarrays were obtained from Outdo Biotech
Company. A total of 98 patients participated in this study; they
had NSCLC (stage I and stage III) and received treatment
between September 2004 and April 2009. Clinical specimens used
in this study were approved by the Committee for Ethical Review of
Research Involving Human Subjects at Shanghai Biochip National
Engineering Research Center (Outdo Biotech Company, ethical
number: YB M-05-02). Written informed consent was obtained
from all patients. Specimens were scored according to the intensity
of staining and the percentage of positive cells. Staining intensity
was graded as 0 (no color), 1 (light color), 2 (light brown), or 3
(brown). The percentage of positive cells was graded as 0 (<5%), 1
(5 to 25%), 2 (26 to 50%), 3 (51 to 75%), or 4 (>75%). The above two
scores were summed, and the average score was calculated: Higher
than the average score was designated as high expression, and lower
than the average score was designated as low expression. Animal
tumor tissues were derived from xenograft models. Animal tumor
tissue was formalin-fixed and dehydrated. After paraffin embed-
ding, tumors were cut into 5-μm-thick sections with a microtome
(Thermo Fisher Scientific) for antigen retrieval. Following blocking
of endogenous peroxidase activity using the Immunohistochemical
Kit (ZSGB-BIO) according to the manufacturer’s protocol, tissue
sections were blocked, coincubated with appropriate primary and
secondary antibodies, and reacted with Diaminobenzidine (DAB)
reagents. Photographs were taken for observation (Leica), and the
positive cells were statistically analyzed.

Apoptosis in tumor sections of xenograft models was detected
using the TUNEL Assay Kit-HRP-DAB (Abcam) according to the
manufacturer’s protocol. Positive nuclei were stained brown and
photographed (Leica), and the percentage of positive cells was
calculated.

mRNA microarray analysis
Total RNAwas extracted from NCI-H460-DOT1L-WT/R231Q cells
using TRIzol reagent (Thermo Fisher Scientific). Data from mRNA
microarrays were obtained from Baygene Biotechnologies and

analyzed to identify differentially expressed genes between cells ex-
pressing WT and R231Q mutant DOT1L.

Chromatin immunoprecipitation
According to the manufacturer’s instructions, the DNA bound to
H3K79me2 was obtained using the ChIP Kit (Cell Signaling Tech-
nology). Amogene Biotechnology was commissioned to perform
ChIP-Seq analysis of H3K79me2-enriched genes in cells with WT
and R231Q mutant DOT1L. On the basis of the ChIP-Seq results,
Tsingke Biotechnology was commissioned to design RAF1 promot-
er primers for qPCR analysis of DNA isolated from the ChIP assay.

Statistical analysis
All in vitro experiments were repeated at least three times, and data
were analyzed using GraphPad Prism version 8.0 and presented as
means ± SEM. All animal experiments were performed once, and
each tumor graft was an independent sample for in vivo experi-
ments. Statistical analysis was performed using SPSS V 21.0 soft-
ware. Data were compared using Student’s t test (independent
samples t test) or one-way analysis of variance (ANOVA), followed
by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P
< 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Tables S1 and S2
Legend for data file S1

Other Supplementary Material for this
manuscript includes the following:
Data file S1
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