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Abstract

Uncontrolled proliferation of hematopoietic cells could result in acute myeloid
leukemia (AML). However, drug resistance leads to the reduction of the effectiveness
of traditional chemotherapy, which is responsible for a five-year survival rate less.than
30%. This study obtained primary AML cells from 33 Chinese patients and divided
them into low or high drug resistant groups. Potential mechanisms of drug resistance in
AML were analyzed using high throughput sequencing teehnelogy. Interestingly,
autophagy-related genes were often elevated in the drug-résistant AML cells. Thus,
chloroquine phosphate, as a safer and widely used analog of chloroquine, was selected
for its well-known capability of autophagy=inhibition. To verify its effectiveness in the
AML cells, in vitro experiments were conducted, in which two AML cell lines were
selected to explore the effects of chloroquine phosphate combined with
chemotherapeutic medicines such as cytarabine (Ara-C), idarubicin, and
homoharringtonine. The results indicated that the ICso of the conventional
chemotherapy drugs were reduced at the presence of 20 uM chloroquine phosphate.
Our study suggested that chloroquine phosphate could increase the AML cell sensitivity
to chemotherapy of the AML through the inhibition of autophagy pathway and would
be informative for developing new molecular targets for AML treatment.
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1.1

1.2

Background

Drug-resistance in acute myeloid leukemia (AML)

AML is a heterogenous malignancy of myeloid progenitor cells. During the
past decades, understanding of AML molecular and cellular biology dramatically
advances the clinical treatment of AML!. However, despite numerous of.research
projects and clinical trials, existing therapy, and the recurrence rate after complete
remission is also high. Overall, current treatment leads to varying results by patient
population, along with many secondary effects. More.than 45% of patients would
experience relapse and the 5-year survival rate is\Jess than 30%?2. Drug resistance
is considered as the leading cause of treatment failure and several research are
interested in elucidating the mechanisms of resistance to the drug®. Many cellular
and molecular reprogramming Such-as metabolism, apoptosis, and autophagy* have
been found after the exposure of AML cells to chemotherapy drugs. Consequently,
several inhibitors targeting on these drug-resistant mechanisms were reported?.
Still, more tesistance mechanisms are expected to be explored, and despite
numerous of research projects and clinical trials, existing therapy the effectively
application of these mechanisms into improve clinical outcome requires further

investigation.

Chloroquine analogues and autophagy

Since the synthesis of chloroquine in 1934, chloroquine and its analogues have



been the most commonly used drugs to prevent and treat malaria because of their
reliable efficacy, low toxicity, and affordability®. Also, several clinical trials in
progress have shown favorable effects, suggesting that they might be effective for
cancer therapy®. Although the precise mechanism remains unclear, the anticancer
effects of chloroquine and its analogues may be partially due to the inhibitory
action on autophagy. Autophagy is an intracellular regulated mechanismyin which
unnecessary or dis-functional macro-molecules are sequestered by membrane-
wrapped vesicles. During autophagy, components inside.cells are degraded and
recycled, so that cells can survive under stressful conditions. In cancer biology,
autophagy contributes to tumor development and, proliferation. It plays dual roles
in both tumor promotion and suppression’.” Once undergoing chemotherapy,
autophagy as a protective mechanism supports cancer cells survive. Meanwhile,
the upregulation of autophagy 1s,often accompanied with the increase in resistance
of cancer cells to a number of anticancer drugs®. For example, the most commonly
used medicines for AML treatment, a combination of anthracyclines with
cytarabine (Ara-C), induce cytoprotective autophagy in AML cells but not in
normal leukocytes °. It is worth noticing that most researches using primary AML
cells were conducted based on the Western population. Meanwhile, blockade of
autophagy by chloroquine and hydroxychloroquine, markedly increases cytarabine
cytotoxic effects in AML cells!®. However, not until recently, the potential side
effects and risks of chloroquine and hydroxychloroquine were identified and

limited their further development'!. On the other hand, chloroquine phosphate has



1.3

acceptable safety profile!?. Yet the effect of chloroquine phosphate on the drug

resistance of AML cells has never been determined.

Research Goals

This study aimed to evaluate the contribution of autophagy in the drug-
resistance of primary AML cells that were isolated from the Chinese population=In
addition, the role of chloroquine phosphate in enhancing sensitivity of AML cells

to the chemotherapy drugs would be determined.



2.1

2.2

2.3

Materials and Methods

Gene Expression Test

Total RNA from the AML patients’ primary cells were isolated, from which
complementary DNA (¢cDNA) was prepared. Then, the gene expression profiles of
these cells were obtained through high throughput sequencing. Filtering, out the
fitting sequence pieces, we compared the sequences of the sample with the existing
profile of human hgl9 genomic. Thus, the gene expression of'the sample and the

standardized values of the gene expression were obtained:

Gene Pathway Identification

In accordance with the half maximal inhibitory concentration (ICso) of distinct
medicines, we evaluated rthe sensitivity of AML cells to the selected
chemotherapeutic agents. By Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway data base and Gene Set Enrichment Analysis (GSEA), we then recognize

the function of the pathway that led to the distinction.

Inhibitive Medicine Determination

After discovering the resistant gene pathway, we were to determine a medicine
that could restrain the expression of the autophagy pathway by using Connectivity

Map (clue.io). We input the abnormally expressed gene sets (autophagy pathway)



of the resistant group on the website and compared them with the database to

identify the effective inhibitor of resistant related pathways.

2.4 Evaluation of the ICs¢ value of different drugs

Using MTS Cell Proliferation Assay Kit (CTB169, Promega biotechnology,
Beijing, China) to detect cell proliferation. In 96-well plate, eight thousand MV-4-
11 cells or twenty thousand THP-1 cells were cultured with 100ul of complete
media. The cells were treated with indicated drugs-at_various concentration.
Seventy-two hours post-drug treatment, 20 pl of MT'S agents were added for three
hours. The absorbance data was recorded ‘and\calibrated at 490nm and 690nm by
using a Spectra max Molecular Devices microplate reader. The assay was repeated
four times under the same conditions. the following equation was used to calculate

the inhibition rates of cell proliferation:

Inhibition ratio < (ODbmso-ODcompd)/(ODpmso-ODplank) < 100%.

2.5 Western blot assay

Total protein of primary human cells and AML cell lines was detected by a
BCA Protein Assay Kit (P0012, Beyotime Biotechnology, Shanghai, China). Anti-
LC3B (1:1000, 3868S, CST, USA), Anti-actin primary antibody (1:3000, ab8224,

Abcam UK).



2.6 Primary AML cells can be divided into drug-resistant and sensitive groups.

To evaluate drug-resistance of Chinese primary AML cells against various
chemotherapeutic medicines, the study obtained primary cancer cells from 33
Chinese AML patients. The cells were treated with ten medicines that could cover
three main types of chemotherapeutics. For example, Ara-C is a DNA synthesis
inhibitor; homoharringtonine, an alkaloid, prevents the initial elongation Step of
protein synthesis; and idarubicin, an anthracycline drug, suppresses topoisomerase.
The ICso of each medicine that roughly indicated the level of ‘drug-resistance was
determined as stated in the Materials and Methods..As shown in Figure 1, red color
represented higher ICso with drug resistance, while blue color represented lower

ICso with drug sensitivity.
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Figure 1. Sensitivity of AML Primary Cells to 10 Medicines. (a) The thermal
pattern of alkaloid medicines. (b) The thermal pattern of DNA synthesis Inhibitor.
(¢) The thermal pattern of Topoisomerase-IIsuppressors. horizontal-axis: medical
record number; vertical axis: chemotherapeutic medicines;

It was evident that the majority of primary AML cells possessed significant
resistance to the DNA synthesis inhibitors, 'such as Ara-C. Protein synthesis
inhibitors and topoisomerase suppressoersswere used for further analysis. As shown
in Figure 2, the human samplesiywere divided into the sensitive group and the

resistant group through hierarchical cluster.
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Figure 2. Sensitivity of AML primary cells to protein synthesis inhibitors and
topoisomerase suppressors. horizontal axis: medical record number; vertical axis:

chemotherapeutic medicines;
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2.7 Autophagy pathway was activated in the resistant group.

Next, the integrity of total RNA samples was shown in Figure 3a. RNA-seq
analysis were performed and the results was further analyzed by the GSEA
software. As shown by the bubble chart statistics, among all the pathways that were
activated in the indicated group, the autophagy pathway was up-regulated most
significantly. These results suggested that autophagy pathway might contribute to
AML cancer cell survival when challenged by cytotoxie drugs.
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Figure 3. Transcriptional characteristics of drug-resistant AML primary cells.
(a) RNA agarose electrophoresis of the AML primary cells. (b) The bubble chart of the
top 10 significant activated gene pathwayswin the drug-resistant group. The color
represented the degree of significanc@, the size of the dot represented the size of gene
set, the ordinate was the GSEA“enrichment score, and the abscissa was gene pathway.
(¢) The thermal pattern indicated that the autophagy pathway was highly expressed in

the resistant group (red), and lowly expressed in the sensitive group (blue).

2.8 Restraining Effect of Chloroquine on the Resistance of AML Cells

Furthermore, we used Connectivity Map to identify the potential medicines
that may inhibit the autophagy pathway (Figure 4). Among these drugs,
Chloroquine is most related to autophagy (there are more than 1,500 scientific

articles describing the relationship between chloroquine and autophagy), and
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chloroquine analogs were under investigation in many clinical trials for a variety
of cancer types. Recently, it was reported that chloroquine and hydroxychloroquine
had side effects, such as cardiotoxicity. Thus, we chose another safer and widely

used analog, chloroquine phosphate, to conduct the following in vitro experiments.

o 1001
S
S 50
2
S
# type rema daacription
1 amperazide dopamine receplor antagonist, FAAH inhibitor, serotonin recepjobantagonist
2 verapamil calgium channe! blogser. L-type caloum channel blocker, dophimine recopteefntagonict
a desoxypeganre acatylcholresterase inhibitar, monoamine oxidase inhibtor
4 POPCRYGENG anosthatic
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7 WAY-213613 glutamate transportar inhibitor
8 valproic-acid HDAC innititor, ABAT inhibitor, GABA receptor agdnis!, @ABAegic tranamission enhancer, vollage-gated sadium channel blocker
9 sildenali phosphodiestarase inhibior
10 chloroguine antmatanal agent

Figure 4. The Fitting Score of Chloroquine on Restraining the Resistance Genes

2.9 The Chloroquine phosphate could induce the accumulation of LC3B in AML

cell lines

To determine the activation of autophagy pathway under various conditions,
Western blot analysis was performed tree times against LC3B, a well-known
autophagy marker that will be increased under inhibition of autophagy. The results
indicated that Ara-C, the chemotherapeutic drug, slightly reduced LC3B in the MV-
4-11 (a kind of AML cell line), while chloroquine phosphate could inhibit
autophagosomes to make the accumulation of LC3B!3. After co-administrated with
10uM chloroquine phosphate, LC3B protein was enhanced significantly compared

with treated with Ara-C alone, further indicating the ability of chloroquine
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phosphate to inhibit autophagy in the AML cells.
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Figure 5. Western blot of chloroquine phosphate to the expression of LC3B
protein in MV411 cell line. (a) The tendency of LC3B protein expression post-
drug treatment was similar in three parallel experiments. (b) The results of figure

5a were quantified by Image J software (**indicates P < 0.01) .

2.10 The effect of chloroquine ‘phosphate was verified through in vitro

experiments

In two kinds of AML cell lines (MV-4-11 and THP-1), chloroquine phosphate
alone did not'significantly change the growth of cancer cells under experimental
conditions (Figure 6). Yet combined with common chemotherapeutic agents,
chloroquine phosphate raised the sensitivity of cancer cells to chemotherapeutic
medicines. Therefore, it could increase curative effects, resulting in an ICso with

over 80% reduction (Figure 7).
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Figure 6. The effect of chloroquine phosphate alone on the AML cell growth
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Figure 7. Influence of Chloroquine-Phosphate Combined with Idarubicin

(Left), Homoharringtonine (Middle), and Ara-C (Right) on MV-4-11

As Ara-C is‘basicfor standard induction therapy, we also testified its effects
on THP-L(cell line. High concentration of chloroquine phosphate also did not
influence the growth of cancer cells. However, when it was combined with Ara-C,
the survival rate of THP-1 decreased significantly, and its ICso declined as much as

75% (Figure 8).
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Figure 8. Influence of Chloroquine Phosphate Combined with Ara-C on TPH-1
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3 Discussions

Autophagy is an intracellular mechanism that degrades unwanted proteins,
organelles, and invading pathogens. Since methods for investigating autophagic activity
are complicated and consequently, the results are sometimes misinterpreted'4. Except
LC3B used in our research, there are many other existing autophagosome indicators,
such as ULK1, WIPI1, ATGS, which are required to be determined in, the future.
Furthermore, it is necessary to have direct observation of autophagy-related structures
in the treated cells, which requires transmission electron microscopy. This is beyond
the capability of a high school student. Hopefully, I will ‘eontinue this research during
undergraduate study.

Chloroquine and its analogues have been-used for the treatment of various diseases.
The inside molecular and cellulat mechanisms include interfering with lysosome and
autophagy, disrupting membrane stability, and inhibiting immune activation'.
Accumulating evidences “demonstrate that chloroquine sensitizes cancer cells to
radiation and<other chemotherapy drugs. However, the precise mechanism is unclear.
The antineoplastic effects of chloroquine stem from the modulation of pathways other
than.autophagy, such as inducing apoptosis, activating cell cycle arrest, etc!6. Whether
these pathways are affected upon treatment of AML cells with chloroquine phosphate
is of interest. In addition to its own mechanism, the side effect of chloroquine combined
other drugs is also an important clinic relevant consideration. For example, it was

reported that co-medication of tamoxifen with chloroquine was accompanied by an
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increased risk of eye toxicity!”. Thus, the combination use of chloroquine phosphate
with chemotherapy drugs requires further investigation.

In this study, we demonstrated that autophagy pathway is activated in the primary
AML cells with drug-resistance from the Chinese population. Meanwhile, chloroquine
phosphate is capable of rescuing the drug-resistance, probably through inhibition of the
autophagy pathway. Our research was preliminary because the effect of chloroquine
phosphate was only determined on two AML cell lines. Although THP-1 and MV-4-11
are two typical cell lines that have properties of self-renewal and pluripotency similar
to those of the myeloid leukemia cell, primary AML cells-obtained from patients are
required to evaluate the effect of chloroquine phosphate. In addition to the in vitro
experiments, animal models offer a powerful approach to evaluate the potential role of
various kinds of drugs'®. The available~animal models include zebrafish, drosophila,
and mammalian rodent systemsy, such-as rats and mice. Furthermore, to investigate
patient-derived, primary AML cells in vivo, immune deficient mice have been
explored!. Although it'is not desirable for a high school student to perform experiments

with immune defieient mice, I wish to explore the related experiments in the future.
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