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Introduction: The growing demand for recombinant proteins in medicine has
prompted biopharmaceutical companies to seek ways to maximize the
manufacturing process. Despite its known negative impact on cell growth,
temperature shift (TS) has emerged as a cost-effective strategy to enhance protein
quantity and quality in ChineseHamsterOvary cells (CHO). As cells adapt their growth
and protein synthesis rate to the environment through influencing mTOR complex 1
(mTORC1), here we evaluated the potential of mTORC1 signaling engineering to
improve the production of granulocyte-macrophage colony-stimulating factor (GM-
CSF) protein in stable CHO cells at low temperature.

Methods: First, the expression of genes that negatively control mTORC1 functions
in response to environmental fluctuations, including TSC1, AMPK, MAPKAPK5, and
MARK4 genes, was assessed via real-time qPCR in CHO-K1 after a temperature
shift from 37°C to 30°C. Then, plasmids harboring the shRNAs targeting these
genes were constructed into the PB513B-1 plasmid with expression driven by
either the constitutive CMV promoter or the cold-inducible HSP90 promoter.
Finally, the impact of transient gene downregulation was evaluated on GM-CSF
and mTOR proteins productivity in GM-CSF-producing CHO-K1 cells using ELISA
and Western-blot assays, respectively. The growth rate of the transfected cells at
the two temperatures was evaluated using flow cytometry.

Results: Hypothermic conditions promote the upregulation of mTORC1 inhibitor
genes, especially TSC1 and MAPKAPK5, while downregulating S6K, a key effector
of the mTORC1 signaling pathway, in CHO-K1 cells. Transcription and protein
levels of mTOR increased upon transfection, “pB513-b CMV-P/4shRNAs/GFP”
plasmid, “pB513-bHSP90-P/4sh-RNAs/GFP” and pB513B-1 plasmid as mock
group in GM-CSF-producing CHO-K1 cells (approximately 60%), along with a
high transcript level of S6K. Cell growth-related characteristics were improved,
albeit with distinct effects at different temperatures. Notably, these changes were
more efficient at 30°Cwhen utilizing the HSP90 promoter, resulting in a three-fold
increase in GM-CSF production after 3 days.

Conclusion: This study highlights the importance of temperature regulation and
mTORC1modulation in CHO cellular processes, particularly in recombinant protein
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production. Understanding these mechanisms paves the way for developing
innovative strategies to enhance cell growth, protein synthesis, and overall
bioprocess performance, particularly in manufacturing human therapeutic proteins.
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1 Introduction

Chinese hamster ovary (CHO) cells are the most commonly
used mammalian expression system for manufacturing protein-
based biopharmaceutical products. Compared to other
mammalian expression systems, they offer distinct
advantages, including safety, high specific productivity (qp),
effective post-translational modifications, ease of cultivation
in large bioreactor and serum-free media, and flexibility for
genetic modification (Sellick et al., 2011; Bryan et al., 2021).
However, the cost of producing recombinant proteins in CHO
cells remains relatively high compared to microbial host
systems. This cost disparity is primarily due to their
sensitivity to environmental factors influencing their
productivity, growth, and viability in bioreactors (Bryan et al.,
2021; Yao et al., 2021). In recent times, culturing CHO cells at
low temperatures provides the considerable potential for
enhancing recombinant protein production in the industry
(Al-Fageeh et al., 2006; McHugh et al., 2020; Nguyen et al.,
2020). Temperature shift (TS) can boost cell-specific
productivity by enhancing the stability of mRNAs and
transcription levels and improving protein folding.
Additionally, it reduces total cell metabolism, leading to a
decline in the production of toxic substances, modulation of
the effects of nutrition deprivation, and increased cell viability
(Yee et al., 2009; Kantardjieff et al., 2010; Lin et al., 2015).

Furthermore, the development of endogenous inducible
promoters utilizing cold-induced promoters has garnered
attention from researchers. This approach is valuable for
expressing hard-to-express proteins, as constitutive viral
promoters are susceptible to silencing and cell instability,
especially under stressful conditions (Yee et al., 2009; Lin et al.,
2015; Xu et al., 2019). However, it is worth noting that culturing
cells under physiological temperature downregulates the
expression of specific genes, such as ribosomal protein
S6 kinase (S6k) and tumor translationally-controlled 1 (Tpt1),
which regulate cellular growth and proliferation, often in
conjunction with the mammalian target of rapamycin complex
1 (mTORC1) (Yoon et al., 2006).

In cells, mTORC1 is an evolutionarily conserved serine/
threonine protein kinase that regulates protein synthesis, cell
growth, and proliferation in response to the surrounding
environment (Figure 1) (Jossé et al., 2016; Saxton and Sabatini,
2017). The activity of mTORC1 is positively controlled by growth
signals such as insulin-like growth factor (IGF). However, it can be
inhibited by tuberous sclerosis 1 (TSC1) in response to the nutrient
deficit (McVey et al., 2016; Lai et al., 2021), AMP-activated protein
kinase (AMPK) during energy limitation or a reduction in the ATP/
AMP ratio (Li et al., 2014), mitogen-activated protein kinase-
activated protein kinase 5 (MAPKAPK5) upon energy starvation
(Cully et al., 2010; Zheng et al., 2011; Ronkina et al., 2015; Han et al.,
2020), and MAP/microtubule affinity-regulating kinase 4 (MARK4)
due to a drop in energy levels (Li and Guan, 2013).

Several investigations have indicated a direct correlation
between mTOR activity and CHO productivity (Edros et al.,
2014). However, its role in responding to cold shock in CHO
cells as producers of recombinant proteins has yet to be
examined. Thus, our research aims to determine whether TS

influences the expression of mTORC1 signaling genes.
Subsequently, we evaluated if the downregulation of these stress-
response genes, either constitutively or in response to cold, can
change mTORC1 signaling genes, cell proliferation, cell size, cell
cycle, and the production of GM-CSF in stable CHO cells
following TS.

2 Materials and methods

2.1 Plasmids expressing TSC1, AMPK, PRAK,
and MARK 4shRNAs under control of
HSP90 and CMV promoters

To reduce the expression of mTORC1 inhibitory genes at two
different temperatures, we designed multiplexed shRNA targeting
a combination of “TSC11/AMPK2/PRAK3/MARK4” genes. The
sequences of these genes, along with the HSP90 promoter, were
obtained from NCBI (Supplementary Table S2). The shRNAs
targeting these genes were designed using InvivoGen’s siRNA
Wizard™ tool. The designed sequence was finally synthesized
by GeneScript Company (China). Subsequently, these shRNAs
were cloned into the piggyBAC plasmid, PB513B-1, with
expression driven by either the constitutive CMV promoter or
the cold-inducible HSP90 promoter (Nguyen et al., 2020)
(Figure 2A). We constructed three separate plasmids, as
illustrated in Figure 2A, using digestion and ligation techniques.
The first plasmid, “pB513-b CMV-P/4shRNAs/GFP,” expressed a
multiple shRNA cassette driven by the CMV promoter. The second
plasmid, “pB513-bHSP90-P/4sh-RNAs/GFP,” contained a
multiple shRNA cassette driven by the HSP90 promoter
(Figure 2A). The last plasmid served as a backbone as mock
group, where all pB513B-1 and shRNA sequences were
removed. The ScreenFectTMA reagent (FUJIFILM, Japan) was
used to transfect these three plasmids into GM-CSF-producing
CHO-K1 cells.

2.2 Cell culture

The CHO-K1 and HEK293T cell lines were obtained from the
Pasteur Institute (Tehran, Iran). All cell lines were cultured in
DMEM-F12 and DMEM media (GIBCO, Life Technologies Inc.,
United States) supplemented with 1% (v/v) penicillin/streptomycin
and 10% (v/v) heat-inactivated fetal bovine serum at 37°C in a
humid atmosphere with 5% CO2. The cells were cultivated at 37°C
until they reached the exponential growth phase for the TS studies.
They were then incubated in a humid environment with 5% CO2 in
the air at 30°C.

1 Tuberous sclerosis 1.

2 AMP-activated protein kinase.

3 Mitogen-Activated Protein Kinase-Activated Protein Kinase 5.

4 MAP/Microtubule Affinity-Regulating Kinase 4.
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2.3 Generation of stable CHO cell line
expressing GM-CSF

To generate the CHO cell line with constant expression of GM-
CSF, the GM-CSF-T2A-mCherry fragments were amplified by PCR
from the “PUC57, CMV-P-GM-CSF-mCherry-SV40 poly A signal”
plasmid (Thesis by ethical code: IR. GOUMS.REC.1399.092), which
was available in our laboratory (Figure 2B) using primers listed in
Supplementary Table S1. Following amplification, the fragments were
purified, digested with BamHI and SalI restriction enzymes (Vivantis,
United States) and subcloned into the “pLOX-CW GFP” transfer
plasmid at the same restriction enzyme sites. A second-generation
lentiviral packaging system was used for constructing viruses carrying
the GM-CSF sequence. To produce viral particles, HEK293T cells
were co-transfected in 60 mm Petri dish using ScreenFect ™ as
manufacturer instructions with the lentivirus transfer vector (Plox-
WC-GMCS-F-mCherry), psPAX2 and pMD2G (Thermo Fisher
Scientific, United States) at 3:2:1 ratio respectively. Next day,
Transfection was confirmed via fluorescence microscopy to observe
the expression of the mCherry dye in transfected cells. After 48 and

72 h of transfection, cell culture supernatants were collected, pooled,
filtered through a 0.45 mm pore size filter to remove cell debris, and
then stored at −80°C. Twenty-4 h before transduction, 6 × 104 CHO-
K1 cells were plated in 24-well culture plates. Following 48–72 h of
transduction, fluorescence microscopy was used to observe mCherry
expression (Supplementary Figure S1). Finally, to select CHO-K1 cells
with the GM-CSF transgene, transduced cells were serially diluted in
96-well plates (Supplementary Figure S2). After 2 weeks, single-cell
clones were isolated, identified and subcultured into 24-well plates.
Afterwards, the expression of GM-CSFwasmeasured using ELISA kit.

2.4 mRNA quantification by RT-qPCR
technique

The total RNA was extracted from transfected cells using a Trizol
reagent (Bio Basic, Canada) according to the manufacturer’s protocol.
cDNA synthesis was carried out using the Yekta Tajhiz Azma cDNA
Synthesis Kit (YT4500; Tehran, Iran). The real-time RT-qPCR
analysis was performed using the LineGeneK Fluorescence qPCR

FIGURE 1
A schematic depiction of PI3K/Akt/mTOR signaling. Environmental conditions and growth factors regulate cell growth, proliferation, metabolism,
and survival through the interaction of upstream proteins by the mTORC1 complex. Biorender software was used to create the figure.
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machine (Hangzhou Bioer Technology, China), with β-actin as the
internal control. Each experiment was conducted in triplicate. The
primers utilized in RT-qPCR are listed in Supplementary Table S2.

2.5 Total protein assessment

The QuantiPro BCA Assay Kit (Sigma-Aldrich, Ireland)
determined the total protein content. 4 × 105 stable cells were
cultured in 6-well plates and transfected with three different
constructs. The transfected cells were maintained at two different
temperatures: 30°C and 37°C. Subsequently, the cells were detached
and centrifuged at 500 g for 5 min. A protease inhibitor cocktail and
cell lysis reagent (RIPA) buffer were utilized to disrupt the cells. The
samples were vortexed for 1 min and then centrifuged at 15,000 g for
15 min at 4°C. The supernatant was transferred into a new
microcentrifuge tube and stored at −20°C.

2.6 mTOR protein detection assay

Western blot analysis was carried out to detect mTOR and β-
actin proteins on 6% and 12% SDS–PAGE gels, respectively. Briefly,
proteins were electrotransferred onto a nitrocellulose paper. After
blocking for 1 h in TBS with 0.1% Tween 20 (TBST) and 5% skim-
milk, the membranes were incubated overnight with mouse anti-
mTOR primary antibody (proteintech) and mouse anti-β-actin
primary antibody (Santa Cruz Biotechnology, INC) in TBST
containing 1% skim milk. Subsequently, the secondary antibody,
HRP-conjugated anti-mouse IgG, was applied (BioLegend). Finally,
the detection was performed using an enhanced chemiluminescence
(ECL) kit (Santa Cruz Biotechnolog).

2.7 Enzyme-linked immunosorbent assay for
determination of GM-CSF production

The amount of secreted GM-CSF in the culture supernatant was
measured using the human GM-CSF ELISA (MAX TM Deluxe Set)
kit, employing a sandwich ELISA technique. Stable CHO cells (9 ×
104cells per well of a 12-well plate) were transiently transfected with
shRNAs targeting mTORC1 inhibitor genes and control plasmids.
This allowed us to determine the effects of transient knockdown of
these genes on GM-CSF concentration at both low and standard
temperatures. After 72 h, the cell culture supernatant was harvested
from all tested groups, with the concentration of secreted GM-CSF
evaluated using the GM-CSF ELISA kit.

2.8 Cell proliferation assay

To measure the proliferation rate of the different experimental
groups, 10,000 CHO- GM-CSF cells were seeded in 24-well cell
culture plates. Following the transfection of stable CHO cells with
the three constructs described above, cell counting was performed
using a hemocytometer counter every 24 h for 3 days at both
temperatures. The proliferation profiles are the average readings
from at least three independent experiments, with error bars
representing the standard deviation.

2.9 Cell cycle assay

Changes in cell-cycle distribution were determined after
temperature downshift and transfection with target plasmids.
CHO-GM-CSF cells were stained with propidium iodide (San

FIGURE 2
(A) Design of the entry vector and cloning of the multiple shRNA cassette. The diagram illustrates the structure of the entry vectors employed for
shRNA cloning. Tominimize the background of the parent vector during shRNA cloning, two different promoter options, CMV andHSP90—, were utilized
to generate the vectors. (B) Schematic representation of the inserted fragment into PLOX-CW GFP.
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Diego, California, United States) to evaluate DNA content. Cells
were harvested 72 h after transfection, rinsed with cold PBS, and
fixed with 70% ethanol for 2 h at −20°C. The fixed cells were then
suspended in the PBS containing 100 μg/mL RNase A and
incubated at 37°C for 30 min to remove intracellular RNA.
Following this, the cells were washed to remove the RNaseA
solution. Next, the cells were stained with propidium iodide
(PI) (50 μg/mL) in a dark environment for 15 min. The
proportions of cells in the G0/G1, S, and G2/M phases in the
different experimental groups were evaluated using a BD
FACSCalibur flow cytometer (BD Biosciences, United States).
Finally, the acquired data were analyzed using ModFit™ LT6
(Bedford, United States).

2.10 Cell size determination

3 × 105 CHO- GM-CSF cells were seeded into 10 cm2 cell-
culture dishes and transfected with three constructs to measure
the cell size. The cells were then cultivated for 72 h at 30°C and
37°C. Prior to detachment, the cells were washed with 5 mL of
PBS and incubated for 5 min at room temperature in 1 mL of

PBS-EDTA. The collected cells were washed twice with 10 mL of
ice-cold PBS for forward light scatter (FSC) analysis, correlating
with the cell size. The cell size was assessed using flow cytometry
in all experimental groups. The flow cytometry profiles were
analyzed using FlowJo software (Tree Stat, Inc., Ashland,
United States).

2.11 Measuring cell death by propidium
iodide

The range of cell death in the different experimental groups
was determined using propidium iodide staining, following the
manufacturer’s protocol. Briefly, 72 h after transfection of the
constructs and culturing the cells at two different temperatures,
the cells were harvested by trypsinization, suspended in PBS, and
then stained with propidium iodide for 15 min in the dark at
room temperature. This staining approach enabled the detection
of late-stage apoptosis and necrosis. The stained cells were
immediately analyzed using a BD FACSCalibur flow
cytometer, with the acquired data further analyzed using
FlowJo software.

FIGURE 3
(A) Comparison of gene expression under lowered cultivation temperature versus standard temperature. (B,C) Gene expression analysis of stable
CHO-K1 cells using shRNA expression vectors. The silencing efficacy of HSP90 and CMV promoters was compared at 37°C temperature. Additionally, the
silencing efficacy of HSP90 promoter-induced shRNA, and CMV promoter-induced shRNA was assessed conditionally at 30°C temperature. Control is
untransfected cells. Mock is cells transfectedwith the backbone plasmid. The data for expressed genes are presented as relative values (means ± SD).
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2.12 Statistical analysis

The statistical analysis was conducted using GraphPad Prism
6 software (version 8.1). Mean differences were analyzed using the
Student’s t-test. A significant level of less than 0.05 was used as
statistical significance (p < 0.05).

3 Results

3.1 TSC1/AMPK/PRAK/MARK4 mRNA levels
increased upon temperature shift

The effect of TS on the expression of mTORC1 signaling pathway
was evaluated in GM-CSF recombinant CHO-K1 cells using real-time
PCR. As shown in Figure 3A, in response to TS, the expression of
negative regulators of mTORC1, especially TSC1, increased by more
than 100-fold (p-value> 0.001 significant level) the comparisonwith the
control group (CHOcell in normal condition). Additionally, there was a
50% reduction in the S6k transcript level, while no significant changes
were observed in the expression of the mTOR gene (Figure 3A).

3.2 Effect of lowering the temperature on
HSP90 and CMV promoter activity

The stable CHO-K1 cells were transfected with HSP90-4shRNA,
CMV-4shRNA, and the backbone plasmids as a mock group, allowing
for the evaluation of effects caused by transfection reagents such as
expression of negative control mTORC1 genes and background auto-
fluorescence noise at two different temperatures to assess the

knockdown efficiency of the plasmids. As shown in Supplementary
Figure S3, the transfection efficiency of the constructs ranged within
50%–60% of the cell. RT-qPCR analysis revealed that both constructs
significantly reduced the expression of target genes at both
temperatures. However, as indicated in Supplementary Table S3, the
gene expression analyses revealed that shRNA driven by the CMV
promoter primarily resulted in a 64% reduction in the expression of
target genes, while the HSP90 promoter downregulated these genes by
89%. Moreover, it was observed that at the lower temperature, the
HSP90 promoter activity was generally higher than the CMV promoter
activity, while the CMVpromoter appeared to bemore effective at 37°C.
Consequently, the expression of mTOR and S6k genes increased by
5–10 times with the HSP90-4shRNA plasmid at 30°C and by7–9 times
with the CMV-4shRNA plasmid at 37°C (Figures 3B, C).

3.3 Activating the mTORC1complex by
knocking down TSC1, AMPK, PRAK and
MARK4 genes

As noted above, the mTORC1 is a component of the PI3K
pathway that is an upstream target of S6K and plays an essential role
in protein synthesis. Here, western blot analysis demonstrating
silencing effect of (TSC1, AMPK, PRAK, MARK4) genes on the
total protein level of mTORC1, including both its active and inactive
forms, under conditions of moderate hypothermia and standard
temperature via two promoters. In comparison to the CMV-P-
4shRNA-treatment, cells treated with HSP90-P-4shRNA
demonstrated significantly elevated levels of mTOR protein.
Conversely, in the control group exposed to low temperatures,
mTOR protein levels were notably reduced (Figure 4).

3.4 Reducing expression of
mTORC1 negative regulators enhances
protein synthesis and GM-CSF production

The impact of transient knockdown of mTORC1 negative
regulator genes on global and specific protein production,
specifically GM-CSF protein, was assessed by transfecting shRNA
expressing and control plasmids into CHO-GM-CSF cells at two
different temperatures. The total protein content of cells transfected
with HSP90-P-4shRNA and CMV-P-4shRNA plasmids at 37°C was
1.7 ng/cell and 2.5 ng/cell, respectively, while TS increased these
values to 4.2 ng/cell and 3.2 ng/cell (Figure 5A). Furthermore, our
data showed that manipulating the mTORC1 pathway using a cold-
inducible promoter at 30°C resulted in at least a 3-fold increase over
the mock group at 37°C (p-value < 0.001) in GM-CSF production.
Meanwhile, engineering with a constitutive promoter positively
affected GM-CSF protein production, mainly at 37°C (Figure 5B).

3.5 Proliferation of CHO- GM-CSF cells
enhanced through downregulation of
mTORC1 negative regulator genes

The proliferation of CHO-GM-CSF cells was investigated upon
cell transfection with three plasmids at low and standard

FIGURE 4
Immunoblot detection of mTOR in recombinant CHO-K1 cells
expressing GM-CSF. Cell lysates were prepared from cells transiently
transfected with HSP90-P-4shRNA and CMV-P-4shRNA plasmids at
37°C/30°C. The HSP90-P-4shRNA plasmid induced higher
expression of mTOR protein at low temperature.
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temperatures using a counting assay at 3 days (Figure 5C). The
findings indicated that temperature alone lowered the proliferation
of CHO- GM-CSF cells. However, the downregulation of
mTORC1 negative regulator genes by either plasmid after 2 days
significantly elevated the proliferation rates of cells in both
temperatures. This effect was particularly pronounced at 30°C
when cold-induced promoters were utilized for cell engineering
(Figure 5C).

3.6 Impact of mTORC1 signaling
manipulation on cell size

We conducted a cell size analysis using flow cytometry across
different groups to evaluate the impact of mTORC1 signaling
modulation and low temperature on the growth of stable CHO-
k1 cells. As depicted in Figure 6, the reduction of the temperature
alone did not significantly increase the cell size. However, when TS

FIGURE 5
(A) Protein determination under different promoters and temperature conditions. The influence of temperature shift from 37°C to 30°C on stable
GM-CSF recombinant CHO-K1 cells transfected with shRNAs against TSC1, AMPK, PRAK, and MARK4 was examined. Cells were harvested at indicated
time points (h) after the temperature shift. (B) ELISA detected GM-CSF concentration at standard and low temperatures. GM-CSF concentration was
measured after transfection with untreated, mock, HSP90-P/4sh-RNA, and CMV-P/4sh-RNA in 72 h, comparing standard (37°C) and low (30°C)
temperatures. (C) Impact of mTORC1 inhibitor genes downregulation on cell proliferation at standard and low temperatures. The graphs represent cell
proliferation in stable CHO-K1 cells at 24, 48, and 72 h after transfection. The standard temperature is 37°C (red lane), and the low temperature is 30°C
(blue lane). The error bars represent mean ± SD. Statistical significance is *p-value < 0.05, ***p-value < 0.001, using a two-tailed t-test.
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was combined with the modulation of mTORC1 regulator genes, a
notable increase in cell size was observed.

3.7 Modulation of mTORC1 signaling at 30°C
induces cell cycle progression from G1 to
G2/M phase

To further explore the effect of TS and mTORC1 modulation on
the cell cycle distribution in GM-CSF expressing cells, flow cytometry
analysis was performed 72 h after transfections. All groups were
stained with PI and evaluated using FlowJo software. The cell cycle
analysis showed that in cells cultured at low temperatures, 65% of cells

were located in the G1 phase, while 16% remained in the S phase and
17% in the G2/M phase (Figure 7A). However, upon transfection with
inhibitory plasmids compared to the backbone plasmid (mock group),
both inhibitory plasmids caused an increase in cells in the G2/M phase
(Figure 7A). A slight shift to the S phase was also observed at 37°C
upon modulation of mTORC1 signaling (Figure 7B).

3.8 Assessing cellular viability

The analysis of cell viability in our study involved assessing DNA
content through flow cytometry and subsequent analysis using
FlowJo software. We observed a significant reduction in cell

FIGURE 6
Impact of activation of mTORC1 on cell morphology, Semi-quantitative cell size profiles resulting from analysis of the FSc of at least
200,000 transfected cells in standard temperature and low temperature (red graph 37°C and blue graph 30°C).

FIGURE 7
Cell-cycle distribution of recombinant CHO-K1 cells. (A) 72 h after temperature shift, (B) 72 h standard temperature, stained with propidium iodide
and analyzed for their DNA content by flow cytometry.
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mortality, with an approximate 14% decrease upon lowering the
temperature. Additionally, at the 72-h time point, downregulating
mTORC1 negative regulator genes through the HSP90 promoter in
TS cells resulted in a minor decline of less than 4.5% in the cell death
rate (Figure 8A). Conversely, manipulating mTORC1 signaling via
the CMV promoter led to an increased death rate of 18% at 30°C.
Interestingly CMV-4shRNA vector showed high rate of mortality
especially at 37C in the cells (Figure 8B).

4 Discussion

The present study aimed to investigate the impact of TS
(temperature shift) and modulation of mTORC1 signaling on
various cellular processes in GM-CSF-expressing cells. Our
primary objective was to enhance the productivity of CHO-GM-
CSF cells by focusing on mTORC1 signaling, which plays a crucial
role in regulating cell growth in response to external stimuli. The
results of this study provide significant insights into cell cycle
distribution, cell viability, and cell size in response to
temperature variations and manipulation of mTORC1 negative
regulator genes.

To gain further insights into the underlyingmechanisms of these
changes in the cell growth behavior induced by temperature stress,
we specifically investigated the effect of cold shock, an
environmental factor known to improve protein properties and
boost protein production (Moore et al., 1997; Roobol et al.,
2020). Consistent with previous studies, we observed that mild
cold exposure resulted in an overall increase in the total protein
content, GM-CSF production, and cell viability. Additionally, the
cold shock condition led to a higher number of cells exiting the

proliferation cycle and entering the G1 phase, indicating altered cell
cycle dynamics. Furthermore, to elucidate the molecular basis of
these temperature-induced changes in cell growth, we examined the
expression of mTORC1 signaling-related genes, including TSC1,
AMPK, PRAK, and MARK4, as well as the mTOR and S6k genes, in
GM-CSF producing CHO cells. Our findings indicated that
culturing cells under physiological conditions resulted in
differential upregulation of mTORC1 negative regulator genes
and a 50% reduction in S6k levels. However, we did not observe
any significant changes in the level of the mTOR transcript.
Nevertheless, previous studies have demonstrated that modifying
the expression of stress-responding genes, mainly by influencing S6k
and mTORC1 activity, can effectively regulate cell behaviors (Tee
et al., 2002; Zheng et al., 2011; Li and Guan, 2013; Liu et al., 2016).
The lack of significant changes in the mTORC1 transcript levels
despite the observed upregulation of mTORC1 negative regulator
genes and a reduction in S6k levels can be attributed to several
factors. Firstly, post-transcriptional regulation plays a significant
role in controlling mTORC1 activity. It includes phosphorylation
and protein degradation, which can modulate mTORC1 function
without altering mRNA levels. Additionally, the mTOR pathway is a
highly complex and tightly regulated network where compensatory
mechanismsmay come into play. It is not unusual for changes in one
part of the pathway to be balanced by alterations in other
components. While intriguing, the lack of significant
mTORC1 transcript level changes is consistent with the intricate
regulatory mechanisms governing this pathway.

Based on these findings, we can conclude that cold shock, which
induces the expression of responsive genes while negatively affecting
S6k and mTORC1 activity, suppresses cell growth. Thus, in our
study, we aimed to improve cell proliferation and protein synthesis

FIGURE 8
Mortality percentage, (A) Mortality percentage and 72 h (temperature shift) (B) 72 h at 37°C temperature finally stained with propidium iodide and
analyzed for their DNA content by flow cytometry.
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rates in stable CHO-K1 cells cultured at low temperatures by
lowering the expression of TSC1, AMPK, PRAK, and MARK4,
thereby maintaining an active mTORC1 complex. As the choice
of a promoter to drive the expression of target genes is a critical step
in cell line engineering, the HSP90 and CMV promoters were
selected for genes as mentioned above As, targeting the genes as
mentioned (Nguyen et al., 2019; 2020). The CMV promoter is a
strong viral promoter commonly used in mammalian expression
vectors for constitutive gene expression (Nguyen et al., 2019).
However, it has potential drawbacks, such as gene silencing,
apoptosis, and clonal instability, especially under cellular stress
conditions (Thaisuchat et al., 2011; Misaghi et al., 2014;
Romanova and Noll, 2018). On the other hand, the
HSP90 promoter is an endogenous promoter that primarily
drives gene expression in response to cold shock (Yang and
Paschen, 2008; Nguyen et al., 2019). Following the transfection of
the stable cells with these two constructs, we found that shRNAs
driven by the HSP90 promoter achieved at least 30% more effective
silencing of the target genes than those driven by the CMV promoter
at low temperatures. However, the CMV exhibited superior
performance to the HSP90 promoter at 37°C (Figures 3B, C).
Interestingly, although the CMV promoter was 30% weaker than
the HSP90 promoter at low temperatures, it resulted in a 14% higher
cytotoxicity in CHO cells. However, it did not significantly alter the
cell viability compared to the control groups at 37°C. Notably, a
study also highlighted the superiority of the HSP90 promoter over
the CMV promoter in CHO cells at low temperatures, 33°C,
demonstrating its stability during long-term culture (Nguyen
et al., 2019; Nguyen et al., 2020).

Based on these findings, we propose the HSP90 promoter as a
safe and effective choice for inducing gene expression in low-
temperature and bioreactor environments. Its ability to enhance
gene silencing and stability makes it a promising option for
optimizing protein production in stable CHO cells. Further
investigations are warranted to elucidate the underlying
molecular mechanisms and to optimize the use of
HSP90 promoter in biotechnological applications. Our gene
manipulation experiments demonstrated that reducing stress-
responding genes resulted in the activation of both S6k and
mTOR genes and increased mTOR protein levels, regardless of
the temperature conditions. This finding aligns with prior studies
highlighting the regulatory role of stress-responding genes in
controlling the activity of S6k and mTORC1 (Wu and Storey,
2021; Latorre et al., 2023). Stress-responding genes influence not
only the activity but also the expression of S6k and mTORC1.
Interestingly, our results suggest that transient reduction of
mTORC1 negative regulator genes in GM-CSF-producing CHO
cells leads to improvements in various cell features related to
heterologous protein production, including cell size, proliferation
rate, viability, protein content, and specific productivity, at both low
andmoderate temperatures. Meanwhile, the effects were particularly
pronounced at low temperatures, mainly when the engineering was
performed using an HSP90 promoter. This resulted in a remarkable
threefold increase in GM-CSF productivity in the stable CHO cells.
These findings align with earlier studies highlighting the potential of
modulating mTORC1 signaling to enhance protein production in
CHO cells. For instance, (McVey et al., 2016), reported a two-fold
increase in specific productivity in TSC2-knockout CHO cells with

hyperactive mTORC1 under fed-batch conditions. Another group of
researchers achieved up to four-fold improvement in the protein
yield in the bioreactor and enhanced resistance to suboptimal
growth conditions by ectopically expressing human mTOR at
37°C (Dreesen and Fussenegger, 2011). Additionally, using the
Rheb gene, a small GTPase that activates mTORC1 upon binding
to GTP, resulted in a three-fold enhancement in luciferase
production in CHO cell lines (De Poi et al., 2021). These
examples highlight the potential of engineering mTORC1 signaling
as a promising strategy to enhance CHO cell productivity under
various conditions (Roobol et al., 2020; Wu and Storey, 2021).
Nevertheless, further research is required to precisely determine
the most influential genes to target and to understand the long-
term consequences of sustained activation of the mTORC1 complex
on CHO cells and protein quality. These considerations will be critical
in optimizing and refining the application of mTORC1 signaling
engineering for improved bioprocess performance and protein
production in CHO cells.

While this study primarily aims to investigate stress genes
related to mTORC1 signaling pathway, it is essential to
acknowledge its limitations, some of which may impact the
interpretation of the results. First, it is worth noting that our
examination of mTORC1 signaling was conducted on a transient
basis, with plans for future stable investigations. This is an essential
step since one of the limitations is the potential for excessive
mTORC1 activity leading to cell death (apoptosis), which is not
conducive to our goal of enhancing protein production. It is crucial
to determine how much mTORC1 modulation will be suitable for
large-scale protein production in the industry. Another limitation is
that we selected a single clone of GM-CSF-producing cells without
considering the effect of GM-CSF gene copy number and
production rate on mTORC1 signaling and its modulation.
Previous research has indicated that cells adapt their metabolic
and signaling pathways, such as glycolysis, the tricarboxylic acid
cycle, cell cycle regulation, and mTORC1, according to the type and
quantity of protein they produce (Edros et al., 2014; Coulet et al.,
2022). This suggests that the activation rate of mTORC1 may vary
depending on the percentage of protein production for each clone.
We hypothesize that mTORC1 modulation might have a more
significant impact on low-producer cells than on high-producer
cells, as over-activity of mTORC1 can lead to cell death, likely
through autophagy inhibition (Villar et al., 2017). However, testing
this hypothesis across different clones is essential to better
understand the trade-off between production rates and cell survival.

Furthermore, most CHO cell lines used in bioreactors are
suspension cultures that they often undergo long-term cultivation
in these bioreactors. This study would benefit from validation using
CHO cells stably modified to contain shRNA against negative
mTORC1 regulators under the control of the HSP90 promoter.
This approach would enable the assessment of the effects of
fermentation and bioreactor-induced stress on both protein
productivity and cell growth at lower temperatures. Lastly,
constructing adaptive laboratory mammalian cells remains
challenging using natural selection approaches (Jukić et al., 2016;
Lee and Kim, 2020). We expected the downregulation of stress-
responding genes and low levels of them to hinder the negative effect
of environmental difficulties and help cells to adapt easily in
suboptimal conditions.

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Shahabi et al. 10.3389/fbioe.2023.1268048

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1268048


5 Conclusion

In conclusion, this study provided valuable insights into the
complex interplay between temperature, mTORC1 signaling,
and cellular processes in GM-CSF-expressing cells. The study
showed the impact of cold stress and the modulation of stress-
responding genes on cell growth in CHO cells cultured at low
temperatures. Our results demonstrated, for the first time, that
cold stress leads to a decline in cell growth in CHO cells, possibly
through the upregulation of stress-responding genes.
Meanwhile, we also observed that reducing these genes using
endogenous promoters can effectively modulate the negative
effects of cold stress on cell growth and enhance the rate of
recombinant protein production. Finally, the success of this
approach indicates the importance of engineering
mTORC1 signaling in stable CHO to adapt to the stressful
conditions of bioreactors.
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