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Targeting of histone methyltransferase DOT1L plays a dual role
in chemosensitization of retinoblastoma cells and enhances the
efficacy of chemotherapy
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Aberrant and exclusive expression of chromatin regulators in retinoblastoma (RB) in contrast to terminally differentiated normal
retina presents a unique opportunity of selective targeting for RB. However, precise roles of these chromatin regulators in RB
development and their potential as therapeutic targets have not been defined thoroughly. Here, we report that targeting of
disruptor of telomeric silencing 1-like (DOT1L), a histone H3K79 methyltransferase, sensitizes RB cells to chemotherapeutic drugs by
impairing the DNA damage response and thereby potentiating apoptosis while it is largely inefficacious as a single-agent therapy.
Moreover, we identified high mobility group AT-hook 2 (HMGA2) as a novel DOT1L target gene in RB cells and found that its
aberrant expression is dependent on DOT1L. As HMGA2 depletion reduced CHK1 phosphorylation during DNA damage response
and augmented the drug sensitivity in RB cells, our results suggested that DOT1L targeting has a dual role in chemosensitization of
RB cells by directly interfering with the immediate involvement of DOT1L in early DNA damage response upon genotoxic insults
and also by downregulating the expression of HMGA2 as a rather late effect of DOT1L inhibition. Furthermore, we provide the first
preclinical evidence demonstrating that combined therapy with a DOT1L inhibitor significantly improves the therapeutic efficacy of
etoposide in murine orthotopic xenografts of RB by rendering the response to etoposide more potent and stable. Taken together,
these results support the therapeutic benefits of DOT1L targeting in combination with other chemotherapeutic agents in RB, with
mechanistic insights into how DOT1L targeting can improve the current chemotherapy in an RB cell-selective manner.
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INTRODUCTION
Retinoblastoma (RB) is a developmental tumor occurring in the
eyes of young children through multiple genetic and epigenetic
alterations following the initiating lesions in the RB1 gene in the
developing retina [1–3]. Consistent with the implication of
epigenetic dysregulation in RB development, a plethora of
chromatin regulators have been identified to be misregulated in
human RB whereas these aberrantly expressed chromatin
regulators are not expressed in normal retina [4].
Chemotherapy is an important therapeutic modality for RB

treatment and most chemotherapeutic regimens include conven-
tional genotoxic or cytotoxic drugs due to the lack of targeted
drugs for RB [5]. Considering the possible adverse effects of
conventional chemotherapeutic drugs [6–8], strategies to selec-
tively sensitize RB cells to these drugs have been searched as an
alternative approach to improve the efficacy of current che-
motherapy. In line with this rationale, we recently demonstrated
that downmodulation of UHRF1, an epigenetic regulator,
enhances the sensitivity to chemotherapeutic drugs in RB cells
by altering distinct sets of effector genes involved in DNA repair
and redox homeostasis [9, 10]. Among the chromatin regulators
misregulated in RB, this study focuses on histone methyltransfer-
ase DOT1L to explore its role in RB cell chemosensitization.

DOT1L is the only known histone methyltransferse catalyzing
H3K79 methylation which is an activating mark for gene
transcription by promoting transcriptional elongation [11, 12].
From the perspective of cancer research, DOT1L has been
perceived as a promising therapeutic target for mixed lineage
leukemia (MLL)-rearranged leukemia since DOT1L was found to be
recruited by various MLL-fusion proteins to MLL target genes such
as HOXA9 and MEIS1, resulting in aberrant H3K79 methylation and
consequential expression of these leukemogenic genes [13–15]. In
addition to leukemia, DOT1L has been reported as a potential
therapeutic target in other solid tumors including breast and
prostate cancer [16, 17]. Furthermore, DOT1L and H3K79
methylation were found to be essential for ionizing radiation
(IR)-induced 53BP1 foci formation during G1/G2 phase, and DOT1L
depletion in cancer cells led to prolonged presence of phos-
phorylated histone H2AX on Ser139 (γH2AX) post-IR, suggestive of
defective DNA repair [18]. Consistently, pharmacological inhibition
of DOT1L in combination with DNA-damaging agents further
enhanced the growth inhibition of colorectal cancer cells and
MLL-rearranged leukemia cells [19, 20].
The functions of misregulated chromatin regulators in RB have

just begun to be understood in recent years [4]. However, the role
of HMGA2 in RB cell proliferation was noted nearly two decades

Received: 9 July 2021 Revised: 16 November 2021 Accepted: 25 November 2021

1State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, 510060 Guangzhou, China. ✉email: kimjongk@mail.sysu.edu.cn
Edited by Professor Stephen Tait

www.nature.com/cddis

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04431-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04431-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04431-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-021-04431-y&domain=pdf
http://orcid.org/0000-0002-8151-7196
http://orcid.org/0000-0002-8151-7196
http://orcid.org/0000-0002-8151-7196
http://orcid.org/0000-0002-8151-7196
http://orcid.org/0000-0002-8151-7196
http://orcid.org/0000-0001-7930-723X
http://orcid.org/0000-0001-7930-723X
http://orcid.org/0000-0001-7930-723X
http://orcid.org/0000-0001-7930-723X
http://orcid.org/0000-0001-7930-723X
https://doi.org/10.1038/s41419-021-04431-y
mailto:kimjongk@mail.sysu.edu.cn
www.nature.com/cddis


ago, along with the observation that HMGA2 expression is high in
murine embryonic retina and human RB tumors but is not
detectable in terminally differentiated retina [21]. HMGA2 is a
chromatin-associated protein which can modulate transcription
by altering the chromatin structure and affinity of transcription
factors, and ectopic expression of HMGA2 is known to induce
neoplastic transformation and tumorigenesis [22]. Notably,
HMGA2 is also involved in the modulation of DNA damage
response by altering the expression or phosphorylation of DNA
damage checkpoint proteins including ATM and ATR/CHK1 axis,
leading to the increased sensitivity to diverse genotoxic insults
upon HMGA2 downmodulation in cancer cells [23–25].
In this study, we report that HMGA2 is a novel DOT1L target

gene and its aberrant expression in RB cells is dependent on
DOT1L, laying a basis for the dual role of DOT1L targeting in
chemosensitization of RB cells. Furthermore, we demonstrate that
combined therapy with a DOT1L inhibitor significantly improves
the efficacy of etoposide in orthotopic xenografts of RB.

RESULTS
DOT1L is aberrantly expressed in human RB and
pharmacological inhibition of DOT1L sensitizes RB cells to
chemotherapeutic drugs
We examined whether DOT1L is highly expressed in our larger
cohorts of human RB as reported for a small number of RB
samples [26]. While there was no detectable expression of
DOT1L in normal retina, the majority of human RB showed
aberrant expression of DOT1L at varying levels, along with Y79
and Weri-Rb1 RB cell lines (Fig. 1a–c and Fig. S1). The DOT1L
expression showed a moderate correlation with H3K79 methyla-
tion in the tumor sections (Fig. 1a, b and Fig. S1). Of note, H3K79
methylation was detected in normal retina in the absence of
DOT1L expression, indicating that H3K79 methylation marks
deposited during retinal development persist in the terminally
differentiated retina (Fig. 1a). In tumor tissue lysates, there was
no clear correlation between the DOT1L expression and H3K79
methylation, suggesting that aberrant expression of DOT1L in
RB tumors does not exert much effect on global H3K79
methylation (Fig. 1c). We then examined whether inhibition of
DOT1L would have any growth-inhibitory effects on RB cells by
determining the IC50 of EPZ5676, a small-molecule inhibitor of
DOT1L, in Y79 cells (Fig. 1d). When Y79 cells were treated with
EPZ5676 up to 8 days, cells started showing a significant
decrease in numbers from day 4 (Fig. 1e). EPZ5676 treatment
was highly efficient to reduce H3K79 methylation without
causing any significant changes in the DOT1L protein level
(Fig. 1f and Fig. S2). These results demonstrated that EPZ5676
treatment alone can decrease proliferation of Y79 cells over
time, but the significant growth-inhibitory effects of
EPZ5676 seemed to require either a higher dose or longer
treatment time than other chemotherapeutic drugs such as
etoposide and histone deacetylase (HDAC) inhibitors [10]. As
DOT1L is known to be required for proper DNA damage
response and repair [18, 19, 27], we examined if inhibition of
DOT1L can sensitize RB cells to genotoxic drugs. As expected,
cotreatment of etoposide with EPZ5676 further reduced RB cell
viability and proliferation (Fig. 1g, h). Similarly, DOT1L inhibition
was found to increase the sensitivity to an HDAC inhibitor MS-
275 in RB cells (Fig. 1i).

Enhanced drug sensitivity upon DOT1L inhibition involves
augmented apoptosis
We next determined if the increased sensitivity to etoposide upon
DOT1L inhibition accompanies higher apoptosis by examining the
cleaved caspase-3 and poly (ADP-ribose) polymerase (PARP). While
single EPZ5676 treatment did not cause any significant apoptosis
and DNA damage, cotreatment with etoposide generated higher

apoptosis and double-strand breaks (DSBs) than single etoposide
treatment (Fig. 2a, b). Similar enhancement in apoptosis and DNA
damage was observed for Weri-Rb1 cells (Fig. 2c, d). Notably,
etoposide treatment caused a modest increase in total H3K79
methylation levels, verifying that DOT1L activity is indeed
implicated in the DNA damage response (Fig. S3). We then
depleted DOT1L in Y79 cells by lentiviral gene knockdown to
examine whether protein depletion has the similar effects on the
drug sensitivity. Both of the tested DOT1L-knockdown cells
showed an increased sensitivity to etoposide in comparison with
control-knockdown cells (Fig. 2e, f). Furthermore, DOT1L-depleted
cells were found to be inefficient to clear the γH2AX compared to
control cells which resolved the DNA damage signal to the
background level at 24 h of the recovery time after acute DNA
damage (Fig. 2g). Taken together, these data demonstrate that
DOT1L inhibition or depletion in RB cells increases the sensitivity
to DNA-damaging agents by impairing the DNA damage response
and thereby enhancing apoptosis.

HMGA2 expression is downregulated by DOT1L inhibition
The growth-inhibitory effect of EPZ5676 as a single agent was
detectable only at much later time points in RB cells while DOT1L
inhibition based on the H3K79 methylation status was highly
effective as early as day 2 of the treatment (Fig. 1e, f). This
observation led us to a possibility that the later effects of EPZ5676
on cell proliferation may be driven by epigenetic expression
changes of certain genes targeted by DOT1L. To identify the genes
that are transcriptionally regulated by EPZ5676 treatment, we
performed RNA-sequencing on Y79 cells treated with EPZ5676 for
6 days in comparison with vehicle-treated cells, which allowed us
to identify total 658 differentially expressed genes (DEGs) (Fig. 3a
and Table S1). Our pathway analysis on the DEGs revealed that
many cancer-related pathways are significantly enriched (Fig. 3b),
and several DEGs were shown to participate in transcriptional
misregulation in cancer (Fig. 3c). This result was further supported
by the Gene Ontology analysis (Figs. S4 and S5). A subset of the
DEGs involved in transcriptional regulation was further validated
by independent gene expression analyses (Fig. 3d and Table S2).
Among these DEGs, we focused on the downregulated genes to
identify the potential DOT1L target genes whose expression
would be directly and also negatively regulated by EPZ5676
treatment. In this regard, HMGA2 was considered as the top
candidate gene for a further investigation since inhibition of
HMGA2 expression has been shown to reduce RB cell proliferation
[21, 28]. Moreover, HMGA2 is known to be involved in the DNA
damage response and modulation of chemosensitivity in cancer
cells in addition to its role in transcriptional regulation as a
chromatin-associated protein [22–25]. When we monitored the
expression changes of HMGA2 by EPZ5676 treatment, there was a
gradual decrease at both transcript and protein levels over time
(Fig. 3e, f), suggesting that HMGA2 gene may get epigenetically
repressed by DOT1L inhibition. Furthermore, the significant
reduction of HMGA2 protein from day 4 correlated with the
proliferation-inhibitory effect of EPZ5676 observed from day 4
(Figs. 1e and 3f).

HMGA2 is a target gene of DOT1L
The gradual decrease in HMGA2 expression by EPZ5676 treatment
suggested that HMGA2 gene may be regulated by the H3K79
methylation status at the promoter as histone H3K79 methylation
is generally associated with transcriptional upregulation [12].
Chromatin immunoprecipitation assays revealed that HMGA2
promoter was indeed decorated with H3K79 methylation marks
in vehicle-treated Y79 cells, which were dramatically reduced by
EPZ5676 treatment in contrast to the case of CDKN2A shown as a
repressed gene promoter in RB cells (Fig. 4a, b). We could also
confirm that DOT1L binds to the HMGA2 promoter regions (Fig. 4c,
d). In agreement with a previous report on other DOT1L target
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genes [29], H3K79 methylation marks and DOT1L binding turned
out to be highly enriched at the transcription start site (primer B)
and 5′ untranslated region (primer C) of the HMGA2 promoter (Fig.
4b, c). Interestingly, RNA polymerase II (pol II) association was
enriched at the same regions of the promoter where high H3K79
methylation was detected, and EPZ5676 treatment significantly
reduced the association of RNA pol II at the regions (Fig. 4e, f).

These results demonstrate that HMGA2 is a DOT1L target gene
and its expression is epigenetically regulated by DOT1L in RB cells.

HMGA2 downregulation contributes to the anticancer effects
of DOT1L inhibition
We next investigated whether HMGA2 downmodulation would
affect the chemosensitivity of RB cells. Consistent with a previous
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report [25], HMGA2 knockdown in RB cells increased the
sensitivity to etoposide (Fig. 5a–c). As HMGA2 has been known
to modulate DNA damage checkpoint proteins in cancer cells
[23, 24], we examined the expression and phosphorylation of
ATM-CHK2 and ATR-CHK1 upon acute DNA damage in HMGA2-
knockdown RB cells (Fig. S6). When cells were allowed to recover
from the acute DNA damage induced by etoposide, HMGA2-
depleted cells showed defective clearance of γH2AX compared to
control cells which removed the DNA damage signal almost
completely at 24 h of the recovery time (Fig. S6). While there were
no significant changes for the expression and phosphorylation of
the ATM-CHK2 axis, we observed that CHK1 phosphorylation was
significantly reduced in the HMGA2-depleted cells, suggesting
that the impaired CHK1 phosphorylation may account for the
inefficient DNA damage response and γH2AX clearance upon
HMGA2 downmodulation in RB cells (Fig. S6). The DOT1L-
mediated HMGA2 expression in RB cells appeared to play a
secondary role in the control of the DNA damage response and
drug sensitivity as overexpression of HMGA2 in EPZ5676-treated
cells did not attenuate the etoposide-induced apoptosis (Fig. S7).
Although HMGA2-specific small-molecule inhibitors are not
currently available, a recent drug repurposing approach has
identified an antifungal agent ciclopirox (CPX) as a potential
inhibitor of HMGA2 [30]. RB cells were sensitive to single CPX
treatment (Fig. 5d), and cotreatment with CPX and etoposide
generated a greater reduction in cell viability and proliferation
along with potentiated apoptosis (Fig. 5e–g). We then checked the
expression of DOT1L and HMGA2 on serial sections of human RB.
Interestingly, not all DOT1L+ regions expressed HMGA2, but
HMGA2+ regions appeared to be all positive for DOT1L expression
(Figs. 5h and S8). These results suggest that DOT1L may be one of
the factors regulating the expression of HMGA2 in RB in addition
to microRNAs [31, 32], all of which may contribute to the variations
in HMGA2 expression in primary tumors. Taken together, these
results support our findings that HMGA2 expression is regulated
by DOT1L in RB and the HMGA2 downregulation by DOT1L
inhibition may constitute another axis of the anticancer activity of
DOT1L targeting.

Cotreatment with a DOT1L inhibitor enhances the therapeutic
efficacy of etoposide in orthotopic xenografts of RB
Previous pharmacokinetic studies indicated that EPZ5676 has high
intraperitoneal (IP) bioavailability in mice but also has high
clearance in the plasma of mice and rats [33, 34]. In rat xenografts
of MLL-rearranged leukemia, continuous intravenous (IV) infusion
of EPZ5676 as a single agent resulted in dose-dependent tumor
regression with a concomitant reduction in H3K79 methylation
and consequential transcriptional repression of MLL target genes
in the tumors [33]. A quantitative whole-body autoradiography
study with radiolabeled EPZ5676 demonstrated that radioactivity
can be detected in the eyes of rats at a relatively low level but
nearly ten times higher than the lower limit of quantitation [34].
As continuous IV infusion of EPZ5676 is not practical as a therapy,
we attempted a combination therapy with EPZ5676 and etopo-
side by IP administration on an orthotopic xenograft model of RB

(Fig. 6a), under the hypothesis that EPZ5676-mediated chemo-
sensitization to etoposide may not require a high dose of EPZ5676
delivered into the tumor-bearing eyes. The xenografted mice were
examined for tumor establishment by retinal imaging before
treatments (Fig. 6b), and untreated xenografts developed
conspicuous tumors over 5–6 weeks after transplantation
(Fig. 6c). During the treatment, some of the etoposide-treated
mice experienced minor body weight loss (Fig. 6d). When tumor-
burdened eyes were analyzed for an average tumor area to
determine the therapeutic efficacy, single EPZ5676 or etoposide
treatment was not efficacious for tumor regression whereas
combined treatment significantly reduced the tumor areas and
resulted in lesser variation in the final tumor size (Fig. 6e, f). The
tumor size reduction in the cotreatment group did not involve
HMGA2 downregulation in the tumors (Fig. S9), as epigenetic
repression of DOT1L target genes would require continuous
exposure to EPZ5676 as previously demonstrated [33]. Instead, we
suspected that tumors subjected to the cotreatment might have
undergone more robust apoptosis by the low dose of EPZ5676
delivered to the eyes with etoposide. To test this possibility, we
performed TUNEL assays to determine the fraction of apoptotic
cells over total cells (Fig. 6g, h). When we analyzed the final tumors
after the complete treatment, many of the apoptotic tumor cells in
the cotreatment group were found to be eliminated to the extent
that the TUNEL signal was not clearly detectable (Fig. S10). To
assess the ongoing apoptosis more accurately, we performed the
assay on the xenografts after four rounds of the treatment
(Fig. 6g, h). Both single etoposide and cotreatment groups
displayed significantly higher apoptotic cells than vehicle-treated
tumors (Fig. 6g), demonstrating that etoposide is the main
apoptosis inducer in the tumors. Besides, the cotreatment group
showed higher apoptotic cells than single etoposide group
(Fig. 6g, h). Altogether, these data demonstrate that cotreatment
with a DOT1L inhibitor enhances the efficacy of etoposide in
orthotopic RB xenografts by making the response to etoposide
more potent and consistent.

DISCUSSION
Epigenetic dysregulation contributes to RB tumorigenesis and
malignant progression [1, 2]. Consistent with this notion, RB
tumors possess aberrantly expressed chromatin regulators in
contrast to normal retina, but their functions in RB development
and possibilities as potential therapeutic targets have not been
explored completely [4]. In this study, we investigated the role of
histone H3K79 methyltransferase DOT1L in chemosensitization of
RB cells. DOT1L was expressed in the majority of human RB in our
cohorts whereas there was no detectable expression of DOT1L in
normal retina, which would confer a selectivity for DOT1L
targeting. However, single-agent therapy with a DOT1L inhibitor
EPZ5676 was largely inefficacious for both RB cells and animal
model, and presented several limitations including the require-
ment of high doses and sustainable drug bioavailability for
significant anticancer effects. As DOT1L protein and its catalytic
activity are known to be required for proper DNA damage

Fig. 1 DOT1L is aberrantly expressed in human RB and pharmacological inhibition of DOT1L sensitizes RB cells to chemotherapeutic
drugs. a Immunostaining of DOT1L and H3K79me2 in serial sections of normal retina and human RB (n= 17). The insets are magnified images
of the marked regions. GCL ganglion cell layer; INL inner nuclear layer; ONL outer nuclear layer; Scale bar: 50 μm. b Summary of DOT1L and
H3K79me2 expression by the IHC analysis in a. c Expression of DOT1L and H3K79me2 in human RB tissue lysates (n= 18) and the indicated
cell lines. RPE retinal pigment epithelium. d Dose-response study for the IC50 of EPZ5676 in Y79 cells treated for 48 h by MTT assays. The IC50 is
shown as the mean ± standard deviation (SD) (N= 5). e Proliferation of Y79 cells determined by live cell counting in response to 10 µM
EPZ5676 for the indicated days in parallel with vehicle control (DMSO). The results represent the mean ± SD (N= 3). *P < 0.05; **P < 0.01.
f Immunoblots for H3K79me2 and total histone H3 in Y79 cells after exposure to 10 µM EPZ5676 for the indicated time. g–i MTT assays for
relative cell viability (g, i) and proliferation (h). Y79 cells were treated with 20 µM EPZ5676 as a single agent or in combination with either
0.5 µM etoposide (g, h) or 0.5 µM MS-275 (i) for the indicated time. The data are shown as the mean ± SD (N= 3). *P < 0.05; **P < 0.01;
***P < 0.001.
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response and repair [12, 18, 19, 27], combined treatments of
EPZ5676 with other genotoxic agents were expected to potentiate
the anticancer effects of the DNA-damaging agents. Indeed,
DOT1L inhibition or downmodulation by gene knockdown
sensitized RB cells to etoposide by enhancing apoptosis. In
addition to verifying the role of DOT1L in DNA damage response
and chemosensitization in RB cells, we discovered that HMGA2 is a
novel DOT1L target gene in RB cells and its expression is
epigenetically upregulated by DOT1L. Since HMGA2 has been
known to promote RB cell proliferation and participate in the
regulation of DNA damage response in cancer cells [21, 23, 24, 28],
our findings altogether suggest that DOT1L inhibition has a dual
role in chemosensitization of RB cells by directly impairing the
early DNA damage response mediated by DOT1L itself upon
genotoxic insults, and also by downregulating the expression of
HMGA2 as a rather late effect of DOT1L inhibition.
DOT1L was identified to promote MLL-rearranged leukemia by

interacting with various MLL-fusion proteins and thereby aber-
rantly upregulating the expression of MLL target genes [14, 15].
Although EPZ5676 monotherapy was efficacious for tumor
regression in rat MLL-fusion xenografts, the therapeutic efficacy
of EPZ5676 depended on the epigenetic repression of MLL target
genes, which required continuous IV infusion to maintain the drug
concentration in the plasma above a certain threshold [33]. In this
study, we demonstrated that intermittent IP administration of
EPZ5676 along with etoposide as a combination therapy
significantly improves the therapeutic efficacy of etoposide in
murine orthotopic xenografts of RB. These results suggested that
the small dose of EPZ5676 delivered to the eyes might be
sufficient to impair the function of DOT1L in early DNA damage
response at DSB sites, consequentially augmenting the etoposide-
induced apoptosis in the xenografts. Of note, the therapeutic

efficacy of single etoposide treatment in the xenografts was highly
variable, resulting in a wide range of the final tumor size. However,
cotreatment with EPZ5676 has rendered the response to etopo-
side more stable and consistent, leading to lesser variation in the
final tumor size. As predicted, the intermittent systemic admin-
istration of EPZ5676 was not sufficient to induce the epigenetic
repression of HMGA2 in our xenografts. Since RB is a tumor for
which local therapies such as intra-arterial and intravitreal
chemotherapy can be safely performed in clinical settings
[35, 36], localized administration of EPZ5676 may alleviate the
limitations observed for the systemic IV administration, including
the rapid clearance and inefficient drug delivery into the eyes.
This approach may also allow for the epigenetic repression of
HMGA2, thereby eliciting the dual effects of DOT1L inhibition in
chemosensitization upon combination therapies with other drugs.
Furthermore, locally delivered EPZ5676 is expected to target RB
cells selectively without disrupting the retinal structure since
normal retina does not express DOT1L and EPZ5676 by itself
shows no signs of toxicity in our animal model. Therefore, it would
be imperative to test local delivery routes into the eyes and
examine the corresponding therapeutic efficacy of EPZ5676 in
animal models of RB as a future direction.
In RB, targeted therapies are not available yet as a standard

treatment option in clinics, and most chemotherapy regimens
include conventional genotoxic or cytotoxic drugs. Despite the
high efficacy of these conventional drugs in saving eyes and lives
upon early diagnosis and timely treatment, RB occurs to young
children who are still under the developmental process, and the
heavy use of these genotoxic or cytotoxic drugs may pose a risk of
developing multiple late effects later in their life. In this regard,
targeting epigenetic regulators such as DOT1L may be beneficial
to improve the efficacy of current chemotherapy by being able to

Fig. 2 Enhanced drug sensitivity upon DOT1L inhibition involves augmented apoptosis. a, c Immunoblots for indicated proteins in Y79
cells subjected to single or combined treatment of 20 µM EPZ5676 and 0.5 µM etoposide for 48 h (a) and in Weri-Rb1 cells treated for 20 h (c).
b, d Densitometric analyses of the indicated proteins in a and c, respectively. The graph is shown as the mean ± SD of fold changes of the
cotreatment group, relative to the normalized level in etoposide-treated cells (N= 3). *P < 0.05; **P < 0.01; ***P < 0.001. e Lentiviral knockdown
of DOT1L in Y79 cells. f Immunoblots in Y79 shDOT1L cells treated with 0.5 µM etoposide for 48 h. g Immunoblots showing the recovery
kinetics from acute DNA damage. Y79 control and shDOT1L cells were treated with 10 μM etoposide for 1 h, and then placed in fresh media
without the drug for the indicated time post-treatment (post-T) to allow the recovery.
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Fig. 3 HMGA2 expression is downregulated by DOT1L inhibition. a Volcano plot of DEGs in EPZ5676-treated Y79 cells in comparison to
vehicle-treated cells. b KEGG pathway enrichment analyses for upregulated and downregulated DEGs. Cancer-related pathways are shown
from the top 20 enriched pathways ranked by p-values before correction. The Rich Factor indicates the gene count ratio of DEG/annotated
genes belonging to each pathway term listed. c Heat map of DEGs belonging to the KEGG pathway term of transcriptional misregulation in
cancer. Each column represents an independent replicate. d qRT-PCR analysis for the relative expression of indicated DEGs in Y79 cells treated
with 10 µM EPZ5676 for 6 days. The bar graph is shown as the mean ± SD of fold changes, relative to the vehicle-treated group (N= 3).
e, f Expression of HMGA2 determined by qRT-PCR (e) and immunoblot (f) analyses for Y79 cells treated with 10 µM EPZ5676 for the indicated
days. The bar graph represents the mean ± SD of fold changes (N= 4).
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reduce the doses of genotoxic drugs that are required to elicit the
same response to therapy. In fact, a recent study revealed that
dose reduction index (DRI), which compares the dose of single
drug required to achieve the same effects with the dose used in
combination therapy was greatly increased when topotecan was
combined with an inhibitor of RAD51 polymerization in orthotopic
RB xenografts [37]. Therefore, this approach is highly relevant to
improve the current chemotherapy.
In summary, this study demonstrates that DOT1L targeting can

sensitize RB cells to genotoxic drugs by impairing the dual
functions of DOT1L manifested during early DNA damage
response and epigenetic upregulation of HMGA2. Moreover, we
presented the first preclinical evidence supporting that DOT1L
targeting may be beneficial for combination therapies with
standard chemotherapeutic drugs to improve the efficacy of
current chemotherapy for RB.

MATERIALS AND METHODS
Cell culture and reagents
Y79 and Weri-Rb1 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA), and maintained in RPMI-1640
containing 10% FBS and penicillin–streptomycin (Invitrogen, Carlsbad, CA,
USA) with routine testing for mycoplasma. EPZ5676, MS-275, and ciclopirox
(CPX) were purchased from Selleck (Houston, TX, USA). These drugs and

etoposide (Sigma, St. Louis, MO, USA) were dissolved in dimethyl sulfoxide
(DMSO). When cells were treated with drugs for a longer time up to 8 days,
drugs were replenished every two days under nonsaturating culture
conditions. Adenoviruses for HMGA2 expression (VH893703) were
purchased from Viagene Biosciences (Rockville, MD, USA). Lentiviral
knockdown for DOT1L and HMGA2 was performed using the TRC lentiviral
shRNA clones from Horizon Discovery (St. Louis, MO, USA) and the mature
antisense sequences are as follows:

shDOT1L #210: TTGTTTAGCTTCTTCTTGCGG
shDOT1L #211: ATAGCGAGCTTGAGATCCGGG
shDOT1L #213: TAGCTCCACAATGCTGATCTG
shHMGA2 #965: TTCTGAACAACTTGTTGTGGC
shHMGA2 #966: TTGAGCTGCTTTAGAGGGACT

Lentiviral gene knockdown
The lentiviral particles were produced by following the pLKO.1 packaging
protocol from Addgene. Lentiviral transduction was performed for 12 h after
plating 6 × 106 suspension RB cells on poly-D-lysine (0.1mg/ml, Sigma)-
coated dishes. After the 12 h of infection, cells were incubated for 3–4 days
in regular culture media and then used for experiments immediately.

Human retinoblastoma tissues
Human RB tissues were obtained from the ocular tumor division and
department of pathology at the Zhongshan Ophthalmic Center (ZOC). The
study with human clinical samples conformed to the standards set by the

Fig. 4 HMGA2 is a DOT1L target gene. a Schematic of the HMGA2 promoter structure near the transcription start site, with the location of
primers used for ChIP assays. b ChIP-qPCR analysis for H3K79me2 enrichment at different locations of the HMGA2 promoter. Y79 cells were
treated with 10 µM EPZ5676 for 6 days before the ChIP assays. The CDKN2A promoter is repressed in Y79 cells and shown as a negative control.
The data represent the mean ± SD of normalized H3K79me2/total H3 ratios (N= 3). c, d DOT1L binding at the HMGA2 promoter determined by
ChIP-qPCR (c) and PCR-gel (d) analyses. The graph is shown as the mean ± SD of % input (N= 3). e, f RNA pol II association at the HMGA2
promoter determined by ChIP-qPCR (e) and PCR-gel (f) analyses in Y79 cells treated with 10 µM EPZ5676 for 6 days. The graph represents the
mean ± SD of % input (N= 3). *P < 0.05.

Y. Mao et al.

7

Cell Death and Disease         (2021) 12:1141 



Declaration of Helsinki, and was approved by the ZOC institutional review
board. All human specimens used for this study were de-identified, and
written informed consent forms were obtained.

Immunohistochemistry
Serial sections of human RB were subjected to immunostaining with anti-
DOT1L (A300-953A; Bethyl, Montgomery, TX, USA) and anti-HMGA2 (8179;
Cell Signaling Technology, Danvers, MA, USA) antibodies, followed by
nuclear counterstaining with hematoxylin.

Cell viability assay
Cell viability and proliferation in response to drug treatments were
determined by MTT assays (Sigma). Cells were plated at a density of

8 × 103 cells/96-well in triplicate, and the IC50 values of drugs were
calculated by fitting the dose response curve from at least five independent
assays with GraphPad Prism (GraphPad Software, La Jolla, CA, USA).

Western blot
Cleared lysates (20–25 µg) were subjected to 7.5 or 12.5% SDS-PAGE.
Antibodies for western blots are as follows: DOT1L (77087), HMGA2
(8179), γH2AX (9718), cleaved PARP (9541), phospho-ATM (Ser1981)
(5883), ATM (2873), phospho-CHK2 (Thr68) (2197), CHK2 (2662),
phospho-ATR (Ser428) (2853), ATR (2790), phospho-CHK1 (Ser296)
(90178), CHK1 (2360), total histone H3 (9715) from Cell Signaling
Technology; dimethyl-histone H3 (Lys79) (ab3594; Abcam, Cambridge,
MA, USA), actin (A1978; Sigma), and caspase-3 (40924; Active Motif,
Carlsbad, CA, USA).

Fig. 5 HMGA2 downregulation contributes to the anticancer effects of DOT1L inhibition. a Lentiviral HMGA2 knockdown in Y79 cells
determined by qRT-PCR (N= 2). b, c Immunoblots for the indicated proteins in Y79 shHMGA2 cells treated with 10 µM etoposide for 24 h (b)
and in Weri-Rb1 shHMGA2 cells treated with 0.5 µM etoposide for 20 h (c). d Dose-response study for the IC50 of CPX in Y79 cells treated for
72 h by MTT assays. The IC50 is shown as the mean ± SD (N= 6). e, f MTT assays for relative cell viability and proliferation. Y79 cells were
subjected to single or combined treatment of 0.5 µM CPX and 0.2 µM etoposide for 72 h to determine the relative cell viability (e) or up to
4 days to monitor the cell proliferation (f). The results are shown as the mean ± SD (N= 6). ****P < 0.0001. g Immunoblots for indicated
proteins in Weri-Rb1 cells treated with 2 µM CPX and 0.5 µM etoposide for 20 h. h Immunostaining of DOT1L and HMGA2 in human RB. Serial
sections of the indicated tumor tissues were immunostained for DOT1L and HMGA2. The same region of the serial sections (marked by a red
square) was magnified on the right (×40). Arrowheads in ZOC-168 mark DOT1L+ HMGA2− tumor foci. Scale bar: 50 μm.
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Chromatin immunoprecipitation (ChIP) and quantitative RT-
PCR (qRT-PCR)
ChIP was performed by using SimpleChIP Enzymatic Chromatin IP kit (Cell
Signaling Technology) according to the manufacturer’s instruction. The
antibodies used for ChIP are as follows: DOT1L (77087) and total histone
H3 (4620) from Cell Signaling Technology; dimethyl-histone H3 (Lys79)
(ab3594; Abcam), and RNA polymerase II (05-623; Millipore, Burlington, MA,
USA). ChIP DNA was analyzed by qPCR along with the 5% input chromatin
that was saved and processed together with the ChIP samples, and
quantified as % input for each target before calculation of fold changes or
ratios of the signals. The qRT-PCR was performed with at least three

independent sets of cDNA. The primer sequences for the qRT-PCR and
ChIP assays are listed in supplementary information (Table S2).

RNA-sequencing analysis
Using total RNA from Y79 cells treated with 10 µM EPZ5676 for 6 days,
RNA-seq libraries were prepared by the standard Illumina protocols and
subjected to 150 bp paired-end sequencing on an Illumina HiSeq 2500
platform by BerryGenomics (Beijing, China). The differentially expressed
genes (DEGs) between vehicle (DMSO) and EPZ5676-treated cells were
detected by edgeR package, based on the analysis criteria of ≥2-fold

Fig. 6 Cotreatment with a DOT1L inhibitor enhances the therapeutic efficacy of etoposide in orthotopic xenografts of RB. a Schematic of
orthotopic xenograft study. b Retinal imaging to monitor tumor development on day 13 post-transplantation of Y79 cells. Xenografted eyes
develop cloud-like tumors circled by dotted lines whereas uninjected eyes show a clear retinal view. ON optic nerve. c RB development in
xenografted eyes indicated by an arrowhead. d Body weight changes of xenografted mice shown as the mean ± SEM. e Plot of average tumor
areas in the indicated treatment groups. Data points on the plot represent the average tumor area per section per mouse (n= 17–19 mice per
group), with the mean shown as the horizontal bar. The statistical analysis was performed by Mann–Whitney test (two-tailed). f Representative
HE-stained images of tumor-burdened eyes from each treatment group. AC anterior chamber, L lens, ON optic nerve. g Quantification of
apoptotic cells in xenografts after four rounds of the treatment. The percentage of apoptotic cells per eye was calculated by taking the
average of TUNEL-positive nuclei/total nuclei from counting three random fields per eye. The statistical analysis was performed by
Mann–Whitney test (two-tailed). h Representative TUNEL images for the indicated treatment groups. Scale bar: 50 µm.
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change in expression and a false discovery rate of 0.05. The KEGG pathway
enrichment analysis of DEG sets was implemented by the KOBAS 3.0
package using the database downloaded from kegg.jp, and the pathways
with an adjusted p-value below 0.05 were considered as significantly
enriched unless indicated otherwise. The Gene Ontology (GO) analysis of
DEGs was performed by topGO package using the GO database
downloaded from geneontology.org with a p-value <0.05. The DEGs
belonging to a relevant enriched pathway or GO term of interest were
further selected for a heat map analysis. The RNA-seq data in this study
were deposited in the NCBI Gene Expression Omnibus (GEO) database
under the accession number GSE174167.

Terminal deoxynucleotidyl transferase-dUTP nick end labeling
(TUNEL) assay
Paraffin-embedded tissue sections were deparaffinized, followed by
permeabilization in proteinase K solution (20 µg/ml proteinase K in
10mM Tris-Cl, pH 7.4) for 20min at 37 °C before the TUNEL assay with
Click-iT TUNEL Alexa Fluor Imaging Assay kit (Invitrogen) according to the
manufacturer’s protocol. Three random fields with viable tumor cells in the
xenograft sections were taken for the quantification of TUNEL-positive
apoptotic cells per eye. The percentage of apoptotic cells per tumor-
burdened eye was calculated by taking the average of TUNEL-positive
nuclei/total nuclei in the field.

Therapeutic study on orthotopic xenografts
Orthotopic xenografts of RB were established according to the procedure
described previously [10]. Briefly, Y79 cells (2 × 105 in 2 µl) were injected
into the vitreous of the right eye while leaving the left eye uninjected as a
control, using 7 week-old BALB/c female nude mice (Model Animal
Research Center, Nanjing University). On day 13 post-intravitreal trans-
plantation, tumor formation was examined by retinal imaging with a
Micron IV retinal microscope (Phoenix Research Lab, Pleasanton, CA, USA).
Only the mice with well-established tumors (covering >50% of the whole
fundus by retinal imaging) were divided into four treatment groups with a
similar tumor burden. Single and combined treatments with EPZ5676
(20mg/kg) and etoposide (10mg/kg) prepared in 2% DMSO/30%
polyethylene glycol 300/PBS as a vehicle were performed by intraper-
itoneal (IP) injection every other day for two weeks. Tumor-burdened eyes
were analyzed for the average tumor area per eye by following the
procedure described previously [10], except for the mice with incomplete
treatment due to unexpected death. Some of the xenograft sections were
subjected to TUNEL assays or immunostaining with anti-HMGA2 antibody
(8179; Cell Signaling Technology). All animal studies were conducted with
the approval of the Sun Yat-sen University Institutional Animal Care and
Use Committee.

Statistical analysis
Statistical significance was determined from at least three independent
experiments by unpaired Student’s t-test (two-tailed) using GraphPad
Prism. For in vivo work, one-way ANOVA test was performed first to
determine the statistical difference among the multiple groups, and the
differences between two comparison groups were analyzed by
Mann–Whitney test (two-tailed).

DATA AVAILABILITY
The RNA-seq data in this study were deposited in the NCBI Gene Expression Omnibus
(GEO) database under the accession number GSE174167. All other datasets used
during the current study are available from the corresponding author on reasonable
request.

REFERENCES
1. Benavente CA, Dyer MA. Genetics and epigenetics of human retinoblastoma.

Annu Rev Pathol. 2015;10:547–62.
2. Singh U, Malik MA, Goswami S, Shukla S, Kaur J. Epigenetic regulation of human

retinoblastoma. Tumour Biol. 2016;37:14427–41.
3. Theriault BL, Dimaras H, Gallie BL, Corson TW. The genomic landscape of reti-

noblastoma: a review. Clin Exp Ophthalmol. 2014;42:33–52.
4. Lee C, Kim JK. Chromatin regulators in retinoblastoma: biological roles and

therapeutic applications. J Cell Physiol. 2021;236:2318–32.
5. Dimaras H, Corson TW, Cobrinik D, White A, Zhao J, Munier FL, et al. Retino-

blastoma. Nat Rev Dis Prim. 2015;1:15021.

6. Chan HS, Gallie BL, Munier FL, Beck Popovic M. Chemotherapy for retino-
blastoma. Ophthalmol Clin N Am. 2005;18:55–63.

7. Gombos DS, Hungerford J, Abramson DH, Kingston J, Chantada G, Dunkel IJ, et al.
Secondary acute myelogenous leukemia in patients with retinoblastoma: is
chemotherapy a factor? Ophthalmology. 2007;114:1378–83.

8. Mulvihill A, Budning A, Jay V, Vandenhoven C, Heon E, Gallie BL, et al. Ocular
motility changes after subtenon carboplatin chemotherapy for retinoblastoma.
Arch Ophthalmol. 2003;121:1120–4.

9. He H, Lee C, Kim JK. UHRF1 depletion sensitizes retinoblastoma cells to che-
motherapeutic drugs via downregulation of XRCC4. Cell Death Dis. 2018;9:164.

10. Kim JK, Kan G, Mao Y, Wu Z, Tan X, He H, et al. UHRF1 downmodulation enhances
antitumor effects of histone deacetylase inhibitors in retinoblastoma by aug-
menting oxidative stress-mediated apoptosis. Mol Oncol. 2020;14:329–46.

11. Feng Q, Wang H, Ng HH, Erdjument-Bromage H, Tempst P, Struhl K, et al.
Methylation of H3-lysine 79 is mediated by a new family of HMTases without a
SET domain. Curr Biol. 2002;12:1052–8.

12. Wood K, Tellier M, Murphy S. DOT1L and H3K79 methylation in transcription and
genomic stability. Biomolecules. 2018;8:11.

13. Okada Y, Feng Q, Lin Y, Jiang Q, Li Y, Coffield VM, et al. hDOT1L links histone
methylation to leukemogenesis. Cell. 2005;121:167–78.

14. Barry ER, Corry GN, Rasmussen TP. Targeting DOT1L action and interactions in
leukemia: the role of DOT1L in transformation and development. Expert Opin
Ther Targets. 2010;14:405–18.

15. Sarno F, Nebbioso A, Altucci L. DOT1L: a key target in normal chromatin remo-
delling and in mixed-lineage leukaemia treatment. Epigenetics. 2020;15:439–53.

16. Nassa G, Salvati A, Tarallo R, Gigantino V, Alexandrova E, Memoli D, et al. Inhibition
of histone methyltransferase DOT1L silences ER alpha gene and blocks pro-
liferation of antiestrogen-resistant breast cancer cells. Sci Adv. 2019;5:eaav5590.

17. Vatapalli R, Sagar V, Rodriguez Y, Zhao JC, Unno K, Pamarthy S, et al. Histone
methyltransferase DOT1L coordinates AR and MYC stability in prostate cancer.
Nat Commun. 2020;11:4153.

18. Wakeman TP, Wang Q, Feng J, Wang XF. Bat3 facilitates H3K79 dimethylation by
DOT1L and promotes DNA damage-induced 53BP1 foci at G1/G2 cell-cycle
phases. EMBO J. 2012;31:2169–81.

19. Kari V, Raul SK, Henck JM, Kitz J, Kramer F, Kosinsky RL, et al. The histone
methyltransferase DOT1L is required for proper DNA damage response, DNA
repair, and modulates chemotherapy responsiveness. Clin Epigenet. 2019;11:4.

20. Liu W, Deng L, Song Y, Redell M. DOT1L inhibition sensitizes MLL-rearranged AML
to chemotherapy. PLoS ONE. 2014;9:e98270.

21. Chau KY, Manfioletti G, Cheung-Chau KW, Fusco A, Dhomen N, Sowden JC, et al.
Derepression of HMGA2 gene expression in retinoblastoma is associated with cell
proliferation. Mol Med. 2003;9:154–65.

22. Unachukwu U, Chada K, D’Armiento J. High mobility group AT-Hook 2 (HMGA2)
oncogenicity in mesenchymal and epithelial neoplasia. Int J Mol Sci.
2020;21:3151.

23. Palmieri D, Valentino T, D’Angelo D, De Martino I, Postiglione I, Pacelli R, et al.
HMGA proteins promote ATM expression and enhance cancer cell resistance to
genotoxic agents. Oncogene. 2011;30:3024–35.

24. Natarajan S, Hombach-Klonisch S, Droge P, Klonisch T. HMGA2 inhibits apoptosis
through interaction with ATR-CHK1 signaling complex in human cancer cells.
Neoplasia. 2013;15:263–80.

25. Nalini V, Deepa PR, Raguraman R, Khetan V, Reddy MA, Krishnakumar S. Targeting
HMGA2 in retinoblastoma cells in vitro using the aptamer strategy. Ocul Oncol
Pathol. 2016;2:262–9.

26. Ganguly A, Shields CL. Differential gene expression profile of retinoblastoma
compared to normal retina. Mol Vis. 2010;16:1292–303.

27. Huyen Y, Zgheib O, Ditullio RA Jr., Gorgoulis VG, Zacharatos P, Petty TJ, et al.
Methylated lysine 79 of histone H3 targets 53BP1 to DNA double-strand breaks.
Nature. 2004;432:406–11.

28. Venkatesan N, Krishnakumar S, Deepa PR, Deepa M, Khetan V, Reddy MA.
Molecular deregulation induced by silencing of the high mobility group protein
A2 gene in retinoblastoma cells. Mol Vis. 2012;18:2420–37.

29. Mahmoudi T, Boj SF, Hatzis P, Li VS, Taouatas N, Vries RG, et al. The leukemia-
associated Mllt10/Af10-Dot1l are Tcf4/beta-catenin coactivators essential for
intestinal homeostasis. PLoS Biol. 2010;8:e1000539.

30. Huang YM, Cheng CH, Pan SL, Yang PM, Lin DY, Lee KH. Gene expression
signature-based approach identifies antifungal drug ciclopirox as a novel inhi-
bitor of HMGA2 in colorectal cancer. Biomolecules. 2019;9:688.

31. Mu G, Liu H, Zhou F, Xu X, Jiang H, Wang Y, et al. Correlation of overexpression of
HMGA1 and HMGA2 with poor tumor differentiation, invasion, and proliferation
associated with let-7 down-regulation in retinoblastomas. Hum Pathol.
2010;41:493–502.

32. Li W, Wang J, Zhang D, Zhang X, Xu J, Zhao L. MicroRNA-98 targets HMGA2 to
inhibit the development of retinoblastoma through mediating Wnt/beta-catenin
pathway. Cancer Biomark. 2019;25:79–88.

Y. Mao et al.

10

Cell Death and Disease         (2021) 12:1141 



33. Daigle SR, Olhava EJ, Therkelsen CA, Basavapathruni A, Jin L, Boriack-Sjodin PA,
et al. Potent inhibition of DOT1L as treatment of MLL-fusion leukemia. Blood.
2013;122:1017–25.

34. Waters NJ, Smith SA, Olhava EJ, Duncan KW, Burton RD, O’Neill J, et al. Meta-
bolism and disposition of the DOT1L inhibitor, pinometostat (EPZ-5676), in rat,
dog and human. Cancer Chemother Pharm. 2016;77:43–62.

35. Wyse E, Handa JT, Friedman AD, Pearl MS. A review of the literature for intra-
arterial chemotherapy used to treat retinoblastoma. Pediatr Radiol. 2016;46:
1223–33.

36. Yanik O, Gunduz K, Yavuz K, Tacyildiz N, Unal E. Chemotherapy in retinoblastoma:
current approaches. Turk J Ophthalmol. 2015;45:259–67.

37. Aubry A, Pearson JD, Huang K, Livne-Bar I, Ahmad M, Jagadeesan M, et al.
Functional genomics identifies new synergistic therapies for retinoblastoma.
Oncogene. 2020;39:5338–57.

ACKNOWLEDGEMENTS
We are grateful to the animal facility at the ZOC for their assistance in the xenograft
study. This work was supported by the National Natural Science Foundation of China
(81572764) and Guangdong Provincial Research Fund (303090100502053).

AUTHOR CONTRIBUTIONS
YM, YS, ZW, JZZ, and JKK performed the experiments and analyzed the data. JQZ
assisted in experiments and acquisition of the ethical approval related to this study.
JNZ and CL contributed to the RNA-sequencing data analysis. JKK designed the study
and wrote the manuscript. CL reviewed and edited the manuscript. All authors read
and approved the final manuscript.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The study with human clinical samples conformed to the standards set by the
Declaration of Helsinki, and was approved by the ZOC institutional review board
(2018KYPJ004). All human specimens used for this study were de-identified, and
written informed consent forms were obtained. All animal studies were reviewed

and approved by the Sun Yat-sen University Institutional Animal Care and Use
Committee (2018-001A).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-021-04431-y.

Correspondence and requests for materials should be addressed to Jong Kyong Kim.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Y. Mao et al.

11

Cell Death and Disease         (2021) 12:1141 

https://doi.org/10.1038/s41419-021-04431-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Targeting of histone methyltransferase DOT1L plays a dual role in chemosensitization of retinoblastoma cells and enhances the efficacy of chemotherapy
	Introduction
	Results
	DOT1L is aberrantly expressed in human RB and pharmacological inhibition of DOT1L sensitizes RB cells to chemotherapeutic drugs
	Enhanced drug sensitivity upon DOT1L inhibition involves augmented apoptosis
	HMGA2 expression is downregulated by DOT1L inhibition
	HMGA2 is a target gene of DOT1L
	HMGA2 downregulation contributes to the anticancer effects of DOT1L inhibition
	Cotreatment with a DOT1L inhibitor enhances the therapeutic efficacy of etoposide in orthotopic xenografts of RB

	Discussion
	Materials and methods
	Cell culture and reagents
	Lentiviral gene knockdown
	Human retinoblastoma tissues
	Immunohistochemistry
	Cell viability assay
	Western blot
	Chromatin immunoprecipitation (ChIP) and quantitative RT-PCR (qRT-PCR)
	RNA-sequencing analysis
	Terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) assay
	Therapeutic study on orthotopic xenografts
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Ethics approval and consent to participate
	Competing interests
	ADDITIONAL INFORMATION




