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A B S T R A C T   

Plasmodium falciparum (Pf) malaria is among the leading causes of childhood morbidity and mortality worldwide. 
During a natural infection, ingestion of the malarial parasite product, hemozoin (PfHz), by circulating phagocytic 
cells induces dysregulation in innate immunity and enhances malaria pathogenesis. Treatment of cultured pe
ripheral blood mononuclear cells (PBMCs) from healthy, malaria-naïve donors with physiological concentrations 
of PfHz can serve as an in vitro model to investigate cellular processes. Although disruptions in host ubiquiti
nation processes are central to the pathogenesis of many diseases, this system remains unexplored in malaria. As 
such, we investigated the impact of PfHz on the temporal expression patterns of 84 genes involved in ubiq
uitination processes. Donor PBMCs were cultured in the absence or presence of PfHz for 3-, 9-, and 24 h. 
Stimulation with PfHz for 3 h did not significantly alter gene expression. Incubation for 9 h, however, elicited 
significant changes for 6 genes: 4 were down-regulated (FBXO4, NEDD8, UBE2E3, and UBE2W) and 2 were up- 
regulated (HERC5 and UBE2J1). PfHz treatment for 24 h significantly altered expression for 14 genes: 12 were 
down-regulated (ANAPC11, BRCC3, CUL4B, FBXO4, MIB1, SKP2, TP53, UBA2, UBA3, UBE2G1, UBE2G2, and 
WWP1), while 2 were up-regulated (UBE2J1 and UBE2Z). Collectively, these results demonstrate that phago
cytosis of PfHz by PBMCs elicits temporal changes in the transcriptional profiles of genes central to host ubiq
uitination processes. Results presented here suggest that disruptions in ubiquitination may be a previously 
undiscovered feature of malaria pathogenesis.   

1. Introduction 

Malaria continues to pose a global health challenge, with an esti
mated 229 million infections reported worldwide in 2019, 94% of which 
occur in the World Health Organization (WHO) African region [1]. 
Malaria control efforts include the use of Artemisinin Combination 
Therapy for case management, and distribution of long-lasting impreg
nated nets and indoor residual spraying for vector control. Despite 
progress, these gains are threatened by the emergence of parasite 
resistance to antimalarial drugs, vector resistance to insecticides, and 
parasite deletions on the pfhrp2 and pfhrp3 (pfhrp2/3) genes used for 
monitoring [1]. With globally persistent morbidities and mortalities 

among children (<5 years of age) and pregnant women, largely in 
moderate and high Plasmodium falciparum transmission regions of 
sub-Saharan Africa [1], there is need for studies on the cellular processes 
underlying the etiology of malaria pathogenesis. 

Immune responses to malaria infection in the human host include, 
among others, parasitic products and antigens that trigger innate and 
cellular pathways [2]. Previous studies have shown an association be
tween malarial pigment (hemozoin) containing monocytes and inhibi
tion of the erythropoietic cascade in children with malarial anemia [3, 
4]. In P. falciparum infections, formation of hemozoin occurs during the 
asexual replication cycle where metabolism of host hemoglobin by the 
parasites leaves the iron-rich, toxic ferriprotoporphyrin IX that 
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aggregates to an insoluble pigment (reviewed in Ref. [5]). Accumulated 
P. falciparum hemozoin (PfHz) is ingested by host phagocytes, and serves 
as indirect markers of parasite sequestration, schizogony, and severe 
disease [6]. There is a wealth of information showing the relationship 
between host phagocytic ingestion of PfHz and inefficient erythropoi
esis, decreased hematocrit, and severe disease [3,4,6–8]. As such, 
phagocytosis of PfHz in cultured peripheral blood mononuclear cells 
(PMBCs) can serve as a viable in vitro model to investigate the temporal 
dynamics of cellular processes that are not practical in vivo in humans. 

Severe malaria is characterized by activation of the inflammatory 
cascade, a consequence of induction of the innate immune response, that 
triggers an array of pro- and anti-inflammatory cytokines, chemokines, 
and effector molecules [5]. During innate immune responses, the pro
teostasis network is influenced by the synthesis of pathogen proteins, 
inflammatory tissue damage caused by free radicals, and molecules 
released by phagocytes [9]. The ubiquitin proteasome system (UPS) is 
an intracellular lysosomal free pathway that plays a critical role in 
preserving proteostasis, as well as process antigen for presentation to the 
major histocompatibility (MHC) class I, proliferation of the cell cycle, 
and signaling mechanisms (reviewed in Ref. [10]). 

The UPS is a complex mechanism, controlled by > 1000 genes 
(reviewed in Ref. [10]), which encode proteins and components that 
select and modify intracellular substrates for ubiquitination and subse
quent degradation by proteasomes [11,12]. Ubiquitination is mediated 
by a cascade of events involving three enzymes: namely 
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), 
and ubiquitin ligases (E3). E1 forms a covalent bond between a cysteine 
residue on its active site and a C-terminal glycine of ubiquitin [13]. The 
activated ubiquitin molecule is transferred to E2, which then binds to 
E3, thus enabling recognition of specific targets [14]. Substrate speci
ficity is mediated by ~500–1000 putative E3 ligases encoded by the 
human genome [15]. The tagged ubiquitinated proteins are presented to 
the proteasome for degradation, thereby ensuring preservation of ho
meostasis for the host and protection of cells from harmful protein ag
gregation that may compromise cell integrity and function [16]. 

Given the importance of the UPS for cellular functions, we hypoth
esized that ubiquitination may play a central role in the pathogenesis of 
malaria. The selection of the UPS was based on a global transcriptome 
profiling of clinical samples drawn from children presenting with ma
laria anemia in a rural hospital in western Kenya. The samples, which 
represented “polarized extremes” of clinical phenotypes were classified 
into non-severe malaria anemia [non-SMA, (Hb, 8.0–10.9 g/dL; avg. Hb 
= 9.4 g/dL), n = 35] and severe malarial anemia [SMA, (Hb, ≤5.0 g/dL; 
avg. Hb = 3.6 g/dL), n = 13]. Children with co-infections (HIV-1 and 
Bacteremia) and/or haemoglobinopathies (α+-thalassemia deletions, 
glucose-6-phosphate dehydrogenase deficiency and sickle cell traits 
variants) were excluded from analysis. The Illumina® HumanHT-12 v4 
beadchip (Illumina®, CA, USA), with N19,185 transcripts on the Illu
mina® “iScanSQ” platform was used to quantify global gene expression 
profiles in total RNA isolated from white blood cells. Differentially 
expressed genes between non-SMA and SMA were identified and used to 
generate relational networks using the web-based algorithm, Meta
Core™ software suite (Clarivate Analytics, Philadelphia, PA, USA). 
Among the bio-molecular networks showing the highest significance (P 
= 3.53 × 10− 19) was the signal transduction gene pathway mediated by 
ubiquitin. To better understand the role of ubiquitination processes in 
human malaria, we recently determined the transcriptional profiles of 
84 key ubiquitination genes in Kenyan children who presented at hos
pital with either mild or severe malarial anemia. This investigation 
discovered differentially expressed genes (DEG) for ubiquitination pro
cesses in children with severe disease [17]. To extend this recent 
knowledge, the current study analyzed the temporal dynamics of the 
same set of genes using an in vitro model of malaria. Results presented 
here show that ingestion of PfHz induces temporal changes in the 
expression of genes central to ubiquitination. 

2. Materials and methods 

2.1. Preparation of P. falciparum hemozoin 

Crude hemozoin used in the in vitro experiments was isolated from 
P. falciparum infected erythrocytes cultured in a mycoplasma-negative 
environment as described previously [3,18,19]. Briefly, a laboratory 
strain of P. falciparum (Pf.D6), was cultured in normal human O+

erythrocytes obtained from fresh whole blood drawn from healthy do
nors. Parasite cultures were maintained in vitro using continuous culture 
conditions [20]. Cultures at an initial parasitemia of 2% were enriched 
for ring stages using D-sorbitol [21]. At >5% infectivity with late 
trophozoite and early schizont stages, parasite cultures were harvested 
and the erythrocyte pellet was lysed using 15% saponin in 0.01 M 
phosphate-buffered saline. Upon confirmation of complete lysis of 
erythrocytes by microscopy, pellets were washed, sonicated to remove 
lipids, and dried overnight at 40 ◦C on a heat block. Pellets were 
re-suspended in sterile water (1.0 mg/mL final concentration). Levels of 
endotoxin in the hemozoin prepared were quantified using the Limulus 
amebocyte lysate test (Thermo Fisher Scientific, Waltham, MA, USA) 
and quantities of <0.1 EU/mL recorded. With an estimation of 5.0 
EU/mL being equivalent to 1.0 ng/mL of endotoxin, the final hemozoin 
preparation contained <0.02 ng/mL of endotoxin in the preparation. 

2.2. In vitro isolation and culture of donor PBMCs 

PBMCs from fresh whole blood donated by three healthy, malaria- 
naïve donors were separated using the Ficoll-Hypaque technique ac
cording to published methods, with minor modifications [3,8,22]. 
PBMCs (3.0 × 106 cells/mL), in triplicates, were seeded in 6-well plates 
at 37◦C in 5% CO2 atmosphere for 2 h in RPMI 1640 media. A set of 
triplicate PBMC cultures were treated with a physiological concentra
tion of P. falciparum hemozoin [PfHz (10 μg/mL)] that mimics the 
concentration in children with severe malaria [18], along with controls 
under identical conditions without PfHz. Cultures were harvested at 3-, 
9-, and 24-h intervals post-treatment, washed, lysed, and stored at 
− 80◦C until use. 

2.3. Isolation of RNA and synthesis of complementary DNA (cDNA) 

Total RNA from cultured PBMCs were isolated using the RNeasy Mini 
Kit (Qiagen, LLC-USA, Germantown, MD, USA), according to the man
ufacturer’s instructions. RNA was further processed using the RNA Clean 
and Concentrator Kit (ZYMO Research Corp., Irvine, CA, USA). The 
quantity of RNA was measured using a NanoDrop 2000 Spectropho
tometer (Thermo Fisher Scientific, Waltham, MA, USA). The quality and 
integrity of the purified RNA were estimated using an automated Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Only 
samples with an RNA integrity number (RIN) ≥8 were used for cDNA 
synthesis. 

cDNA was synthesized using the RT2 First Strand Kit (Qiagen, LLC- 
USA, Germantown, MD, USA) in a 2-step procedure that involved 
genomic DNA elimination and reverse transcription, according to the 
manufacturers protocol. The RT2 First Strand Kits used for the data 
presented were optimized for real-time PCR-based gene expression 
analysis using RT2 Profiler PCR Arrays. 

2.4. Determination of ubiquitination gene expression profiles 

Human Ubiquitination Pathway RT2 Profiler PCR Array kit (Qiagen, 
LLC-USA, Germantown, MD, USA) was used to measure mRNA tran
script levels of 84 key ubiquitination process genes. To account for the 
quality and integrity of the resulting expression reads, the array kit 
incorporated 5 housekeeping gene controls [actin, beta (ACTB), beta-2- 
microglobulin (B2M), glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), hypoxanthine phosphoribosyl-transferase 1 (HPRT1), and 
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ribosomal protein, large, P0 (RPLPO)], along with 3 reverse transcrip
tion controls, 3 positive PCR controls, and 1 human genomic DNA 
contamination control. For each donor cDNA sample, reaction master 
mixes (equivalent for 96 wells) were prepared as per manufacturers’ 
protocol, and contained, 1 × RT2 SYBR Green mastermix, 0.5 μg cDNA 
synthesis mix, and RNase-free water. Aliquots (25 μL) of the assay mix 
were dispensed into 96-well RT2 Profiler PCR Array plates (Qiagen, LLC- 
USA, Germantown, MD, USA). Each well of the RT2 Profiler PCR Array 
contained a primer assay mixed with an inert dye for quality control. 
Amplification was performed on a StepOne Plus Real Time PCR system 
(Thermo Fisher Scientific, Waltham, MA, USA), at an initial denatur
ation temperature of 95◦C for 10 min, followed by 40 cycles at 95◦C for 
15 s, and 60◦C for 1 min. To test the specificity of the amplification, 
dissociation curve analysis was performed, with the ramp set from 60◦C 
to 95◦C. 

2.5. Data analysis 

The cycle threshold (CT) value for each well was calculated using the 
Real-Time Cycler software (Thermo Fisher Scientific, Waltham, MA, 
USA). Baseline levels were defined by selecting the automated baseline 
option on the Real Time PCR thermocycler (Thermo Fisher Scientific, 
Waltham, MA, USA). The threshold was set manually by using the log 
view of the amplification plots, and data containing the CT values were 
exported to a Microsoft Excel spreadsheet. The RT2 Profiler PCR Array 
data was uploaded and analyzed using a web-based data analysis tool, 
the GeneGlobe Data Analysis Center (https://geneglobe.qiagen.com/u 
s/analyze). Gene expression levels were determined using the ΔΔCT 
method, where fold change was calculated by converting the ΔCT from a 
log2 scale to a linear scale. The 2–ΔCT was determined for each gene on 
the ubiquitination process [23]. Upregulated gene expression is pre
sented by values > 1, while downregulated gene expression is denoted 
by values between 0 and 1. To accurately infer biological relevance, fold 
regulation (− 1∕x) values are represented. P-values were calculated using 
the student’s t-test (two-tail distribution and equal variances assumed) 
on the 2–ΔΔC

T values for each gene in the control (untreated) PMBCs 
relative to the PfHz treatment PBMCs at 3-, 9- and 24 h, with values ≤
0.05 being considered statistically significant. 

3. Results 

3.1. Quantity and quality of RNA from cultured PBMCs following 
experimental manipulation 

Following the isolation, culture and treatment of donor PBMCs, RNA 
from both control and treatments arms were isolated. To ensure that the 
integrity of RNA was maintained following experimental manipulation, 
both the quantity and quality were determined (Fig. 1). The RNA 
integrity number (RIN) for all samples was ≥8.0, ensuring appropriate 
quality for cDNA synthesis. The RNA quantity was adjusted to a uniform 
level of 0.5 μg for each sample before synthesis of cDNA. For measure
ment of mRNA transcripts, 0.5 μg of cDNA was used for each sample. 

3.2. Impact of PfHz on temporal expression profiles of host ubiquitination 
genes 

We determined the effect of crude PfHZ on a set of 84 genes involved 
in the host ubiquitination process using an in vitro model of malaria. 
Treatment of cultured PBMCs using a physiological concentration of 
PfHz (10 μg/mL) for 3 h did not result in significant DEG for any of the 
84 ubiquitination genes (Fig. 2A). However, PfHz stimulation for 9 h 
elicited significant differential regulation for 6 genes: 4 genes were 
down-regulated (FBX04, NEDD8, UBE2E3, and UBE2W), whereas 2 
genes were up-regulated (HERC5 and UBE2J1, Fig. 2B). In addition, 
PfHz treatment for 24 h resulted in significant changes in 14 genes: 12 
genes were down-regulated (ANAPC11, BRCC3, CUL4B, FBXO4, MIB1, 
SKP2, TP53, UBA2, UBA3, UBE2G1, UBE2G2, and WWP1) and 2 genes 
were up-regulated (UBE2J1 and UBE2Z, Fig. 2C). 

The fold-regulation for differential gene expression between the 
control (non-stimulated) and stimulated (PfHz) PBMCs for 3, 6, and 24 h 
ranged from 3.8 to − 2.6 (Fig. 2D). The non-supervised hierarchical 
cluster analysis for each of the donors at 3, 6, and 24 h is shown in 
Fig. 2E. 

There was a difference of ≥1.5-fold regulation in PfHz-treated cells 
relative to the control group after 9 h for three genes (Table 1). Two 
genes were up-regulated: Hect domain and RLD 5 (HERC5; fold-regu
lation = 2.27, P = 0.026) and Ubiquitin-conjugating enzyme E2, J1, 
(UBE2J1; fold-regulation = 2.12, P = 0.024). In contrast, one gene was 
down-regulated at 9 h: Ubiquitin-conjugating enzyme E2E 3 (UBE2E3; 
fold-regulation = − 1.55, P = 0.010). 

Stimulation of PBMCs for 24 h with PfHz induced DEG at ≥1.5-fold 

Fig. 1. RNA quality and quantity for 
cultured PBMCs. RNA from the cultured 
peripheral blood mononuclear cells (PBMCs) 
was isolated using the RNeasy Mini Kit 
(Qiagen, LLC-USA, Germantown, MD, USA). 
The quantity of RNA was measured using 
NanoDrop 2000 Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). The 
quality and integrity of the purified RNA 
were estimated using an automated Agilent 
2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA). Samples with RNA 
integrity number (RIN) ≥8 were used for 
cDNA synthesis.   
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Fig. 2. Comparison of Ubiquitination gene expression levels between control and PfHz-treated PBMCs. Cells were isolated from malaria naïve healthy donors 
(n = 3). Peripheral blood mononuclear cells (PBMCs) were seeded in RPMI 1640 medium, and cultured at intervals of 3, 9 and 24 h in a humidified incubator set at 
37◦C in 5% CO2 atmosphere. Gene expression profiles were measured using the Human Ubiquitination Pathway RT2 Profiler PCR Array kit. Geometric mean was used 
as a normalization factor, and data was standardized using 5 housekeeping genes [Actin, beta (ACTB), Beta-2-microglobulin (B2M), Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), Hypoxanthine phosphoribosyltransferase 1 (HPRT1) and Ribosomal protein, large, P0 (RPLP0)]. Data were analyzed by the ΔΔCT 
method (2− ΔΔC

T), using the RT2 Profiler PCR Array GeneGlobe Data Analysis Center (https://geneglobe.qiagen.com/us/analyze). Fold regulation was set at 1.5, and 
P ≤ 0.050 was considered statistically significant. A-C. Volcano Plot shows the Log2 of the fold changes at 3 h (A), 9 h (B), and 24 h (C) post stimulation of the average 
gene expression on the x-axis versus their statistical significance on the y-axis. The center vertical line indicates unchanged gene expression, while the two outer 
vertical lines indicate the selected fold regulation threshold. D. Heat map showing the graphical and color-coded representation of fold regulation expression data 
between control (non-stimulated) and PfHz stimulated PBMCs at 3-, 9- and 24 h. The yellow color represents the average magnitude of gene expression. The brightest 
red represents the smallest value, and the brightest green represents the highest value. E. Cluster gram of non-supervised hierarchical clustering showing a heat map 
with dendrograms indicating co-regulated genes of the control (non-stimulated) and PfHz stimulated PBMCs at 3-, 9- and 24 h. Geometric mean was used as a 
normalization factor. 
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Fig. 2. (continued). 
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regulation for 5 genes (Table 1). The gene coding for UBE2J1 was up- 
regulated (fold-regulation = 2.56, P = 0.024) and showed an increase 
of expression that was higher than that observed after 9 h of treatment. 
There were 4 genes that were down-regulated at 24 h: the genes that 
code the S-phase kinase-associated protein 2 (SKP2; fold-regulation =
− 1.61, P = 0.046), Tumor protein p53 (TP53; fold-regulation = − 1.94, 
P = 0.009), Ubiquitin-conjugating enzyme E2G 2 (UBE2G2; fold-regu
lation = − 1.56, P = 0.001), and the WW domain containing E3 ubiquitin 
protein ligase 1 (WWP1; fold-regulation = − 1.98, P = 0.002). All four of 
the genes that were suppressed at ≥1.5-fold regulation at 24 h did not 
show such down-regulation at the 9 h timepoint. 

4. Discussion 

Our recent studies in children from a P. falciparum holoendemic re
gion of Kenya with either mild malarial anemia (Hb ≥ 9.0 g/dL, n = 23) 
or severe malaria anemia (Hb < 6.0 g/dL, n = 21) showed significant 

differential expression for genes involved in the human ubiquitination 
process [17]. To extend the findings, we analyzed the same panel of 84 
key genes involved in the host ubiquitination process using an in vitro 
model for malaria [3,8,18,19,24]. Since we used a concentration of 
hemozoin (10 μg/mL) that parallels that present in children with severe 
malaria, results presented here can be interpreted in the context of se
vere disease [3,8,18]. Our previous studies and those of others illustrate 
that cultured PBMCs treated with physiological concentrations of PfHz 
are an excellent in vitro model for malaria since perturbations of cyto
kine, chemokine, and effector molecule transcripts and protein levels 
mimic those observed in children with severe malarial anemia [3,8,22, 
25,26]. Utilization of the in vitro model allowed us to capture rapid 
changes in the temporal dynamics of ubiquitination genes without the 
need for repeated blood collection over a short period of time, a practice 
that is not viable in children with severe malaria who suffer from 
markedly low hemoglobin levels. Since the time at which individuals 
become infected with malaria is variable and largely unknown upon 

Ubiquitination mRNA transcript levels between Control (non-stimulated) and PfHz stimulated PBMCs.  

Genes 2^(-Avg. (Delta(Ct)) Fold 
Change 

Fold 
Regulation 

P- 
value 

Reference 
Sequence 

Symbol Description Gene Name Control 
Group 

Stimulated 
Group 

Stimulated 
Group 

9 h Incubation 
NM_012176 FBXO4 F-box protein 4 FBX4 0.011829 0.009266 0.78 − 1.28 0.009 
NM_016323 HERC5 Hect domain and RLD 5 CEB1/CEBP1 0.011166 0.025316 2.27 2.27 0.026 
NM_006156 NEDD8 Neural precursor cell expressed, 

developmentally down-regulated 
8 

NEDD-8 0.092304 0.071985 0.78 − 1.28 0.002 

NM_006357 UBE2E3 Ubiquitin-conjugating enzyme 
E2E 3 

UBCH9/UbcM2 0.049768 0.032114 0.65 ¡1.55 0.010 

NM_016021 UBE2J1 Ubiquitin-conjugating enzyme E2, 
J1, U 

CGI-76/HSPC153/HSPC205/ 
HSU93243/NCUBE-1/NCUBE1/ 
UBC6/UBC6E 

0.033055 0.070131 2.12 2.12 0.024 

NM_018299 UBE2W Ubiquitin-conjugating enzyme 
E2W (putative) 

UBC-16/UBC16 0.056314 0.047551 0.84 − 1.18 0.041 

24 h Incubation 
NM_001002244 ANAPC11 Anaphase promoting complex 

subunit 11 
APC11/Apc11p/HSPC214 0.045042 0.036938 0.82 − 1.22 0.019 

NM_024332 BRCC3 BRCA1/BRCA2-containing 
complex, subunit 3 

BRCC36/C6.1A/CXorf53 0.008227 0.005545 0.67 − 1.48 0.010 

NM_003588 CUL4B Cullin 4B CUL-4B/MRXHF2/MRXS15/ 
MRXSC/SFM2 

0.034379 0.025813 0.75 − 1.33 0.002 

NM_012176 FBXO4 F-box protein 4 FBX4 0.014415 0.010367 0.72 − 1.39 0.024 
NM_020774 MIB1 Mindbomb homolog 1 

(Drosophila) 
DIP-1/DIP1/LVNC7/MIB/ZZANK2/ 
ZZZ6 

0.019969 0.016213 0.81 − 1.23 0.027 

NM_005983 SKP2 S-phase kinase-associated protein 
2 (p45) 

FBL1/FBXL1/FLB1/p45 0.009278 0.005756 0.62 ¡1.61 0.046 

NM_000546 TP53 Tumor protein p53 BCC7/LFS1/P53/TRP53 0.065982 0.034043 0.52 ¡1.94 0.009 
NM_005499 UBA2 Ubiquitin-like modifier activating 

enzyme 2 
ARX/HRIHFB2115/SAE2 0.058657 0.051748 0.88 − 1.13 0.015 

NM_003968 UBA3 Ubiquitin-like modifier activating 
enzyme 3 

NAE2/UBE1C/hUBA3 0.048547 0.039395 0.81 − 1.23 0.001 

NM_003342 UBE2G1 Ubiquitin-conjugating enzyme 
E2G 1 

E217K/UBC7/UBE2G 0.018536 0.014361 0.77 − 1.29 0.028 

NM_182688 UBE2G2 Ubiquitin-conjugating enzyme 
E2G 2 

UBC7 0.018943 0.012139 0.64 ¡1.56 0.001 

NM_016021 UBE2J1 Ubiquitin-conjugating enzyme E2, 
J1, U 

CGI-76/HSPC153/HSPC205/ 
HSU93243/NCUBE-1/NCUBE1/ 
UBC6/UBC6E/Ubc6p 

0.031618 0.080981 2.56 2.56 0.024 

NM_023079 UBE2Z Ubiquitin-conjugating enzyme 
E2Z 

HOYS7/USE1 0.038841 0.053222 1.37 1.37 0.042 

NM_007013 WWP1 WW domain containing E3 
ubiquitin protein ligase 1 

AIP5/Tiul1/hSDRP1 0.066533 0.033581 0.50 ¡1.98 0.002 

Data presented as fold regulation of differentially expressed genes (n = 84) of the ubiquitination process. Cells were isolated from malaria naïve healthy US donors (n =
3). Peripheral blood mononuclear cells (PBMCs) were seeded in RPMI 1640 medium, and cultured at intervals of 3-, 9-, and 24 h in a humidified incubator set at 37◦C in 
5% CO2 atmosphere. Gene expression profiles were measured using the Human Ubiquitination Pathway RT2 Profiler PCR Array kit. Fold-Change (2− ΔΔCT) represents 
the normalized gene expression (2− ΔCT) in the PfHz-stimulated PBMCs divided the normalized gene expression (2− ΔCT) in the control (non-stimulated) PBMCs. The 
data were normalized with 5 housekeeping genes [Actin, beta (ACTB), Beta-2-microglobulin (B2M), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Hypo
xanthine phosphoribosyltransferase 1 (HPRT1) and Ribosomal protein, large, P0 (RPLPO)]. Data were analyzed by the ΔΔCT method (2− ΔΔCT), using the RT2 Profiler 
PCR Array GeneGlobe Data Analysis Center (https://geneglobe.qiagen.com/us/analyze). P-values were calculated using the student’s t-test of the triplicate raw CT 
values. P ≤ 0.050 was considered statistically significant. 
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presentation at hospital when blood samples are collected, the in vitro 
model also allowed us to capture short-term changes in ubiquitination 
genes that cannot be achieved for natural infections. Thus, the experi
mental design enabled measurement of DEG for ubiquitination processes 
that are early in the infection phase versus those that would be observed 
during later disease progression for which the precise infection time is 
unattainable. 

Stimulation of cultured PBMCs with PfHz for 3 h did not yield DEG 
for any of the 84 ubiquitination genes analyzed, indicating that the ef
fects of hemozoin on ubiquitination are not immediate. These results 
parallel our previous data in which differential expression for innate 
immune response genes was not observed after 3 h of treatment with 
PfHz [19,24]. However, continued stimulation for 9 and 24 h resulted in 
significant DEG for 6 and 14 ubiquitination genes, respectively. The 
majority of significantly dysregulated genes at 9 h (4 of 6) and 24 h (12 
of 14) were down-regulated, suggesting that phagocytosis of PfHz dis
rupts ubiquitination by potentially suppressing genes that may be 
required to maintain appropriate cellular functions during a stress 
response. 

For the genes with significant differential regulation, those with a 
fold-regulation ≥1.5 at 9 h were HERC5, UBE2J1, and UBE2E3, while 
those at 24 h were UBE2J1, SKP2, TP53, UBE2G2, and WWP1. Previous 
studies have shown that HERC5, a ubiquitin ligase that conjugates 
interferon-stimulating gene 15, is up-regulated by pro-inflammatory 
cytokines [27,28]. Thus, up-regulation at 9 h is consistent with our 
findings showing that stimulation of PBMCs with PfHz during this 
timeframe induces the production of pro-inflammatory mediators [3,5, 
24]. The only gene in the panel that showed significant dysregulation at 
both 9 and 24 h was UBE2J1, an enzyme that catalyzes the covalent 
attachment of ubiquitin to other proteins and their degradation [29]. 
Since UBE2J1 is essential for endoplasmic reticulum stress recovery and 
is rapidly degraded by the proteasome, sustained up-regulation of 
UBE2J1 over 24 h suggests an ongoing cellular stress in response to PfHz 
[30]. Side-by-side clustering of HERC5 and UBE2J1 suggests that these 
two genes may be co-regulated. Genes that were down-regulated at a 
fold-regulation of ≥1.5 included UBE2E3 at 9 h and SKP2, TP53, 
UBE2G2, and WWP1 at 24 h. UBE2E3 did not cluster with any of the 
other down-regulated genes. SKP2 and WWP1 formed a distal common 
regulation pattern, whereas side-by-side clustering of TP53 and UBE2G2 
suggest strong co-regulation. Based on the roles these genes play in 
maintaining cellular homeostasis, it appears that their reduced expres
sion following the phagocytosis of PfHz can elicit impairments in 
cellular proliferation, DNA repair, cell senescence, cell cycle arrest, 
apoptosis, degradation of immunoreceptors and proteins, transcription, 
and RNA splicing [31–34]. The dynamic temporal down- and 
up-regulation of the ubiquitination process genes shown here is 
consistent with results of other studies investigating various gene 
interaction models utilizing enrichment and network analysis [35]. The 
gene expression patterns at 9 h and 24 h are consistent with recovery to 
physiological levels. Absence of differential expression at 24 h after 
treatment with PfHz for the genes up-regulated (HERC5) or 
down-regulated (NEDD8, UBE2E3 and UBE2W) at 9-h post treatment 
suggest recovery to normal expression levels. 

In conclusion, results presented here reveal temporal expression of 
mRNA transcripts in ubiquitination process genes upon stimulation of 
PBMCs with physiological concentrations of PfHz. These results com
plement our recent studies in children with mild- and severe malaria 
showing DEG for ubiquitination processes. We propose that disruption 
in ubiquitination processes may be a previously unrecognized patho
physiological mechanism for severe malaria. 
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