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Abstract: Torin 1 is an ATP-competitive TOR inhibitor which inhibits the
signaling of TOR and S6K kinase in mammals and plants. The objective of this
research is to determine the effect of Torin 1 in a relatively simple and
homogeneous plant system such as the NT-1 tobacco suspension cell cultures.
Cultures of NT-1 cells were tested with 5, 50, 150 and 250 nM of Torin 1. During
kinetics growth of NT-1 tobacco suspension cell cultures, 150 and 250 nM Torin
1 inhibits the early growth and later enhanced the cellular proliferation during
exponential growth by means of an increased expression of E2FI and cyclin B.
Furthermore, Torin 1 stimulates the growth of NT-1 cells during log phase with
small shaped cell, characteristic of tobacco suspension cell cultures with high
mitotic activity.
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1 Introduction

The target of rapamycin (TOR) is a conserved eukaryotic phosphatidylinositol 3-kinase (PI3K)-related
kinase (PIKK) that regulates growth and metabolism in response to environment [1-3]. TOR is part of a
two-protein complex TORC1 and TORC2, the first is sensitive, while TORC?2 is insensible to rapamycin
[4, 5]. In mammals TOR activity is regulated by insulin and insulin-like growth factors (IGF) via the PI3K-
TOR-S6K route; also TOR is activated by nutrients and ATP [6]. The genome of Arabidopsis, as that of
other eukaryotes, contains a single copy of TOR, which causes embryonic lethality when it is mutated [7].
TOR level correlates with plant size indicating its central role in plant development [3]. Also, this kinase
regulates processes like translation, ribosome biogenesis, actin dynamics, production of reactive oxygen
species (ROS) and autophagy [8]. The activity of TOR has been investigated in mammals mainly via its
inhibition by rapamycin, a macrolide with therapeutic applications as antifungal, immunosuppressant, and
in cancer therapy [9]. The FKBP12-rapamycin duo binds to the called FRB (FKBP12-Rapamycin Bind)
domain of TOR therefore creating a ternary complex that inhibits TOR kinase activity. Studies of TOR
kinase have increased over the last years and limitations of rapamycin based clinical approach have forced
the development of ATP-competitive TOR inhibitors that were called as TOR is (active site TOR inhibitors)
like Torin 1, brought new tools to study the TOR pathway [10]. While rapamycin resistance has been
reported in some higher plant, there are other plants, e.g., corn and green algae such as Chlamydomonas
reinhardtii [11,12], which are sensitive to its effect. Recently, Arabidopsis sensitivity to high concentrations
of rapamycin (100-1000 nM) has been reported; the authors suggest that the variable effects on insensitivity
to rapamycin in various biological systems could be linked to variations in the amount of FKBP12 protein,
which could explain the controversy around the resistance of certain plants to this inhibitor [13]. Several
reports concerning at use of Torin 1 in plants, showed a strongly inhibit growth of a large variety of plants
like Arabidopsis, potato, tomato, rice, Lotus, millet and Nicotiana and proliferation in both green algae and
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diatoms (C. reinhardtii, P. tricornutum) [14-20]. It has also been observed that 200 nM Torin 1 inhibits
the phosphorylation of TOR and S6K1 in cellular lines of Arabidopsis overexpressing TAV viral factor
[21]. In mammals, Torin 1 inhibition affects the proliferation, and protein synthesis and cause an increase
in the eccentricity of the nucleus at concentrations of 50 and 250 nM [10,22]. In plants, the respond of TOR
at environment, hormones and stress has recently been demonstrated [23]. For example, Li et al., reported
that through TOR, the cellular division of apical and radicular meristem of Arabidopsis is reactivated by
light and glucose respectively [24]. For this reason, it is important to know how TOR inhibitors regulated
cellular processes such as the cell cycle. The cell cycle is a highly regulated event that generates two
daughter cells from a progenitor cell and consists of four consecutive phases: G1, S, G2 and M. The
remarkable genetic conservation of the cell cycle in eukaryotes has been confirmed with studies in the
genome of Arabidopsis thaliana [24,25]. The progression through the cell cycle in plants is regulated by
the heterodimeric kinases cyclins and the catalytic subunits cyclin dependent kinases (CDK) [26]. Cyclin
B participate in the G2/M progression. Cyclins B and D expression depends mainly on auxins and
cytokinins, growth conditions and development [27]. The E2F family transcription factors also play an
important role in cell cycle progression. The Arabidopsis genome contains E2Fa, E2Fb and E2Fc factors
that require dimerization with DPa or DPb proteins [28]. The most widely used plant cell lines for
recombinant biopharmaceutical production are those derived from tobacco (Nicotiana tabacum), such as
cultivars BY-2 (N. tabacum cv. Bright Yellow 2) cells and NT-1 (N. tabacum-1) cells. They have appealing
features, including being fast-growing, robust and able to readily undergo Agrobacterium-mediated
transformation and cell cycle synchronization [29,30]. The tobacco BY-2 cells have also been utilized
across a wide spectrum of plant biology, in particular this cell line has contributed significantly to molecular
biology studies of the plant cell cycle [31-33]. The present study aims to study the effect of Torin 1, one
of inhibitors of second generation of TOR, on plant growth in a relatively simpler system than plants such
as NT-1 suspension cultures of tobacco cells.

2 Materials and Methods
2.1 Tobacco-Cell Suspension Culture

Chemicals were purchased from Sigma-Aldrich unless otherwise indicated. NT-1 tobacco cells were
cultured for 7 d in 4.3 g/L Murashige and Skoog basal medium (Phyto Technology Laboratories, USA), pH
5.8, supplemented with 3% Sucrose, 1 mg/L thiamine, 100 mg/L myoinositol, 0.2 g/L. KH,PO4, and 0.2
mg/L 2,4-D at 25°C under constant agitation (100 rpm) in the dark. Every 7 days the cells were subcultured
in fresh medium as described above.

2.2 NT-1 Tobacco-Cell Growth with Torin 1 Inhibitor

Previously washed NT-1 tobacco cells in stationary phase (day 7) were inoculated (3.5 mL) in 50 mL
of fresh MS medium supplemented with Torin 1 inhibitor (LC Laboratories) at concentrations of: 0, 5, 50,
150, and 250 nM. Daily, 3-mL aliquots were taken to evaluate the growth by dry weight and packed-cell
volume (PCV).

2.3 Mitotic Index

Before calculating the mitotic index (MI), tobacco cells were fixed with 4% paraformaldehyde and
50% glutaraldehyde during 12 h at 4°C. MI percentage was calculated at day 6. 0.5 mL of log-phase cells
were stained with 10 mg/mL 4',6-Diamidino-2-Phenylindole Dihydrochloride (DAPI) in Phosphate
Buffered Saline (PBS) for mitotic figure counts (% MI = Cells undergoing mitosis/500 counted cells x 100).
Cells were observed under a Nikon fluorescence microscope with a 20X objective. The cellular size was
calculated with DAPI-stained cells, which were measured to calculate the length/width ratio with ImageJ.

2.4 Semi-Quantitative RT-PCR for Cell-Cycle Regulator Genes

RNA extraction was performed with NT-1 cells in log phase (day 6) supplemented with 5, 50, or 150
nM of inhibitor Torin 1 [34]. Semi-quantitative RT-PCR analysis (Kit SuperScript IIl ™ One-Step RT-
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PCR System with Platinum® Tag DNA polymerase, Invitrogen) of Cyclin B (Access number Gen bank
D89635.1), E2F (AB025347) and Actin (X63603) was carried out. For this purpose, 0.64 ng/uL of total
RNA was subjected to RT-PCR with the aforementioned kit in a Techne TC-3000 Thermal Cycler
(Barloworld Scientific, USA), in amplification conditions optimized for each gene (Tab. 1). The
mRNA expression level was calculated relative to actin expression by densitometry using Imagel.

2.5 Statistical Analyses

Basic statistical parameters and analyses of variance (ANOV A) were performed using the commercial
statistical software Minitab17. Differences with P values of < 0.05 were considered statistically significant.

Table 1: Oligonucleotide primers of cell-cycle regulator genes used in semi-quantitative RT-PCR

Target Annealing
gene Description Sequence (5°-3") Orientation temp(gza)tur Referenc
¢ e
E2Fb o CAAATTACAAACAGGGAGTTG Forward 68 This
Transcription
factor GTGC study
CTCCTTTGTGGATAATCAACAG Reverse
CCT
Cyc B Cell cycle ATAACGAGGGGCTTTTGTGC Forward 60 [35]
protein CTTTTCTCCATTCCCAACACCT Reverse
Actin Cytoskeleton CCTCTTAACCCGAAGGCTAA Forward 55 This
protein GAAGGTTGGAAAAGGACTTC Reverse study
3 Results

Due to the importance of TOR in plant development and its different responses to drugs that inhibit
its activity, the effect of different concentrations of Torin 1 was tested in growth kinetics of NT-1 cultures.
Cultures with 150 and 250 nM of Torin 1 inhibited dry-weight growth until day 4 (the start of log phase)
and showed an increase in biomass from day 6 onward (Fig. 1(A)); while cultures with 5 and 50 nM of
Torin 1 showed a tendency to increasing dry weight from day 2 onward, maintaining this tendency for the
duration of the growth kinetics. With 150 and 250 nM of Torin 1, the PCV kinetics showed faster growth
over the course of the experiment (Fig. 1(B)). The Mitotic Index (MI) was evaluated to correlated with
proliferation (Fig. 2(A)), showing a decrease (by 30%) only with 50 nM of Torin 1. Cells supplemented
with 150 and 250 nM showed a 25% MI increase, which correlates with the increase in biomass and PCV
(Figs. 1(A) and 1(B)). The Torin 1 effect on cell size was evaluated because of the PCV increased values
(Fig. 1). The calculated lengh/width ratios show that cultures supplemented with 150 and 250 nM of Torin
contained smaller cells (Fig. 2(B)), besides, the cells had a clearly more rounded shape than that observed
with the other treatments.
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Figure 1: Torin 1 effect on NT-1 culture growth. Previously washed NT-1 cells in stationary phase (day 7)
were inoculated (3.5 mL) in 50 mL of fresh MS medium containing different Torin 1 concentrations: 0, 5,
50, 150, and 250 nM. Daily, 3-mL aliquots were taken, kinetics were evaluated by A) dry weight and B)
Packed-cell volume. Tukey P = 0.05; n = 2. The experiment was repeated twice with similar results
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Figure 2: Torin 1 stimulates cellular proliferation of NT-1 cultures. A) Mitotic Index (MI) percentage. Day
6 log-phase cells were stained with DAPI for mitotic figure count (% MI = Cells undergoing mitosis/500
counted cells x 100). Cells were observed under a Nikon fluorescence microscope with a 20X objective. B)
Cell size. DAPI-stained cells were measured to calculate their length/width ratios with ImageJ C) DAPI-
stained NT-1 cells in log phase.Tukey. P <0.05; n=4

The expression of cell-cycle regulators like E2F and Cyclin B was evaluated because cell proliferation
was observed with high concentrations of Torin 1 from day 6 onward (Fig. 3). The expression of both genes
was stimulated.
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Figure 3: Torin 1 effect cell-cycle regulator genes. RT-PCR semi-quantitative analysis (SuperScript 111 ™
One-Step RT-PCR System with Platinum® Taq DNA polymerase) of Cyclin B (Access number Gen
bankD89635.1), E2F (AB025347) and Actin (X63603) was performed with NT-1 cells in log phase (day
6), supplemented with 5, 50, and 150 nM of Torin 1. The pictures show amplification products of each gene
in a 1% agarose gel. The experiment was repeated twice with similar results

4 Discussion

NT-1 cultures exhibit a growth kinetics consisting in lag phase, exponential-growth phase and
stationary phase with lower mitotic activity [36]. As far as we know, the long-term effect of Torin 1 on a
specific system has not been reported. In this study, we observed that the inhibitor stimulates the growth of
NT-1 cultures during log phase, which can be related to the decreased levels of PCV, possibly due to an
increase in mitotic activity (Fig. 1). It has been reported that BY-2 cultures show proliferation cells of small
size in the population [36]. Torin 1 has been characterized as a highly selective inhibitor of TOR-S6K
signaling in mammals and Arabidopsis [10]. We observed that 150 nM of Torin 1 reduced the
phosphorylation of S6, previously stimulated with Insulin (data not shown), the results suggest that it might
stimulate cell proliferation during exponential growth by an increased expression of E2F'1 and cyclin B. In
mammals, 250 nM of Torin 1 completely inhibit proliferation and arrested the cell cycle in G1/S phase,
showing smaller cells than at concentration as 50 nM Torin 1 [10].

This small cell shape is characteristic of suspended tobacco cells with high mitotic activity. Animal
cells treated with 250 nM showed an altered nucleus eccentricity, which causes a change from round to
elongated shape, regulated by the LIPIN-1 gene [22].

The expression of both genes E2F'1 and cyclin B was stimulated, which could explain the increase in
MI and biomass in NT-1 cultures (Figs. 1 and 2), contrasting with the activity reported in mammals, where
250 nM of Torin drastically suppressed cell proliferation by reducing the quantity of cyclin D [10]. The
stimulation of the cellular proliferation of NT-1 cultures by Torin 1 was really an unexpected fact, because
we do not know to date that any TOR inhibitor stimulates growth or cell division. The mechanisms of how
Torin 1 stimulates cell proliferation in NT-1 cultures could involve a crosstalk between different branches
of the TOR network, that act like a negative feedback loops, where the targets downstream become
regulators upstream of the TOR pathway [37]. This type of regulation shows the importance of
characterizing cell development or metabolic status of the model studied when trying to decipher the role
of TOR pathway [6].

5 Conclusion

Studies in many plant species have shown that TOR plays an important role in the regulation of growth.
Therefore, the detailed relationship between proliferation and inhibition by drugs such as Torin 1 in cell
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cultures should be investigated, because there are still many unknown mechanisms of regulation of TOR in
plants and mammals. Torin 1 applied to cell cultures of tobacco suspension NT-1, inhibits early growth and
then rises cell proliferation by means of an increased expression of cell cycle regulators: E2F1 and cyclin
B. Then, how Torin 1 stimulates cell proliferation in NT-1 cultures making this an important subject of
study, to better understand the role of TOR in plants.

Contflict of interest: All the researchers listed as authors of the current study declare that there is no conflict
of interests regarding the publication of this manuscript.

Acknowledgment: This project was supported by Grant No. 230819 from CONACyT, Mexico.

References

1. Luo, J., Manning, B. D., Cantley, L. C. (2003). Targeting the PI3K-Akt pathway in human cancer: rationale and
promise. Cancer Cell, 4, 257-262.

2. Populo, H., Lopes, J. M., Soares, P. (2012). The mTOR signalling pathway in human cancer. International
Journal of Molecular Sciences, 13, 1886-1918.

3.  Van Leene, J., Han, C., Gadeyne, A., Eeckhout, D., Matthijs, C. et al. (2019). Capturing the phosphorylation and
protein interaction landscape of the plant TOR kinase. Nat Plants, 5, 316-327.

4. Vezina, C., Kudelski, A., Sehgal, S. N. (1975). Rapamycin (AY-22,989), a new antifungal antibiotic. I.

Taxonomy of the producing streptomycete and isolation of the active principle. Journal of Antibiot (Tokyo), 28,
721-726.

5. Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J. H., Hsu, P. P. et al. (2006). Prolonged rapamycin treatment
inhibits mMTORC2 assembly and Akt/PKB. Molecular Cell, 22, 159-168.

6. Montane, M. H., Menand, B. (2019). TOR inhibitors: from mammalian outcomes to pharmacogenetics in plants
and algae. Journal of Experimental Botany, 70(8).

7.  Menand, B., Desnos, T., Nussaume, L., Berger, F., Bouchez, D. et al. (2002). Expression and disruption of the
Arabidopsis TOR (target of rapamycin) gene. Proceedings of the National Academy of Sciences, 99, 6422-6427.

8. Deprost, D., Yao, L., Sormani, R., Moreau, M., Leterreux, G. et al. (2007). The Arabidopsis TOR kinase links
plant growth, yield, stress resistance and mRNA translation. EMBO Reports, 8, 864-870.

9. Sehgal, S. N. (2003). Sirolimus: its discovery, biological properties, and mechanism of action. Transplantation
Proceedings, 35, 7-14.

10. Thoreen, C. C., Kang, S. A., Chang, J. W., Liu, Q., Zhang, J. et al. (2009). An ATP-competitive mammalian
target of rapamycin inhibitor reveals rapamycin-resistant functions of mMTORCI1. Journal of Biological Chemistry,
284, 8023-8032.

11. Crespo, J. L., Diaz-Troya, S., Florencio, F. J. (2005). Inhibition of Target of Rapamycin Signaling by Rapamycin
in the Unicellular Green Alga Chlamydomonas reinhardtii. Plant Physiology, 139, 1736-1749.

12. Sanchez de Jiménez, E., Beltran-Pefia, E., Ortiz-Lopez, A. (1999). Insulin-stimulated ribosomal protein synthesis
in maize embryonic axes during germination. Physiologia Plantarum, 105, 148-154.

13. Xiong, Y., Sheen, J. (2012). Rapamycin and glucose-target of rapamycin (TOR) protein signaling in plants.
Journal of Biological Chemistry, 287, 2836-2842.

14. Deng, K., Dong, P., Wang, W., Feng, L., Xiong, F. et al. (2017). The TOR pathway is involved in adventitious
root formation in Arabidopsis and Potato. Frontiers in Plant Science, 8, 784.

15. Dong, P., Xiong, F., Que, Y., Wang, K., Yu, L. et al. (2015). Expression profiling and functional analysis reveals
that TOR is a key player in regulating photosynthesis and phytohormone signaling pathways in Arabidopsis.
Frontiers in Plant Science, 6, 677.

16. Dong, Q.,Mao, K., Duan, D., Zhao, S., Wang, Y. et al. (2018). Genome-wide analyses of genes encoding FK506-
binding proteins reveal their involvement in abiotic stress responses in apple. BMC Genomics, 19, 707.

17. Imamura, S., Kawase, Y., Kobayashi, I., Shimojima, M., Ohta, H. et al. (2016). TOR (target of rapamycin) is a
key regulator of triacylglycerol accumulation in microalgae. Plant Signaling & Behavior, 11, e1149285.



Phyton, 2019, vol.88, no.2 137

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Montané, M. H., Menand, B. (2013). ATP-competitive mTOR kinase inhibitors delay plant growth by triggering
early differentiation of meristematic cells but no developmental patterning change. Journal of Experimental
Botany, 64, 4361-4374.

Prioretti, L., Avilan, L., Carriére, F., Montane, M. H., Field, B. et al. (2017). The inhibition of TOR in the model
diatom Phaeodactylum tricornutum promotes a get-fat growth regime. Algal Research-Biomass, Biofuels and
Bioproducts, 26, 265-274.

Song, Y., Zhao, G., Zhang, X., Li, L., Xiong, F. et al. (2017). The crosstalk between Target of Rapamycin (TOR)
and Jasmonic Acid (JA) signaling existing in Arabidopsis and cotton. Scientific Reports, 7, 45830.
Schepetilnikov, M., Kobayashi, K., Geldreich, A., Caranta, C., Robaglia, C. et al. (2011). Viral factor TAV
recruits TOR/S6K1 signalling to activate reinitiation after long ORF translation. EMBO Journal, 30, 1343-1356.
Peterson, T. R., Sengupta, S. S., Harris, T. E., Carmack, A. E., Kang, S. A. et al. (2011). mTOR complex 1
regulates lipin 1 localization to control the SREBP pathway. Cell, 146, 408-420.

Schepetilnikov, M., Ryabova, L. A. (2018). Recent Discoveries on the Role of TOR (Target of Rapamycin)
Signaling in Translation in Plants. Plant Physiology, 176, 1095-1105.

Li, X., Cai, W., Liu, Y., Li, H., Fu, L. et al. (2017). Differential TOR activation and cell proliferation in
Arabidopsis root and shoot apexes. Proceedings of the National Academy of Sciences, 114, 2765-2770.
Vandepoele, K., Raes, J., De Veylder, L., Rouze, P., Rombauts, S. et al. (2002). Genome-wide analysis of core
cell cycle genes in Arabidopsis. Plant Cell, 14, 903-916.

Menges, M., de Jager, S. M., Gruissem, W., Murray, J. A. (2005). Global analysis of the core cell cycle regulators
of Arabidopsis identifies novel genes, reveals multiple and highly specific profiles of expression and provides a
coherent model for plant cell cycle control. Plant Journal, 41, 546-566.

De Veylder, L., Beeckman, T., Inze, D. (2007). The ins and outs of the plant cell cycle. Nature Reviews Molecular
Cell Biology, 8, 655-665.

Ramirez-Parra, E., Frundt, C., Gutierrez, C. (2003). A genome-wide identification of E2F-regulated genes in
Arabidopsis. Plant Journal, 33, 801-811.

Hellwig, S., Drossard, J., Twyman, R. M., Fischer, R. (2004). Plant cell cultures for the production of
recombinant proteins. Nature Biotechnology, 22, 1415-1422.

Ozawa, K., Takaiwa, F. (2010). Highly efficient Agrobacterium-mediated transformation of suspension-cultured
cell clusters of rice (Oryza sativa L.). Plant Science, 179, 333-337.

Asada, T. (2018). Preprophase-band positioning in isolated tobacco BY-2 cells: evidence for a principal role of
nucleus-cell cortex interaction in default division-plane selection. Protoplasma.

Nagata, T., Sakamoto, K., Shimizu, T. (2004). Tobacco by-2 cells: the present and beyond. In Vitro Cellular &
Developmental Biology-Plant, 40, 163-166.

Petrasek, J., Elckner, M., Morris, D. A., Zazimalova, E. (2002). Auxin efflux carrier activity and auxin
accumulation regulate cell division and polarity in tobacco cells. Planta, 216, 302-308.

Fierros-Romero, G., Wrosek-Cabrera, J. A., Gomez-Ramirez, M., Pless, R. C., Rivas-Castillo, A. M. (2017).
Expression changes in metal-resistance genes in microbacterium liquefaciens under nickel and vanadium
exposure. Current Microbiology, 74, 840-847.

Kwon, H. K., Choi, Y. E., Wang, M. H. (2011). Overexpression of NlgCycB isolated from interspecific hybrid
of N. langsdorffii x N. glauca alters root growth and root hair development. Journal of Plant Growth Regulation,
30, 367-377.

Matsuoka, K., Demura, T., Galis, 1., Horiguchi, T., Sasaki, M. (2004). A comprehensive gene expression analysis
toward the understanding of growth and differentiation of tobacco BY-2 cells. Plant and Cell Physiology, 45,
1280-1289.

Eltschinger, S., Loewith, R. (2016). TOR complexes and the maintenance of cellular homeostasis. Trends in Cell
Biology, 26, 148-159.



	Torin 1, TOR Inhibitor Enhances Cellular Proliferation in NT-1 Tobacco Suspension Cell Cultures
	Transcription factor
	5 Conclusion
	Conflict of interest: All the researchers listed as authors of the current study declare that there is no conflict of interests regarding the publication of this manuscript.
	Acknowledgment: This project was supported by Grant No. 230819 from CONACyT, Mexico.
	References

