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 1 

The human pathogen, Schistosoma mansoni, lacks the cognate sequence for human telomerase 1 

reverse transcriptase (hTERT) and relies on the snail host, Biomphalaria glabrata, homolog for its 2 

intra-molluscan development.  3 
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 26 

ABSTRACT 27 

 28 

The human telomerase reverse transcriptase (hTERT) is the catalytic sub-unit of the ribonuclear protein, 29 

telomerase. Together with telomerase RNA, the enzyme complex participates in the maintenance of 30 

telomeres at the proximal ends of chromosomes, adding species-specific repeats to the 3’end of the 31 

telomere. The regulation of hTERT is tightly linked to the cell cycle and cell differentiation states 32 

governing either malignancy or senescence, making it a prospective therapeutic target of cell proliferation 33 

in cancer. Malignancy behaves like a parasitic disease in that it only progresses by depending on 34 

biochemical and molecular pathways of the host. The snail host/schistosome relationship provides a facile 35 

model to examine the regulation of the cancer transcriptome, such as the gastropod homolog of hTERT. 36 

To test this hypothesis in relation to the development of larval Schistosoma mansoni in the Biomphalaria 37 

glabrata, we utilized an in-silico approach to identify the hTERT homolog of B. glabrata. The human 38 

hTERT amino acid sequence (ID 014746) shows a strong homology (E-value of 2e-86) to the B. glabrata 39 

ortholog (733 amino acids, accession XP_013074763.1). BLASTp analyses using S. mansoni as the query 40 

suggested that the parasite lacks a cognate TERT. To study the regulation of the snail-like hTERT in 41 

relation to schistosome development, transcriptome analysis was performed which revealed a temporal 42 

regulation of the telomerase before and during S. mansoni infection, with an upregulation of B. glabrata 43 

hTERT transcription evident by 30 minutes after exposure to the parasite. The anti-telomerase drugs, 44 

BPPA and BIBR at 100 ng/mL before infection blocked shedding of parasite cercariae. These findings 45 

indicate that the schistosome may rely on the telomerase of its host for asexual reproduction, development 46 

and proliferation.  47 

KEYWORDS 48 

Schistosomiasis, Snail host, host-pathogen, Human telomerase, Reverse Transcriptase, hTERT inhibitors, 49 

BPPA, BIBR, Lamivudine 50 
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 51 

INTRODUCTION 52 

 53 

Schistosomiasis is one of the most prevalent neglected tropical diseases (NTDs) with Sub-Saharan Africa 54 

carrying the greatest burden. Although improved sanitation, health education and mass drug 55 

administration have been identified as the key preventative strategies, 200 million people remain globally 56 

infected with an estimated 600 million at risk for infection [1]. Schistosomiasis is a chronic debilitating 57 

disease caused by at least three major species of blood flukes: Schistosoma haematobium, Schistosoma 58 

japonicum and Schistosoma mansoni. The life cycle of the parasite is complex and involves an obligatory 59 

species-specific intermediate snail host – a relationship that is the result of ~200,000 years of the co-60 

evolution between the parasite, snail, and a definitive human host [2].61 
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In the freshwater snail, such as B. glabrata that is prevalent in the Western Hemisphere, larval 62 

free-swimming forms of the parasite, cercariae, released from the infected snail, infect the 63 

human host by penetrating the skin.  Upon infection, the cercaria loses its tail and transforms 64 

into the schistosomulum which invades the vasculature. Several weeks later male and female 65 

worms’ pair and develop into adult forms of the parasite. In S. mansoni, the schistosomes reside 66 

in the intestinal mesenteries and lay metabolically active eggs that translocate into the intestinal 67 

lumen and the liver [3]. The eggs lodged in tissue induce granuloma, fibrosis and calcification 68 

that left untreated leads to chronic morbidity and mortality that are hallmarks of chronic 69 

schistosomiasis. Eggs that are excreted with human excreta (feces or urine depending on the 70 

species) into a fresh water source, hatch to produce free-swimming short-lived miracidia that 71 

infect resident compatible snails. Larval miracidia within the infected snail develop into 72 

sporocyst and can be found in the hepatopancreas region of the snail where germ balls give rise 73 

to 1000s of asexually infective cercariae that are released into the water source where they 74 

penetrate the skin upon human contact, thereby completing the parasite’s life cycle. The 75 

inclusion of S. haematobium on IARC’s Group1 list of carcinogens shows the detrimental 76 

nature of this infection to humans [4]. Also, there are compelling clinical data that suggest the 77 

S. japonicum infection leads to the development of colorectal cancer [5]. Furthermore, the S. 78 

mansoni eggs have been shown to secrete antigens that activate liver cancer regulators c-Jun 79 

and STAT3, showing evidence of hepatocellular cancer promotion [6]. It is important that these 80 

cancer-associated pathogens be studied and analyzed to reduce the risk of infection which may 81 

lead to cancer. We hypothesize that malignancy behaves like a parasitic disease since 82 

uncontrolled cell growth in cancer progresses at the expense of the host without immunological 83 

recognition. The snail host/schistosome relationship, therefore, provides a facile model to 84 

examine the regulation of transcription of cancer-related transcripts, including the snail 85 

ortholog of hTERT. To begin to address this hypothesis in relation the development of larval 86 
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S. mansoni in the snail B. glabrata, we utilized an in silico approach to identify the snail hTERT 87 

ortholog.  Here, we show from the comparative analysis of the amino acid (ID 014746) 88 

sequences of human hTERT and B. glabrata TERT that the two metazoans that serve as hosts 89 

for the parasite’s life cycle are significant but absent in the parasite genome. This novel and 90 

intriguing outcome provides an opportunity to examine the role of hTERT in parasitism of the 91 

snail host and immortality in metastatic cancer.  92 

 93 

MATERIALS AND METHODS 94 

 95 

Snail husbandry  96 

 97 

The susceptible Biomphalaria glabrata strains NMRI and BBO2, and parasite resistant BS-90 98 

snails were utilized throughout this study. Snails were maintained in aquaria in de-aerated 99 

water and fed with romaine lettuce as previously described [7].  100 

 101 

Snail exposure to parasite  102 

 103 

Miracidia hatched from eggs isolated from infected mice livers were obtained from the 104 

Biomedical Research Institute, Rockville, MD. Juvenile snails (3-4 mm in diameter) were 105 

exposed to 10-12 miracidia, individually, in one ml of aerated water in a 6-well microtiter plate. 106 

The snails were exposed for increasing intervals, 0, 30, 60, 120, 240 min, and 18 h. RNA was 107 

extracted immediately thereafter from the snail or from snails that had been snap frozen at -108 

80°C. In addition, other exposed snails (drug treated and non-drug treated), were maintained at 109 

room temperature for between 4 to 8 weeks and examined for cercarial shedding. Snails 110 

susceptible (NMRI and BBO2) and resistant (BS-90) to schistosome infection were included.  111 
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 112 

Drug treatment of snails  113 

 114 

To determine the effect of hTERT inhibitors, BPPA, BIBR and RT inhibitor, lamivudine, on 115 

juvenile snail infections, snails were treated with 100 ng/mL of each of these inhibitors 116 

overnight at room temperature in 6-well microtiter plates [7]. After treatment, snails were 117 

washed and exposed to miracidia. Drug treated and non-treated snails were held at room 118 

temperature and maintained for 4 to 10 weeks and examined for cercarial shedding [7]. To 119 

investigate the impact of the hTERT inhibitors post-infection, juvenile snails were exposed for 120 

18 hrs with 100 ng/mL of inhibitors separately and were examined 3 to 14 days later for 121 

cercarial shedding.  122 

 123 

Bioinformatics and primer design 124 

 125 

A search for B. glabrata homologs of human related hTERT transcripts were performed by 126 

using the protein database Uniprot (www.uniprot.org). The amino acid sequence was deposited 127 

into the Basic Local Alignment Search Tool (BLAST) to identify the B. glabrata homolog, 128 

followed by a SMART BLAST analysis to validate the identity of the hTERT B. glabrata 129 

homolog and its evolutionary relatedness to the human amino acid sequence. Gene specific 130 

primers were designed from the corresponding B. glabrata mRNA transcript as described [7]. 131 

Oligonucleotide primers for qPCR were obtained from Eurofins Genomics (Louisville 13 KY, 132 

40204). 133 

 134 

Phylogenetic tree  135 

 136 
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The hTERT B. glabrata homolog identified through SMART BLAST analysis was aligned 137 

with the human hTERT ortholog using COBALT, a constraint-based Multiple Alignment tool 138 

(https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi)  139 

 140 

RNA isolation, cDNA Synthesis, qPCR 141 

 142 

RNA isolation and real time qPCR were performed by using the B. glabrata hTERT gene 143 

specific primers (Forward 5’ AGGTCTGCGCACCATTGTTA 3’: Reverse 3’ 144 

TGGCAGCTTAGTCAGCGTTT 5’) [7]. Myoglobin was used as reference.  145 

 146 

Trans-well in vitro co-culture of miracidia with B. glabrata embryonic cell line (Bge)  147 

 148 

Bge cells were cultured as previously described, but in 6-well microtiter plates to confluency 149 

[8]. Briefly, wells were seeded with 200cells/ul in 2 ml of complete Bge medium 150 

(https://www.afbr-bri.org/schistosomiasis/standard-operating-procedures) and were cultured 151 

to confluency. Individual 24mm permeable transwell inserts (0.4um Corning Inc. ME, USA) 152 

were placed into the wells of the microtiter plate before adding ~30 recently hatched miracidia 153 

to each well. Co-culture was performed for 0, 30, 60 and 120 min before harvesting the cells 154 

and miracidia and resuspending pellets in 300 μL RNAZOL. Total RNA was either isolated 155 

immediately from the cells or after storage at -80°C. The RNA was exposed to RNase-free 156 

DNase to remove contaminating genomic DNA. 157 

 158 

Statistical Analysis 159 

 160 
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All data and statistical analysis were performed by GraphPad Prism 8. Results are presented as 161 

mean ± SD. Data were analyzed by Student’s t test, Welch’s t test and 1- or 2-way ANOVA 162 

with Tukey’s test wherever relevant by comparing the differential expression (delta-Ct value) 163 

of the transcripts among groups. Fold change was determined by utilizing uniform expression 164 

of the h reference myoglobin. Differences with P < 0.05 were considered statistically 165 

significant. Asterisks indicate statistical difference as follows: N.S., not significant; *P < 0.05; 166 

**P < 0.01; ***P < 0.001; ****P < 0.0001.  167 

 168 

RESULTS 169 

 170 

There is an ortholog of hTERT in the genome of the snail B. glabrata but not apparently 171 

in its schistosome parasite 172 

The hTERT amino acid sequence of 733 amino acids (accession number XP_013074763.1) 173 

appears to be strongly conserved between Homo sapiens and B. glabrata, with a significant E-174 

value of 2e-86 sharing 27.33% identity with the human ortholog (Table 1). A phylogenetic tree 175 

of the B. glabrata hTERT homolog and other hTERT- encoding transcripts in public databases 176 

revealed that the snail homolog is more closely related to vertebrate than to invertebrate 177 

sequences (Fig. 1A). The multiple sequence alignments (Fig. 1B) of the human (AAC51724.1) 178 

and B. glabrata (XP_013074763.1) amino acid sequences showed significant overlap 179 

(conserved regions are shown in red). Our results from further interrogations of the S. mansoni 180 

reference genome in Worm Base and GenBank NCBI databases failed to reveal an hTERT-181 

like sequence within the genome of S. mansoni.  182 

The transcript encoding the snail hTERT homolog is upregulated following parasite 183 

exposure 184 
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 185 

We investigated the temporal expression of the hTERT-encoding transcript using real-time 186 

PCR in susceptible NMRI and BBO2 snails following exposure to S. mansoni miracidia at 187 

increasing intervals. Four biological replicates with eight individual snails per time-point 188 

revealed that hTERT was upregulated as early as 30 minutes after parasite exposure (Figs. 2A 189 

and 2B). Transcription remained upregulated in susceptible NMRI snails throughout 16 hours 190 

post exposure compared to the exposure controls. In susceptible BBO2, the transcription of 191 

hTERT was upregulated at 30-, 60- and 240-min following exposure to miracidia. In contrast, 192 

the transcript encoding hTERT was downregulated in the BBO2 snails at 16 hours compared 193 

to the upregulation of NMRI snails at 16 hours, revealing variability in snail susceptibility to 194 

the miracidia among discrete snail isolates.  195 

 196 

The transcript encoding the snail hTERT homolog is upregulated following co-culture 197 

with a snail cell line  198 

 199 

The B. glabrata embryonic (Bge) cell line [9] was used to validate the expression of hTERT in 200 

vitro. In figure 3, it is shown that Bge cells co-cultured with S. mansoni miracidia at specific 201 

time-points (0 min, 30 min, 1 hr, 2 hr) showed significant upregulation of hTERT transcripts 202 

at 30 minutes (2.84-fold change) and 2 hours (2.58-fold change). Additionally, we investigated 203 

the expression of the non-LTR retrotransposable element nimbus, which also encodes a reverse 204 

transcriptase domain. Similar to hTERT, nimbus-RT showed transcriptional upregulation in S. 205 

mansoni exposed snails, with increased expression observed from 30 minutes to 2 hours.  206 

 207 

Pre- and post-drug treatment of snails by hTERT inhibitors down regulates the 208 

corresponding transcript and blocks S. mansoni infection 209 
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 210 

To determine the effect of hTERT inhibitor drugs on S. mansoni infection in B. glabrata, we 211 

used cercarial shedding to monitor the efficacy of the drugs to affect infection of juvenile 212 

susceptible NMRI snails. Figures 4 and 5 show the presence or absence of infection when the 213 

snails were treated with drugs before and after infection at different time points, respectively. 214 

None of the snails treated with either Lamivudine or BIBR prior to schistosome exposure shed 215 

any cercariae, as seen in figure 4. Non drug-treated infected control snails shed, as expected, 216 

the highest number of cercariae. Similarly, BPPA pre-treated exposed snails also shed 217 

cercariae. All non -drug treated infected snails, shed cercariae at 4 weeks post- infection, with 218 

an increase in the number of cercariae shed at 6 and 8 weeks post infection. 219 

 220 

Lamivudine- treated snails, 2 weeks post-infection, also shed cercariae, although at a lower 221 

number than the control non-treated infected snails (Fig. 5). The snails treated with BPPA 222 

failed to shed cercariae for the duration of the experiment (up to 10 weeks post-exposure). 223 

Among the BIBR- treated snails, only one shed 150 cercariae.  224 

 225 

The results suggest that BPPA is effective in blocking S. mansoni infection in B. glabrata 226 

snails. To investigate the optimal time point for BPPA treatment during the infection, snails 227 

were treated at different intervals post-exposure to S. mansoni. Snails were treated with BPPA 228 

on days 3, 10 and 14 post-exposure. Snails treated at days 3 and 10 shed cercariae, although at 229 

lower numbers compared to the non-drug treated infected snail (Fig. 6). No cercarial shedding 230 

was observed in snails treated 14 days post-exposure. Snails treated on day 3 shed more 231 

cercariae than those treated on day 10, but still did not shed as many as the non-drug treated 232 

infected snail. These results suggest that BPPA has the potential for the treatment for S. 233 

mansoni infection in B. glabrata snails.  234 
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 235 

DISCUSSION 236 

 237 

We have shown from these results that the parasitic trematode, S. mansoni, lacks hTERT, the 238 

catalytic subunit of the telomerase complex that builds and then maintains the integrity and 239 

structure of telomeres at the end of chromosomes. The mechanism of action of the enzyme’s 240 

role in the dynamic alteration of telomere length in cancer versus senescence is well known. 241 

Our results showing significant homology exists between the human RT and snail may not be 242 

surprising but the parasite lacking an ortholog in its genome was unexpected. On examining 243 

parallels between metastatic cancer as a parasitic disease, it was a natural choice to study 244 

expression of hTERT within the context of schistosome infection in the snail host, since it is 245 

well known that this transcript plays an important role in cell immortality observed in 246 

malignancy [10]. Given that hTERT occurs in the free-living non-parasitic flatworm, planaria, 247 

we expected there to be a schistosome homolog for this enzyme.  248 

Results from qPCR analysis showed that the transcript encoding the snail host, single copy, 249 

hTERT is upregulated early, within 30 minutes, after infection of the susceptible NMRI and 250 

BBO2 snails. Interestingly, this post exposure upregulation, was also observed in vitro in 251 

miracidia -transwell co-culture experiments with the B. glabrata embryonic cell line (Bge); 252 

results which showed, unequivocally, that the substance stimulating the induction of the snail 253 

host hTERT transcript soon after exposure to the parasite is an excretory -secretory -product 254 

(ESP) that is released from miracidia. We have previously shown that excretory-secretory 255 

products from miracidia can trigger the non-random repositioning of gene loci within the snail 256 

host nuclei [11] [12]. These studies have been confirmed from both in vivo and in vitro studies, 257 

for several snail host gene loci after early schistosome infection, with the re-positioning 258 

corresponding to gene up-regulation [13][14]. 259 
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Proteomics analysis of the miracidia ESP has shown that this material is biochemically 260 

complex and yet we know very little about biological activity of the released external soluble 261 

products [15]. To further examine the molecular make-up of schistosome miracidia ESPs, we 262 

have recently shown the occurrence of RNA in ESP. This external RNA (exRNA) when 263 

complexed to PEI cationic nanoparticles, silences expression of both hTERT and nimbus RT 264 

in juvenile BBO2 snails but upregulates PIWI (manuscript in prep). The RT inhibitor, 265 

lamivudine, is known to inhibit schistosomiasis in the snail [7]. Here, we show for the first 266 

time, that hTERT anti-cancer inhibitors, BPPA and BIBR, can also block schistosome infection 267 

in the snail host if administered either before exposure or later at 3 to 14 days post- exposure. 268 

Collectively, these data suggest that the intra-molluscan parasite, lacking hTERT, requires the 269 

snail telomerase for its development, purportedly to synthesize new telomere termini of the 270 

chromosomes in hundreds of cercariae.  271 

The dependency of schistosomes on reverse transcriptase either from hTERT or the 272 

endogenous non-LTR- retrotransposon, nimbus [7, 16] is intriguing, and more studies are 273 

required to unravel these unexpected results. According to Wormbase ParaSite (WBPS) release 274 

17 [16], the gene Smp_241410 (UniProt ID: A0A5K4EZR8) from the V9 draft genome of S. 275 

mansoni  [17] encodes a protein containing a part of the PANTHER [18] protein domain with 276 

annotation "telomerase reverse transcriptase “(PTHR12066)”. However, the complete model 277 

of the domain is 1305 amino acids in length, whereas in S. mansoni, the protein only matched 278 

a region of 121 amino acids (in hTERT it matches a region of 1123 amino acids according to 279 

ensemble) [19]. The comparative genomics data from WormBase ParaSite for this gene 280 

substantiates its exclusive evolutionary origin within Trematodes, as almost no orthologous 281 

relationships beyond this taxonomic group have been inferred. The highly conserved nature of 282 

this unique gene among flukes, along with its partial reverse transcriptase domain, raises the 283 

possibility that it might have been silenced across evolution. However, it cannot be overlooked 284 

Commented [EO1]: Is "17" a reference? 
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that this gene might encode a functional protein in S. mansoni. Future studies will focus on 285 

investigating the use of CRISPR-Cas9 gene editing technology to study more closely the 286 

relationship between the expression of hTERT in the snail-host parasite interaction. 287 

Interrupting parasite development of other medically important schistosome species, S. 288 

haematobium and S. japonicum with the aforementioned hTERT inhibitors in their specific 289 

snail host species (Bulinus and Oncomelania, respectively) will also be evaluated. 290 

The spread of schistosomiasis to higher latitude countries is now underway [20]. There is no 291 

preventative vaccine and WHO has earmarked the year 2025 for reduction of global 292 

schistosomiasis [21]. It is therefore of great importance that new drug targets are discovered 293 

soon. There is also a need to combat female genital schistosomiasis (FGS) and its link to cancer 294 

and exacerbation of HIV infection [22].  In follow-up studies we will examine the effect of 295 

these RT inhibitors in the mouse model of schistosomiasis. In summary, the findings suggest 296 

that S. mansoni lacks an orthologue of hTERT and utilize its host telomerase. Specific 297 

inhibitors, of hTERT, BPPA and BIBR reduced the replicative capacity of the schistosome 298 

within its host. These intriguing results warrant continued investigation and raise the tantalizing 299 

possibility that FDA-approved anti-viral or anti-tumor agents are worthy of investigation for 300 

schistosomiasis. 301 
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