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Highlights 

・A 202 bp-deletion fragment derived from a constitutively active promoter was identified as 

a minimal promoter in Pv11 cells. 

・A Tet-On inducible expression system was developed for Pv11 cells using the minimal 

promoter. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 31, 2020. ; https://doi.org/10.1101/2020.05.29.123570doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.29.123570
http://creativecommons.org/licenses/by-nc/4.0/


・Typical reporter genes (GFP and luciferase) and an enzyme with complex structure, i.e. a 

viral reverse transcriptase, were successfully and inducibly expressed in Pv11 cells using the 

Tet-On system.  

 

Abstract 

The Pv11 cell line established from an African chironomid, Polypedilum vanderplanki, is the 

only cell line tolerant to complete desiccation. In Pv11 cells, a constitutive expression system 

for Pv11 cells was previously exploited and several reporter genes were successfully 

expressed. Here we report the identification of an effective minimal promoter for Pv11 cells 

and its application to the Tet-On inducible expression system. First, using a luciferase 

reporter assay, we showed that a 202 bp deletion fragment derived from the constitutively 

active 121-promoter functions in Pv11 cells as an appropriate minimal promoter with the Tet-

On inducible expression system. The AcGFP1 protein was also successfully expressed in 

Pv11 cells using the inducible system. In addition to these reporter genes, avian 

myeloblastosis virus reverse transcriptase α subunit (AMV RTα), which is one of the most 

widely commercially available RNA-dependent DNA polymerases, was successfully 

expressed through the inducible expression system and its catalytic activity was verified. 

These results demonstrate the establishment of an inducible expression system in cells that 
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can be preserved in the dry state and highlight a possible application to the production of 

large and complex proteins. 

 

1. Introduction 

Recombinant proteins have many applications in the biotechnology and biomedical 

industries. The production of recombinant proteins of sufficient quantity and quality for 

commercial applications relies on the selection of an appropriate combination of gene 

expression system and host cell [1]. Insect cells are one of the most common hosts for 

recombinant protein expression because they can produce larger and more complex proteins, 

whose biological activities are maintained, than is possible in bacterial cells [2].  

Many gene expression systems for insect cells have been developed over recent 

years [3-5]. For example, insect cell-based expression systems are used for the commercial 

production of various veterinary and human vaccines [6]. Generally, insect cells are cultured 

at ambient temperature without a CO2 incubator, and thus are more cost-effective hosts than 

mammalian cells. To date, more than 1,100 insect cell lines have been established according 

to the ExPASy Cellosaurus database (http://web.expasy.org/cellosaurus). However, relatively 

few of these are regularly used as protein expression systems, and the potential of other cell 

lines for protein expression has not been fully explored, especially in the case of non-model 
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insect cell lines. Thus, using a cell line with specific features (e.g., low-temperature tolerance 

[7]) would benefit the development of innovative biotechnologies for protein production. 

Pv11 is an insect cell line established from embryos of the African chironomid, 

Polypedilum vanderplanki, an insect known for its ability to undergo anhydrobiosis, a form 

of extreme desiccation tolerance [8,9]. Similarly, Pv11 cells also display extreme desiccation 

tolerance: this is induced by treatment with high concentrations of trehalose, a naturally-

occurring disaccharide well-known to act in many organisms as a chemical protectant against 

environmental abiotic stress, including desiccation [10]. Furthermore, trehalose-treated Pv11 

cells express the genes associated with desiccation tolerance, such as LEA protein genes [11], 

which protect biomolecules from desiccation damage [12,13]. We previously showed that 

induction of desiccation tolerance with trehalose in Pv11 cells allowed effective in vivo 

preservation of exogenously expressed enzymes, where catalytic activity was retained after 

over one year in the dry state. [14]. These results suggest that the unique stress tolerance of 

Pv11 cells could be applied to new dry-preservation techniques for biomedical and 

bioindustrial use.  

Exogenous gene expression systems are classified into two main types: constitutive 

and inducible. Generally, constitutive expression systems employ constitutively active 

promoters, i.e. the expression of associated genes is not regulated. In Pv11 cells, the 5’-

proximal region from -1,269 to +64 bp relative to the transcription start site of the Pv.00443 
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gene has been identified as one of the strongest constitutive promoters, namely the 121-

promoter; in appropriate constructs, this has enabled Pv11 cells to constitutively express 

several exogenous reporter genes, such as those encoding GFP and luciferase [15]. 

Constitutive expression systems are useful for the synthesis of recombinant proteins in large 

quantities; however, excessive overexpression of exogenous proteins can repress cell growth 

and even cause cell death [16]. In contrast, inducible expression systems produce exogenous 

proteins only when required. In such systems, even relatively cytotoxic exogenous proteins 

can be produced, while minimizing their deleterious effects on cell growth. In addition, some 

inducible expression systems can synthesize recombinant proteins at expression levels 

comparable to those of major constitutive expression systems [17,18]. These advantages 

suggest that inducible expression systems should be prioritized for the recombinant 

production of any protein, regardless of its cytotoxicity. However, inducible expression 

systems have not yet been developed for Pv11 cells. 

One of the most commonly available inducible expression platforms is the Tet-On 

expression system, which consists of two main factors: a reversible tetracycline-regulated 

transactivator (rtTA) and a tetracycline-responsive promoter element (TRE) sequence [19]. In 

the presence of tetracycline or derivatives such as doxycycline (Dox), rtTA is activated, binds 

to the TRE and subsequently induces the expression of an associated target gene. The TRE is 
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composed of Tet operator (tetO) sequences selectively fused to a minimal promoter suitable 

for the host cell [20-22].  

Minimal promoters are exploited to reduce undesirable leaky expression of 

recombinant proteins without Dox induction in the Tet-On expression system. In general, a 

minimal promoter contains DNA regions that recruit the transcriptional initiation machinery, 

and comprises several functional subregions termed core elements or motifs, such as the 

TATA box, initiator (Inr), downstream core promoter element (DPE) and bridge [23,24]. 

These elements and motifs mediate the recruitment of TATA-binding protein (TBP) and 

TBP-associated factors [25]. Whereas several minimal promoters have been identified and 

designed for model organisms such as mouse and fruit fly [26], equivalent minimal 

promoters for most non-model organisms, including P. vanderplanki, have yet to be 

constructed. This represents a bottleneck for the construction of workable Tet-On expression 

systems for Pv11 cells. 

Here we describe the identification of a minimal promoter from a deletion fragment 

of the 121-promoter of P. vanderplanki that is applicable to the Tet-On inducible expression 

system in Pv11 cells. To establish the proof-of-concept that commercially valuable proteins 

can be expressed using this approach, we successfully expressed avian myeloblastosis virus 

reverse transcriptase (AMV RT) using the Tet-On system in Pv11 cells. These results 

indicate the potential of Pv11 cells for bioindustrial applications.  
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2. Materials and Methods 

2.1 Cell culture  

Pv11 cells were originally established in our laboratory [27]. The cell culture was maintained 

as described [15]. Briefly, Pv11 cells were cultured using IPL-41 medium (Thermo Fisher 

Scientific, Waltham, MA) supplemented with 2.6 g/L tryptone phosphate broth (Becton, 

Dickinson and Company, Franklin Lakes, NJ), 10% (v/v) fetal bovine serum (MP 

Biomedicals, Santa Ana, CA), and 0.05% (v/v) of an antibiotic and antimycotic mixture 

(penicillin, amphotericin B, and streptomycin; Merck KGaA, Darmstadt, Germany). As 

trehalose treatment, the cells were incubated in trehalose mixture (600 mM trehalose 

(Hayashibara Co., Ltd., Okayama, Japan) containing 10% (v/v) IPL-41 medium). 

 

2.2 Vector construction 

To construct the pTetO-CMV-AcGFP1 vector, the AcGFP1 gene (Takara Bio, Shiga, Japan) 

was cloned and amplified using Prime STAR Max Premix (Takara Bio) with specific primers 

(Suppl. Table 1) from pP121K-AcGFP1 [15] and inserted between the SalⅠ and BglⅡ sites of 

pTRE3G (Takara Bio) using NEBuilder HiFi DNA Assembly Mater Mix (New England 

BioLabs, Ipswich, MA). The 202 bp and 266 bp promoters were cloned and amplified with 
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specific primers (Suppl. Table S1) from the pP121K-AcGFP1 series [15] and inserted into 

the pTetO-CMV-AcGFP1 vector digested with SalⅠ and BglⅡ.  

To construct the luciferase Nluc expression vectors, the AcGFP1 genes in the 

corresponding vectors were replaced by the Nluc gene. The Nluc gene was cloned and 

amplified using Prime STAR Max Premix (Takara Bio) with specific primers (Suppl. Table 

1) from pNL1.1 (Promega, Fitchburg, WI) and inserted between the SalⅠ and BglⅡ sites using 

NEBuilder HiFi DNA Assembly Master Mix. To construct the promotor-less vector, the 266 

bp promoter region of pTetO-266bp-Nluc was replaced with nonsense oligonucleotides 

generated by annealing the following sequences: 5’-

agcttGGCAATCCGGTACTGTTGGTAAAGCCAg-3’as the sense strand; 5’-

tcgacTGGCTTTACCAACAGTACCGGATTGCCa-3’ as the anti-sense strand.  

pP121K-AcGFP1[15] was modified to make an empty vector by digestion with 

BamHⅠ and SacⅡ, and replacement of the AcGFP1 sequence with annealed oligonucleotides 

that introduced new restriction sites for HindIII and XhoI (sense: 5’-gatccaagcttctcgagCCGC-

3’, antisense: 5’-GGctcgagaagcttg-3’). We named the empty vector pPv121-MCS (Suppl. 

Fig. 1 and Suppl. Data). For the pPv121-Tet-On 3G expression vector, pPv121-MCS was 

digested with BamHⅠ and SacⅡ, and the fragment for Tet-On 3G (the 3rd generation reverse 

tetracycline-controlled transactivator), which was prepared by PCR with specific primers 

(Suppl. Table 1), was inserted using NEBuilder HiFi DNA Assembly Master Mix. For the 
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pPv121-Nluc expression vector, pTRE3G (Takara Bio) was digested with XhoⅠ and SalⅠ, and 

the Nluc fragment, which was prepared by PCR with specific primers (Suppl. Table 1), was 

inserted using NEBuilder HiFi DNA Assembly Master Mix. For construction of the luc2-

reference vector, a 632 bp fragment of the 121-promoter [15] was amplified by PCR (Suppl. 

Table 1) and inserted between the BglⅡ and HindⅢ sites of pGL4.10 (Promega) using 

NEBuilder HiFi DNA Assembly Master Mix. 

A DNA fragment for the AMV RTα gene was synthesized by Eurofins Genomics 

K.K, Tokyo, Japan. The AMV RTα gene was then amplified by PCR with specific primers 

(Suppl. Table 1) and inserted into pPv121-MCS digested with BamHⅠ and SacⅡ using 

NEBuilder HiFi DNA Assembly Mater Mix. For the pTetO-202bp-AMV RTα expression 

vector, the AMV RTα sequence was amplified and inserted into pTetO-202bp-Nluc digested 

with SalⅠ and BglⅡ using NEBuilder HiFi DNA Assembly Master Mix. 

 

2.3. Transfection and luciferase reporter assay 

The cells used in each experiment were seeded at a density of 3 × 105 cells per mL into a 25 

cm2 cell culture flask and grown at 25℃ for 6 days before transfection. Transfection into 

Pv11 cells was carried out using a NEPA21 Super Electroporator (Nepa Gene, Ichikawa, 

Chiba, Japan) as described previously [28]. For transient expression of luciferase, a mixture 

of 2 μg of either Nluc-reporter vector or 121-Nluc expression vector, 10 μg luc2-reference 
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vector and 0.5 μg Tet-On 3G expression vector was transfected into the cells. One day after 

transfection, the medium was replaced with IPL-41 or trehalose mixture with or without 

doxycycline (Dox) at 1 μg/mL. The cells were collected 24 h later, and luciferase activity was 

measured using an ARVO luminometer (PerkinElmer, Waltham, MA) with the Nano-Glo 

Dual-Luciferase Reporter Assay System (Promega). 

 

2.4. Prediction of core promoter elements 

To identify putatively functional motifs in the 202 bp minimal promoter, the Elements 

Navigation Tool (http://lifefaculty.biu.ac.il/gershon-tamar/index.php/element-description) 

[29] was used with default settings.  

 

2.5. GFP expression using the Tet-On system 

For transient expression of GFP, three combinations of the corresponding vectors were 

transfected into Pv11 cells as follows: 10 μg pPv121-MCS; 1 μg pPv121-Tet-On 3G and 9 μg 

pTetO-202bp-AcGFP1; 1 μg pPv121-MCS and 9 μg pPv121-AcGFP1. One day after 

transfection, the medium was replaced with IPL-41 or trehalose mixture with or without Dox 

at 1 μg/mL. After 24 h, the AcGFP1 fluorescence in the cells was viewed using a Biozero 

BZ-X700 microscope (Keyence, Osaka, Japan). AcGFP1 expression was evaluated by 

Western blot analysis. 
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2.6. AMV RTα expression using the Tet-On system 

For transient expression of AMV RTα, three combinations of the vectors were transfected 

into Pv11 cells as follows: 10 μg pPv121-MCS; 1 μg pPv121-Tet-On 3G and 9 μg pTetO-

202bp-AMV RTα; 1 μg pPv121-MCS and 9 μg pPv121-AMV RTα. One day after 

transfection, the same treatment was performed as described above. Twenty-four hours after 

the treatment, AMV RTα expression in the cells was evaluated by Western blot analysis, and 

reverse transcriptase (RT) activity was measured.  

 

2.7. Antibodies and Western blot analysis 

As primary antibodies, monoclonal anti-GFP antibody (M048-3, Medical ＆ Biological 

Laboratories, Nagoya, Japan; dilution ratio: 1/1,000) and monoclonal anti-His-tag antibody 

(D291-3, Medical & Biological Laboratories; dilution ratio:1/2,000) were used to detect 

AcGFP1 and AMV RTα, respectively. Cells were lysed with RIPA lysis buffer (Nacalai 

Tesque, Kyoto, Japan) for 30 min at 4℃. After centrifugation, aliquots of the supernatant 

were subjected to protein quantification with a Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific) and SDS-PAGE using a TGX Stain-Free FastCast Acrylamide Kit (Bio-Rad, 

Hercules, CA). For AcGFP1 detection, 3 μg protein/lane was used, while for AMV RTα 

detection, 15 μg protein/lane was used for SDS-PAGE. After transferring to a PVDF 
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membrane using a Trans-Blot Turbo (Bio-Rad), the membrane was blocked with 1% 

skimmed milk in TBS with 0.1% Tween 20 (TBST) at room temperature for 1 h. Primary 

antibodies were diluted in Can Get Signal Solution1 (TOYOBO, Osaka, Japan), and 

incubated at room temperature for 1 h. The membrane was washed three times with TBST for 

10 min each wash, followed by incubation of HRP-conjugated secondary antibodies (goat 

anti-mouse IgG, 81-6720, Thermo Fisher Scientific; dilution ratio: 1/2000) in Can Get Signal 

Solution 2 (TOYOBO) at room temperature for 1 h. The membrane was washed three times 

with TBST (10 min each wash), and chemiluminescent signals from ECL Prime detection 

reagents (Cytiva, Little Chalfont, Buckinghamshire, UK) were captured on a ChemiDoc™ 

Touch imaging system (Bio-Rad). 

 

2.8. Reverse transcriptase assay 

Cells were lysed with a PBS (Merck KGaA)-based lysis buffer containing 0.5% v/v Nonidet 

P-40, 10% w/v glycerol, 5mM DTT and Complete Mini EDTA-free Protease Inhibitor 

Cocktail (Merck KGaA) and sonicated for 30 s (UR-21P, TOMY SEIKO, Tokyo, Japan). 

After centrifugation, aliquots of the supernatant were diluted with nuclease-free water and 

subjected to DNA determination using a Qubit 2.0 fluorometer and a Qubit dsDNA HS 

quantitation assay (Thermo Fisher Scientific). All samples were diluted to 0.436 ng/μL with 

lysis buffer and subjected to a reverse transcriptase assay (Thermo Fisher Scientific). 
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Recombinant AMV RTα (Nippon Gene, Tokyo, Japan) was used to prepare a standard curve. 

The samples and recombinant AMV RTα were diluted with lysis buffer, then mixed with a 

reaction mixture and incubated at 25℃. After 1 h incubation, the RT reactions were stopped 

by adding EDTA, and GFP fluorescence from PicoGreen was quantified using an ARVO 

luminometer (PerkinElmer). 

 

2.9. Statistical analysis 

All data were expressed as mean ± SD. Statistical significance among more than two groups 

was examined by ANOVA followed by a Tukey post-hoc test (Figs. 1A, 3B, Suppl. Tables 2 

and 3). A p-value < 0.05 denoted a statistically significant difference. GraphPad Prism 8 

software (GraphPad, San Diego, CA) was used for the statistical analyses.  

 

 

3. Results 

3.1. Identification of a minimal promoter for the development of an effective inducible 

expression system in Pv11 cells based on the Tet-On system 

To develop an effective inducible expression system, we first attempted to identify an 

efficient minimal promoter in Pv11 cells. We previously suggested that deletion fragments of 

the 121-promoter, including fragments 266 bp and 202 bp in length, might be candidates for a 
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minimal promoter because such fragments have low activity in a luciferase assay [15]. Thus, 

we carried out a luciferase assay using vectors harboring either one of these candidates, or the 

cytomegalovirus (CMV) minimal promoter, or no promoter, fused with the tetO sequence to 

evaluate whether these fragments could work as a minimal promoter in Pv11 cells. The 

pPv121-Nluc vector containing the fully functional 121-promoter was used as a positive 

control for this assay. As reported for other insect cells [30,31], the CMV minimal promoter 

did not promote luciferase activity in the presence of Dox in Pv11 cells (Fig. 1A and Suppl. 

Table 2). In contrast, under standard culture conditions without Dox treatment, the 266 bp 

fragment resulted in leaky expression of luciferase, while the 202 bp fragment showed 

deficient transcriptional activity comparable to that of negative controls, such as pNluc, 

pTetO-Nluc and pTetO-CMV-Nluc (Fig. 1A and Suppl. Table 2). Dox treatment enhanced 

luciferase expression in cells transfected with the vectors harboring the 266 bp and 202 bp 

fragments (3- and 16-fold induction, respectively) (Fig. 1A and Suppl. Table 2). These results 

indicate that, of the two fragments tested, the 202 bp-fragment functions best as a minimal 

promoter in the Tet-On inducible system in Pv11 cells. 

Pv11 cells display extreme desiccation tolerance when induced by highly 

concentrated (600 mM) trehalose solution [8]. Trehalose treatment is known to trigger 

specific transcriptional regulatory networks that activate anhydrobiosis-related genes [32], 

suggesting that trehalose might affect the expression level of the exogenous Tet-On inducible 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 31, 2020. ; https://doi.org/10.1101/2020.05.29.123570doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.29.123570
http://creativecommons.org/licenses/by-nc/4.0/


system. Thus, we conducted luciferase assays for the corresponding vectors in trehalose-

treated Pv11 cells. The results showed that trehalose treatment did not interfere with the 

inducibility of the Tet-On system in Pv11 cells (Fig. 1B and Suppl. Table 2). In particular, 

Dox treatment of Pv11 cells transfected with the vector harboring the 202 bp fragment 

augmented luciferase expression 11-fold (Fig. 1B). Therefore, in Pv11 cells, the Tet-On 

inducible system including the 202 bp-fragment (Fig. 1C) as a minimal promoter can be used 

both during normal culture and during induction of desiccation tolerance by trehalose. 

The 202 bp minimal promoter fragment contained functional core elements, such as 

TATA box, Inr, DPE and bridge elements, similarly to the CMV minimal promoter (Fig. 1C), 

although the nucleotide sequences of these elements were different in each promoter. This 

suggests that mammalian promoters, such as the CMV minimal promoter, may not function 

in Pv11 cells due to sequence differences in core promoter elements.  

 

3.2. AcGFP1 expression using the Tet-On system in Pv11 cells 

To assess the versatility of the Tet-On system, we expressed the AcGFP1 gene in Pv11 cells. 

We tested this with the pTetO-202bp-AcGFP1 vector, constructed as described in the 

Methods, using pPv121-MCS (empty vector) and pPv121-AcGFP1 as negative and positive 

controls, respectively. AcGFP1 fluorescence was observed in Dox-treated cells transfected 

with pTetO-202bp-AcGFP1 vectors under both normal culture (IPL-41 medium) and 
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trehalose treatment conditions. In contrast, only a few AcGFP1-positive cells were observed 

in the absence of Dox (Fig. 2A). Western blotting showed a massive accumulation of 

AcGFP1 protein in Dox-treated groups transfected with pTetO-202bp-AcGFP1 vector under 

both IPL-41 medium and trehalose treatment conditions, while almost no AcGFP1 protein 

was detected in the absence of Dox (Fig. 2B). Together with the luciferase assay data (Fig. 

1A and B), these results show that the Tet-On system with the 202 bp minimal promoter can 

be used for the inducible expression of reporter genes, including GFP and luciferase, in Pv11 

cells. 

 

3.3. AMV RTα expression and measurement of RT activity 

To examine whether Pv11 cells, like other insect cells, can express functional proteins with 

complex structures, such as proteins containing multiple domains, we focused on AMV RT, 

which is one of the most widely used RNA-dependent DNA polymerases for medical 

diagnoses [33] and basic research. AMV RT is a heterodimer consisting of a 63 kDa α-

subunit and a 95 kDa β subunit [34], but the α-subunit alone has RT activity [35]. Therefore, 

we chose AMV RTα to establish the proof-of-concept that commercially valuable proteins 

can also be expressed in Pv11 cells. 

Accordingly, we prepared the pTetO-202bp-AMV RTα vector as described in the 

Methods, and transfected this into Pv11 cells, alongside pPv121-MCS and pPv121-AMV 
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RTα as negative and positive controls, respectively. As shown in Figure 3A, AMV RTα was 

observed to accumulate under Dox control for the Tet-On vector both in IPL and trehalose 

culture conditions, while no AMV RTα protein was detected with the empty vector. On the 

other hand, transfection with the pPv121-AMV RTα vector allowed the production of AMV 

RTα protein independently of the medium or the presence of Dox (Fig. 3A). Next, RT 

activity was assessed. As shown in Figure 3B, the RT activity was significantly higher in 

Dox-treated cells than in untreated counterparts using the Tet-On expression system, while 

the constitutive expression vector yielded high RT activity independently of culture 

conditions (Fig. 3B and Suppl. Table 3). These results clearly show that Pv11 cells can 

produce a large and complex enzyme, such as AMV RTα, using the Tet-On inducible 

expression system. 

 

 

4. Discussion 

Although a constitutive expression system was previously established in the anhydrobiotic 

cell line, Pv11 [15], no inducible system has been available so far. The present study 

identified a minimal promoter for Pv11 cells and applied it in the Tet-On inducible 

expression system. Luciferase and GFP proteins were successfully and inducibly expressed in 

this novel system under both regular and trehalose-treatment culture conditions. Furthermore, 
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we showed that AMV RTα protein could be inducibly expressed in Pv11 cells without losing 

its RT activity. This highlights the potential of Pv11 cells for the expression of larger and 

more complex proteins than reporter proteins and shows that Pv11 cells could have novel 

biotechnological applications. 

The establishment of a Tet-On inducible expression system in Pv11 cells could 

accelerate the clarification of the molecular mechanisms underlying anhydrobiosis in this cell 

type and more generally. For example, the Tet-On expression system has been used for 

inducible gene knockdown or knockout [36-40], thereby providing valuable insights into 

specific gene functions. Such tightly regulated loss-of-function experiments will be helpful in 

examining whether or not a gene contributes to anhydrobiosis in Pv11 cells. Furthermore, 

minimal promoters constitute an essential component of massively parallel reporter assays 

[41-44], which are among the most powerful genome-wide screening systems. Thus, 

combining these cutting-edge molecular biological technologies with our current findings 

should result in a markedly improved understanding of the mechanisms of anhydrobiosis in 

Pv11 cells. 

Several studies have shown that the mammalian CMV and SV40 promoters do not 

function in insect cell lines derived from Drosophila and Spodoptera species [30,31]. In the 

present study, we found that the CMV minimal promoter also does not function in Pv11 cells 

(Fig. 1A and B). This result can probably be explained by sequence differences in the core 
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promoter elements. The Inr in the P. vanderplanki 202 bp-promoter is TCA+1GTT, whereas 

in the CMV minimal promoter the Inr is TCA+1GATC (Fig. 1C). Indeed, the consensus 

sequence for the Inr is YYA+1NWYY for humans while it is YYA+1KTY for Drosophila 

[23]. Clearly, the selection of a promoter with sequence elements that function in the target 

host cell is essential; in this context, the use of an endogenous promoter is particularly 

appropriate.  

To develop the inducible expression system described here, we needed to define a 

minimal promoter and demonstrate its application. Previously, we identified 266 bp, 202 bp, 

and 137 bp fragments from the P. vanderplanki 121-promoter as candidate minimal 

promoters for Pv11 cells [15]. We tested the first two of these fragments, and found the 202 

bp fragment to perform well in the Tet-On system. However, it was difficult to obtain 

sufficient quantities of the plasmid harboring the 137 bp fragment for expression experiments 

(Suppl. Figs. 2A and B), probably due to replication interference caused by its stem-loop 

structure (Suppl. Fig. 2C). Thus, the 137 bp fragment was excluded from our experiments. 

Several studies have shown that the maximum transcriptional activity of the Tet-On 

inducible expression system is comparable to that of constitutive counterparts [18]. In this 

study, however, the induced Nluc activity of the Tet-On system was only about 30-50% of 

that of the 121-promoter under IPL (8.88±3.05 relative luciferase activity (RLA) vs. 

26.50±16.05 RLA) and trehalose (8.45±0.99 RLA vs. 16.14±7.57 RLA) culture conditions 
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(Figs. 1A and B). This is also reflected in the different relative AMV RTα activities observed 

between the constitutive and Tet-On inducible expression systems (Fig. 3B). These results 

probably reflect the need to co-transfect the Tet-On 3G expression and tetO reporter vectors, 

both of whose expression are controlled by tetO sequences, while only one vector is 

sufficient to express the gene-of-interest in the constitutive expression system. In particular, 

in our experiments we used two vectors (e.g. pPv121-Tet-On 3G and pTetO-202bp-Nluc) for 

the Tet-On expression system and one vector (pPv121-Nluc) for the constitutive expression 

system. To reduce the complexity of the Tet-On system, and thus potentially improve 

expression levels, we are attempting to establish Pv11 cells that stably express the Tet-On 3G 

transactivator protein. 

For industrial protein production, the bacterium Escherichia coli is one of the most 

extensively used prokaryotic cells; however, eukaryotic cells must be used instead when the 

protein-of-interest involves complex post-translational modifications and/or has multiple 

structural domains that are essential for its function [45,46]. Indeed, the expression of 

eukaryotic multi-domain proteins in E. coli often results in non-functional products due to 

differences in folding machinery and post-translational modifications between prokaryotes 

and eukaryotes [45,46]. Additionally, it is known that certain RT variants cannot be 

expressed as active or soluble heterodimers in E. coli without additional expression of 

appropriate molecular chaperones [47,48]. Indeed, in our experience (unpublished results), 
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AMV RT, which is a multi-domain protein (comprising finger, palm, thumb, connection and 

RNase H domains) [35], is difficult to obtain in a soluble form in sufficient quantities in E. 

coli. In contrast, we demonstrated in the present study that AMV RTα can be expressed in 

Pv11 cells without losing its specific activity. This result suggests that it should be possible to 

express a variety of proteins, including large multi-domain proteins, in Pv11 cells. 

We used a simplified method here for detecting AMV RTα activity from crude cell 

lysates. Although a certain amount of nonspecific background fluorescence from the lysates 

of Pv11 cells cannot be avoided, this method enabled us to decrease sample volumes 

markedly: transfected cells were harvested from individual wells of a 48-well plate, and only 

1 µL of each lysate was required for the enzyme assay. Although further improvements in our 

method may be necessary, it could be adapted for easy screening of useful AMV RT mutants. 

We will also examine the possibility of preserving exogenously expressed AMV RTα in 

dried Pv11 cells. 

In conclusion, the identification of a minimal promoter for Pv11 cells led to the 

establishment of a Tet-On inducible expression system in Pv11 cells. We showed that, in 

addition to the reporter proteins luciferase and AcGFP, AMV RTα could be expressed 

successfully in the Pv11 Tet-On system without losing its RT activity. These results show 

that Pv11 cells have significant potential for bioindustrial protein production. 
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Figures legends: 

Figure 1. Identification of a minimal promoter for an inducible expression system in Pv11 

cells. Luciferase activity was measured in vector-transfected Pv11 cells cultured under 

standard conditions (IPL-41 medium; A) or with 600 mM trehalose treatment (B). A scheme 

of vector constructs is shown on the left and relative values in the luciferase assay are shown 

on the right. Normalized values are expressed as means ± standard deviations (SD). (C) The 

predicted core promoter elements of the CMV and 202 bp minimal promoters. The core 

promoter prediction program, the Elements Navigation Tool, was used with a default setting. 

 

Figure 2. AcGFP1 expression using the Tet-On system in Pv11 cells. (A) The images of the 

cells were acquired using a BZ-X700 fluorescence microscope. The upper and lower images 

show the cells cultured in IPL-41 medium and 600 mM trehalose solution, respectively. Scale 

bars, 200 μm. (B) Western blot analysis was performed on extracts of Pv11 cells transfected 

with the indicated vectors. IPL, IPL-41 medium; Tre, 600 mM trehalose solution; Lane M, 

protein marker. 

 

Figure 3. AMV RTα expression and direct measurement of reverse transcriptase activity. (A) 

Western blot analysis was performed on extracts of Pv11 cells transfected with the indicated 

vectors. IPL, IPL-41 medium; Tre, 600 mM trehalose solution; Lane M, protein marker. (B) 
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AMV RTα activities were measured directly in lysates of Pv11 cells transfected with the 

indicated vectors. Normalized values are expressed as mean ± standard deviation (SD). *, 

significant at p<0.05; ns, not significant; n=3 in each group. 

 

Supplementary Figure 1. Map of pPv121-MCS vector. 

The multiple cloning site of the vector comprises BamHI, HindIII, XhoI and SacII sites. 

 

Supplementary Figure 2. The 137 bp-fragment from the 121-promoter and its secondary 

structure. 

(A) Optical density (OD) of E. coli transformed with pTetO-137bp-Nluc and pTetO-202bp-

Nluc. The transformants were cultured in LB medium containing ampicillin at 37°C for 16 h, 

then OD600 was measured. (B) Yields of the pTetO-137bp-Nluc and pTetO-202bp-Nluc 

plasmids. The plasmids were purified, and the concentration was measured. Normalized 

values are expressed as means ± standard deviations (SD). ****p<0.0001; ns, not significant; 

n=3 in each group. (C) Secondary structure of 69 bp junction regions of the tetO area (31 bp) 

and 137 bp, 202 bp and 266 bp fragments. The secondary structures of tetO and each 

fragment region were predicted using the MaxExpect algorithm (Reuter & Mathews, 2010) 

for DNA sequences with the remaining parameters set to default. Green arrows define the 

starting point for each fragment region. The tetO area has no possible secondary structures, 
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while the sequences of the various fragments tested may fold into different stem-loop 

structures, which might affect plasmid function melting to single strands, as in replication. 

According to free energy values, the tetO 137 bp stem-loop is the most stable. 
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Multiple cloning Site

Supplementary Figure 1. Map of pPv121-MCS vector.
The multiple cloning site of the vector comprises BamHI, HindIII, XhoI and SacII sites.

pPv121-MCS
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Supplementary Figure 2. The 137 bp-fragment from the 121-promoter and its secondary structure.
(A) Optical density (OD) of E. coli transformed with pTetO-137bp-Nluc and pTetO-202bp-Nluc. The 
transformants were cultured in LB medium containing ampicillin at 37°C for 16 h, then OD600 was measured.
(B) Yields of the pTetO-137bp-Nluc and pTetO-202bp-Nluc plasmids. The plasmids were purified, and the 
concentration was measured. Normalized values are expressed as means ± standard deviations (SD). 
****p<0.0001; ns, not significant; n=3 in each group. 
(C) Secondary structure of 69 bp junction regions of the tetO area (31 bp) and 137 bp, 202 bp and 266 bp 
fragments. The secondary structures of tetO and each fragment region were predicted using the MaxExpect 
algorithm (Reuter & Mathews, 2010) for DNA sequences with the remaining parameters set to default. Green 
arrows define the starting point for each fragment region. The tetO area has no possible secondary structures, while 
the sequences of the various fragments tested may fold into different stem-loop structures, which might affect 
plasmid function melting to single strands, as in replication. According to free energy values, the tetO 137 bp 
stem-loop is the most stable.

Reference: Reuter, J.S. and Mathews, D.H. "RNA structure: software for RNA secondary structure prediction and 
analysis." BMC Bioinformatics, 11:129. (2010)
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Target fragment-of-interest Forward primer Reverse primer

AcGFP1 CACTTCCTACCCTCGTAAAGTCGACCAACATGGT
GAGCAAGGGCGCC

TGATATCCGGCCGATCGATAGATCTTTAC
TTGTACAGCTCATCCATGCCG

202 bp fragment TCAGTGATAGAGAACGTATAAGCTTACAAACAC
GTTCAAAATCATATTTTC

GCCCTTGCTCACCATGTTGGTCGACTTTTT
TCAGAAAATATTTTCTTTTGTC

266 bp fragment TCAGTGATAGAGAACGTATAAGCTTATTCTTATC
AATATAAAAAATGCATGTC

GCCCTTGCTCACCATGTTGGTCGACTTTTT
TCAGAAAATATTTTCTTTTGTC

Nluc for pTRE3G vector AAGAAAATATTTTCTGAAAAAAGTCGACCAACA
TGGTCTTCACACTCGAAG

TGATATCCGGCCGATCGATAGATCTTTAC
GCCAGAATGCGTTC

Tet-On 3G AAGAAAATATTTTCTGAAAAAAGGATCCCAACA
TGTCTAGACTGGACAAGAGC

TAGGCTTACCTTCGAACCGCGGTTACCCG
GGGAGCATGTC

Nluc for 121-promoter vector CTTTCGTCTTCAAGAATTCCTCGAGCTTCAATTAT
GATACATGAATAAACAAAATATTAAAG

GAGTGTGAAGACCATGTTGGTCGACTTTT
TTCAGAAAATATTTTCTTTTGTC

632 bp fragment GCTAGCCTCGAGGATATCAAGATCTGGAAAATC
ACATGGACATC

CCAACAGTACCGGATTGCCAAGCTTTTTTT
TCAGAAAATATTTTCTTTTGTC

AMV RTα for the 121 vector AAGAAAATATTTTCTGAAAAAAGGATCCCAACA
TGACTGTTGCGCTACATCTG

AAGAAAATATTTTCTGAAAAAAGGATCC
CAACATGACTGTTGCGCTACATCTG

AMV RTα for pTRE3G vector AAGAAAATATTTTCTGAAAAAAGTCGACCAACA
TGACTGTTGCGCTAC

TGATATCCGGCCGATCGATAGATCTTTAG
TGGTGATGGTGGTG

Supplementary Table 1.  Primers for the construction of AcGFP1, Nluc and AMV RTα expression vectors.

The primers were designed using the NEBuilder Assembly Tool Verdion1 (https://nebuilderv1.neb.com/).
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The red squares indicate leaky expression using the 266 bp fragment. Statistical analysis was performed by Tukey test as a post-hoc test for three-way ANOVA.

Trehalose

pNluc

Nonsense

CMV

202bp

266bp

IPL-41

pNluc

Nonsense

CMV

202bp

266bp

266bp pNluc Nonsense

Supplementary Table 2. Statistical analysis of luciferase activities of cells transfected with the corresponding vectors in Fig. 1A.

CMV 202bp 266bp

IPL-41 Trehalose

pNluc Nonsense CMV 202bp
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Dox - + - + - + - +
- ns ns * ns ns ns **
+ ns ns ns ns ns *
- * ns ns ns **
+ * * ns ns
- ns ns **
+ ns **
- *
+

Statistical analysis was performed by Tukey test as a post hoc test for three-way
ANOVA.

IPL-41
Empty 

202bp

Trehalose
Empty 

202bp

Supplementary Table 3. Statistical analysis of reverse transcriptase activities of
cells transfected with the corresponding vectors in Fig. 3B.

IPL-41 Trehalose
Empty 202bp Empty 202bp
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LOCUS       pPv121-MCS      3475 bp    DNA     circular UNA 
DEFINITION  
FEATURES             Location/Qualifiers
     promoter        1..1333
                     /label=121-promoter
     polyA_site      1450..1579
                     /label=OpIE2-polyA
     rep_origin      1675..2318
                     /label=pUC-ori
     promoter        2383..2460
                     /label="EM7 promoter"
     CDS             2461..3276
                     /cds_type=ORF
                     /label=Kan+
     polyA_signal    3340..3469
                     /label=SV40-polyA
ORIGIN
        1 CTTCAATTAT GATACATGAA TAAACAAAAT ATTAAAGAAT AAAATTGTTT TTCTTCATTC
       61 ATATTGAATT TTTATTTATT ATTTTGTTAA CTTTTGTCTT TTAAAAATTT CAAAGATATT
      121 TCATAAATTC ATCTGAAATT CTCAGATTTA TAATGTAATG TTGAAAAAAT CGTATTTATT
      181 TTTTTGCGTA AATGAAAGGG AAATTGATTT CGCAATCCAA AAGAAGAATT TCTTTTACAT
      241 TTTGTATTTA AAGATACGCA AAAAAGAACA CAAATTCATA ATAATTTTCA AAGTCAACAG
      301 AAGTACATTG CTTCTATAAA AATTATTTAA AATTTAAAAT TTGTGAAAAG AATTTTAAAA
      361 TGTGTGGTAG AAATAAAAAT CTTAATAAAA GTCAGTGCGA GTGTCAGCAT CATCATCATC
      421 ATCATTTTTA TATCAATGAA CAGTTAATAG AACCTGAGGA AAAATCATCA AAATTCAAAT
      481 GATTCAGCAA ACCATCAATA CATCACTATT TTTACTTCAA CGATAAGCAA ATAAATAAAG
      541 AAGATTGTCA GCCGAATGTT GCTACACTCG CGAAAAATAC AGTAAAAGAA CATTTCATTC
      601 AACATCAAAA AGCTGCATCT CAAGAAAAAA ATTCAGGCTG CTATCACTTT GAACATAATC
      661 CAATTGATAA GAAATGGGCA CAGTATTTTG AAGAGAGATT TGGAAAATCA CATGGACATC
      721 ACCATTATCA TTCGTTCAAT AATGATGATT TTCCAAAAAT GTTTTTCAAC AAAAAATATT
      781 TTGAAGGAAG TTTCCTTGAT TAAGCAATTC ATATATTTGA AAGAGAATTT TTGCATTTGA
      841 TTTTTTTTTC ATAAAAATTA ATTTGTCGTT TATAAAACAT ATTTGTCAGT ATGTTTATTT
      901 TAAAAAATTT AAATGAGTAA AAAAACTAAT GAAAACTATA AATAAGTGAA TTTTTATTTC
      961 ATTTGTACAA ACAATGATTA TCATCATTAT CTCATCAATT TCATCACTTT TAGAGAATTT
     1021 TCACAAAAAA AAATTATTTT TCTACAGAAA AATCACAAAA TAATGAAATT CTTATCAATA
     1081 TAAAAAATGC ATGTCATTAC CGGCAATTAC TCATATACAA AACAAACAAG CACAAACACG
     1141 TTCAAAATCA TATTTTCCTC ACTATACAAT ATAATTATTG TACACATGCT CATTTATTTC
     1201 ACAAGAATTG TAAAGAATAT TGTGAGTGTA TGTGAAGCAT ATAAAAAGCA GATTAAATCG
     1261 TACAACATTC AGTTGACTTA TGATTTCTAA ACGAATAACA TCGTTGGACA AAAGAAAATA
     1321 TTTTCTGAAA AAAggatcca agcttctcga gCCGCGGTTC GAAGGTAAGC CTATCCCTAA
     1381 CCCTCTCCTC GGTCTCGATT CTACGCGTAC CGGTCATCAT CACCATCACC ATTGAGTTTA
     1441 TCTGACTAAA TCTTAGTTTG TATTGTCATG TTTTAATACA ATATGTTATG TTTAAATATG
     1501 TTTTTAATAA ATTTTATAAA ATAATTTCAA CTTTTATTGT AACAACATTG TCCATTTACA
     1561 CACTCCTTTC AAGCGCGTGG GATCGATGCT CACTCAAAGG CGGTAATACG GTTATCCACA
     1621 GAATCAGGGG ATAACGCAGG AAAGAACATG TGAGCAAAAG GCCAGCAAAA GGCCAGGAAC
     1681 CGTAAAAAGG CCGCGTTGCT GGCGTTTTTC CATAGGCTCC GCCCCCCTGA CGAGCATCAC
     1741 AAAAATCGAC GCTCAAGTCA GAGGTGGCGA AACCCGACAG GACTATAAAG ATACCAGGCG
     1801 TTTCCCCCTG GAAGCTCCCT CGTGCGCTCT CCTGTTCCGA CCCTGCCGCT TACCGGATAC
     1861 CTGTCCGCCT TTCTCCCTTC GGGAAGCGTG GCGCTTTCTC ATAGCTCACG CTGTAGGTAT
     1921 CTCAGTTCGG TGTAGGTCGT TCGCTCCAAG CTGGGCTGTG TGCACGAACC CCCCGTTCAG
     1981 CCCGACCGCT GCGCCTTATC CGGTAACTAT CGTCTTGAGT CCAACCCGGT AAGACACGAC
     2041 TTATCGCCAC TGGCAGCAGC CACTGGTAAC AGGATTAGCA GAGCGAGGTA TGTAGGCGGT
     2101 GCTACAGAGT TCTTGAAGTG GTGGCCTAAC TACGGCTACA CTAGAAGAAC AGTATTTGGT
     2161 ATCTGCGCTC TGCTGAAGCC AGTTACCTTC GGAAAAAGAG TTGGTAGCTC TTGATCCGGC
     2221 AAACAAACCA CCGCTGGTAG CGGTGGTTTT TTTGTTTGCA AGCAGCAGAT TACGCGCAGA
     2281 AAAAAAGGAT CTCAAGAAGA TCCTTTGATC TTTTCTACGG GGTCTGACGC TCAGTGGAAC
     2341 GAAAACTCAC GTTAAGGGAT TTTGGCGAAT TAATTCGGAT CTCTGCAGCA CGTGTTGACA
     2401 ATTAATCATC GGCATAGTAT ATCGGCATAG TATAATACGA CTCACTATAG GAGGGCCACC
     2461 ATGAGCCATA TTCAACGGGA AACGTCTTGC TCTAGGCCGC GATTAAATTC CAACATGGAT
     2521 GCTGATTTAT ATGGGTATAA ATGGGCTCGC GATAATGTCG GGCAATCAGG TGCGACAATC
     2581 TATCGATTGT ATGGGAAGCC CGATGCGCCA GAGTTGTTTC TGAAACATGG CAAAGGTAGC
     2641 GTTGCCAATG ATGTTACAGA TGAGATGGTC AGACTAAACT GGCTGACGGA ATTTATGCCT
     2701 CTTCCGACCA TCAAGCATTT TATCCGTACT CCTGATGATG CATGGTTACT CACCACTGCG
     2761 ATCCCCGGGA AAACAGCATT CCAGGTATTA GAAGAATATC CTGATTCAGG TGAAAATATT
     2821 GTTGATGCGC TGGCAGTGTT CCTGCGCCGG TTGCATTCGA TTCCTGTTTG TAATTGTCCT
     2881 TTTAACAGCG ATCGCGTATT TCGTCTCGCT CAGGCGCAAT CACGAATGAA TAACGGTTTG
     2941 GTTGATGCGA GTGATTTTGA TGACGAGCGT AATGGCTGGC CTGTTGAACA AGTCTGGAAA
     3001 GAAATGCATA AACTTTTGCC ATTCTCACCG GATTCAGTCG TCACTCATGG TGATTTCTCA
     3061 CTTGATAACC TTATTTTTGA CGAGGGGAAA TTAATAGGTT GTATTGATGT TGGACGAGTC
     3121 GGAATCGCAG ACCGATACCA GGATCTTGCC ATCCTATGGA ACTGCCTCGG TGAGTTTTCT
     3181 CCTTCATTAC AGAAACGGCT TTTTCAAAAA TATGGTATTG ATAATCCTGA TATGAATAAA
     3241 TTGCAGTTTC ATTTGATGCT CGATGAGTTT TTCTAACCGA CGCCGACCAA CACCGCCGGT
     3301 CCGACGGCGG CCCACGGGTC CCAGGGGGGT CGACCTCGAA ACTTGTTTAT TGCAGCTTAT
     3361 AATGGTTACA AATAAAGCAA TAGCATCACA AATTTCACAA ATAAAGCATT TTTTTCACTG
     3421 CATTCTAGTT GTGGTTTGTC CAAACTCATC AATGTATCTT ATCATGTCTg aattc
//
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