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Abstract of the Thesis  
 
 

 
The effects of the proteasome inhibitor, bortezomib, on the profile of gene expression in the 

flatworm pathogen, Schistosoma mansoni 

 
 

By 
 
 

Ali A. Syed 
 
 

Master of Science in Biology 
 
 

University of California San Diego, 2021 
 
 

Professor Conor R. Caffrey, Chair 
Professor Matthew Daugherty, Co-Chair 

 
 

Schistosomiasis is a neglected tropical disease (NTD) caused by flatworm parasites 

belonging to the genus Schistosoma. The disease infects over 200 million people in developing 

countries where access to clean water is limited. Treatment of schistosomiasis relies on just one 

drug, praziquantel (PZQ). This drug is only partially effective and resistance is a concern. 

Together, these encourage the search for new drugs and new drug targets. The proteasome is an 

essential proteolytic enzyme complex in the cell being responsible for protein turnover. It is a 



 
 

 
 

xv 

validated drug target for treatment of certain cancers and a promising target for a number of 

parasitic infections, including Schistosoma. My lab has been using RNA-sequencing (RNA-Seq) 

to profile the transcriptomic changes after exposure of Schistosoma mansoni to the proteasome 

inhibitor, bortezomib (BTZ). As part of the aims of my project, I provide an initial characterization 

of the top 300 gene transcripts that were upregulated after treatment of S. mansoni with 1 µM BTZ 

after 12 and/or 24 h in vitro. Among these, I identify and discuss heat shock proteins and 

proteasome subunits that were upregulated at both time points, as well as proteins particular to 

each time point. Next, using primers that I helped design and then test for efficiency for nine 

selected genes of interest, I validated the RNA-Seq data via quantitative reverse polymerase chain 

reaction (qPCR). Lastly, I utilized the Basic Local Alignment Search Tool (BLAST) at the 

National Center for Biotechnology Information’s (NCBI) website to understand whether particular 

genes of interest are expressed in other developmental stages of the parasite. The resulting data 

and analysis offer an initial insight into the transcriptomic response of the S. mansoni after 

exposure to a proteasome inhibitor with the goal of identifying new drug targets.
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1. Introduction  

1.1 Life-cycle 

Schistosomiasis or bilharzia is an infectious disease of poverty principally caused by three species 

of trematode blood flukes, namely, Schistosoma mansoni, Schistosoma japonicum and 

Schistosoma haematobium (1-7). Although the pathologies associated with the different species, 

including the organs affected, vary, the basic biology regarding the parasite’s life cycle including 

its developmental stages, and the requirement for both a definitive mammalian host and an 

intermediate molluscan host, is conserved (Figure 1).  

 

Figure 1. The life cycle of the Schistosoma parasite. Each 
developmental stage is well adapted to survival in either the snail and 
or mammalian host (8-10). Image modified from (11). 
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Using the example of S. mansoni, which is the 'model' schistosome most often studied in the 

laboratory (12), adult male and female worms (~ 1 mm in length) reside in the hepatic portal and 

mesenteric veins of the human host and lay 200-300 eggs/day (13). Approximately half of the 

eggs extravasate, cross the gut wall and are evacuated with the feces (13).  

The eggs that do escape the body hatch in freshwater (e.g., ditches, canals, streams, and rice 

paddies) to release a free-swimming miracidium which then seeks out and penetrates the 

molluscan intermediate host (Biomphalaria spp. in the case of S. mansoni). Once established in 

the snail, the parasite (comprising sporocysts) asexually reproduces for approximately 4-6 weeks 

and egresses as thousands of free-swimming cercariae which then seek out the mammalian host. 

Cercariae penetrate the skin, and after two weeks of migration through the heart and lungs, 

establish themselves in the hepatic portal and mesenteric nervous system. After a further two-

week period of maturation followed by mating, male and female worms commence egg 

production (8).  

 Unique among platyhelminth flatworms, the schistosome is dioecious (14-16). Each male 

supports one female in a specialized gynaecophoric groove that runs down the male's long axis. 

Males essentially chauffeur the thinner and less muscular females around the mesenteric system 

as she lays her eggs (each ~150 x 70 µm). Females rely on this close contact with males to 

maintain maturation and egg-laying, otherwise, they revert to an immature non-reproductive state 

(17,18). A single adult worm's lifespan is believed to be about a decade; however, cases of active 

human schistosomiasis (i.e., fresh eggs being found in body wastes) have been identified many 

decades after infection (19,20). 
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1.2 Immunopathology, clinical signs, and comorbidities 
The approximately 50% of eggs that do not escape the body become trapped in the viscera, 

notably the liver and bladder for S. mansoni and S. haematobium, respectively, where they elicit 

an inflammatory immune response that ultimately induces fibrosis of the affected tissues (21). 

Both S. mansoni and S. haematobium eggs elicit interleukin-1 agonist (IL-1a), IL-10 and tumor 

necrosis factor-α (TNFα), which trigger inflammation (22). The inexorable fibrotic degradation 

of organ performance over decades of infection can lead to severe and, eventually, life-threatening 

liver fibrosis, renal failure, chronic hematemesis, hematochezia, ureteric obstruction resulting in 

hydronephrosis and various cancer pathologies (1,22-25). In some chronic cases, cerebral 

symptoms such as delirium, cerebral hernia, seizures, visual disturbances and intercranial 

hypertension, as well damage to the spine that can lead to sensory loss, have occurred (26). In 

children, growth retardation, malnutrition and poor cognitive function have all been recorded as 

a consequence of schistosome infection (21). In women, female genital schistosomiasis (FGS) 

adversely impacts fertility and childbirth (25). The increased risk of acquiring sexually 

transmitted diseases, not least HIV, due to FGS is a growing concern for the World Health 

Organization (WHO) (27).  

Apart from these severe consequences of infection for the individual, the most common 

symptoms associated with schistosome infection include pain and malaise that limit the ability to 

perform manual labor, which, in turn, contribute to maintaining economic poverty in subsistence 

communities.  
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1.3 Prevalence, distribution and treatment 
Currently, the WHO reports that schistosomiasis infects almost 240 million people worldwide 

with more than 700 million people are at risk (28). The disease is found in 52 developing countries 

in sub-Saharan Africa, South-east Asia and South America, notably Brazil (Figure 2). Those most 

at risk live have limited or no access to clean water and proper sanitation, and instead rely on 

natural water sources such as freshwater streams and rivers for everyday activities, from cooking 

to washing to removing body wastes (5).  

Treatment and management of schistosomiasis rely on just one drug, the amino-quinolone, 

praziquantel (PZQ). Developed as an animal health drug by Bayer and Merck in the early 1970s, 

PZQ is active against all schistosome species but at the recommended single oral dose of 40-60 

mg/kg offered to humans, its efficacy is highly variable, ranging from 50-90% cure (29). This 

deficiency complicates national and regional strategies to eliminate and eventually eradicate the 

disease. Administering more than one dose increases efficacy, however, this is logistically 

challenging to manage in the vertical drug delivery programs that many developing countries rely 

on for worm control in general (29-32). 

Apart from its modest efficacy, there are concerns regarding drug resistance, especially as 

delivery programs expand to treat more people more often (33,34,35). Evidence of resistance has 

been detected in Egypt and Senegal (36). Also, resistance has been demonstrated in mouse models 

of S. mansoni infection (37). Possible mechanisms underlying resistance include increased 

expression of ATP-binding cassettes or changes in the parasite’s calcium channels. 

(5,6,29,37,38). 



 
 

 
 

5 

Figure 2. Distribution of schistosomiasis. Taken from (30). 

1.4 The 20S proteasome as a potential drug target for the treatment of schistosomiasis 

With the reliance on a single drug for treatment and control of schistosomiasis and the 

pharmaceutical industry's lack of investment in what is a disease of poverty, academia has a 

significant contribution to make in the identification of new drugs and drug targets (39-44). 

Research over the last ten years has shown that the 20S proteasome is a viable target for the 

treatment of other parasitic diseases, including those caused by the plasmodial (malaria) parasite 

and Leishmania (39,45-48). Recent research by my PI, Conor Caffrey, in collaboration with his 

faculty colleague, Anthony O'Donoghue at the Skaggs School of Pharmacy and Pharmaceutical 

Science, has highlighted the importance of the 20S proteasome to the survival of S. mansoni 

(49,50), as described below. 



 
 

 
 

6 

 
Figure 3. The basic process by which a protein is marked for degradation by the 
proteasome.  

 

The multi-catalytic proteasome complex is central to maintaining normal protein turnover 

in eukaryotes and is required for survival (42). Damaged or misfolded proteins are tagged with 

ubiquitin that then targets the proteins for proteasomal degradation and reutilization of the 

component peptides and amino acids by the cell (42) (Figure 3). The 26S proteasome is composed 

of two main sub-complexes, the 20S barrel-shaped catalytic core and the 19S regulatory subunits 

that cap both ends (42). The apical 19S regulatory subunit has several functions, including 

recognizing, binding and unfolding ubiquitin-tagged proteins and gating their entry into the 

catalytic core. The 20S catalytic core comprises four rings, each with seven α and β-subunits. The 

α-subunits are catalytically inactive, whereas the β1, β2 and β5 catalytic subunits cleave proteins 

with activities described as caspase-, trypsin- and chymotrypsin-like, respectively (49). One or 

more of these β subunits is the principal target of current proteasome inhibitor drugs, as described 

below. 

 

1.5 Small-molecule inhibitors of the 20S proteasome kill S. mansoni  
Proteasome inhibitors as drugs first found clinical application in the treatment of multiple 

myeloma (51-54). Bortezomib (BTZ; Velcade® by Takeda; Figure 4) covalently binds to the 
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active site threonine in the β5 subunit and less so with the β1 active site (55). Carfilzomib (CFZ; 

KYPROLIS® by Amgen; Figure 4) binds specifically to the β5 subunit N-terminal threonine 

(55). Key differences between the two proteasome inhibitors is that the boronic acid reactive 

group of BTZ binds reversibly and the molecule has some off-target binding, whereas the epoxide 

of CFZ binds irreversibly and the molecule has minimal off-target binding (56,57). BTZ’s off-

target binding has been associated with side effects during the treatment of multiple myeloma and 

other cancers (57,51).  

                                       

          

Figure 4. Structures of BTZ and CFZ.  BTZ (top) possesses a boronic acid reactive group whereas CFZ 

(bottom) has an epoxide group.  

 

In the last 15 years, proteasome inhibitors have been investigated as a possible treatment for 

parasitic infections (39,48). Research with Leishmania donovani has shown that proteasome 

inhibition stops cell division, possibly due to blockade of the G2/M checkpoint in cell cycling 

(45,48). For Plasmodium falciparum, inhibition of the β5 subunit, with co-inhibition of either the 

β1 or β2 subunits, results in the selective anti-malarial compounds with decreased toxicity to the 
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mammalian host (58).  For S. mansoni, recent work has demonstrated that both BTZ and CFZ 

interfere with the motility and viability of the parasite in vitro, and that these effects are associated 

with inhibition of the Sm20S schistosome proteasome target. Inhibition of Sm20S induces 

apoptosis which, in mammalian cells, is typically associated with disruption of proteasome 

function (49) (Figure 5). 

  

Figure 5. BTZ and CFZ decrease adult S. mansoni motility and induce caspase activity.  A. Decreased 
worm motility as a function of time for three proteasome inhibitors.  B. Induction of caspase activity after 
a 24 h incubation with proteasome inhibitors. Both A and B are taken from (49). MG132 is peptide 
aldehyde inhibitor of the proteasome (49). 
 

As part of my lab’s research program, RNA-sequencing (RNA-Seq) is being used to 

understand the global transcriptomic changes in biological pathways and proteins after incubation 

of adult S. mansoni with proteasome inhibitors. Understanding these changes could help identify 

new drug targets for disease intervention, as has been shown in many other biomedical contexts 

(59,60).    

  

2. Aims of this thesis 

The methods described here regarding RNA-Seq and the assembling of the data sets arising were 

primarily performed by my post-doctoral supervisor, Dr. Nelly El-Sakkary (El-Sakkary et al., 
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2021, in preparation). These descriptions are contextually relevant for the aims of my thesis 

which are to (i) initially characterize the top 300 gene transcripts upregulated after treatment of 

S. mansoni with 1 µM BTZ after 12 and 24 h in vitro, (ii) for nine chosen genes, validate the 

RNA-Seq data using the quantitative reverse polymerase chain reaction (qPCR), and (iii) 

understand whether the particular genes of interest are expressed in other developmental stages 

of the parasite via BLAST analysis of the available expressed sequence tag (EST) information.  

For these three aims, I discuss my findings in relation to the literature.  

 

 

3. Materials and Methods 

 

3.1 Purchase and maintenance of proteasome inhibitor stocks. 

BTZ (Selleckchem, TX, USA) and CFZ (UBPBio, TX, USA) were diluted to 10 µM in DMSO 

and frozen at -80℃ as 1 mL aliquots until use.  

 

3.2 Harvesting Schistosoma mansoni adults 
Male Golden Syrian hamsters were infected percutaneously at four weeks of age with 600-800 S. 

mansoni cercariae. Seven weeks after infection, hamsters were euthanized with an overdose of 

sodium pentobarbital solution (Fatal-Plus; Vortech Pharmaceuticals Ltd, MI, USA). Adult worms 

were then harvested by reverse perfusion of the hepatic portal system (40,41,61,62). The 

maintenance and handling of hamsters were carried out in accordance with a protocol approved 

by the Institutional Animal Care and Use Committee (IACUC) of the University of California 

San Diego.  
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3.3 Exposing S. mansoni to BTZ in vitro 

After extensive washing, adult S. mansoni worms were cultured in 24 well plates (# 3544, Corning 

Inc, NY, USA) at five males/well in 1 mL Basch medium (41) containing 4% heat-inactivated 

FBS, 100 U/mL penicillin and 100 µg/mL streptomycin. Worms were acclimated overnight at 

37ºC in a 5% CO2 atmosphere. Next morning, BTZ in DMSO was added and the same medium 

added to a final volume of 2 mL (final BTZ concentration was 1 µM). Parasites were incubated 

at 37℃ and 5% CO2 for 12 or 24 h. Negative controls comprised worms incubated with DMSO 

vehicle at a final concentration of 0.5%.   

 

3.4 RNA Extraction 

Two wells in the 24 well plate, comprising 10 worms, were combined to extract one RNA sample 

with three RNA samples per perfusion. One perfusion was used to derive RNA after incubation 

for 12 h with BTZ whereas three perfusions were used for the 24 h time point.  For each RNA 

extraction, worms were pooled into 1.5 mL tubes (Thermo Fisher Scientific, MA, USA), washed 

four times with PBS, resuspended in 50 µL TRIzol (Thermo Fisher Scientific, Inc., MA, USA) 

and snap frozen over dry ice for storage at – 80℃. Worms were homogenized with a pestle in 

800 µL TRIzol and the homogenate was transferred to a 2 mL tube filled with zirconia-silica 

beads (#S6012-50, Zymo Research, CA, USA). The homogenate was vortexed in a Fisher 

Scientific Analog Vortex Mixer (Cat #02215365, Model # 945404, Waltham, MA, USA) at the 

maximum setting (50,160 Hz = 1 phase) for 6 min, placed on ice for 2 min, and the step repeated 

again. Once vortexed, 100% ethanol was added and the homogenate applied to the Zymo kit-
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provided column, according to the manufacturer’s instructions (Direct-zol RNA Miniprep, 

#R2051, Zymo Research, CA, USA) to complete the extraction of the RNA.  

The concentration of RNA was determined using a Nanodrop (ND2000, Thermo Fisher 

Scientific, Inc., MA, USA). This machine measures absorbance at 260 nm to calculate the RNA 

concentration (minimum 50 ng/µl acceptable) and the 260 nm:280 nm (RNA:protein) ratio 

(minimum of 1.8 acceptable) for an initial assessment of sample purity. A subsequent quality 

assessment is performed by the UC San Diego Institute for Genomic Medicine (IGM) services 

center using the electropherogram-based Agilent 2100 Bioanalyzer (Agilent Technologies, CA, 

USA). This machine employs microfluidics to separate fluorescently-bound RNA in 

microchannels based on size to generate an electropherogram, which is a graphical output 

resembling a gel image that indicates fluorescent units (FU). Ribosomal (r)RNA is used as an 

indicator of RNA quality. Because schistosomes lack the 28S rRNA that is typically compared 

with 18S rRNA to derive the RNA Integrity Number (RIN), which is a measure of RNA quality 

(54), we used the intensity of the 18S peak (>4000 FU) compared to the intensity of other RNA 

in the sample (<1000 RFU) to evaluate RNA quality.   

 

3.5 cDNA library construction and RNA-sequencing (RNA-Seq) 

cDNA library constructs and adaptor-ligated gene fragments were synthesized using a TruSeq 

Stranded Total RNA Ribo-Zero H/M/R Gold kit (Illumina Inc., CA, USA) at the IGM using 100 

ng of RNA per library. Each library was sequenced in an Illumina HiSeq 4000 sequencer by 

single-end reads of 75 base pairs (SR75).  For the 12 h time point, three cDNA libraries (one 

library per RNA sample) from the single perfusion were sequenced, whereas for the 24 h time 

point, five cDNA library samples were sequenced from three separate perfusions. 
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Data from a sequencing run were visualized in an MA plot (an application of the Bland–

Altman plot which is the same as the Tukey mean-difference plot) (64) that was generated using 

the ROSALINDTM software (OnRamp Biotechnologies Inc., San Diego, CA) (65). The plot 

visualizes the differences between two sequencing runs by transforming the data onto M (log 

ratio) and A (mean average) scales and then plotting those values. Although each of the two 

sequencing runs performed for each time point had different absolute expression values 

(attributable to variations in the sensitivity of RNA-Seq due to slight environmental and handling 

differences), the overall fold change values showed the same patterns of increases in expression. 

Ultimately, we analyzed one sequencing run for each of the time points as described below. 

 

3.6 RNA-Seq analysis 

RNA-Seq data were generated in the FASTq format with each file being approximately ~500 MB 

in size. The files were analyzed using the ROSALINDTM software (OnRamp Biotechnologies 

Inc.) (65) which uses HyperScale architecture, a tool developed by OnRamp, to map reads. Each 

library was normalized by determining the Relative Log Expression (RLE) using Differential 

gene Expression analysis that is based on the negative binomial distribution (DESeq2) (66).  

DESeq2, which is available as a package in R (RStudio, Boston, MA), was used to calculate both 

the relative gene expression (as fold changes) compared to DMSO controls and the associated p-

Adjusted (P-Adj) values (≤ 0.05 significance cutoff). DESeq2 uses covariate correction and 

negative binomial generalized linear models to estimate the dispersion and logarithmic fold 

changes, and incorporate data-driven prior distributions. It also automatically identifies outlier 

genes using Cook's distance and then removes them from the analysis (67).  
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Following the determination of fold-expression changes and P-Adj values by DESeq2, the 

Partitioning Around Medoids (PAM) algorithm was used in ROSALINDTM to partition the RNA-

Seq data into heat-maps. In addition, enrichment analysis of pathways, gene ontology and domain 

structure analyses were performed in ROSALIND using the tool, “Hypergeometric Optimization 

of Motif EnRichment (HOMER)” (68). HOMER is available online 

(http://homer.ucsd.edu/homer/) and allows the quantification of RNA-Seq transcripts for gene 

expression analysis. 

 

3.7 cDNA Synthesis prior to qPCR 

Worms were exposed to proteasome inhibitor or DMSO, as described in Section 3.3. Total RNA 

was extracted using a kit (#R2051, Zymo Research® , CA, USA) and cDNA synthesized from 1 

μg RNA using the SuperScriptTM VILO cDNA Synthesis Kit (#11754050, Thermo Fisher 

Scientific Inc., MA, USA) according to the protocol supplied. The resulting cDNA concentration 

was determined via Nanodrop. Wavelength ratios at 260 nm:230 nm and 260 nm:280 nm were 

measured, and the respective values of 1.60-1.90 and 1.90-2.05 indicated the minimal 

contamination by carbohydrate, or phenol and protein, respectively (69). Samples were frozen at 

–80℃ until use. 

 

3.8 Designing primers for qPCR validation of selected upregulated gene transcripts  
After incubation of S. mansoni with 1µM BTZ for 12 and/or 24 h, (Suppl. Table 1), 34 gene 

transcripts were initially selected for qPCR analysis. Forward and reverse primers were designed 

for each target using the NCBI primer design tool (70). Primers had no more than 12 consecutive 

nucleotides that paired with other genes in the S. mansoni genome to minimize off-target (non-
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specific) binding. Primers were also selected based on a GC content >55%. Using these criteria, 

qPCR primers for 11 genes (including two control gene transcripts unaffected by proteasome 

treatment) were eventually selected and ordered from Thermo Fisher Scientific (71) (Table 1).  

 

Table 1. Gene targets for qPCR validation and their final primer efficiencies 

Gene IDa Category Gene Description Fold 
Change 

P-Adj 
Value 

Primer 
Efficiency 

Smp_049250 Stress 
Response 

Heat shock protein-HSP20/α-
crystallin family 11.48 7.74E-11 107% 

Smp_106930 Stress 
Response 

Heat shock 70 kDa protein 
homolog 13.19 2.73E-15 92% 

Smp_123260 

Apoptosis/P
roteasome 
Pathway 
Genes 

Ubiquitin 1 5.08 1.29E-06 

114% 

Smp_171150 Cell 
Regulation Shk1 kinase-binding protein 2.33 0.040085 112% 

Smp_102240 Cell 
Regulation 

Upf3 regulator of nonsense 
transcripts-like protein 2.06 0.000116 107% 

Smp_072340 Proteasome 26s proteasome regulatory 
subunit 6b 1.94 0.001843 105% 

Smp_052870 Proteasome 26s proteasome non-ATPase 
regulatory 1.55 4.03E-15 112% 

Smp_119310 Proteasome 26s protease regulatory subunit 1.59 0.00417 103% 
Smp_067890 Proteasome Proteasome subunit α-type 1.54 0.03138 107% 

Smp_165020 Control Transmembrane 9 superfamily 
protein member 1.00 N/A 112% 

Smp_044920 Control Dynamin 1.00 N/A 114% 
aNine target and two control gene transcripts for amplification by qPCR.  By RNA-Seq, the nine target 
transcripts were determined to be significantly upregulated with a fold change ≥ 1.5 and a P-Adj value ≤ 
0.05. 
 

3.9 Measuring primer efficacy and performing qPCR 
Primer efficiency ensures that cDNA amplification with a specific primer set under a set of qPCR 

conditions is as close to 100% as possible such that the data arising are a true reflection of mRNA 
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abundance (72). Primer efficiency was evaluated over an eight-fold dilution series in water 

containing 5 to 1,000 ng total cDNA from worms that had been incubated in the presence of 0.5% 

DMSO for 24 h. Control qPCR reactions without cDNA were also prepared. Reactions were set 

up in the Thermo Fisher Scientific 12-tube strip (#AB1112) and cap (#AB0783) system. qPCR 

samples each contained 10 µL PowerUp™ SYBR Green Master Mix (Thermo Fisher Scientific 

#A25741), 1.3 µL of each of the forward and reverse primers (10 µM final), 1 µL cDNA at the 

tested concentration and 6.4 µL water for a total of 20 µL. Using the Thermo Fisher Scientific 

primer efficiency calculator, efficiency was considered acceptable when it fell in the range of 85-

115% which is consistent with the current literature on qPCR primer efficiencies (73-76). To 

achieve optimal efficiency, the cDNA concentration and primer melting temperature (Tm) were 

adjusted. Efficiencies were calculated using the equation 10[(#$/&'()*)#$] ∗ 100% and plotted. 

Once optimal primer efficiency had been achieved, qPCR was performed in a Mx3005p 

thermocycler (Agilent Technologies, CA, USA). Samples contained 10 µL SYBR Green Master 

Mix, 1.4 µL forward and reverse primers (10 µM final), 1 µL (1 µg) cDNA and 6.2 µL water. 

Conditions for cycling were 50℃/2 min, 95℃/2 min, and followed by 46 cycles of 95℃/15 sec 

(denaturing), 58℃/15 sec (annealing) and 72℃/1 min (extension). Smp_165020 (transmembrane 

9 superfamily protein member) and Smp_044920 (dynamin) were used as control genes (Table 

1). cDNA was synthesized from the RNA of worms (from two separate perfusions) that had been 

exposed to 1 µM BTZ or DMSO for 24 h. qPCR was performed on each sample in triplicate, i.e., 

six replicates total. The qPCR data from the six replicates were averaged and two-sided (two-

tailed) t-tests were performed in MS Excel to determine p-values relative to DMSO controls. 

Also, the standard error of the means (SEMs) was calculated across the six replicates to measure 

the variability between qPCR runs.  
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Relative gene expression was calculated using the delta-delta Ct method (77). This method 

takes the threshold amount of amplification, measured as relative fluorescence units (RFU), in 

our case 3,000 RFU, and compares the number of PCR cycles needed to reach the RFU threshold.  

Upregulated genes will need a relatively fewer number of cycles of PCR to achieve the threshold 

compared to control genes.  

 

3.10 Manual characterization of transcripts and stage-specificity of expression   

Based on the current annotation of the S. mansoni genome (50), 516 (40%) of the 1,350 gene 

transcripts that had been upregulated as consequence of BTZ exposure for 24 h were annotated 

as ‘unknown’ or ‘uncharacterized.’ For BTZ at 12 h, 248 of 615 (40%) upregulated genes were 

uncharacterized. For the top 300 upregulated transcripts, we attempted to manually characterize 

these unknowns using the NCBI’s nucleotide (BLASTn) and protein (BLASTp) BLAST 

algorithms (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (78,79). Specifically, on the NCBI’s splash 

page, the Smp gene identifier was entered and the search executed.  Under the ‘gene’ information 

returned, the associated mRNA “XM” identifier was clicked to locate the gene’s complete mRNA 

sequence. The BLASTn algorithm was executed on this sequence by constraining the search to 

the Expressed Sequence Tags (EST) database and organism ID, namely Schistosoma mansoni 

(code 6183). The list of returned hits was scrolled through line by line using the following 

minimal criteria for acceptance of a hit: max score >300; query coverage >20%; percent identity 

>75%.  Sequences associated with the egg (identified as ME), sporocyst (MG), miracidium (ML), 

schistosomulum (MS), cercaria (MC), and adult males (MA) and females (MF) were noted and 

the information used to populate Table 2.  
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For those transcripts that had been manually characterized, we then interrogated their 

putative function(s) using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 

database (https://www.genome.jp/kegg/) (80). 
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4. Results 

4.1 Gene expression profiling (GEP) of S. mansoni adults after exposure to BTZ 

We performed GEP of the RNA-Seq data from adult, male S. mansoni that had been exposed in 

vitro to 1 µM BTZ for 12 and 24 h. The top 300 upregulated genes for BTZ at 12 and 24 h were 

grouped based on a KEGG category analysis.  

Comparing the 12 and 24 h time points for BTZ-exposure, 95/300 (~32%) were commonly 

upregulated vs. DMSO control, (intersection of the Venn diagram in Figure 6) whereas 205 genes 

were uniquely upregulated at each time point (exclusive areas of the Venn diagram). Based on 

the annotation of the S. mansoni genome, 40, 76 and 49 of the genes common to both time points, 

and the 12 and 24 h time points, respectively, had been uncharacterized. After manual 

characterization, 16, 26 and 37 genes remained uncharacterized, respectively. The complete list 

of the 95 common and 205 exclusive gene transcripts, and their fold changes in expression and 

p-Adj values is shown in Supplemental Table 1. 

The KEGG categories identified among the 95 common characterized sequences included 

the large category, genetic information and processing, and its subcategories, transcription, 

translation and heat shock proteins. The common gene transcripts included various stress 

response heat shock protein (HSP) genes such as Smp_049250 (SmHSP20; 8.93- and 11.48-fold 

upregulated at 12 h and 24 h, respectively), Smp_049240 (SmHSP27; 7.05- and 4.24-fold 

upregulated at 12 h and 24 h, respectively), Smp_106930 (SmHSP70; 12.96- and 13.18-fold 

upregulated at 12 h and 24 h, respectively) and Smp_072330 (SmHSP86; 6.60- and 4.28-fold 

upregulated at 12 h and 24 h, respectively). Also included were proteasome subunit genes, such 

as Smp_042270 (26S protease regulatory subunit 6a; 2.36- and 1.69-fold upregulated at 12 h and 

24 h, respectively), Smp_067890 (proteasome subunit-α; 1.88- and 1.54-fold at 12 h and 24 h, 
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respectively), and Smp_121430 (proteasome subunit-β, 1.87- and 1.53-fold upregulated at 12 h 

and 24 h, respectively).   

Among the upregulated gene transcripts that were particular to the 12 h timepoint were 

Smp_085740, (abl-interactor (Abi) protein; 1.7-fold upregulated), Smp_011600 (connector 

enhancer of kinase suppressor of ras 2 (CNKSR2); 2.2-fold upregulated) and Smp_140630 

(TELO2-interacting protein 1 (Tti); 1.9-fold upregulated). Likewise, for the 24 h timepoint, 

upregulated transcripts included Smp_210400 (ATP-dependent Clp protease proteolytic subunit; 

1.6-fold upregulated), Smp_011960 (Inositol-pentakisphosphate 2-kinase; 2.6-fold upregulated) 

and Smp_172200 (tyrosine kinase; 2.4-fold upregulated).   

 

 

Figure 6.  Venn diagram of common and exclusively upregulated genes following exposure of S. 
mansoni to BTZ.  Among the top 300 most upregulated gene transcripts for BTZ at 12 and 24 h, 95 
transcripts were common to both time points whereas 205 transcripts were exclusively to either time point. 
All transcripts were significantly upregulated with a fold change ≥ 1.5 and a P-Adj value ≤ 0.05. HSP = 
heat shock protein.  The Venn diagram was generated as described in the Suppl. Methods. 
 

205 95 205 

BTZ 12 h BTZ 24 h 
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4.2 Primer efficiency and validation of RNA-Seq data  
An initial set of 34 transcript targets which had been upregulated after exposure to BTZ for 24 h 

was chosen for qPCR primer design and RNA-Seq validation. These primers were whittled down 

to a final set of nine, plus two controls, based on the selection criteria outlined in Section 3.8. 

Once selected, each pair required three to five qPCR test runs to establish optimal efficiency: the 

final efficiencies are reported in Table 1 and all 11 final efficiency curves are presented in 

Supplemental Figure 1.  

Once primer pair efficiency had been optimized, qPCR was performed. The data generated 

for the fold-change in the upregulation of genes of interest agree to a statistically significant 

degree with those measured by RNA-Seq (Figure 7) suggesting that the RNA seq data, as a 

whole, are accurate.  

 

Figure 7. qPCR validation of RNA-Seq data after a 24 h exposure to 1 µM BTZ.  qPCR data were 
analyzed using the ∆∆CT method.  Smp_165020 and Smp_044920 were used as control genes. Student’s 
two-sided t-test p-values (*p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005) were calculated to show 
significance with respect to the RNA-Seq data.  
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4.3 Stage-specific expression of genes exposed to BTZ for 24 h  
For the top 20 genes upregulated after exposure to BTZ for 24 h, including the nine target genes 

validated by in qPCR, we used the NCBI BLASTn and BLASTp tools to query the S. mansoni 

EST data and understand whether the genes of interest were expressed in other developmental 

stages of the parasite. As shown in Table 2, those genes with the greatest distribution across the 

various stages include the HSPs, Smp_106930, Smp_049250, Smp_049240 and Smp_072330, 

and the proteasome subunit/regulatory genes Smp_119310, Smp_102240, Smp_052870 and 

Smp_072340.  Some genes could not be identified in the different stages due to either their true 

absence or the absence of EST data.

Table 2. Expression of the top 20 upregulated in genes and our selected qPCR genes in 
different developmental stages of S. mansoni 

Name Description Fold 
Changea P-Adj MEb MG  ML  MS  MC MA  MF 

Smp_106930* Heat shock 70 kDa 
protein homolog 13.19 2.73E-15        

Smp_049250* 
Heat shock protein-
HSP20/α-crystallin 
family 

11.48 7.74E-11        

Smp_149750 Uncharacterized 
protein 7.62 3.86E-09        

Smp_048050 α-Crystallin A chain 6.03 1.97E-07        

Smp_049300 Major egg antigen 5.89 2.60E-05        

Smp_049230 Heat shock protein 
HSP16 5.61 1.97E-07        

Smp_133770 Glutamine 
synthetase bacteria 5.61 5.51E-06        

Smp_185680^ Major egg antigen 5.58 5.11E-05        

Smp_123260* Ubiquitin 1 5.08 1.29E-06        

Smp_138080 MEG-3 (Grail) family 4.92 0.000124        

Smp_176110^ Leucine rich repeat-
containing domain 4.86 1.29E-06        

Smp_040680 Cytoplasmic dynein 
light chain 4.72 5.47E-09        

Smp_138070 MEG-3 (Grail) family 4.56 0.000324        



 
   Table 2. (Cont.) 

 
 

22 

Smp_138060 MEG-3 (Grail) family 4.47 0.000451        

Smp_003600^ Natterin-4  4.41 0.000347        

Smp_072330 Heat shock protein 
(HSP86) 4.28 9.59E-08        

Smp_049240 Heat-shock protein β-
1 4.24 0.000548        

Smp_072460 Phosphomevalonate 
kinase 4.01 3.26E-05        

Smp_200900 Uncharacterized 
protein 3.81 4.08E-06        

Smp_067890* Proteasome subunit 
α-type 1.54 0.003138        

Smp_119310* 26s protease 
regulatory subunit 1.59 0.00417        

Smp_102240* 
Upf3 regulator of 
nonsense transcripts-
like protein 

2.06 0.000116        

Smp_052870* 
26s proteasome non-
ATPase regulatory 
subunit 

1.55 4.03E-15        

Smp_072340* 26s protease 
regulatory subunit 6b 1.94 0.001843        

Smp_171150* Shk1 kinase-binding 
protein 2.34 0.040085        

a For the top 20 genes upregulated after exposure to BTZ for 24 h and our selected qPCR genes. 
b Terms: ME, egg; MG, germball (sporocyst); ML, miracidium; MS, schistosomulum; MC, cercaria; 
MA, mixed-sex adult; MF, adult female. Empty cells indicate that no EST sequence data were found. 
* indicates the nine qPCR-validated genes. 
 ^ indicates EST data identified using the BLASTp tool, otherwise the BLASTn tool was used.
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5. Discussion 

Schistosomiasis is a disease that affects more than 240 million people worldwide and over 700 

million people are at risk of contracting infection (28). Disease-treatment and control rely on just 

one partially effective drug, praziquantel (29-32) and concerns regarding the emergence of 

resistance to this essential drug spur research into new drugs and drug targets (36-37). The 

research presented here is part of a larger project to investigate the schistosome proteasome as a 

drug target which follows the validation of the proteasome as a target for the treatment of other 

parasitic diseases, such as Plasmodium and Leishmania (39,45-48), and the treatment of multiple 

myeloma (51,52,57).  

The first aim of my research was an initial understanding of what principal genes are 

upregulated by adult S. mansoni in response to proteasome inhibition by BTZ at both the 12 and 

24 h time points. A complete pathway analysis is beyond the scope of this thesis, however, it was 

clear that a number of genes with related functions were upregulated in response to BTZ. First 

among these were the HSPs. Six different HSPs (Smp_106930, Smp_049250, Smp_049240, 

Smp_072330, Smp_069130 and Smp_008545) and one HSP-interacting protein (Smp_064860) 

were upregulated by between 2.2- and 13.2-fold over both time points compared to the DMSO 

control (Supplemental Table 1). The evolutionarily conserved HSPs (81) comprise six families 

of protein chaperones (82) that facilitate protein-folding, -unfolding and -transport (83), and are 

upregulated in response to stress (e.g., heat, oxygen deprivation or, indeed, proteasome inhibition 

(84)) in order to protect the functionality of vital cell proteins during a stress event (85). 

Smp_106930 and Smp_049250 warrant discussion as they are the most upregulated of all 

95 proteins after both 12 h (12.96 and 8.92-fold upregulated, respectively) and 24 h (13.18 and 

11.48-fold upregulated, respectively) in the presence of BTZ.  Smp_106930 is orthologous to the 

first HSP discovered, namely HSP70 (86), itself part of a family of ~70 kDa proteins that make 
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vital contributions to the stress response in eukaryotic cells (87) and have pro-survival functions 

in cancer cells (88). In Plasmodium, HSP70 has key transcription control capabilities under the 

heat-stress conditions that occur during fever episodes (89,90). In S. mansoni, Smp_106930 (aka 

SmHSP70) is an immunogen that generates an antibody response in mice, baboons and humans 

infected with the parasite (91), and has potential as a diagnostic antigen (92). SmHSP70 may also 

aid S. mansoni cercaria in locating the mammalian host (93).  

Smp_049250 encodes an α-crystallin small HSP (SmHSP20) which, like HP70, is a stress 

responder, in addition to having other functions such as protein transport (94,95) and stabilization 

of the cytoskeleton (96,97). In Plasmodium, HSP20 acts as a transporter protein for HSP70 as 

part of the stress-induced induction of transcription (89,90). SmHSP20 (Table 2), like SmHSP70, 

is a major immunogen during infection (98) and an homolog of p40 which is found in the 

secretions of cercaria where it may act as a chaperone protein (99). 

 In other eukaryotic systems, both HSP70 and HSP20 are upregulated in response to 

proteasome blockade (100-102) and our findings are consistent with those data.  As discussed for 

these other systems, the upregulation of SmHSP70, SmHSP20, and perhaps the other upregulated 

SmHSPs identified here, may represent an attempt by the parasite to counteract the cell stress 

response resulting from proteasome inhibition. As vital survival proteins, it is not surprising that 

both HSP70 and HSP20, and some of the other HSPs, are expressed across most of the different 

developmental stages of the schistosome parasite (Table 2). In future, the strong upregulation of 

both the HSP70 and HSP20 genes will be verified at the protein level by western blotting and/or 

mass spectrometry-based proteomics.  

Apart from the HSPs, it is also clear that certain proteasomal subunits were upregulated in 

response to the BTZ treatment at 12 and 24 h (Supplemental Table 1), including orthologs of 
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various regulatory subunits belonging to the 19S proteasome cap (Smp_072340, 052870 and 

119310), as well as the α and β subunits (Smp_121430 and 067890) that make up the 20S core. 

This increased synthesis of the proteasome is consistent with the literature for cancer cells 

(102,103) and the fruit-fly (104) as part of the unfolded-protein stress response. As found for the 

SmHSPs, the S. mansoni proteasome subunit genes are well represented across the different 

developmental stages of the parasite (Table 2).  

A detailed analysis of the 205 genes exclusive to either the 12 and 24 h time points (Figure 

6) is beyond the scope of this thesis. Nonetheless, it is worth noting that a number of genes were 

upregulated only after the 12 h time point, for example, Smp_085740, (abl-interactor (Abi) 

protein; 1.7-fold upregulated), Smp_011600 (connector enhancer of kinase suppressor of ras 2 

(CNKSR2); 2.2-fold upregulated) and Smp_140630 (TELO2-interacting protein 1 (Tti); 1.9-fold 

upregulated (Supplemental Table 1). Abi family proteins regulate cytoskeletal dynamics, 

including cytokinesis, and transport carrier biogenesis (105). CNKSR2 is a scaffold protein that 

mediates the mitogen-activated protein kinase pathways that are responsible for cell 

differentiation, proliferation and metabolism (106). Tti is part of a complex of proteins that 

engages the serine/threonine protein kinase, MTOR, a key regulator of transcription and 

translation that controls cell growth and survival (107-109).  

Upregulation of these proteins may represent an ‘early’ active rescue response by the 

parasite to compensate for proteasome blockade but this rescue is then replaced by terminal 

responses such as apoptosis, including the expression of caspases (102) which our lab has 

previously measured after 24 h in the presence of 1 µM BTZ (49). Of note, many of the genes 

associated with this early 12 h response encode protein kinases and phosphatases, which are 
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druggable (110), and one or more of which may prove useful as a novel anti-schistosomal drug 

target, including in combination with a proteasome inhibitor.  

Genes of interest that are only upregulated after the 24 h timepoint (Figure 6) include 

Smp_210400 (ATP-dependent Clp protease proteolytic subunit; 1.6-fold upregulated), 

Smp_011960 (Inositol-pentakisphosphate 2-kinase; 2.6-fold upregulated) and Smp_172200 

(tyrosine kinase; 2.4-fold upregulated). ATP-dependent Clp protease proteolytic subunit is found 

in the mitochondrion and shares considerable structural and functional similarities to the 

proteasome (111,112), including β5-like chymotrypsin activity that contributes to degrading 

misfolded proteins. Its upregulation may be a compensatory action to deal with increasing levels 

of misfolded proteins in the mitochondrion as a result of proteasome blockade.  

Inositol-pentakisphosphate 2-kinase catalyzes the last step in inositol 1,2,3,4,5,6-

hexakisphosphate (phytic acid) synthesis in mammals (113). Because phytic acid is involved in a 

broad range of cellular functions, including RNA export, DNA repair, signaling, endocytosis and 

cell vesicle movement (114,115), its upregulation suggests a response by the worm to maintain 

homeostasis in one or more of these functions. 

Lastly, tyrosine kinases mediate signal transduction, proliferation, differentiation and 

migration of cells by phosphorylating tyrosine residues (116). In current cancer treatments, 

research has shown that the inhibition of both tyrosine kinases and the proteasome can counter 

the resistance developed in some leukemias to targeting tyrosine kinases alone (117). Given the 

upregulation of tyrosine kinases in S. mansoni after exposure to BTZ, future experiments could 

consider a combination of proteasome and tyrosine kinase inhibitors to induce cell death as has 

been reported for some leukemias (117).  
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RNA-Seq is a powerful tool to generate a snapshot of the transcriptional state of a cell or 

organism as it responds to internal or external stimuli (118-120). The data generated by RNA-

Seq must be validated, however, by a secondary method such as qPCR (121). Thus, in completion 

of the second aim of my thesis, the qPCR data displayed in Figure 7 for the nine targeted genes 

of interest agree well with the fold-upregulation of the same genes as measured by RNA-Seq, 

suggesting that the RNA-Seq data, as a whole, are accurate. Generation of those qPCR data 

required considerable effort in first conducting the necessary bioinformatics to choose putative 

primers pairs and then ensuring their optimal efficiency. On average, for each gene target, three 

to five qPCR test runs were needed before optimal efficiency was obtained.  

 

6. Conclusion 

The research presented here is part of an ongoing project by my lab to investigate the proteasome 

as drug target for treatment of schistosomiasis. Using RNA-Seq, my thesis has facilitated an initial 

understanding of some key gene transcripts upregulated by adult S. mansoni in response to its 

exposure to 1 µM BTZ after 12 h and 24 h – conditions that impede parasite motility and induce 

caspase activity (the latter of which is a hallmark of proteasome blockade (49)). Understanding 

which genes are upregulated in response to BTZ offers possibilities for new drug interventions, 

either independently or combined with proteasome inhibition (53,54,122). My research also 

developed a qPCR assay for nine example genes to confirm the RNA-Seq data. Lastly, the 

developmental-stage expression profile of some key upregulated genes, such as the HSPs and 

proteasome subunits, demonstrated their broad distribution across the S. mansoni lifecycle.  
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Supplemental Methods. 

1.0 Integrative analysis and Venn diagram generation 

Fold expression and gene name data from RNA-Seq runs were pasted into Excel to 

compare commonly expressed genes between gene groups using Venn diagrams. Gene lists were 

obtained via ROSALIND (OnRampTM) which identified genes significantly upregulated (fold 

change ≥1.5; P-Adj ≤ 0.05), compared to DMSO-treated controls. Each list was pasted into Excel 

columns “A” and “C”, respectively. To compare these lists and generate data for the Venn 

diagrams, “two-way” comparisons were generated using two formulae employing the “FILTER” 

function in Excel.  This function was used to compare columns “A” and “C,” and identify 

common Smp_IDs for the different drug treatments. The “FILTER” function identifies a 

matching range of values based on the supplied criteria.  The following “filters” (shown below), 

were entered in “Excel Macros”. These filters were then used to select genes that were commonly 

found across both BTZ 12 and 24 h treatments. 

 

FILTER I. =FILTER(A2:A301, 1-COUNTIF(C2:C301, A2:A301))  

 

FILTER II. =FILTER(C2:C301, 1-COUNTIF(A2:A301, C2:C301)) 

 

 

The result of the subtraction of FILTER II – FILTER I yields the number of common 

genes between both gene lists:  BTZ 12 (12 h) and BTZ 24 (24 h).   

The information generated in Excel was used to create Venn Diagrams in RStudio TM 

(2020, MA, USA).  Two-way Venn Diagrams of BTZ 12 and BTZ 24 were generated as in the 

following example:   
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grid.newpage() 

draw.pairwise.venn(2467, 1590, 990, category = c("BTZ 12", "BTZ 24"), lty = rep("blank",  

    2), fill = c("red", "yellow"), alpha = rep(0.5, 2), cat.pos = c(0,  

    0), cat.dist = rep(0.025, 2)) 

 

The raw numerical data generated from this code was inputted into the software, My Draw 

(https://www.mydraw.com/templates-venn-diagram-index) to generate the Venn diagram. This 

output was redrawn in PowerPoint (Figure 6). 
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 Supplemental Tables 

Supplemental Table 1. Top 300 most upregulated genes after 1 µM BTZ treatment for 12 
h and/or 24 h.
 

  BTZ 12 h  BTZ 24 h  
Gene 

Identifier Gene Name Fold 
Change  

P-adj 
value 

Fold 
Change  

P-adj 
value 

Smp_106930* Heat shock 70 kDa protein homolog 12.96 9.98E-44 13.19 2.73E-15 

Smp_049250* 
Heat shock protein-HSP20/alpha 
crystallin family 8.93 1.89E-69 11.48 7.74E-11 

Smp_049240 
Heat-shock protein beta-1 (HspB1) 
(Heat shock 27 kDa protein) (HSP 27) 7.05 3.33E-15 4.24 5.48E-04 

Smp_072330 Heat shock protein 6.60 2.46E-234 4.28 9.59E-08 

Smp_149750 Vacuolar sorting associated 5.48 2.80E-14 7.62 3.86E-09 

Smp_151640 Insulin-like growth factor 4.94 1.43E-20 2.52 1.35E-02 

Smp_040680 Cytoplasmic dynein light chain 4.78 5.41E-89 4.72 5.47E-09 

Smp_049300 Major egg antigen 4.43 2.17E-09 5.89 2.60E-05 

Smp_200900 Uncharacterized protein 4.36 3.14E-48 3.81 4.08E-06 

Smp_185680 Major egg antigen 4.22 1.11E-08 5.58 5.11E-05 

Smp_011150 Taspase-1 (T02 family) 3.54 4.35E-48 3.78 2.33E-06 

Smp_069130 
Heat shock protein 70 (Hsp70)-4_ 
putative 3.32 1.90E-121 2.85 8.00E-06 

Smp_172460 Kruppel-like factor 11, partial 3.18 3.14E-27 3.20 1.76E-04 

Smp_131000 Harp (Smarcal1)-related 3.18 7.07E-64 2.42 7.91E-06 

Smp_156450 Uncharacterized protein 3.05 5.58E-81 3.08 1.98E-05 

Smp_146450 Octopamine receptor 2.96 1.07E-20 3.05 4.04E-04 

Smp_123260* Ubiquitin 1 2.95 1.34E-43 5.08 1.29E-06 

Smp_008545 Heat shock protein HSP60_ putative 2.93 4.60E-174 2.94 4.17E-06 

Smp_081600 Alkylated DNA repair protein alkB 4  2.90 9.06E-09 2.56 3.75E-03 

Smp_197790 
Alpha-ketoglutarate-dependent 
dioxygenase alkB 4 2.83 4.83E-08 2.87 1.58E-03 

Smp_059660 
Metallo-beta-lactamase domain-
containing protein 1  2.78 1.47E-115 3.05 6.09E-05 

Smp_202770 Uncharacterized protein 2.70 4.86E-24 2.42 1.01E-03 

Smp_072460 Phosphomevalonate kinase 2.64 1.79E-06 4.01 3.26E-05 

Smp_064860 
Heat shock protein 70 (Hsp70)-
interacting protein 2.59 1.26E-134 2.26 2.02E-04 

Smp_043580 
Histone-lysine n-methyltransferase_ 
setb1 2.59 3.43E-24 3.24 1.20E-04 

Smp_036090 
Ankyrin repeat and LEM domain-
containing protein isoform 1 2.59 1.61E-51 2.25 5.25E-04 

Smp_189960 Nuclear pore complex protein Nup153 2.57 9.96E-30 3.04 1.21E-06 

Smp_050470 Transducin beta-like protein 3 2.56 1.34E-43 3.06 2.94E-06 

Smp_091810 Nuclear pore complex protein Nup153 2.53 3.57E-51 2.84 2.29E-05 

Smp_210170 
RNA polymerase II subunit B1 CTD 
phosphatase Rpap2 mRNA 2.51 3.61E-26 2.72 1.41E-04 
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Smp_021830 
Phosphatidylserine decarboxylase 
proenzyme 1 2.45 7.10E-25 2.42 1.81E-04 

Smp_004680 
Interferon-related developmental 
regulator-related 2.44 3.67E-79 2.36 1.18E-03 

Smp_180190 Uncharacterized protein 2.39 5.54E-19 3.69 2.94E-06 

Smp_176110 Leucine rich repeat-containing domain 2.38 3.80E-11 4.86 1.29E-06 

Smp_165970 
Acidic fibroblast growth factor 
intracellular binding protein 2.38 4.38E-29 2.18 2.28E-03 

Smp_129320 Cell division control protein_ putative 2.38 1.45E-48 2.43 1.21E-04 

Smp_167110 Invadolysin (M08 family) 2.37 1.47E-04 3.12 4.71E-04 

Smp_144300 Tns1 protein 2.34 1.92E-11 2.59 1.25E-03 

Smp_043360 Uncharacterized protein 2.33 1.14E-05 2.96 2.32E-04 

Smp_163100 
High-affinity cgmp-specific 3_5-cyclic 
phosphodiesterase 2.29 1.79E-21 2.36 9.39E-04 

Smp_205200 Octopamine receptor 2.28 1.07E-03 2.28 1.16E-02 

Smp_162990 tRNA pseudouridine synthase 2 2.24 4.09E-17 2.87 7.67E-05 

Smp_154030 Uncharacterized protein 2.22 5.69E-16 2.23 1.77E-03 

Smp_061570 
Lung cancer metastasis-related (Lcmr1) 
protein 2.19 1.80E-20 2.35 1.04E-03 

Smp_168000 Monocarboxylate transporter 2.17 1.06E-18 2.67 2.33E-06 

Smp_151320 Tpx2 protein 2.16 1.16E-03 3.63 9.65E-04 

Smp_186940 Uncharacterized protein 2.15 3.01E-10 2.23 5.61E-03 

Smp_156400 Cytochrome P450 2.15 1.83E-04 3.37 1.45E-04 

Smp_076450 Uncharacterized protein 2.10 2.90E-12 2.94 3.57E-05 

Smp_136950 Protein SREK1IP1 2.10 1.39E-12 2.25 1.68E-03 

Smp_127700 
Protein prenyltransferase alpha subunit 
repeat-containing protein 1  2.09 2.17E-08 2.53 2.28E-03 

Smp_019190 Step II splicing factor slu7_ putative 2.07 4.57E-45 2.62 2.86E-04 

Smp_121140 Uncharacterized protein 2.07 6.31E-14 2.34 1.37E-03 

Smp_130220 Uncharacterized protein 2.06 1.03E-12 2.17 1.99E-04 

Smp_119120 Oxygenase-related 2.06 4.22E-05 3.28 2.25E-04 

Smp_005910 Tyrosine phosphatase prl  2.05 5.16E-38 2.19 3.47E-04 

Smp_025670 
Zinc finger C2H2-type domain-
containing protein 1.98 6.88E-23 2.63 7.46E-05 

Smp_153560 Ring finger protein B (Protein rngB) 1.97 1.70E-32 2.23 2.81E-03 

Smp_152520 Cpg binding protein 1.97 1.08E-17 2.47 7.38E-05 

Smp_152440 HIV Tat-specific factor 1-like protein 1.95 1.36E-25 2.22 2.96E-04 

Smp_159120 
Family C48 unassigned peptidase (C48 
family) 1.94 1.44E-26 2.23 7.63E-04 

Smp_076630 
Nonsense-mediated mRNA decay 
protein 1.93 1.01E-21 2.37 1.16E-04 

Smp_130840 Regulatory NSL complex subunit 3  1.93 3.26E-12 2.51 1.97E-07 

Smp_133770 Glutamine synthetase bacteria 1.92 1.26E-02 5.61 5.51E-06 

Smp_027340 Insulin-inducedprotein 1.91 3.00E-21 2.80 8.77E-04 
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Smp_148120 Ctd sr related rna binding protein 1.91 7.79E-10 2.18 7.14E-04 

Smp_128400 Uncharacterized protein 1.91 5.49E-15 2.23 6.99E-04 

Smp_158280 Zinc finger protein_ putative 1.91 2.55E-06 2.51 2.32E-03 

Smp_101650 Long-chain-fatty-acid-CoA ligase  1.88 1.05E-02 2.30 1.03E-02 

Smp_070340 Histone-arginine methyltransferase 1.3 1.87 3.26E-26 2.31 1.16E-04 

Smp_010800 
S-adenosylmethionine-dependent 
methyltransferase related 1.86 2.35E-07 2.54 1.06E-03 

Smp_065160 Taz protein (Tafazzin) 1.85 6.55E-06 2.21 2.91E-03 

Smp_178920 
Trna(5-methylaminomethyl-2-
thiouridylate)-methy lt ransferase 1.85 1.40E-06 2.63 7.63E-04 

Smp_138220 DFDF motif 1.85 4.54E-34 2.20 6.64E-04 

Smp_130330 Uncharacterized protein 1.84 2.09E-08 3.45 2.33E-06 

Smp_140690 Dna-directed RNA polymerase I subunit 1.81 3.58E-11 2.59 8.74E-05 

Smp_022140 
Serine/threonine-protein kinase rio1 
(Rio kinase 1)_ putative 1.80 4.11E-10 2.73 3.26E-05 

Smp_171150* Shk1 kinase-binding protein 1.80 3.04E-15 2.33 3.49E-04 

Smp_053470 Nucleolar protein NOP56 1.79 2.07E-10 2.83 1.52E-04 

Smp_124170 Dynein heavy chain 1.78 8.02E-07 2.31 6.87E-04 

Smp_090370 Nuclear pore complex protein Nup50 1.78 1.44E-08 2.33 5.97E-04 

Smp_019040 Transcription factor lbp1_cp2 1.78 1.85E-17 2.53 2.81E-04 

Smp_018570 Serine-rich repeat protein 2 1.78 9.62E-10 2.49 9.65E-04 

Smp_040190 Serine/threonine kinase 1.78 2.25E-14 2.25 3.00E-03 

Smp_145650 Forkhead box protein K2 1.76 4.23E-10 2.23 1.40E-03 

Smp_171070 Cell cycle control protein cwf22 1.75 2.09E-17 2.35 1.93E-04 

Smp_082660 
Transcription intermediary factor 1-
related 1.74 8.62E-13 2.18 6.87E-04 

Smp_158740 Uncharacterized protein 1.74 7.43E-17 2.59 4.71E-04 

Smp_168130 
Phosphatase and actin regulator_ 
putative 1.73 2.78E-06 2.45 2.35E-03 

Smp_134290 Serine-rich repeat protein 1.72 1.42E-15 2.22 3.47E-04 

Smp_140760 Uncharacterized protein 1.71 1.69E-15 2.21 2.87E-03 

Smp_137800 Uncharacterized protein 1.70 2.22E-04 2.45 1.16E-04 

Smp_157800 
Dead box ATP-dependent RNA 
helicase 1.68 3.05E-08 2.42 3.68E-04 

Smp_194580 Edp1-related 1.67 3.17E-12 2.40 3.33E-04 

Smp_085790 Uncharacterized protein 1.67 1.26E-08 2.23 1.54E-03 

Smp_200180 Cytoplasmic Dynein Light Chain 3.42 1.09E-71 1.95 1.95E-03 

Smp_150990 Cationic amino acid transporter 2.83 5.87E-12 2.14 1.09E-02 

Smp_210980 Protein phosphatase 1  2.75 1.55E-68 1.95 3.57E-05 

Smp_201060 Probable dynein light chain 2.60 1.25E-45 N/A N/A 

Smp_051580 Uncharacterized protein 2.58 6.29E-07 2.14 3.49E-02 

Smp_083080 Uncharacterized protein 2.57 3.01E-92 2.17 4.14E-04 
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Smp_174890 
TATA box-binding protein-associated 
factor RNA polymerase I subunit A 2.55 1.69E-40 2.03 3.97E-03 

Smp_127490 Blooms syndrome DNA helicase 2.53 5.70E-22 N/A N/A 

Smp_072340* 26s protease regulatory subunit 6b 2.46 1.13E-52 1.94 1.84E-03 

Smp_042270 
26S protease regulatory subunit 6a_ 
putative 2.36 3.70E-68 1.69 1.60E-03 

Smp_042390 
2-deoxyglucose-6-phosphate 
phosphatase 2.34 5.67E-19 1.81 4.48E-03 

Smp_009580 Ubiquitin 2.31 8.00E-114 1.95 1.37E-03 

Smp_004780 Immunophilin 2.29 2.93E-126 1.90 3.65E-04 

Smp_115060 
KRR1 small subunit processome 
component-like protein 2.26 3.19E-15 2.12 9.99E-04 

Smp_175250 
26S proteasome regulatory subunit 
rpn2_putative 2.22 1.61E-55 N/A N/A 

Smp_011600 
Connector enhancer of kinase 
suppressor of ras 2 2.21 1.55E-20 N/A N/A 

Smp_160200 Smad nuclear interacting protein 2.21 3.44E-17 1.66 3.97E-02 

Smp_065120 Deoxyhypusine synthase 2.19 1.52E-24 2.06 6.78E-04 

Smp_020920 Dnaj homolog subfamily B member 4 2.19 2.29E-67 1.96 6.87E-04 

Smp_079750 Methyltransferase 2.18 1.65E-21 1.92 9.23E-04 

Smp_142770 Importin-beta 2 2.16 5.21E-54 2.06 3.30E-04 

Smp_072720 Zinc finger protein_ putative 2.16 2.00E-80 2.09 1.75E-03 

Smp_122550 Gtp binding protein 2.15 3.50E-41 1.89 2.17E-03 

Smp_150780 Queuine tRNA-ribosyltransferase 2.14 8.43E-30 2.12 1.03E-03 

Smp_144090 Hyperparathyroidism homolog 2.12 2.81E-33 1.69 1.24E-02 

Smp_061590 
Nonsense-mediated mRNA decay 
protein 1 (Rent1)_putative 2.10 1.81E-25 N/A N/A 

Smp_159810 MEG-2 (ESP15) family 2.08 3.14E-03 N/A N/A 

Smp_097380 Groes chaperonin 2.07 1.30E-46 2.00 2.91E-03 

Smp_159510 Uncharacterized protein 2.06 2.09E-18 1.96 6.68E-03 

Smp_025130 Rna binding motif protein 2.05 5.33E-18 N/A N/A 

Smp_088550 Rrm/rnp domain 2.04 4.65E-33 2.06 1.70E-03 

Smp_061650 26S proteasome subunit S9_ putative 2.03 2.63E-52 1.57 2.74E-04 

Smp_051280 
Smg-7 (Suppressor with morphological 
effect on genitalia protein 7)_ putative 2.03 1.62E-42 1.89 6.02E-03 

Smp_070070 Fip1-like 1 protein 2.02 2.82E-16 1.72 2.09E-02 

Smp_193150 Uncharacterized protein 2.00 9.35E-07 2.06 3.56E-03 

Smp_080740 Translation initiation factor 2.00 2.20E-03 N/A N/A 

Smp_150910 UBP1-associated proteins 1C  2.00 1.07E-09 1.89 1.68E-03 

Smp_196220 Zinc finger protein 2.00 2.63E-18 1.62 4.48E-02 

Smp_178740 Tesmin-related 1.98 2.06E-12 1.64 6.43E-03 

Smp_035540 Uncharacterized protein 1.98 7.98E-22 2.04 8.46E-04 

Smp_093800 
Mitochondrial import inner membrane 
translocase subunit TIM21 1.98 6.44E-12 2.02 3.46E-03 
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Smp_094770 DNAj-like subfamily B member 1.98 7.89E-16 N/A N/A 

Smp_134870 Early growth response protein 1.98 8.29E-15 2.07 6.22E-03 

Smp_080370 Uncharacterized protein 1.97 2.02E-62 1.89 2.99E-03 

Smp_021980 - 1.97 8.68E-23 1.70 1.28E-03 

Smp_067900 Cdc37-related 1.97 1.91E-37 1.75 2.63E-03 

Smp_173840 
26S protease regulatory subunit_ 
putative 1.96 2.53E-57 N/A N/A 

Smp_058620 Serine/threonine kinase 1.96 2.32E-28 1.97 1.17E-03 

Smp_026160 
Growth hormone inducible 
transmembrane protein 1.95 8.54E-73 2.07 1.37E-03 

Smp_167070 Leishmanolysin-2 (M08 family) 1.95 1.77E-06 1.88 2.01E-02 

Smp_076890 Splicing factor 3A subunit 2  1.94 1.74E-03 N/A N/A 

Smp_128990 
Biorientation of chromosomes in cell 
division protein  1.94 7.15E-13 N/A N/A 

Smp_145680 Pleckstrin y protein  1.93 2.87E-20 2.04 5.02E-03 

Smp_084940 Gtp-binding protein rit 1.93 4.46E-56 1.76 3.02E-03 

Smp_052870* 
26s proteasome non-ATPase regulatory 
subunit 1.93 8.90E-40 1.55 2.55E-04 

Smp_047740 
26S proteasome non-ATPase 
regulatory subunit_putative 1.92 2.60E-30 N/A N/A 

Smp_101890 Protein lin-54-like protein 1.92 3.12E-06 N/A N/A 

Smp_085310 
26S proteasome regulatory subunit S3_ 
putative 1.92 7.59E-36 N/A N/A 

Smp_140630 TELO2-interacting protein 1-like protein 1.92 3.64E-05 N/A N/A 

Smp_142710 Fkbp-rapamycin associated protein 1.92 2.83E-29 1.72 6.27E-03 

Smp_169770 
Glycosylphosphatidylinositol anchor 
attachment 1 protein 1.91 1.63E-22 1.77 3.30E-04 

Smp_102240* 
Upf3 regulator of nonsense transcripts-
like protein 1.91 1.74E-23 2.06 1.16E-04 

Smp_009340 Ribosomal RNA assembly protein  1.91 5.25E-12 1.95 3.86E-03 

Smp_015840 Zinc finger protein 1.89 1.30E-29 2.03 9.39E-04 

Smp_157370 Serine/threonine kinase 1.89 1.18E-12 1.81 3.30E-02 

Smp_067890* Proteasome subunit alpha type 1.88 1.20E-28 1.54 3.14E-03 

Smp_133380 
Serine/threonine-protein phosphatase 
PGAM5 1.88 2.79E-08 1.70 3.55E-03 

Smp_121430 Proteasome subunit beta type 1.88 7.00E-39 1.54 2.48E-03 

Smp_154780 
S-adenosylmethionine-dependent 
methyltransferase related 1.88 2.06E-18 1.97 2.20E-03 

Smp_025680 COP9 signalosome complex subunit 8 1.87 8.44E-15 1.76 1.80E-03 

Smp_176290 Tyrosyl-tRNA synthetase_ putative 1.87 2.05E-14 1.77 6.70E-03 

Smp_162050 Uncharacterized protein 1.87 1.55E-23 2.09 7.63E-04 

Smp_020800 

Cysteine and histidine-rich domain 
(Chord)-containing_ zinc binding 
protein_ putative 1.87 9.52E-34 1.84 1.14E-03 

Smp_017070 26s protease regulatory subunit S10b 1.86 6.65E-46 N/A N/A 

Smp_077000 Uncharacterized protein 1.86 7.67E-04 1.94 7.09E-03 
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Smp_128420 Protein CASC3 1.86 1.86E-24 1.77 6.70E-03 

Smp_197730 Rrm-containing protein seb-4_ putative 1.85 6.99E-17 1.68 1.54E-02 

Smp_155210 Uncharacterized protein 1.84 2.84E-12 N/A N/A 

Smp_174960 Merlin/moesin/ezrin/radixin 1.84 2.12E-22 N/A N/A 

Smp_074060 Uncharacterized protein 1.84 1.50E-12 1.55 1.33E-02 

Smp_164970 Protein Kinase 1.84 1.71E-06 1.84 5.00E-03 

Smp_033050 Dna topoisomerase type I 1.84 4.22E-44 2.14 5.16E-04 

Smp_209050 
Peptidyl-prolyl cis-trans isomerase-like 
4. ppil4 1.84 2.34E-17 N/A N/A 

Smp_045750 Cak assembly factor 1.83 1.92E-13 N/A N/A 

Smp_096210 Uncharacterized protein 1.83 1.37E-21 N/A N/A 

Smp_132170 Jumonji domain containing protein 1.83 1.61E-15 1.75 9.24E-03 

Smp_125050 
Hepatoma derived growth factor_ 
putative 1.83 1.62E-18 N/A N/A 

Smp_180210 
WW domain-containing adapter protein 
isoform 2  1.83 5.65E-20 1.53 3.48E-02 

SmtRNA_0002
4_Gln.1 - 1.83 2.80E-02 N/A N/A 

Smp_135510 NAALADASE L peptidase (M28 family) 1.82 4.88E-18 1.71 1.68E-03 

Smp_067440 Oligodendrocyte transcription factor 2 1.82 1.99E-07 1.99 2.57E-03 

Smp_034490 Proteasome subunit beta type 1.82 1.02E-27 N/A N/A 

Smp_187960 WW domain-containing adapter protein 1.81 3.85E-12 N/A N/A 

Smp_210480 
Aminopeptidase P homologue (M24 
family) 1.81 6.52E-12 1.81 2.03E-03 

Smp_002160 
DNA methyltransferase 1-associated 
protein 1 1.81 1.01E-19 2.09 5.58E-04 

Smp_104630 Wdr4-prov protein 1.81 2.06E-13 1.99 5.25E-04 

Smp_157520 Transcription factor HIVEP3  1.81 7.41E-18 1.69 1.81E-02 

Smp_084540 

G patch domain-containing protein 1 
(Evolutionarily conserved G-patch 
domain containing protein) 1.81 2.08E-32 1.96 7.78E-04 

Smp_009530 Deoxycytidylate deaminase 1.81 2.69E-08 1.82 8.26E-04 

Smp_177080 Alpha-1_3-mannosyltransferase 1.81 2.13E-23 1.80 1.65E-03 

Smp_133470 Ribonucleoprotein-related 1.81 1.65E-13 2.10 1.24E-03 

Smp_039640 Retinoblastoma binding protein 1.80 3.78E-28 N/A N/A 

Smp_127630 Transketolase 1.80 9.05E-04 1.70 1.61E-02 

Smp_077010 Uncharacterized protein 1.80 8.55E-08 1.80 2.92E-02 

Smp_162600 HEAT repeat-containing protein 1 1.80 1.97E-23 2.06 1.27E-03 

Smp_103090 
Histone-lysine N-methyltransferase 
SETD2 1.80 4.59E-29 N/A N/A 

Smp_130270 Uncharacterized protein 1.80 7.68E-07 2.05 2.30E-03 

Smp_132180 Uncharacterized protein 1.79 6.16E-16 2.03 1.68E-03 

Smp_035480 Arginine and glutamate-rich protein 1 1.79 2.40E-21 1.91 7.34E-03 

Smp_078310 Ran-binding protein 1.79 4.25E-19 1.58 1.53E-02 
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Smp_023990 
Transcriptional repressor protein yy (Yin 
and yang) (Delta transcription factor) 1.78 1.29E-14 N/A N/A 

Smp_145430 Cement precursor 3B variant 2 1.78 4.66E-12 N/A N/A 

Smp_160550 Dyp-type peroxidase_ putative 1.78 2.12E-05 N/A N/A 

Smp_123340 Uncharacterized protein 1.78 4.02E-11 2.04 9.72E-04 

Smp_021960 Uncharacterized protein 1.78 2.21E-11 N/A N/A 

Smp_131650 Telomerase-binding protein EST1A 1.77 2.19E-21 N/A N/A 

Smp_181090 
Rna (Guanine-9-) methyltransferase 
domain containing 1.77 1.39E-11 1.88 3.00E-03 

Smp_093950 
Family C85 unassigned peptidase (C85 
family) 1.77 2.64E-28 1.59 5.98E-03 

Smp_180040 Phosphoglycerate mutase 1.77 3.78E-24 N/A N/A 

Smp_199850 Peter pan-related 1.76 1.05E-03 2.12 1.16E-02 

Smp_138680 
DNAj homolog subfamily C member_ 
putative 1.76 4.83E-29 1.78 3.22E-03 

Smp_092280 
Proteasome subunit alpha 3 (T01 
family) 1.76 1.95E-24 N/A N/A 

Smp_181290 Large subunit ribosomal protein L28 1.76 5.75E-08 N/A N/A 

Smp_212500 Peter pan-related 1.76 7.65E-12 2.13 6.99E-04 

Smp_074620 
Nucleoside diphosphate hydrolase_ 
putative 1.75 3.63E-07 N/A N/A 

Smp_198750 Pinn_ putative 1.75 1.91E-19 2.04 9.41E-04 

Smp_145880 
Abhydrolase domain-containing protein 
4 (S33 family) 1.75 3.69E-08 2.14 2.48E-03 

Smp_144740 4.1 G protein_ putative 1.75 4.20E-02 N/A N/A 

Smp_059910 Uncharacterized protein 1.75 1.17E-11 1.73 1.87E-03 

Smp_038700 Uncharacterized protein 1.75 9.94E-27 N/A N/A 

Smp_175920 Uncharacterized protein 1.75 2.09E-12 2.03 8.80E-03 

Smp_148330 DENN domain-containing protein 1  1.75 1.60E-12 N/A N/A 

Smp_024970 Ccr4 not-related 1.75 5.26E-22 N/A N/A 

Smp_142950 
DNA-directed RNA polymerase III 
subunit RPC5  1.74 4.47E-18 1.86 6.99E-04 

Smp_018620 Paraplegin (M41 family) 1.74 5.82E-18 1.57 2.38E-03 

Smp_044810 
Zinc finger CCCH domain-containing 
protein isoform 1 1.74 5.16E-20 1.78 5.55E-03 

Smp_210180 Ubiquitin-like protein 5  1.74 4.75E-06 1.67 1.56E-02 

Smp_156710 
Phosphatidylinositol-4-phosphate-5-
kinase_putativ e 1.74 3.53E-06 1.58 3.96E-03 

Smp_145740 Cdc6_ putative 1.74 2.42E-10 N/A N/A 
ENSRNA0227
28962 U1 spliceosomal RNA 1.74 4.46E-02 N/A N/A 

Smp_074500 Proteasome subunit beta 2 (T01 family) 1.74 1.21E-22 1.55 2.24E-03 

Smp_170540 
Arginine-glutamic acid dipeptide repeats 
protein 1.74 1.02E-34 1.95 2.42E-03 

Smp_005080 Nucleolar protein nol1/nop2 1.73 7.88E-11 1.67 1.25E-02 

Smp_164860 Metallophosphoesterase 1  1.73 1.03E-09 N/A N/A 

Smp_022660 Wd-repeat protein 1.73 5.53E-25 1.96 5.25E-04 
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Smp_192000 Queuine tRNA-ribosyltransferase 1.73 2.75E-10 1.59 9.15E-03 

Smp_159870 Uncharacterized protein 1.73 1.91E-14 1.77 4.17E-03 

Smp_076040 DIF_3 1.73 3.59E-29 1.82 2.65E-03 

Smp_076230 Proteasome subunit alpha type 1.73 1.05E-33 N/A N/A 

Smp_055340 Lin-9 1.73 5.90E-18 N/A N/A 

Smp_168940 Nad dependent epimerase/dehydratase 1.73 5.24E-06 2.05 3.20E-03 

Smp_143920 Integrator complex subunit 9 1.73 1.11E-11 1.90 1.05E-03 

Smp_194620 Methyltransferase_ putative 1.72 3.82E-07 1.78 1.68E-03 

Smp_164770 Apg5-related 1.72 1.98E-19 1.70 4.43E-03 

Smp_007510 Protein kinase 1.72 7.74E-17 N/A N/A 

Smp_022330 
Dnaj homolog subfamily B member 2_ 
6_ 8 1.72 6.55E-46 1.61 1.31E-03 

Smp_210680 Suppression of tumorigenicity 1.72 9.20E-13 1.81 4.21E-03 

Smp_019820 Uncharacterized protein 1.72 9.78E-09 1.81 3.14E-03 

Smp_138920 Cop9 signalosome complex subunit 1.72 6.67E-18 1.81 1.19E-03 

Smp_015780 Atpase n2b 1.71 3.01E-12 2.00 1.82E-03 

Smp_204730 Uncharacterized protein 1.71 3.41E-16 1.72 2.79E-03 

Smp_035090 Hepatoma up-regulated protein 1.71 1.78E-20 2.11 5.67E-04 

Smp_104370 
CCR4-NOT Transcription complex 
subunit 4 1.71 2.95E-04 N/A N/A 

Smp_012150 
Zinc finger C4H2 domain-containing 
protein 1.71 2.96E-22 2.05 1.31E-03 

Smp_170950 Transferase CAF17-like protein 1.71 4.02E-06 N/A N/A 

Smp_157910 Uncharacterized protein 1.71 4.51E-17 1.68 1.06E-02 

Smp_129720 
Fuse-binding protein-interacting 
repressor siahbp1_ putative 1.71 2.69E-17 1.84 1.60E-03 

Smp_176550 Lipoyltransferase 2_ mitochondrial 1.71 3.90E-12 N/A N/A 

Smp_146570 Histidyl-tRNA synthetase-related 1.71 7.11E-16 1.65 1.12E-02 

Smp_126720 
Pre-mRNA splicing factor ISY1-like 
protein 1.71 1.42E-16 1.72 2.17E-03 

Smp_125340 Hepatoma derived growth factor 1.70 3.85E-14 N/A N/A 

Smp_160870 Aaa family ATPase 1.70 3.75E-12 2.00 1.34E-03 

Smp_198870 Long-chain-fatty-acid--CoA ligase 1.70 9.63E-15 N/A N/A 

Smp_050700 
Phosphatidylethanolamine-binding 
protein 1.70 2.82E-15 1.75 1.41E-03 

Smp_045600 Golgin subfamily A member 6 6  1.70 6.13E-04 1.87 2.27E-03 

Smp_127580 DIS3-like exonuclease 2 1.70 4.81E-13 2.02 6.36E-04 

Smp_035360 Nucleolar protein 14 1.70 7.31E-09 N/A N/A 

Smp_090340 Uncharacterized protein 1.70 1.43E-04 1.58 2.08E-02 

Smp_038940 Mrna (Guanine-7-)methyltransferase 1.69 9.89E-09 N/A N/A 

Smp_036500 CAR; nuclear receptor nhr-48 1.69 1.29E-21 1.80 6.63E-03 

Smp_054300 Alpha(1_3)fucosyltransferase 1.69 1.74E-03 N/A N/A 
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Smp_005900 Bcl2-associated athanogene 1.69 2.42E-36 1.77 1.85E-03 

Smp_157530 Transcription factor HIVEP3 1.69 4.67E-07 1.97 1.58E-03 

Smp_045070 
U3 Small Nucleolar RNA-associated 
protein 15 1.69 1.38E-11 1.68 9.43E-03 

Smp_085740 Abl-binding protein-related 1.69 1.77E-19 N/A N/A 

Smp_154640 SWI/SNF-related 1.68 6.27E-10 N/A N/A 

Smp_166550 
Translation initiation factor 2b_ delta 
subunit_putative 1.68 1.32E-14 1.80 1.73E-03 

Smp_138050 
Polypyrimidine tract binding protein_ 
putative 1.68 1.64E-32 1.69 7.09E-03 

Smp_207030 Gtpase activating protein-related 1.68 6.56E-14 N/A N/A 

Smp_149350 Uro-adherence factor A 1.68 7.81E-14 1.97 5.24E-03 

Smp_142300 Polypyrimidine tract binding protein 1.68 1.73E-18 N/A N/A 

Smp_072900 Hsp90 co-chaperone (Tebp)_ putative 1.68 1.59E-36 1.66 9.39E-04 

Smp_152010 Uncharacterized protein 1.68 3.81E-22 1.83 2.94E-03 

Smp_073410 Proteasome subunit beta type 1.68 8.32E-36 N/A N/A 

Smp_211200 
Williams-beuren syndrome critical 
region protein_ putative 1.68 1.16E-08 N/A N/A 

Smp_083680 Nucleolar protein 53 1.67 9.51E-14 1.54 1.21E-02 

Smp_087220 
Microprocessor complex subunit 
DGCR8 1.67 1.11E-11 1.62 2.98E-03 

Smp_176670 Histone H2A 1.67 1.25E-03 N/A N/A 

Smp_039390 
Distal membrane-arm assembly 
complex protein 1.67 7.44E-09 1.70 5.55E-03 

Smp_164850 Metallophosphoesterase 1  1.67 2.55E-04 N/A N/A 

Smp_153190 Integrator complex subunit 1.67 1.40E-14 1.56 3.02E-02 

Smp_092170 
Regulation of nuclear pre-mRNA 
domain-containing protein 1A 1.67 2.50E-10 2.06 3.26E-03 

Smp_062420 
Heat shock protein 70 (Hsp70)-
interacting protein 1.67 4.31E-56 N/A N/A 

Smp_073680 Tata-box binding protein 1.67 4.95E-17 N/A N/A 

Smp_130020 Uncharacterized protein 1.67 3.89E-03 N/A N/A 

Smp_210400 
ATP-dependent Clp protease proteolytic 
subunit N/A N/A 1.58 0.02989 

SmtRNA_0224
7_Gln_TTG.1.
1 - N/A N/A 6.31 1.44E-07 
SmtRNA_0223
1_Gln_TTG.1.
1 - N/A N/A 6.07 2.33E-06 

Smp_048050 Alpha crystallin A chain  N/A N/A 6.03 1.97E-07 

Smp_049230 Heat shock protein hsp16  N/A N/A 5.61 1.97E-07 
SmtRNA_0071
1_Pseudo_TT
G.1.1 - N/A N/A 5.35 1.46E-05 
SmtRNA_0153
2_Gln_TTG.1.
1 - N/A N/A 5.07 1.16E-04 

Smp_138080 MEG-3 (Grail) family  N/A N/A 4.92 1.24E-04 
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SmtRNA_0055
9_Gln_TTG.1.
1 - N/A N/A 4.87 7.83E-05 
SmtRNA_0017
8_Gln_TTG.1.
1 - N/A N/A 4.82 1.25E-04 
SmtRNA_0018
6_Pseudo_TT
G.1.1 - N/A N/A 4.60 2.49E-04 

Smp_138070 MEG-3 (Grail) family  N/A N/A 4.56 3.24E-04 

Smp_138060 MEG-3 (Grail) family  N/A N/A 4.47 4.51E-04 
SmtRNA_0140
8_Pseudo_TT
G.1.1 - N/A N/A 4.44 3.33E-04 
SmtRNA_0219
8_Glu_TTC.1.
1 - N/A N/A 4.43 2.02E-04 
SmtRNA_0023
3_Gln_TTG.1.
1 - N/A N/A 4.42 4.60E-04 

Smp_003600 Natterin-4  N/A N/A 4.41 3.47E-04 
SmtRNA_0243
5_Gln_TTG.1.
1 - N/A N/A 4.38 3.82E-04 
SmtRNA_0140
0_Pseudo_TT
G.1.1 - N/A N/A 4.07 7.63E-04 
SmtRNA_0055
6_Gln_TTG.1.
1 - N/A N/A 4.06 6.11E-04 
SmtRNA_0199
5_Gln_TTG.1.
1 - N/A N/A 3.95 3.24E-04 
SmtRNA_0228
5_Pseudo_TT
G.1.1 - N/A N/A 3.80 1.44E-03 
SmtRNA_0239
1_Pseudo_CG
A.1.1 - N/A N/A 3.79 1.17E-03 
ENSRNA0227
34481 TRNA-Pro for anticodon AGG N/A N/A 3.72 1.68E-03 

Smp_160160 

Sialin (Solute carrier family 17 member 
5) (Sodium/sialic acid cotransporter) 
(Ast) (Membrane glycoprotein hp59)  N/A N/A 3.71 5.71E-05 

SmtRNA_0154
0_Gln_TTG.1.
1 - N/A N/A 3.70 6.99E-04 
SmtRNA_0050
2_Gln_TTG.1.
1 - N/A N/A 3.68 1.03E-03 
SmtRNA_0227
7_Gln_TTG.1.
1 - N/A N/A 3.67 1.83E-03 
SmtRNA_0014
9_Gln_TTG.1.
1 - N/A N/A 3.67 1.04E-03 
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SmtRNA_0015
0_Pseudo_TT
G.1.1 - N/A N/A 3.64 4.30E-04 
SmtRNA_0013
9_Pseudo_TT
G.1.1 - N/A N/A 3.63 1.90E-03 
SmtRNA_0055
1_Pseudo_TT
G.1.1 - N/A N/A 3.62 1.57E-03 
SmtRNA_0133
3_Pseudo_TT
G.1.1 - N/A N/A 3.58 1.21E-03 

Smp_181330 Uncharacterized protein  N/A N/A 3.54 2.42E-03 

Smp_056680 Cercarial elastase (S01 family)  N/A N/A 3.53 2.47E-03 
SmtRNA_0044
3_Gln_TTG.1.
1 - N/A N/A 3.52 2.32E-03 
SmtRNA_0023
9_Gln_TTG.1.
1 - N/A N/A 3.52 1.54E-03 
SmtRNA_0098
4_Gln_TTG.1.
1 - N/A N/A 3.41 3.22E-03 

Smp_178990 Uncharacterized protein  1.62 3.25E-12 3.40 4.80E-05 

Smp_203150 Uncharacterized protein N/A N/A 3.37 6.04E-04 
SmtRNA_0208
2_Gln_TTG.1.
1 - N/A N/A 3.34 3.47E-03 
SmtRNA_0165
9_Gln_TTG.1.
1 - N/A N/A 3.28 4.22E-03 
SmtRNA_0225
5_Gln_TTG.1.
1 - N/A N/A 3.27 3.60E-03 
SmtRNA_0194
4_Gln_TTG.1.
1 - N/A N/A 3.26 4.25E-03 

Smp_188430 Glutathione synthetase N/A N/A 3.26 2.62E-04 

Smp_131330 Uncharacterized protein  N/A N/A 3.19 4.86E-03 
SmtRNA_0172
7_Pseudo_TT
G.1.1 - N/A N/A 3.16 4.92E-03 
SmtRNA_0137
9_Gln_TTG.1.
1 - N/A N/A 3.16 5.45E-03 

Smp_205180 Lipoate-protein ligase N/A N/A 3.14 5.05E-03 
SmtRNA_0160
6_Pseudo_CG
A.1.1 - N/A N/A 3.14 5.79E-03 

Smp_177650 Glutathione synthase N/A N/A 3.11 2.62E-04 

Smp_079960 Tubulin beta chain  N/A N/A 3.09 4.95E-03 
SmtRNA_0225
1_Pseudo_TT
G.1.1 - N/A N/A 3.09 6.40E-03 
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SmtRNA_0139
3_Gln_TTG.1.
1 - N/A N/A 3.09 6.47E-03 
SmtRNA_0013
4_Gln_TTG.1.
1 - N/A N/A 3.08 6.55E-03 
SmtRNA_0096
2_Gln_TTG.1.
1 - N/A N/A 3.06 5.97E-03 
SmtRNA_0068
4_Pseudo_TT
G.1.1 - N/A N/A 3.05 6.57E-03 

Smp_180660 Uncharacterized protein  N/A N/A 3.01 4.96E-03 
SmtRNA_0144
5_Gln_TTG.1.
1 - N/A N/A 3.00 7.67E-03 
SmtRNA_0094
1_Gln_TTG.1.
1 - N/A N/A 2.99 7.61E-03 

Smp_125890 DNA photolyase  1.65 9.06E-09 2.97 3.32E-05 
SmtRNA_0147
3_Gln_TTG.1.
1 - N/A N/A 2.96 5.79E-03 
SmtRNA_0104
6_Pseudo_AT
G.1.1 - N/A N/A 2.95 9.72E-04 

Smp_033000 Calcium-binding protein  N/A N/A 2.93 4.00E-03 
ENSRNA0227
33861 TRNA-Leu for anticodon UAG N/A N/A 2.92 9.51E-03 
SmtRNA_0063
5_Pseudo_GT
G.1.1 - N/A N/A 2.89 9.41E-03 

Smp_205910 
WGS project CABG00000000 data_ 
supercontig 0881_ strain Puerto Rico  1.55 2.36E-05 2.86 8.33E-04 

SmtRNA_0024
8_Pseudo_CG
A.1.1 - N/A N/A 2.85 1.11E-02 
SmtRNA_0187
3_Pseudo_TT
G.1.1 - N/A N/A 2.82 9.84E-03 

Smp_100310 
Hexaprenyldihydroxybenzoate 
methyltransferase, mitochondrial N/A N/A 2.81 1.16E-02 

Smp_123390 Requim_ req/dpf2_  N/A N/A 2.80 1.41E-04 

Smp_055850 
Threonyl-tRNA synthetase_ 
cytoplasmic_  N/A N/A 2.80 8.79E-03 

Smp_062900 Peroxiredoxin_ Prx4  N/A N/A 2.79 6.04E-03 
SmtRNA_0204
7_Gln_TTG.1.
1 - N/A N/A 2.79 1.03E-02 
SmtRNA_0173
5_Pseudo_TT
G.1.1 - N/A N/A 2.78 1.26E-02 
SmtRNA_0041
4_Pseudo_TT
G.1.1 - N/A N/A 2.76 1.38E-02 
ENSRNA0227
38551 TRNA-Glu for anticodon UUC N/A N/A 2.76 1.40E-02 
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SmtRNA_0151
2_Pseudo_TT
G.1.1 - N/A N/A 2.74 1.29E-02 

Smp_075030 Myotrophin  1.63 7.32E-06 2.73 7.68E-04 

Smp_149680 Early growth response protein_  N/A N/A 2.72 6.45E-04 

Smp_127610 
Mername-AA213 peptidase (M14 
family)  N/A N/A 2.71 1.11E-02 

Smp_188200 DM9 domain containing protein N/A N/A 2.69 1.18E-02 

Smp_087330 Uncharacterized protein  1.53 1.84E-05 2.68 2.32E-04 

Smp_021070 Gtp-binding protein-animal  N/A N/A 2.66 7.67E-05 

Smp_011960 Inositol-pentakisphosphate 2-kinase  N/A N/A 2.66 6.87E-04 
SmtRNA_0208
4_Gln_TTG.1.
1 - N/A N/A 2.64 1.74E-02 

Smp_123970 Uncharacterized protein  N/A N/A 2.61 2.00E-02 
SmtRNA_0209
4_Gln_TTG.1.
1 - N/A N/A 2.59 2.08E-02 
SmtRNA_0211
7_Pseudo_TT
G.1.1 - N/A N/A 2.59 2.08E-02 
ENSRNA0227
28979 U6 spliceosomal RNA N/A N/A 2.57 2.01E-02 

Smp_043610 
Pre-mRNA-splicing regulator female-
lethal(2)D  N/A N/A 2.56 6.24E-04 

SmtRNA_0009
1_Pseudo_TT
G.1.1 - N/A N/A 2.56 2.13E-02 
ENSRNA0227
34732 TRNA-Ser for anticodon UGA N/A N/A 2.55 1.86E-02 
SmtRNA_0119
0_Pseudo_TT
A.1.1 - N/A N/A 2.54 2.34E-02 
SmtRNA_0109
2_Gln_TTG.1.
1 - N/A N/A 2.54 2.33E-02 
SmtRNA_0102
9_Pseudo_CG
A.1.1 - N/A N/A 2.53 2.10E-02 
SmtRNA_0202
2_Gln_TTG.1.
1 - N/A N/A 2.53 2.30E-02 

Smp_200560 Histone H2B N/A N/A 2.52 6.56E-03 
SmtRNA_0235
6_Pseudo_TT
G.1.1 - N/A N/A 2.52 2.14E-02 
SmtRNA_0219
5_Pseudo_TT
G.1.1 - N/A N/A 2.52 2.20E-02 

Smp_122770 
Cap-specific mRNA (nucleoside-2'-O-
)methyltransferase 1 N/A N/A 2.52 1.20E-02 

Smp_168250 Uncharacterized protein  N/A N/A 2.51 2.54E-02 
SmtRNA_0218
7_Pseudo_TG
A.1.1 - N/A N/A 2.51 2.52E-02 
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SmtRNA_0162
5_Pseudo_TT
G.1.1 - N/A N/A 2.51 2.33E-02 

Smp_200090 
Leucine zipper and W2 domains 1 
BZW1 N/A N/A 2.50 1.31E-03 

Smp_134480 Proline-rich protein PRCC 1.64 8.04E-09 2.49 1.52E-04 
SmtRNA_0232
7_Gln_TTG.1.
1 - N/A N/A 2.49 2.69E-02 

Smp_172200 Tyrosine kinase  N/A N/A 2.49 2.32E-04 

Smp_196900 Uncharacterized protein  N/A N/A 2.49 1.34E-02 
ENSRNA0227
33349 TRNA-Ser for anticodon AGA N/A N/A 2.48 2.31E-02 

Smp_033590 RING finger protein 113A N/A N/A 2.48 2.63E-04 
SmtRNA_0232
9_Gln_TTG.1.
1 - N/A N/A 2.47 2.38E-02 

Smp_043200 
Serine/threonine-protein kinase rio2 
(Rio kinase 2)  N/A N/A 2.47 3.65E-04 

Smp_191380 
RUNX1 Translocation partner 1 
RUNX1T1 N/A N/A 2.47 2.81E-02 

Smp_170020 Neuropeptide receptor  N/A N/A 2.47 2.13E-03 
SmtRNA_0234
1_Gln_TTG.1.
1 - N/A N/A 2.46 2.87E-02 

Smp_173260 TIMELESS-interacting protein N/A N/A 2.46 1.01E-03 

Smp_185340 Alpha(1,3) fucosyltransferase 1.60 4.51E-02 2.45 6.45E-03 

Smp_129510 UPF0046-like 1.65 1.73E-03 2.45 1.01E-03 

Smp_149690 Uncharacterized protein  N/A N/A 2.45 1.16E-02 

Smp_156060 
Pre-mRNA-splicing factor ATP-
dependent RNA helicase PRP16 1.51 2.31E-10 2.45 4.62E-04 

SmtRNA_0063
8_Gln_TTG.1.
1 - N/A N/A 2.44 3.05E-02 

Smp_105070 Uncharacterized protein  1.66 3.64E-09 2.44 1.81E-04 
SmtRNA_0044
9_Pseudo_TT
G.1.1 - N/A N/A 2.44 2.58E-02 

Smp_122090 
Transient receptor potential cation 
channel  N/A N/A 2.44 2.63E-04 

Smp_179720 Oxysterol-binding protein  1.61 2.41E-07 2.44 3.05E-04 

Smp_160170 Cilia and flagella associated protein  1.65 1.37E-03 2.44 2.91E-04 

Smp_126380 Eyes absent  N/A N/A 2.43 3.13E-02 

Smp_201810 Uncharacterized protein N/A N/A 2.43 1.74E-03 

Smp_150440 Tubulin-specific chaperone E  1.61 1.73E-06 2.43 1.82E-03 
SmtRNA_0037
9_Gln_TTG.1.
1 - N/A N/A 2.42 3.20E-02 
SmtRNA_0040
4_Gln_TTG.1.
1 - N/A N/A 2.42 3.17E-02 
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Smp_194390 Suppressor of cytokine signaling  N/A N/A 2.40 4.30E-04 

Smp_013570 Uncharacterized protein  1.64 3.31E-03 2.40 1.17E-03 
SmtRNA_0017
5_Gln_TTG.1.
1 - N/A N/A 2.39 3.34E-02 
SmtRNA_0189
6_Gln_CTG.1.
1 - N/A N/A 2.39 3.09E-02 

Smp_122340 Kelch-like protein  N/A N/A 2.39 1.63E-03 

Smp_090890 Serine/threonine protein kinase  1.56 8.51E-09 2.38 1.07E-03 
SmtRNA_0219
1_Gln_TTG.1.
1 - N/A N/A 2.38 3.39E-02 

Smp_076710 Uncharacterized protein  N/A N/A 2.38 2.42E-03 
SmtRNA_0204
0_Pseudo_TT
G.1.1 - N/A N/A 2.37 3.59E-02 

Smp_153240 Fibrocystin-L  N/A N/A 2.36 2.92E-02 

sma.28s-95.1 - N/A N/A 2.36 3.09E-02 
SmtRNA_0199
4_Gln_TTG.1.
1 - N/A N/A 2.36 3.53E-02 

Smp_098980 Hsda/sda1_  1.53 2.72E-09 2.36 4.80E-05 
SmtRNA_0117
4_Pseudo_TT
G.1.1 - N/A N/A 2.36 3.38E-02 

Smp_142820 Retinol Dehydrogenase 12 isoform 2  1.51 3.50E-02 2.36 7.74E-03 
SmtRNA_0046
5_Pseudo_TT
G.1.1 - N/A N/A 2.35 3.79E-02 

Smp_092930 Uncharacterized protein  1.52 2.08E-05 2.35 6.28E-04 

Smp_169340 
Coiled-coil domain-containing protein 
58  N/A N/A 2.35 5.61E-04 

Smp_211160 ATP-dependent RNA helicase_  1.56 2.17E-03 2.35 7.78E-04 

Smp_176760 Metaxin_  N/A N/A 2.34 6.58E-04 
SmtRNA_0056
2_Gln_TTG.1.
1 - N/A N/A 2.34 4.01E-02 
SmtRNA_0186
2_Pseudo_TT
G.1.1 - N/A N/A 2.33 3.50E-02 
ENSRNA0227
28978 U6 spliceosomal RNA 1.65 2.96E-02 2.33 3.80E-02 

Smp_053420 Fermitin family 1 1.54 1.98E-24 2.33 6.92E-04 
SmtRNA_0158
1_Pseudo_TT
G.1.1 - N/A N/A 2.33 4.05E-02 

Smp_180610 Protein AF-17  N/A N/A 2.32 7.28E-03 

Smp_012010 Forkhead transcription factor  N/A N/A 2.31 3.65E-03 

Smp_122730 
Cap-specific (nucleoside-2'-o-)-
methyltransferase 1 N/A N/A 2.31 4.38E-04 
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Smp_164740 Zinc finger protein_  N/A N/A 2.30 3.90E-02 
SmtRNA_0132
0_Pseudo_TT
G.1.1 - N/A N/A 2.29 4.33E-02 
SmtRNA_0043
9_Gln_TTG.1.
1 - N/A N/A 2.29 3.93E-02 

Smp_151110 Uncharacterized protein  1.57 1.54E-04 2.29 4.51E-04 

Smp_000110 

Similar to elongation factor Tu GTP 
binding domain containing 1 isoform 6-
related  1.54 8.49E-09 2.29 4.52E-04 

SmtRNA_0207
1_Gln_TTG.1.
1 - N/A N/A 2.28 2.96E-02 

Smp_077740 Uncharacterized protein  N/A N/A 2.28 2.76E-02 

Smp_159620 
BTB/POZ domain-containing protein 
KCTD20 N/A N/A 2.28 2.34E-03 

SmtRNA_0172
8_Gln_TTG.1.
1 - N/A N/A 2.28 4.67E-02 

Smp_047860 Ribosomal pseudouridine synthase  N/A N/A 2.28 7.94E-04 

Smp_058680 
Ribosome biogenesis regulatory 
protein_ 1.52 1.74E-06 2.28 5.20E-04 

Smp_169300 
Transcription initiation factor tfiid 55 kD 
subunit-related  1.63 3.84E-10 2.27 8.33E-04 

SmtRNA_0169
4_Pseudo_TT
G.1.1 - N/A N/A 2.27 4.74E-02 
SmtRNA_0227
2_Gln_TTG.1.
1 - N/A N/A 2.27 3.90E-02 

Smp_143440 Uncharacterized protein  1.64 6.56E-07 2.27 7.01E-04 

Smp_021130 Uncharacterized protein  N/A N/A 2.26 1.08E-03 
SmtRNA_0029
9_Gln_TTG.1.
1 - N/A N/A 2.26 4.83E-02 

Smp_054120 
Ribosome biogenesis protein NSA2 
homologue  N/A N/A 2.26 1.81E-04 

SmtRNA_0144
1_Gln_TTG.1.
1 - N/A N/A 2.25 4.17E-02 

Smp_030350 
Subfamily S1A unassigned peptidase 
(S01 family)  N/A N/A 2.24 4.01E-02 

Smp_090520 Purine nucleoside phosphorylase  N/A N/A 2.24 2.10E-03 

Smp_173090 Eyes absent homolog  N/A N/A 0.00 0.00E+00 

Smp_202620 Transposon Curupira-2 N/A N/A 2.24 4.99E-02 
SmtRNA_0043
4_Gln_TTG.1.
1 - N/A N/A 2.22 4.03E-02 

Smp_160590 Uncharacterized protein  N/A N/A 2.22 3.16E-03 

Smp_069910 
28S ribosomal protein S35 
(mitochondrial mRNA) N/A N/A 2.22 6.99E-04 
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SmtRNA_0106
8_Gln_TTG.1.
1 - N/A N/A 0.00 0.00E+00 
SmtRNA_0032
1_Gln_TTG.1.
1 - N/A N/A 0.00 0.00E+00 

Smp_180990 Dachshund homolog  1.62 1.18E-05 2.21 2.54E-04 
SmtRNA_0192
3_Pseudo_TT
G.1.1 - N/A N/A 0.00 0.00E+00 

Smp_177240 Twinkle protein (mitochondria mRNA) N/A N/A 2.21 3.05E-03 

Smp_034300 Transcription factor ETV6 N/A N/A 2.20 3.29E-03 

Smp_133310 Uncharacterized protein  N/A N/A 2.20 1.77E-03 

Smp_073510 Protein kinase  N/A N/A 2.20 6.99E-04 

Smp_048620 

Exosome complex exonuclease rrp45 
(Polymyositis/scleroderma autoantigen 
1) (Ribosomal rna processing protein 
45)  N/A N/A 2.20 9.17E-05 

Smp_100030 Ribosome biogenesis protein BMS1  1.55 3.46E-08 2.20 2.42E-03 

Smp_034310 Uncharacterized protein  N/A N/A 2.19 8.13E-03 
SmtRNA_0174
4_Glu_CTC.1.
1 - N/A N/A 0.00 0.00E+00 
ENSRNA0227
59130 U2 spliceosomal RNA N/A N/A 0.00 0.00E+00 

Smp_201310 

Alpha-ketoglutarate-dependent 
dioxygenase alkB 7 (mitochondrial 
mRNA) N/A N/A 2.18 3.06E-02 

SmtRNA_0180
6_Pseudo_TT
G.1.1 - N/A N/A 0.00 0.00E+00 
SmtRNA_0190
3_Gln_TTG.1.
1 - N/A N/A 2.18 3.82E-02 

Smp_119310* Proteasome subunit α-type 1.54 1.70E-20 1.59 4.17E-03 

Smp_130700 Uncharacterized protein  N/A N/A 2.18 2.25E-03 
SmtRNA_0210
2_Pseudo_CG
A.1.1 - N/A N/A 2.18 4.95E-02 

Smp_002010 Nep1  N/A N/A 2.17 4.51E-04 

Smp_127100 YrdC domain-containing protein N/A N/A 2.17 1.57E-03 
N/A; gene was not found for that time point 
* ; part of qPCR gene set. 
Colors: any color means manually characterized following the Methods in Section 3.10: 

Blue; both BLASTn and BLASTp returned the same characterization 
Green; only BLASTp provided the characterization 
Orange; only BLASTn provided the characterization 
Yellow; both BLASTn and BLASTp returned different characterizations, but BLASTp was chosen 
due to the search result having the greater Max Score 
Pink; both BLASTn and BLASTp returned different characterizations, but BLASTn was chosen due 
to the search result having the greater Max Score  
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Supplemental Figure 1. Primer efficiency optimization curves for the 11 genes of interest. 
Each primer set is shown with the resulting slope being utilized to calculate its efficiency. Each 
of these datapoints was obtained using a dilution series to test primer binding. The formula used 
to calculate primer efficiency was 10[(#$/&'()*)#$] ∗ 100%. Each graph is labeled with a letter 
and the table shows the corresponding gene.  
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