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Simple Summary: Treatment failures of acute myeloid leukemia (AML) have been attributed to the
persistence of leukemia stem cells (LSCs), which are refractory to conventional treatments. Venetoclax
(VEN), currently FDA-approved in combination with low-dose cytarabine or hypomethylating agents,
is highly effective in inducing disease remission in patients with de novo AML; however, most of
these patients eventually relapse; thus, novel VEN combinations are urgently needed. In this regard,
8-chloro-adenosine (8-Cl-Ado) is a novel RNA-directed nucleoside analog that targets AML cells,
including LSCs. We demonstrate that VEN and 8-Cl-Ado cooperate in targeting ribosomal RNA
synthesis and mitochondrial metabolism in LSCs, thereby decreasing LSC survival. Given the
emerging concept that LSC behavior is strongly associated with protein synthesis regulation and
mitochondrial metabolism, our results suggest that the VEN/8-Cl-Ado combination is a promising
regimen for the treatment of patients with relapsed AML.

Abstract: It is known that 8-chloro-adenosine (8-Cl-Ado) is a novel RNA-directed nucleoside analog
that targets leukemic stem cells (LSCs). In a phase I clinical trial with 8-Cl-Ado in patients with
refractory or relapsed (R/R) AML, we observed encouraging but short-lived clinical responses, likely
due to intrinsic mechanisms of LSC resistance. LSC homeostasis depends on amino acid-driven
and/or fatty acid oxidation (FAO)-driven oxidative phosphorylation (OXPHOS) for survival. We
recently reported that 8-Cl-Ado and the BCL-2-selective inhibitor venetoclax (VEN) synergistically
inhibit FAO and OXPHOS in LSCs, thereby suppressing acute myeloid leukemia (AML) growth
in vitro and in vivo. Herein, we report that 8-Cl-Ado inhibits ribosomal RNA (rRNA) synthesis
through the downregulation of transcription initiation factor TIF-IA that is associated with increasing
levels of p53. Paradoxically, 8-Cl-Ado-induced p53 increased FAO and OXPHOS, thereby self-limiting
the activity of 8-Cl-Ado on LSCs. Since VEN inhibits amino acid-driven OXPHOS, the addition
of VEN significantly enhanced the activity of 8-Cl-Ado by counteracting the self-limiting effect of
p53 on FAO and OXPHOS. Overall, our results indicate that VEN and 8-Cl-Ado can cooperate in
targeting rRNA synthesis and OXPHOS and in decreasing the survival of the LSC-enriched cell
population, suggesting the VEN/8-Cl-Ado regimen as a promising therapeutic approach for patients
with R/R AML.
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1. Introduction

Chemotherapy induction therapy followed by consolidation therapy with allogeneic
stem cell transplantation (alloSCT) is a treatment strategy with the highest chance for long-
term survival for the majority of patients with acute myeloid leukemia (AML). However,
older and/or unfit patients and those with other medical comorbidities are frequently
not candidates for this treatment program. In addition, disease relapse still occurs in a
relatively large percentage of patients undergoing alloSCT. Recently, several molecularly
targeted therapies have been approved by the US Food and Drug Administration (FDA) for
the treatment of AML [1–4]. Among them is venetoclax (VEN), a selective BCL-2 inhibitor
with modest clinical efficacy as a single agent in AML patients, but with a relatively high re-
sponse rate when combined with hypomethylating agents (HMA; azacitidine or decitabine)
or low-dose cytarabine [5,6]. VEN in combination with these agents has demonstrated
initial response rates of approximately 60–70% in older and/or unfit newly diagnosed
AML patients [5,7,8], and approximately 50% in those with refractory/relapsed (R/R)
disease [8–10]. Despite these encouraging clinical results, many AML patients that receive
VEN treatment in combination either do not respond [5] or eventually relapse. Thus, more
effective and less toxic treatment options are urgently needed.

Treatment refractoriness or disease relapse of AML patients is broadly attributed to the
persistence of the treatment-resistant quiescent leukemia stem cells (LSCs) [11]. Recently, it
has been shown that LSCs differ from normal hematopoietic stem cells (HSCs) in the process
of energy production, thus offering a potential strategy to specifically target LSCs [2,12,13].
In fact, while normal HSCs utilize both glycolysis and oxidative phosphorylation (OXPHOS)
for energy production, LSCs are highly dependent on OXPHOS that is severely impaired
by BCL-2 inhibition through VEN [13]. Of note, metabolic differences have also been
reported between LSCs from de novo and those from R/R AML patients, with the former
preferentially utilizing BCL-2-dependent amino acid-driven OXPHOS and the latter also
utilizing FAO-driven OXPHOS [2,14].

Nucleoside analogs have long represented a backbone in the treatment of AML.
Emerging novel nucleoside analogs possess novel mechanism(s) of action and metabolic
properties. Furthermore, 8-chloro-adenosine (8-Cl-Ado) is one such analog that is RNA-
directed and targets LSCs without significantly inhibiting HSCs [15,16], inhibits FLT3-
ITD signaling and has shown anti-neoplastic activity in vitro and in vivo, including in
AML [15–18]. The unique mechanisms of action of 8-Cl-Ado, as well as data from a phase
I clinical trial of 8-Cl-Ado monotherapy in R/R AML, prompted us to investigate the
combination of VEN plus 8-Cl-Ado in AML.

We previously reported that 8-Cl-Ado synergizes with VEN in the inhibition of energy
metabolism and survival of LSC-enriched blast cells [15,19]. Herein, we show that 8-Cl-
Ado downregulates the transcription initiation factor TIF-IA, followed by a decrease in
ribosomal RNA (rRNA) synthesis and concurrent upregulation of the pro-apoptotic protein
p53. An unexpected consequence of exposure to 8-Cl-Ado is p53-induced FAO that self-
limits the activity of this drug on LSCs. To this end, VEN has been reported to inhibit
FAO and OXPHOS in LSC-enriched AML cells and therefore may overcome the otherwise
p53-dependent self-limiting effect of 8-Cl-Ado. Herein, we demonstrate that by regulation
of both rRNA synthesis and FAO/OXPHOS metabolism, the combination of VEN and
8-Cl-Ado synergistically inhibits LSC-enriched AML cells, suggesting VEN plus 8-Cl-Ado
as a potential novel treatment regimen for AML.

2. Materials and Methods

Human samples. Human specimens were collected from patients registered at City
of Hope (COH) National Medical Center who had consented to the City of Hope Insti-
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tutional Review Board approved protocol (IRB#18067); specimens from healthy donors
were collected under COH IRB#06229. The study was conducted in accordance with the
Declaration of Helsinki. Patient characteristics of primary AML samples are listed in
Supplementary Table S1.

RT-PCR and q-PCR analysis. To measure pre-rRNA and GAPDH expression, total
RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). For pre-rRNA
and GAPDH expression, first-strand cDNA was synthesized using the SuperScript III First-
Strand Kit. q-PCR was performed using TaqMan Gene Expression Assays (Thermo Fisher,
Waltham, MA, USA). GAPDH was used as an internal control and the results are presented
as log2-transformed ratio according to the 2–∆Ct method (∆Ct = Ct of target -Ct of reference;
Ct = cycle threshold). Primer sequences for q-PCR are listed in Supplementary Table S3.

ChIP assay. Chromatin immunoprecipitation (ChIP) was performed as described
by the manufacturer (Pierce, Appleton, WI, USA). Precleared chromatin was incubated
overnight by rotation with 4 µg of Pol I antibody or IgG antibody as a negative control.
Immunoprecipitates were resuspended in 50 µL TE buffer. Inputs and immunoprecipitated
DNA samples were quantified by q-PCR on a 7900T Fast real-time PCR system (Applied
Biosystems, Waltham, MA, USA). Antibodies are listed in Supplementary Table S4. Primers
are listed in Supplementary Table S3.

RNA labeling and analysis. The cells were washed and incubated in phosphate-free
DMEM (Gibco) supplemented with 10% FBS for 2 h, followed by one-hour labeling with
0.5 mCi [32P] orthophosphate (PerkinElmer, Waltham, MA, USA). Total RNA was extracted
with TRIzol (Life Technology, Carlsbad, CA, USA) according to the manufacturer’s protocol.
Equal amounts of RNA (10 µg) were separated on a 1.2% MOPS formaldehyde gel. The gel
was dried and visualized by autoradiography.

Immunocytochemistry-FISH. For immunofluorescence–fluorescence in situ hybridiza-
tion (IF-FISH), the cells were washed in 1x DPBS and fixed in 3.7% paraformaldehyde, 0.2%
Triton X-100 and 1x DPBS for 10 min and incubated for 1 h at 37 ◦C in 10% blocking solution.
After washing, the cells were incubated with primary antibodies (anti-TIF-IA and anti-UBF)
for 1 h and secondary anti-mouse/rabbit-Alexa 594/488 goat antibodies (Thermo Fisher)
for an additional 1 h, at 37 ◦C. The cells were denatured at 80 ◦C for 6 min and incubated
overnight with probe-hybridizing buffer. Nuclei were counterstained with 4,6-diamidino-2-
phenylindole (DAPI). Cell images were acquired using a Zeiss LSM880 confocal microscope
(Carl Zeiss, Jena, Germany). Antibodies are listed in Supplementary Table S4.

Assessment of apoptosis using flow cytometry. The Annexin-V and DAPI double
staining method was used to evaluate apoptosis by flow cytometry. Cells were harvested
and washed twice with Annexin-V binding buffer (BD Bioscience, San Jose, CA, USA) and
resuspended in 100 µL of the same buffer containing Annexin-V APC (BD Bioscience, San
Jose, CA, USA). Cells were then incubated in the dark at room temperature for 15 min,
washed again and resuspended in 300 µL of buffer. DAPI (Sigma-Aldrich, St. Louis, MO,
USA) was added immediately prior to analysis with a LSR II flow cytometer (BD Bioscience,
San Jose, CA, USA). Antibodies are listed in Supplementary Table S4.

RNA and DNA incorporation assay. AML cell lines were incubated with 0–10 µM
8-Cl-Ado for 24 h. Mononuclear cells derived from peripheral blood of AML patients were
incubated with 10 µM 8-Cl-Ado for 24 h. For RNA synthesis, cell cultures were incubated
with 1 µCi [3H]-uridine (Moravek Biochemicals, Brea, CA, USA) per 1 mL for 1 h. For DNA
synthesis, cell cultures were incubated with 5 µCi [3H]-thymidine (Moravek Biochemicals)
per 2 mL for 3 h. The cell cultures were then transferred onto Whatman GF/C glass
microfiber filters (GE Healthcare) pre-treated with 1% aqueous sodium pyrophosphate
on a multiscreen vacuum assay system (Millipore Corp., Bedford, MA, USA). The filters
were then washed with cold PBS, followed by two washes with 0.4 N perchloric acid,
then dried with 70% ethanol. The glass filters were then added to a scintillation vial with
7 mL scintillation fluid; the level of radioactivity was measured using a liquid scintillation
analyzer (Packard Instrument Co., Downers Grove, IL, USA) and expressed as percent
of control.
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Gene set enrichment analysis. RNA-seq, RNA expression analysis and gene set
enrichment analysis (GSEA). For high-resolution genomic profiling (mRNA-seq) to evaluate
mRNA profiles, sequencing was performed on an Illumina Hiseq 2500. Reads were trimmed
to remove poly(A) tail and Illumina adapter using Trimmomatics, then aligned to human
genome hg38 using Star v2.6.0 with default settings. Expression levels of ensemble genes
were counted using HTseq-count. Custom R scripts and Bioconductor packages “edgeR”
were used for data normalization and inter-group comparisons. GSEA v4.0 was used to
identify Gene Ontology (GO) and canonical pathways (downloaded from Msigdb v7.0)
that are altered upon drug treatment vs. control or vs. VEN.

Statistical analysis. To compare the means of 2 groups, results were generally com-
pared by using unpaired, two-tailed Student’s t-test, with values from at least 2 independent
experiments with triplicate determination, unless otherwise stated. Data are presented
as mean ± standard error (S.E.), as indicated. p < 0.05 was considered statistically signif-
icant; ns = not significant. All statistical analyses were conducted using SigmaPlot 12.5
(Systat Software, Chicago, IL, USA). All statistical tests were two-sided.

3. Results
3.1. 8-Cl-Ado Inhibits RNA Synthesis Rather Than DNA Synthesis in AML Cell Lines and
Primary Blasts

In contrast to traditional nucleoside analogs that contain deoxyribose or arabinose
sugars, 8-Cl-Ado has a ribose sugar and predominantly incorporates into newly transcribed
RNA rather than DNA, causing RNA chain termination and cell death [17,20]. To evaluate
the effects of 8-Cl-Ado on RNA synthesis in AML, KG-1a and MV4-11 cells as well as
AML patients’ primary blasts were incubated in vitro with 8-Cl-Ado for 24 h and pulsed
with [3H]-labeled uridine, prior to evaluation via scintillation counting. As compared to
vehicle-treated controls, RNA synthesis decreased in a dose-dependent manner in both
KG-1a and MV4-11 cell lines (Figure 1A) as well as in primary AML blasts (Figure 1B). In
both cell lines, inhibition of RNA synthesis was detected at concentrations as low as 300 nM
8-Cl-Ado. The response was more pronounced in FLT3-ITD-positive MV4-11 cells, where
RNA synthesis was inhibited to ~50% relative to control after 24 h exposure to 300 nM
8-Cl-Ado and was further reduced to ~25% at 1 µM 8-Cl-Ado. In primary AML blasts
exposed to 8-Cl-Ado at a concentration as high as 10 µM, >70% inhibition of RNA synthesis
was observed. In contrast, significant changes in DNA synthesis were not observed in
either cell line with exposure to concentrations as high as 10 µM 8-Cl-Ado as assessed by
the incorporation of radioactive thymidine (Figure 1C). These results suggest that 8-Cl-Ado
is a nucleoside analog targeting RNA synthesis in leukemia cells [16,17,20]. For 8-Cl-Ado
in AML, we have previously reported toxicity studies, effects on malignant and normal
hematopoietic stem cells and effects on tumor growth in xenografted animals [15]. Effects
of 8-Cl-Ado on other cancers, including multiple myeloma, breast cancer and colon cancer,
have also been reported [16–18,20].

3.2. 8-Cl-Ado Inhibits Ribosomal RNA Synthesis in the Leukemic Stem Cell-Enriched Population

Actively growing cells depend on the continuous production of large amounts of
ribosomes, including rRNA [21]. RNA polymerase I (Pol I) accounts for up to 60% of the
total RNA synthesized in the nucleus and transcribes the precursors of the three largest
species of rRNA, 28S, 18S and 5.8S, but not 5S rRNA [22]. Elevated levels of rRNA represent
a common feature of cancer cells, and numerous reports from others and us indicate that
rRNA synthesis is important for cancer and leukemia cell proliferation [23–28]. Since 8-Cl-
Ado inhibits RNA synthesis, we postulated that this drug also affected rRNA synthesis.
Gene set enrichment analysis (GSEA) of KG-1a AML cells treated with 8-Cl-Ado for 24 h
demonstrated that 8-Cl-Ado significantly suppresses a gene set involved in rRNA synthesis
(p-value, 0.0; FDR, 0.006; Figure 1D, left), as compared to vehicle-treated controls. Treatment
of primary AML blasts with 500 nM 8-Cl-Ado for 24 h also significantly induced negative
enrichment of the rRNA synthesis genes (Figure 1D, middle and right).
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Figure 1. Regulation of rRNA synthesis by 8-Cl-Ado. (A,B) Effect of 8-Cl-Ado on RNA synthesis in 
AML cells lines (A) and primary AML blast cells (B). Cell lines KG-1a and MV4-11 were incubated 
with 0, 0.3, 1, 3 or 10 μM 8-Cl-Ado for 24 h. Primary blast cells from 2 patients were incubated with 
or without 10 μM 8-Cl-Ado for 24 h. In the last hour, [3H]-uridine was added to measure uptake 
into newly synthesized RNA. (C) Effect of 8-Cl-Ado on DNA synthesis in AML cell lines KG-1a and 
MV4-11. Cells were incubated with 0, 0.3, 1, 3 or 10 μM 8-Cl-Ado for 24 h. In the last 3 h, [3H]-
thymidine was added to measure uptake of newly synthesized DNA. n = 1 (in triplicate). Error bars 
= standard error. (A–C) n = 1 (in triplicate, KG-1a; in duplicate, MV4-11 and primary AML). (D) 
Gene set enrichment analysis (GSEA) graphs of genes involved in rRNA synthesis upon treatment 
of KG-1a and two primary AML cells with 500 nM 8-Cl-Ado for 24 h. n = 2. ES enrichment score, 
NES normalized enrichment score, FDR false discovery rate. (E–G) LSC-enriched blasts (n = 5) were 
treated with vehicle control (VEH) or 500 nM 8-Cl-Ado for 24 h. RNA was extracted for measure-
ment of 5′ ETS pre-rRNA (E) or for radioactive labeling with [32P] (F). ChIP assay was performed to 
measure the level of Pol I recruited to the rDNA promoter. Original blots see Supplementary File S1 

Figure 1. Regulation of rRNA synthesis by 8-Cl-Ado. (A,B) Effect of 8-Cl-Ado on RNA synthesis in
AML cells lines (A) and primary AML blast cells (B). Cell lines KG-1a and MV4-11 were incubated
with 0, 0.3, 1, 3 or 10 µM 8-Cl-Ado for 24 h. Primary blast cells from 2 patients were incubated with
or without 10 µM 8-Cl-Ado for 24 h. In the last hour, [3H]-uridine was added to measure uptake
into newly synthesized RNA. (C) Effect of 8-Cl-Ado on DNA synthesis in AML cell lines KG-1a
and MV4-11. Cells were incubated with 0, 0.3, 1, 3 or 10 µM 8-Cl-Ado for 24 h. In the last 3 h,
[3H]-thymidine was added to measure uptake of newly synthesized DNA. n = 1 (in triplicate). Error
bars = standard error. (A–C) n = 1 (in triplicate, KG-1a; in duplicate, MV4-11 and primary AML).
(D) Gene set enrichment analysis (GSEA) graphs of genes involved in rRNA synthesis upon treatment
of KG-1a and two primary AML cells with 500 nM 8-Cl-Ado for 24 h. n = 2. ES enrichment score,
NES normalized enrichment score, FDR false discovery rate. (E–G) LSC-enriched blasts (n = 5) were
treated with vehicle control (VEH) or 500 nM 8-Cl-Ado for 24 h. RNA was extracted for measurement
of 5′ ETS pre-rRNA (E) or for radioactive labeling with [32P] (F). ChIP assay was performed to
measure the level of Pol I recruited to the rDNA promoter. Original blots see Supplementary File S1
(G). GAPDH (E) or 10% input (G) was used as the internal control. (E,G) n = 2, in triplicate. CON,
control; VEH, vehicle; 8-Cl-Ado, 8-chloro-adenosine.
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To further explore the effects of 8-Cl-Ado on rRNA synthesis in LSCs, we incubated
enriched CD34+CD38− primary AML blasts with 500 nM 8-Cl-Ado for 24 h. We observed
significantly suppressed pre-rRNA synthesis as determined by the reduced level of 5′

external transcribed spacer (ETS) pre-rRNA (Figure 1E) and decreased rRNA synthesis
demonstrated by [32P]-labeling of RNA (Figure 1F). Given that Pol I recruitment to rDNA
is essential for rRNA transcription [23,24,26–29], we also demonstrated that 8-Cl-Ado
treatment reduced the recruitment of Pol I to rDNA by chromatin immunoprecipitation
(ChIP) assay (Figure 1G). Taken together, these results indicate that 8-Cl-Ado inhibits rRNA
synthesis in AML cells.

3.3. 8-Cl-Ado Inhibits Ribosomal RNA Synthesis through Downregulation of TIF-IA

We next dissected the molecular mechanism through which 8-Cl-Ado deregulated
rRNA synthesis in AML cells. Transcription of rDNA by Pol I requires a pre-initiation
complex consisting of RNA Pol I, upstream binding factor (UBF), selectivity factor 1 (SL-1)
and TIF-IA transcription initiation factor. While TIF-IA is required to recruit Pol I to
the rDNA promoter, UBF and SL-1 are primarily responsible for DNA binding [29,30].
We observed that 8-Cl-Ado treatment of LSC-enriched primary AML cells disrupted the
colocalization of TIF-IA and UBF at the rDNA site, as demonstrated by immunofluorescent
and fluorescent in situ hybridization (IF-FISH) with anti-TIF-IA, anti-UBF antibodies and
rDNA probes (Figure 2A). The cellular fractionation assay also demonstrated that 8-Cl-Ado
treatment resulted in a decline in TIF-IA in the nucleolar fraction with a parallel increase in
the nucleus (Figure 2B). Since TIF-IA is a downstream substrate of HDM2 ubiquitin ligase-
induced ubiquitylation and degradation [27], we also examined the effects of 8-Cl-Ado on
TIF-IA ubiquitylation and stability. Here, 8-Cl-Ado induced the ubiquitylation (Figure 2D)
and degradation of TIF-IA (Figure 2C), while knocking down (KD) HDM2 mRNA using
siRNA partially rescued the effects (Figure 2D). Of note, 8-Cl-Ado treatment of primary
AML cells resulted in the significant inhibition of a gene set involved in transcription
regulation by RNA Pol I (FDR 0.03) (Figure 2E), suggesting that 8-Cl-Ado inhibits proper
formation of the Pol I pre-initiation transcription complex through downregulation of TIF-
IA. To this end, 8-Cl-Ado-induced inhibition of TIF-IA disrupted the rRNA transcription
pre-initiation complex, as demonstrated by a decreased interaction of Pol I, UBF and
TIF-IA (Figure 2F), leading to the inhibition of Pol I/rDNA binding and rRNA synthesis
(Figure 2G,H). Pre-treatment with siRNA against HDM2 (siHDM2) prevented the 8-Cl-
Ado-induced downregulation of TIF-IA (Figure 2D), thereby rescuing Pol I/rDNA binding
and rRNA synthesis (Figure 2G,H). Taken together, our results indicate that the inhibitory
effects of 8-Cl-Ado on rRNA synthesis are mediated through the down-regulation of the
TIF-IA protein.

3.4. Inhibition of TIF-IA by 8-Cl-Ado Induces p53 Apoptotic Signaling and Concurrently Activates
p53-Regulated FAO in the Leukemic Stem Cell-Enriched Population

Our previous work indicated that TIF-IA negatively regulates p53 expression [29].
In LSC-enriched AML blasts, depletion of TIF-IA with siRNA resulted in increased p53
levels and apoptosis, as shown by PARP cleavage (Figure 3A) and genomic DNA (gDNA)
fragmentation (Figure 3B). Consistent with increased levels of apoptosis, proliferating cell
nuclear antigen (PCNA) protein levels were reduced (Figure 3A). In addition to decreased
TIF-IA and PCNA protein levels, we observed increased p53 levels and apoptosis in a
dose-dependent manner in 8-Cl-Ado-treated LSC-enriched blasts (Figure 3C,D).
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cellular distribution of TIF-IA. LSC-enriched blasts were treated with vehicle control (VEH) or 500 
nM 8-Cl-Ado for 24 h prior to staining with anti-TIF-IA, anti-UBF antibodies and rDNA probe by 
immunofluorescence-FISH assay. Images are visualized for TIF-IA, UBF and rDNA using confocal 
immunofluorescence microscopy. Scale bar, 10 μm. (B) The cells were treated as described in (A) 
and fractionated into nucleus and nucleolus fragments and each lysate was immunoblotted with 
the indicated antibodies. (C) Effect of 8-Cl-Ado on TIF-IA stability. LSC-enriched blasts were treated 

Figure 2. Regulation of TIF-IA expression and function by 8-Cl-Ado. (A) Effects of 8-Cl-Ado on
cellular distribution of TIF-IA. LSC-enriched blasts were treated with vehicle control (VEH) or
500 nM 8-Cl-Ado for 24 h prior to staining with anti-TIF-IA, anti-UBF antibodies and rDNA probe by
immunofluorescence-FISH assay. Images are visualized for TIF-IA, UBF and rDNA using confocal
immunofluorescence microscopy. Scale bar, 10 µm. (B) The cells were treated as described in (A) and
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fractionated into nucleus and nucleolus fragments and each lysate was immunoblotted with the
indicated antibodies. (C) Effect of 8-Cl-Ado on TIF-IA stability. LSC-enriched blasts were treated
with vehicle control (VEH) or 500 nM 8-Cl-Ado for 24 h. The cells were then treated with 10 µM
of cycloheximide (CHX) for the indicated times and each lysate was immunoblotted with anti-
TIF-IA and anti-actin antibodies. (D) Effect of HDM2 knockdown on 8-Cl-Ado-induced TIF-IA
ubiquitination. LSC-enriched blasts were treated with 500 nM 8-Cl-Ado for 24 h in the presence of
siSCR control or siHDM2. Left, lysate was immunoprecipitated using anti-TIF-IA and immunoblotted
with anti-ubiquitin (Ub) antibodies. Right, immunoblotting control with anti-HDM2, anti-TIF-IA
and anti-actin antibodies. (E) Gene set enrichment analysis (GSEA) graph of genes involved in
Pol I-regulated transcription upon treatment of primary AML cells with 500 nM 8-Cl-Ado for 24 h.
n = 2. ES enrichment score, NES normalized enrichment score, FDR false discovery rate. (F) Effect of
8-Cl-Ado on TIF-IA interaction with UBF and Pol I. LSC-enriched blasts were treated with vehicle
control (VEH) or 500 nM 8-Cl-Ado for 24 h. Lysate was immunoprecipitated using anti-TIF-IA and
immunoblotted with anti-UBF and anti-Pol I antibodies. (G,H) Effects of HDM2 KD on 8-Cl-Ado-
regulated rRNA synthesis. LSC-enriched blasts were transfected with siSCR or siHDM2 (40 nM) for
12 h and treated with 8-Cl-Ado for additional 24 h. (G) Left, RNA was extracted for measurement
of 5′ ETS pre-rRNA. Right, ChIP assay using anti-Pol I antibody and primers for rDNA. n = 2, in
triplicate. (H) Left side, RNA was extracted to measure [32P] in an RNA labeling assay with. Right
side, HDM2 KD efficacy is shown. CON, control; VEH, vehicle; SCR, scramble siRNA; 8-Cl-Ado,
8-chloro-adenosine. Target sequences for siRNAs are listed in Supplementary Table S2. Original
blots see Supplementary File S1. (A) and fractionated into nucleus and nucleolus fragments and each
lysate was immunoblotted with the indicated antibodies. (C) Effect of 8-Cl-Ado on TIF-IA stability.
LSC-enriched blasts were treated with vehicle control (VEH) or 500 nM 8-Cl-Ado for 24 h. The
cells were then treated with 10 µM of cycloheximide (CHX) for the indicated times and each lysate
was immunoblotted with anti-TIF-IA and anti-actin antibodies. (D) Effect of HDM2 knockdown on
8-Cl-Ado-induced TIF-IA ubiquitination. LSC-enriched blasts were treated with 500 nM 8-Cl-Ado
for 24 h in the presence of siSCR control or siHDM2. Left, lysate was immunoprecipitated using
anti-TIF-IA and immunoblotted with anti-ubiquitin (Ub) antibodies. Right, immunoblotting control
with anti-HDM2, anti-TIF-IA and anti-actin antibodies. (E) Gene set enrichment analysis (GSEA)
graph of genes involved in Pol I-regulated transcription upon treatment of primary AML cells with
500 nM 8-Cl-Ado for 24 h. n = 2. ES enrichment score, NES normalized enrichment score, FDR false
discovery rate. (F) Effect of 8-Cl-Ado on TIF-IA interaction with UBF and Pol I. LSC-enriched blasts
were treated with vehicle control (VEH) or 500 nM 8-Cl-Ado for 24 h. Lysate was immunoprecipitated
using anti-TIF-IA and immunoblotted with anti-UBF and anti-Pol I antibodies. (G,H) Effects of HDM2
KD on 8-Cl-Ado-regulated rRNA synthesis. LSC-enriched blasts were transfected with siSCR or
siHDM2 (40 nM) for 12 h and treated with 8-Cl-Ado for additional 24 h. (G) Left, RNA was extracted
for measurement of 5′ ETS pre-rRNA. Right, ChIP assay using anti-Pol I antibody and primers for
rDNA. n = 2, in triplicate. (H) Left side, RNA was extracted to measure [32P] in an RNA labeling
assay with. Right side, HDM2 KD efficacy is shown. CON, control; VEH, vehicle; SCR, scramble
siRNA; 8-Cl-Ado, 8-chloro-adenosine. Target sequences for siRNAs are listed in Supplementary Table
S2. Original blots see Supplementary File S1.

We previously reported that 8-Cl-Ado treatment of LSCs resulted in decreased FAO
and a diminished oxygen consumption rate (OCR), a marker for OXPHOS, but did not
significantly alter the extracellular acidification rate (ECAR), a marker for glycolysis [19].
Of note, compared to the regular effective dose of 500 nM in AML cell lines and primary
blasts, a higher concentration of 1 µM single-agent 8-Cl-Ado was required for the signif-
icant suppression of FAO and OCR and induction of apoptosis in LSC-enriched blasts
(Figure 3C,D) [19]. Previous studies reported that p53 promotes OXPHOS [31]. LSCs,
in contrast to HSCs, are deficient in glycolysis and dependent on OXPHOS for energy
production [32]. As mentioned above, 8-Cl-Ado diminishes FAO and OXPHOS but also
induces p53 expression, which in turn can activate FAO. Thus, we postulated that the effect
of 8-Cl-Ado-mediated p53 expression in inducing apoptosis may be self-limiting through
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the enhancement of FAO and OCR/OXPHOS in LSCs. In fact, knockdown of p53 mRNA
by siRNA augmented the inhibitory effects of 8-Cl-Ado on FAO and OCR in LSC-enriched
blasts (Figure 3E,F) but also reduced apoptosis (Figure 3G,H). These data suggest that the
anti-leukemic effects of 8-Cl-Ado via the inhibition of rRNA synthesis and induction of
p53-dependent apoptotic signaling may be self-limited through the FAO-activating effect
of p53.
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Figure 3. Effects of 8-Cl-Ado on p53 expression and p53-regulated OXPHOS metabolism. (A,B) Effects
of TIF-IA KD on expression of p53 and PCNA and on apoptosis. LSC-enriched blasts were transfected
with siSCR or siTIF-IA [20 nM (+) and 40 nM (++)] for 24 h. (A) Each lysate was immunoblotted with
the indicated antibodies. (B) Genomic DNA was isolated for DNA fragmentation assay. (C,D) Effects
of 8-Cl-Ado on levels of TIF-IA, p53, PCNA protein and apoptosis. LSC-enriched blasts were
treated with DMSO control or 8-Cl-Ado [500 nM (+) and 1 µM (++)] for 24 h. (C) Each lysate was
immunoblotted with the indicated antibodies. (D) DNA fragmentation assay. (E,F) Effects of 8-Cl-
Ado on fatty acid oxidation (FAO) and OCR (OXPHOS). LSC-enriched blasts were transfected with
siSCR or sip53 (20 nM) for 12 h. The cells were then treated with 500 nM 8-Cl-Ado for additional
24 h. (E) Levels of FAO were measured by the oxidation rate of 3H-palmitic acid. n = 2, in triplicate.
(F) Levels of oxidative consumption rate (OCR) were measured by seahorse cell energy testing assay.
n = 2, in triplicate. (G,H) Effects of p53 KD on 8-Cl-Ado-regulated apoptosis. LSC-enriched blasts
were transfected with siSCR or sip53 (20 nM) for 12 h. The cells were then treated with 500 nM 8-Cl-
Ado for additional 24 h. (G) Each lysate was immunoblotted with the indicated antibodies. (H) DNA
fragmentation assay. CON, control; SCR, scramble siRNA; 8-Cl-Ado, 8-chloro-adenosine. Target
sequences for siRNAs are listed in Supplementary Table S2. Original blots see Supplementary File S1.

3.5. VEN Antagonizes p53-Induced Activation of FAO and OXPHOS

We recently reported that VEN and 8-Cl-Ado cooperate in the inhibition of OXPHOS
and induction of apoptosis in LSC-enriched blasts [19]. The 8-Cl-Ado/VEN combination
synergistically inhibited the growth and survival of AML cells in vitro and increased the
survival of immune-deficient, AML-bearing mice [19]. Treatment with single-agent 8-Cl-
Ado alone resulted in an increase in the expression of apoptotic protein p53. Importantly,
p53 expression was associated with the p53-induced activation of FAO and OXPHOS,



Cancers 2022, 14, 1446 10 of 18

thus diminishing the inhibitory effect of 8-Cl-Ado on FAO and OXPHOS. Thus, we pos-
tulated that the addition of VEN to 8-Cl-Ado may augment the anti-metabolic effect of
8-Cl-Ado on LSCs by inhibiting levels of FAO and OXPHOS. GSEA results obtained after
treatment of KG-1a and primary AML cells with VEN and 8-Cl-Ado demonstrated that
the combined treatment significantly downregulates a gene set associated with rRNA syn-
thesis, as compared to non-treated control (Figure 4A) or VEN-only (Figure 4B) treatment.
As demonstrated by FAO and OCR/OXPHOS assays, the addition of VEN to 8-Cl-Ado
treatment further suppressed FAO and OXPHOS, as compared to single-agent treatment
(Supplementary Figure S1A,B) [19]. Using immunofluorescence staining and electron
microscopy, we also observed that combined treatment with 8-Cl-Ado and VEN further
decreased mitochondrial metabolism in LSC-enriched blasts. Mitochondrial membrane
potential was measured by immunostaining with the fluorescent mito-probe JC-1, where
the ratio of red (aggregates of JC-1) to green (JC-1 monomers) fluorescence intensity indi-
cates “healthy” vs. “unhealthy” mitochondria. As shown in Figure 4, the VEN/8-Cl-Ado
combination further decreased mitochondrial membrane potential, as shown by the ratio
of red JC-1 (polymer) to green JC-1 (monomer) fluorescence (Figure 4C and Figure S2) [33]
and increased expression of mitophagy marker LC3 (Figure 4D), a ubiquitin-like protein
involved in protein degradation. Compared to the control, treatment with single-agent
8-Cl-Ado or VEN increased mitochondrial fragmentation, a process associated with cell
death (Figure 4E) [34]. Combination treatment with VEN/8-Cl-Ado further increased mito-
chondria fragmentation, as shown by the reduction in mitochondria size (Figure 4E). These
results suggested that the addition of VEN to 8-Cl-Ado counteracts the FAO-activating
effect of p53, thus inhibiting mitochondrial metabolism and the survival of LSCs. Of note,
the VEN/8-Cl-Ado combination also deregulated mitochondria’s morphology and function.
Accordingly, our results demonstrate that the VEN/8-Cl-Ado combination induced p53
apoptotic signaling, as supported by the induction of p53 and p53-inducible ribonucleotide
reductase subunit p53R2 and activation of the p53 downstream target p21 (Figure 5A).
Although the VEN/8-Cl-Ado combination did not induce a significant increase in the
nucleolar translocation of p53 and p21, as compared to 8-Cl-Ado single agent (Figure 5A),
we observed significant p53 pathway activation and apoptosis, as shown by Western blot,
DNA fragmentation and Annexin V staining, compared to single agents (Figure 5B–D). The
combination treatment induced DNA damage marker p-H2AX and PARP cleavage and
inhibited Survivin expression (Figure 5B), increased DNA fragmentation (Figure 5C) and
dose-dependently increased apoptosis (Figure 5D).

3.6. 8-Cl-Ado and VEN Induce Apoptosis in Relapsed AML by Targeting rRNA Synthesis and
FAO/OXPHOS

Previous studies showed that LSCs from de novo AML patients are susceptible to
the VEN/azacitidine combination, whereas LSCs derived from patients with R/R AML
are less sensitive to this treatment [2,10,35]. Of note, it has previously been demonstrated
that LSCs from patients with R/R AML, but not with de novo AML, can utilize FAO as an
additional metabolic pathway to fuel OXPHOS [11]. Thus, LSCs from R/R AML patients
may have a rescuing pathway to antagonize the effects of the VEN-induced loss of BCL-2-
dependent, amino acid-driven OXPHOS. We recently demonstrated that the VEN/8-Cl-Ado
combination targets FAO and OXPHOS in primary blasts from patients with R/R AML [19].
To investigate the effects of the VEN/8-Cl-Ado combination treatment on LSC-enriched
blasts from de novo and relapsed AML patients, we treated CD34+CD38− AML blasts
from three patients with de novo AML and four patients with R/R AML with 10 nM VEN
and 500 nM 8-Cl-Ado, for 24 h. The VEN/8-Cl-Ado combination treatment suppressed
levels of rRNA synthesis (Figure 6A,B), FAO (Figure 6C,D) and OXPHOS (Figure 6E,F) in
de novo and relapsed LSC-enriched blast cells. In addition, we observed that the VEN/8-Cl-
Ado combination treatment induced apoptosis in LSC-enriched blasts from both de novo
and R/R AML patients, as demonstrated by DNA fragmentation, induction of p53 and
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cleavage of PARP (Figure 6G,H). These results suggest that the VEN/8-Cl-Ado combination
is effective not only against de novo AML but also against R/R AML.
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Figure 4. Effects of 8-Cl-Ado plus VEN on rRNA synthesis and mitochondria metabolism. LSC-
enriched blasts and KG-1a cells were treated with 500 nM 8-Cl-Ado, 10 nM VEN or both. (A,B) Gene
set enrichment analysis (GSEA) graphs of genes involved in rRNA synthesis upon treatment of
KG-1a and primary AML blast cells for 24 h. GSEA of rRNA synthesis for direct comparison
of VEN/8-Cl-Ado versus control (A) or VEN (B). n = 2. ES enrichment score, NES normalized
enrichment score, FDR false discovery rate. (C) Mitochondrial membrane potential was measured
by staining of the treated cells with JC-1 probe. The red and green fluorescence is indicative of JC-1
polymer and monomer, respectively. Scale bar, 10 µm. (D) Mitophagy marker LC3 and mitochondria
marker TOM20 were measured by immunofluorescence staining. Scale bar, 10 µm. (E) Mitochondria
morphology was measured by electron microscope imaging. Scale bar, 1000 nm. CON, control; VEH,
vehicle; VEN, venetoclax; 8-Cl-Ado, 8-chloro-adenosine.
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Figure 5. Effects of 8-Cl-Ado plus VEN on p53 signaling and apoptosis. LSC-enriched blasts
were treated with 500 nM 8-Cl-Ado, 10 nM VEN or both. (A,B) Levels of p-H2AX, p53 and
p21 proteins were measured by immunofluorescence and immunoblotting. Original blots see
Supplementary File S1. (C,D) Levels of apoptosis as determined by DNA fragmentation (C) and
flow cytometry for Annexin V (D). (D) n = 2, in triplicate. CON, control; VEN, venetoclax; 8-Cl-Ado,
8-chloro-adenosine.
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Figure 6. Effects of 8-Cl-Ado plus VEN on rRNA synthesis, OXPHOS metabolism and apoptosis in
de novo and relapsed LSCs. LSC-enriched blasts isolated from de novo (n = 3) and relapsed (n = 4)
primary AML cells were treated for 24 h with 10 nM VEN plus 500 nM 8-Cl-Ado. (A,B) Levels of
rRNA synthesis as measured by 5′ETS pre-rRNA. The levels of rRNA synthesis of pooled samples are
shown in (A) and individual samples of relapsed AML are shown in (B). (C,D) Levels of FAO. The
levels of FAO of pooled samples are shown in (C) and individual samples of relapsed AML are shown
in (D). (E,F) Levels of OCR. The levels of OCR of pooled samples are shown in (E) and individual
samples of relapsed AML are shown in (F). (A–F) n = 2, in triplicate. (G,H) Levels of apoptosis. The
levels of apoptosis as demonstrated by DNA fragmentation, PARP cleavage and p53 expression of
pooled samples are shown in (G) and individual samples of relapsed AML are shown in (H). CON,
control; VEN, venetoclax; 8-Cl-Ado, 8-chloro-adenosine. Original blots see Supplementary File S1.
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4. Discussion

The schematic diagram (Figure 7) represents a proposed signaling pathway of com-
bining 8-Cl-Ado with VEN for the targeting of metabolic vulnerabilities in LSCs. We
hypothesize that 8-Cl-Ado decreases rRNA synthesis, at least in part, through the down-
regulation and degradation of TIF-IA, while simultaneously increasing the expression of
TIF-IA-suppressed p53 protein. While the upregulation of p53 protein expression con-
tributes to cell death, increased p53 also increases FAO and thus OXPHOS and energy
production in LSCs. We and others have previously reported that VEN blocks OXPHOS
and induces cell death in LSCs [2,19,36,37]. Our new data support the hypothesis that the
addition of VEN to 8-Cl-Ado-treated LSCs can overcome the undesirable effect of 8-Cl-Ado
on the p53-induced increase in FAO and OXPHOS. Thus, our model demonstrates a mech-
anism of augmented suppression of LSC survival through the cooperation of VEN and
8-Cl-Ado. The VEN/8-Cl-Ado combination represents a promising novel regimen for the
treatment of R/R AML.
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Figure 7. Schematic diagram of a proposed mechanism of synergy of combining 8-Cl-Ado with
VEN for targeting of metabolic vulnerabilities in LSC-enriched blasts. Top, in the absence of VEN.
Bottom, in the presence of VEN. TIF-IA, transcription initiation factor IA; Pol I, RNA polymerase I;
UBF, upstream binding factor; HDM2, human homolog of mouse double minute 2; FAO, fatty acid
oxidation; OXPHOS, oxidative phosphorylation; VEN, venetoclax; 8-Cl-Ado, 8-chloro-adenosine.

VEN combination treatments with either an HMA drug or low-dose cytarabine demon-
strate superior clinical outcomes compared to single-agent treatment in AML patients.
Relapse of AML is attributed to the presence of the LSC population. Recently, progress has
been made in understanding the mechanisms of action of current VEN combination treat-
ments. We and others demonstrated that the VEN/HMA combination augments oxidant
stress in AML cells and we provided a molecular mechanism of a VEN-HMA-regulated
NF-E2-related factor 2 (Nrf2) antioxidant pathway that could explain the impressive results
observed in early clinical studies in AML [38], but mechanisms of resistance remain to be
fully elucidated.
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Previous studies showed that the VEN/azacitidine combination targets amino acid
metabolism/OXPHOS and inhibits LSCs from de novo AML patients; however, LSCs from
R/R AML patients can also utilize fatty acid metabolism to feed into OXPHOS and are
thus less sensitive to VEN/azacitidine. Importantly, it has been demonstrated that dual
inhibition of both amino acid metabolism and fatty acid metabolism using VEN/azacitidine
together with the fatty acid transport inhibitor sulfo-N-succinimidyl oleate re-sensitizes
resistant AML blasts to VEN/azacitidine treatment [36]. Therefore, the development of
new VEN combinations that simultaneously target both amino acid metabolism and fatty
acid metabolism represents a therapeutic strategy to durably eradicate LSCs in patients
with R/R AML.

We have previously reported that the nucleoside analog 8-Cl-Ado possesses in vitro
and in vivo activity against AML as a single agent and that it synergizes with the FLT3-ITD
inhibitor quizartinib [15]. Intracellularly, 8-Cl-Ado is converted into its cytotoxic metabo-
lite 8-Cl-ATP by adenosine kinase and mono- and diphospho- kinases. Then, 8-Cl-ATP
incorporates into newly synthesized RNA, thereby inhibiting DNA-/RNA-polymerases
and causing chain termination and apoptosis [20]. Moreover, 8-Cl-Ado not only targets
LSCs but quickly diminishes the bulk of the circulating AML blast cells (our unpublished
results from a phase I clinical trial with 8-Cl-Ado in patients with R/R AML). We recently
reported that the VEN/8-Cl-Ado combination synergistically targets OXPHOS and inhibits
the growth of AML cells in vitro and in vivo [19]. In the current study, we show that the
addition of VEN to 8-Cl-Ado not only augments the inhibition of OXPHOS, but also can
inhibit FAO, thus providing a rationale for the use of this combination to target otherwise
resistant LSCs. Importantly, we have already shown in vivo the strong anti-leukemic activ-
ity of 8-Cl-Ado in combination with VEN in an orthotopic mouse model of AML, using the
fast-growing FLT3-ITD-positive AML cell line MV4-11 [19], but the mechanistic basis for
this synergism remains to be fully elucidated.

rRNA synthesis is a fundamental process utilized by all cells and targeting of this
process for therapeutic intervention in cancer was long deemed not feasible. However, the
dependence on increased rDNA transcription appears to selectively render cancer cells
vulnerable to therapeutic intervention in the rRNA synthesis process [29,39]. In cancer cells,
a number of chemotherapeutic drugs have been investigated for their direct or indirect
inhibitory effects on rRNA synthesis and its upstream modulators [29,40]. Because rRNA
synthesis is upregulated in AML [27,28], suppression of rRNA synthesis by 8-Cl-Ado
through the downregulation of TIF-IA expression and Pol I complex formation should
have strong inhibitory effects on AML blasts and LSCs. Moreover, the 8-Cl-Ado-mediated
downregulation of TIF-IA was accompanied by the activation of p53. In this study, we
have used pooled primary samples with heterogeneous genotypes, including different p53
status. It would be interesting to reveal whether the p53 mutation status impacts the effect
of the VEN/8-Cl-Ado combination on AML cells. It is also interesting to find out whether
the p53 phosphorylation status is involved in the response to VEN/8-Cl-Ado. Further,
the expression status of apoptotic factors Puma, Noxa (both p53-dependent), Bcl-2, Bim
and Bax should be investigated in future studies. Although p53 is involved in apoptosis
induction, in the present study, 8-Cl-Ado-induced p53 upregulation also increased FAO and
OCR in LSCs, thus providing evidence of a self-limiting effect of 8-Cl-Ado. The addition
of VEN to 8-Cl-Ado was able to overcome the p53-induced activation of FAO and OCR,
suggesting that this combination may be active in eliminating the LSC-enriched AML
blast subpopulation.

5. Conclusions

We demonstrate that the combination of VEN plus 8-Cl-Ado targets LSCs through the
inhibition of rRNA synthesis and FAO/OXPHOS metabolic processes, thus potentially also
targeting LSCs otherwise resistant to the currently used VEN combinatory regimens. To
this end, a phase I/II clinical trial with VEN plus 8-Cl-Ado in patients with R/R AML will
be initiated at our institution shortly.
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