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Abstract: 23 

Chinese hamster ovary (CHO) cells release and exchange large quantities of extracellular 24 

vesicles (EVs). EVs are highly enriched in microRNAs (miRs, or miRNAs), which are responsible 25 

for most of their biological effects.  We have recently shown that the miR content of CHO EVs 26 

varies significantly under culture stress conditions. Here, we provide a novel stoichiometric 27 

(“per-EV”) quantification of miR and protein levels in large CHO EVs produced under ammonia, 28 

lactate, osmotic, and age-related stress. Each stress resulted in distinct EV miR levels, with 29 

selective miR loading by parent cells. Our data provide a proof of concept for the use of CHO EV 30 

cargo as a diagnostic tool for identifying culture stress. We also tested the impact of three 31 

select miRs (let-7a, miR-21, and miR-92a) on CHO cell growth and viability. Let-7a—abundant in 32 

CHO EVs from stressed cultures—reduced CHO cell viability, while miR-92a—abundant in CHO 33 

EVs from unstressed cultures—promoted cell survival. Overexpression of miR-21 had a slight 34 

detrimental impact on CHO cell growth and viability during late exponential-phase culture, an 35 

unexpected result based on the reported anti-apoptotic role of miR-21 in other mammalian cell 36 

lines. These findings provide novel relationships between CHO EV cargo and cell phenotype, 37 

suggesting that CHO EVs may exert both pro- and anti-apoptotic effects on target cells, 38 

depending on the conditions under which they were produced. 39 

 40 
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1. INTRODUCTION: 45 

Chinese hamster ovary (CHO) cells have long served as mainstays of industrial protein 46 

production. Recently, we have found that CHO cells in culture participate in a massive and 47 

continuous exchange of extracellular vesicles (EVs) (J. Belliveau & E. T. Papoutsakis, 2022), thus 48 

impacting culture performance by a hitherto unknown and unexplored mechanism . EVs are 49 

submicron-sized particles enclosed by a lipid bilayer which originate from either multivesicular 50 

bodies or the plasma membrane. EVs from multivesicular bodies (known as “exosomes”) are 51 

generally smaller in size (50-150 nm), while EVs released from the plasma membrane (known as 52 

microparticles or microvesicles) tend to be larger (100-1,000 nm). Released by every cell type, 53 

EVs serve as linchpins of intercellular communication, mediating phenotypes of target cells 54 

through the delivery of nucleic acid and/or protein cargo (Kao & Papoutsakis, 2019; Raposo & 55 

Stoorvogel, 2013; van Niel, D'Angelo, & Raposo, 2018).  56 

 57 

In particular, microRNAs (miRs) have been identified as key molecules responsible for EV 58 

biological activities (Dellar, Hill, Melling, Carter, & Baena-Lopez, 2022; O'Brien, Breyne, Ughetto, 59 

Laurent, & Breakefield, 2020). Most commonly, miRs influence cellular behavior by binding to 60 

complementary sequences on longer mRNAs and subsequently inhibiting protein translation or 61 

degrading the mRNA (Dellar et al., 2022; O'Brien et al., 2020). Most miRs have multiple mRNA 62 

targets and work together to regulate cellular processes and phenotypes; even small changes in 63 

miR expression, such as 1.5-fold change, can affect cellular phenotypes (Mestdagh et al., 2009). 64 

EVs are loaded with individual miRs and other cargo by a variety of chaperone proteins (Anand, 65 
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Samuel, Kumar, & Mathivanan, 2019; Corrado, Barreca, Zichittella, Alessandro, & Conigliaro, 66 

2021; Fabbiano et al., 2020; Leidal & Debnath, 2020).  67 

 68 

CHO EVs have only recently garnered significant attention. In particular, we have found that 69 

CHO EVs exchange large quantities of RNA cargo between their parent cells (J. Belliveau & E. T. 70 

Papoutsakis, 2022; Belliveau & Papoutsakis, 2023). The nature of that cargo, which has been 71 

investigated by several groups (Belliveau & Papoutsakis, 2023; Busch et al., 2022; C. Keysberg et 72 

al., 2021), is now known to vary significantly as a function of metabolite (ammonia and osmotic) 73 

stress (Belliveau & Papoutsakis, 2023). Preliminary proteomic analysis has also been performed 74 

on CHO EVs, with large and diverse protein populations observed in both large and small CHO 75 

EVs from various phases of culture (C. Keysberg et al., 2021; Kumar et al., 2016). Still, nothing is 76 

known about the specific function of CHO EV cargo in culture. In two instances, CHO EVs have 77 

been found to promote desirable phenotypes in target cells, with smaller EVs (i.e., “exosomes”) 78 

promoting CHO cell growth (Takagi, Jimbo, Oda, Goto, & Fujiwara, 2021) and protecting CHO 79 

cells against oxidative stress (Han & Rhee, 2018). However, the EV cargo mediating these 80 

phenotypes remains unknown.  81 

 82 

From this vantage point, this study provides novel insights into the functions of CHO EV miR 83 

cargo in CHO cells, hinting at possible mechanisms for CHO EV bioactivity observed in other 84 

studies. Specifically, we provide a unique (for CHO EV research) stoichiometric accounting of 85 

miR and protein cargo levels in EVs produced under various stress conditions. We also examine 86 

cellular phenotypes mediated by the three highly-abundant miRs: let-7a, miR-21, and miR-92a. 87 
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The focus of this work is the larger EVs, often labeled microvesicles or microparticles 88 

(MPs),which have been the focus of fewer studies, but which are easier to isolate—a boon for 89 

their potential as a diagnostic tool—and capable of carrying larger cargo loads, thus suitable for 90 

a broader range of synthetic applications using DNA, RNA, protein, nucleoprotein (such as 91 

CRISPR systems) and other organic molecules as payload. Due to challenges in distinguishing 92 

the biogenesis of isolated EVs, the more general term of EV is used here and increasingly in the 93 

EV field (Thery et al., 2018).  In our previous publication (Belliveau & Papoutsakis, 2023) 94 

reporting on the microRNome of CHO cells and their EVs, the larger EVs were called MPs, and 95 

the smaller EVs were called exosomes. Our previous publications (J. Belliveau & E. T. 96 

Papoutsakis, 2022; Belliveau & Papoutsakis, 2023) have provided detailed CHO EV 97 

characterization that meets or exceeds the MISEV2018 guidelines from the International 98 

Society for Extracellular Vesicles (Thery et al., 2018). Here, we use the same isolation methods 99 

as before, expanding our CHO EV characterization by focusing primarily on various miR cargoes 100 

and their potential functions in CHO cell culture.  101 

 102 

2. MATERIALS AND METHODS: 103 

2.1 Chemicals and reagents 104 

Except where otherwise noted, all chemicals and reagents were obtained from Sigma-Aldrich 105 

(St. Louis, MO, USA) or Thermo Fisher Scientific (Waltham, MA, USA). 106 

 107 

2.2 CHO cell culture 108 
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CHO cells were obtained and cultured as described previously (J. Belliveau & E. T. Papoutsakis, 109 

2022; Belliveau & Papoutsakis, 2023). Briefly, a CHO-K1 cell line expressing the VRC01 antibody 110 

was cultured in HyClone ActiPro media (Cytiva, Marlborough, MA, USA) supplemented with 6 111 

mM L-glutamine. Culture occurred in either 125 mL shake flasks (20 mL culture volume) at 120 112 

rpm or 50 mL culture tubes (15 mL culture volume) at 250 rpm. A seeding density of 0.4 x 106 113 

cells/mL was employed in each case, and cells were incubated at 37°C in 20% O2 and 5% CO2. 114 

 115 

Ammonia stress was applied by adding 9 mM ammonium chloride (NH4Cl) in phosphate-116 

buffered saline (PBS) (pH 7.4) to day 0 of the culture. Lactate stress was applied by adding 10 117 

mM sodium lactate (NaC3H5O3) in PBS (pH 7.4) to day 2 of the culture (to coincide with the 118 

natural spike in culture lactate concentration). Osmotic effects of the lactate stress were 119 

controlled for via an “osmotic control” treatment, wherein 10 mM of sodium chloride (NaCl) in 120 

PBS (pH 7.4) was added to day 2 of the culture, such that the culture osmolarity resulting from 121 

the added NaCl was 20 mOsm/L. Higher osmotic stress was applied by adding 60 mM sodium 122 

chloride (NaCl) in PBS (pH 7.4) to day 0 of the culture, such that the culture osmolarity resulting 123 

from the added NaCl was 120 mOsm/L.  124 

 125 

2.3 Isolation and quantification of extracellular vesicles 126 

CHO EVs were isolated and characterized as described (J. Belliveau & E. T. Papoutsakis, 2022; 127 

Belliveau & Papoutsakis, 2023). As noted, only large CHO EVs (i.e., “CHO MPs”) were collected 128 

and analyzed for this study. Briefly, CHO cells were pelleted via centrifugation at 180 x g for 4 129 

min. From the resulting supernatant, apoptotic bodies and large cellular debris were pelleted 130 
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via centrifugation at 2,000 x g for 10 min. Finally, from this new supernatant, CHO EVs were 131 

pelleted via ultracentrifugation at 28,000 x g and 4°C for 30 min. Ultracentrifugation employed 132 

an Optima LE-80K Ultracentrifuge with an SW-28 rotor (Beckman Coulter, Brea, CA, USA) for 133 

initial separation and an Optima Max Ultracentrifuge with a TLA-55 rotor (Beckman Coulter, 134 

Brea, CA, USA) for sample enrichment and washing. Isolated CHO EVs were resuspended in 135 

culture media and used immediately or stored at 4°C overnight. 136 

 137 

CHO EVs were counted using either a BD FACSAriaII flow cytometer with FACSDiva software (BD 138 

Biosciences, Franklin Lakes, NJ, USA) or a CytoFLEX S flow cytometer with CytExpert software 139 

(Beckman Coulter, Brea, CA, USA). Here, CHO EVs were defined as all particles between 0.2 140 

micron (the smallest reliable size that can be counted using our flow cytometry instruments) 141 

and 1 micron in size; size gates were constructed using fluorescent calibration beads from 142 

Spherotech (Lake Forest, IL, USA). For experiments using the BD FACSAriaII flow cytometer, a 143 

known quantity of ~5 micron AccuCount Fluorescent Beads (Spherotech, Lake Forest, IL, USA) 144 

was used for CHO EV counting. 145 

 146 

Further characterization of the CHO EVs including size distribution and protein markers are 147 

described in our previous work (Jessica Belliveau & Eleftherios T. Papoutsakis, 2022). 148 

 149 

2.4 Extraction of total RNA 150 

Extraction of total RNA from CHO cells and EVs was done as described (Belliveau & Papoutsakis, 151 

2023). Briefly, total RNA was extracted from pelleted cells or EVs using a miRNeasy Mini Kit 152 
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(QIAGEN, Hilden, Germany) per manufacturer’s instructions. In some cases, a known quantity (1 153 

pmol) of synthetic cel-miR-39-3p (Thermo Fisher Scientific, Waltham, MA, USA) was added to 154 

samples during the cell/EV lysis step. This spike-in control enabled the calculation of miRNA 155 

copy numbers using the ratio of native miRNA to miR-39 informed by subsequent RT-PCR 156 

experiments. Although the same amount of miR-39 was added to each sample, EV input 157 

quantity was variable (sample volumes were kept constant). Extracted RNA samples were flash 158 

frozen in liquid N2 and stored at -80°C until further use. 159 

 160 

2.6 Quantification of total miR  161 

Total miR levels in extracted RNA samples were quantified using a Qubit miR Assay Kit and 162 

Qubit 3.0 Fluorimeter (Thermo Fisher Scientific, Waltham, MA, USA); the manufacturer’s 163 

protocols were employed.  164 

 165 

2.5 Quantification of individual miRs via RT-PCR 166 

Individual miR levels were quantified via RT-PCR as described (Kao, Jiang, Thompson, & 167 

Papoutsakis, 2022). Briefly, reverse transcription employed the ThermoFisher TaqMan 168 

MicroRNA Reverse Transcription Kit with miR-specific primers and probes (Thermo Fisher 169 

Scientific, Waltham, MA, USA), and proceeded according to the manufacturer’s protocol. PCR 170 

employed the TaqMan Universal PCR Master Mix II with miR-specific Small RNA Assays (Thermo 171 

Fisher Scientific, Waltham, MA, USA), and proceeded according to the manufacturer’s protocol. 172 

For PCR experiments, three technical replicates were performed for each biological replicate. 173 

Reverse transcription and PCR used a CFX96 Optical Reaction Module (Bio-Rad, Hercules, CA, 174 



 9 

USA), with miR levels quantified via the 2-ΔΔCT method (Livak & Schmittgen, 2001). Specifically, 175 

the 2-ΔΔCT method was used to calculate the ratio of each specific miRNA concentration to the 176 

concentration of the spike-in control (miR-39). Because the spike-in control quantity was 177 

known, the total copy number of the specific miRNA under investigation could thereafter be 178 

calculated and normalized to the total number of EVs used to create the sample. 179 

 180 

2.6 Quantification of total protein 181 

Total protein in CHO EV samples was quantified using a Bradford-based, colorimetric assay kit. 182 

CHO EVs were washed in PBS and resuspended in RIPA buffer (Millipore Sigma, Burlington, MA, 183 

USA) supplemented with protease inhibitor (200:1 buffer-to-inhibitor ratio). Sample volumes 184 

ranged from 50 to 300 μL, depending on CHO EV concentration. Samples were agitated at 4°C 185 

for 30 min. and thereafter centrifuged at 16,000 x g and 4°C for 25 min. Supernatants 186 

containing the total protein were diluted with water (18:2 water-to-lysate ratio). Subsequent 187 

protein quantification employed the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). A 188 

100 μL solution of Reagent A and Reagent S (5:1 ratio) was added to each sample; samples 189 

were agitated briefly and incubated at room temperature for 15 min. Absorbance of each 190 

sample at 750 nm was recorded for three technical replicates of each biological replicate. A 191 

calibration curve was constructed via serial dilution of a BSA standard. 192 

 193 

2.7 Plasmid preparation 194 

E. coli transformed with plasmids, detailed below, containing the primary or a fragment of the 195 

primary miR sequences were obtained from Addgene as stab cultures, expanded on LB agar 196 
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plates with 100 μg/mL carbenicillin, and single colonies were selected to expand in liquid LB 197 

cultures with 100 μg/mL carbenicillin overnight. Plasmid purification of the overnight cultures 198 

was done with QIAGEN Miniprep Kit (QIAGEN, Hilden, Germany) and quantified with the dsDNA 199 

HS Qubit Kit (Invitrogen, Waltham, MA, USA). 200 

 201 

2.8 Overexpression of miRs 202 

CHO cells were electroporated with 2 μg of plasmids containing the primary or a fragment of 203 

the primary microRNA sequences of three miRs that were in high abundance in standard or 204 

stressed cultures (miR-21 (Addgene #21114), miR-92a (Addgene #46672), let-7a (Addgene 205 

#51377) using the Nucleofector V kit (Lonza, Basel, Switzerland) according to manufacturer’s 206 

protocols.  Cells were cultured in 2 mL cultures in 12-well plates at 37°C and 120 RPM.  Growth 207 

media was changed one day after electroporation to remove excess electroporation buffer and 208 

0.2 mg/mL geneticin was added to apply selection pressure to overexpress the plasmids.  209 

Geneticin was added every other day to maintain selection pressure.  Cell growth was 210 

measured every day and viability was measured every other day. 211 

 212 

2.9 Viability assay 213 

Viability was measured every other day using an Annexin V (BioLegend, San Diego, CA, USA) 214 

and 7AAD (BioLegend, San Diego, CA, USA) flow cytometry assay.  Briefly, cells were washed 215 

with cold PBS twice, then resuspended in Annexin V Binding Buffer (BioLegend, San Diego, CA, 216 

USA) and incubated at room temperature in the dark with FITC-Annexin V (1:20 antibody to 217 

binding buffer by volume) and 7AAD (1:20 stain to binding buffer by volume) for 15 minutes.  218 
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Cells were then analyzed using flow cytometry (CytoFLEX S flow cytometer using CytExpert 219 

Software, Beckman Coulter, Brea, CA, USA). 220 

 221 

2.10 Statistical analysis 222 

Except where otherwise noted, each data point represents the mean of ≥3 biological replicates, 223 

with error bars indicating ± one standard error of the mean. Unpaired Student’s t-tests were 224 

performed on all data, with * indicating p<0.05, ** indicating p<0.01, and *** indicating 225 

p<0.001. 226 

 227 

3. RESULTS: 228 

3.1 Total miR and protein quantities in CHO EVs vary with culture age and stress 229 

Total miR and protein levels in CHO EVs could serve as valuable metrics for CHO culture 230 

diagnostics but also for cell-specific miR manufacturing/production. For example, in vitro or in 231 

vivo dosages of EVs for biotechnological or therapeutic applications are based on total mass or 232 

total proteins, two quantities that are affected by the specific per EV mass or protein. How 233 

those might vary with culture parameters has not been systematically reported.  Although our 234 

prior work has identified individual miR cargo in CHO EVs produced under stress (Belliveau & 235 

Papoutsakis, 2023), nothing is known about age/stress-induced variation in total miR or protein 236 

levels in CHO EVs. In this study, total miR and protein levels were quantified using Qubit 237 

fluorimetry and a Bradford protein assay, respectively. Total miR levels in CHO EVs increased 238 

steadily as parent cultures aged, with significant increases in said miR levels occurring from day 239 

3 to day 6 and from day 6 to day 9 (Fig 1a). For CHO EV protein levels, however, the trend was 240 
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reversed: levels were highest on day 1 and diminished thereafter, with protein levels dropping 241 

significantly from day 3 to day 6 and from day 6 to day 9 (Fig 1b). Notably, total protein weight 242 

is much higher than total miR weight at any given point in time. These results were unexpected 243 

and surprising in that one would assume that these two EV specific properties are largely 244 

constant. The opposite trends (total miR vs total protein) are also unexpected and the 245 

mechanism that underlies that is for now unknown. 246 

 247 

Total miR levels in CHO EVs were also significantly higher (relative to controls) in day 3 cultures 248 

treated with ammonia, lactate, or osmotic (20 and 120 mOsm/L) stress. 120 mOsm/L osmotic 249 

stress was also significantly more effective than 20 mOsm/L osmotic stress in boosting total 250 

CHO EV miR levels (Fig 2c). However, no level of osmotic stress had an impact on total CHO EV 251 

protein levels; only ammonia and lactate stress promoted significant increases in total protein 252 

levels (relative to the control) (Fig 2d). In sum, these results suggest that miR and protein 253 

loading in CHO EVs is a dynamic process that varies significantly with culture age and stress. 254 

While total miR or protein levels are inappropriate as methods for CHO EV counting, they offer 255 

promise as metrics for the rapid and non-invasive monitoring of culture stress conditions. 256 

 257 

3.2 Levels of highly abundant miRs in CHO cells decrease with culture age 258 

Given the relationship between culture age and CHO EV miR cargo loading, optimal harvest 259 

times for CHO EVs with high levels of specific individual miRs must be identified, such that per-260 

EV miR levels are maximized. In this study, RT-PCR was employed to quantify levels of five 261 

highly abundant miRs (as determined by RNA sequencing of CHO EVs from standard culture) 262 
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(Belliveau & Papoutsakis, 2023). Levels of cgr-miR-92a-3p, cgr-miR-23a-3p, cgr-miR-21-5p, cgr-263 

miR-25-3p, and mmu-let-7c-5p were assessed in both CHO EVs and CHO cells on days 1, 3, 6 264 

and 9 of culture. Highly sensitive TaqMan assays combined with spike-in control cel-miR-39-3p 265 

enabled calculation of miR copy number per EV via the 2-ΔΔCT method (Livak & Schmittgen, 266 

2001), which is an increasingly popular method for EV miR cargo quantification (Kondratov et 267 

al., 2020; Perge et al., 2017). It should be noted that EV count is dependent on the method of 268 

counting (e.g. NTA or flow cytometry). Here,EV counting via flow cytometry was used.  Cellular 269 

levels of all five miRs decreased significantly as cultures aged, with the most significant drops 270 

observed between day 3 and day 9 (Fig 2b). Similar decreases were observed between CHO EVs 271 

derived from day 1 and day 3 cultures, though these drops were not significant (Fig 2a). We 272 

suggest that the high variability in the day 1 EVs is the result of variability during culture startup 273 

(i.e., due to inoculum variability). Individual miR levels in CHO EV samples from days 6 and 9 274 

were not detectable via RT-PCR, possibly the result of a co-isolated product inhibiting reverse 275 

transcription and/or amplification. Nevertheless, trends in cellular miR levels suggest that CHO 276 

EV miR levels may also vary significantly with culture age. Optimization of harvest times for 277 

CHO EVs possessing high or low levels of various specific miRs must therefore be a priority. 278 

 279 

3.3 Highly abundant individual miRs are more highly enriched in CHO EVs from unstressed 280 

cultures, a phenomenon not observed in the parent cells 281 

Levels of the individual miRs noted above were also measured in CHO EVs (Fig 3a) and CHO cells 282 

(Fig 3b) produced/grown under osmotic, ammonia, and lactate stress. Samples were taken from 283 

day 3 culture, with samples from unstressed cultures serving as controls. Since lactate stress did 284 
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not inhibit cell growth, a 20 mOsm/L NaCl control was used to assess whether the impact of 285 

lactate on EV miR cargo was due to its osmotic effects. The individual miR levels in CHO EVs 286 

from unstressed cultures were, without exception, higher than the levels observed in CHO EVs 287 

from stressed cultures, regardless of the type or magnitude of stress, and this trend was 288 

statistically significant for miR-25 and let-7c. Notably, despite these relatively large differences 289 

between individual miR quantities in stressed and unstressed CHO EVs, miR quantities rarely 290 

varied significantly between stressed unstressed parent cells (Fig 3b), suggesting the impact of 291 

stress on CHO EV miR levels is mediated not by cellular miR concentrations, but rather by 292 

changes in the behavior of protein chaperones responsible for cargo loading (for the five miRs 293 

and four stress conditions tested, at least). On the other hand, cellular miR levels under 294 

ammonia/lactate stress often were significantly higher than corresponding levels under osmotic 295 

stress (Fig 3b), suggesting the various stresses have highly distinct impacts on cellular miR 296 

production machinery. 297 

 298 

Previous investigations of EVs from other cell types have found abundant miR species to exist in 299 

EVs at anywhere from 1 copy per 10–100 EVs (Chevillet et al., 2014; Wei et al., 2017) to 10–100 300 

copies per 1 EV (Kondratov et al., 2020; Stevanato, Thanabalasundaram, Vysokov, & Sinden, 301 

2016). The individual miR copy numbers (per EV) identified in this study fit quite reasonably 302 

within these ranges, with especially notable expression (>100 copies) of miR-92a per EV 303 

observed in two samples. Traditional flow cytometry is limited in its ability to count particles of 304 

less than 200 nm, while nanoparticle tracking analysis (NTA) accounts for smaller particles but is 305 

more apt to count non-EV proteins and aggregates (George et al., 2021). For this reason, EV 306 
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concentrations are 1-2 orders of magnitude higher when counts are taken via NTA (versus flow 307 

cytometry) (George et al., 2021). Given our focus on larger MPs, which are enriched via 308 

ultracentrifugation at 28,000 x g, this study counts EVs using flow cytometry.  309 

 310 

The RT-PCR data in this section also provide support for a selective CHO EV loading process, 311 

both during normal growth and under stress conditions. That is, the miR contents of the CHO 312 

EVs are not a proportional reflection of intracellular miR availability, but instead reflect an 313 

active, intentional loading process on the part of the parent cell and its protein chaperones. 314 

Assuming spherical CHO cells of 15 microns (diameter) and spherical CHO EVs of 250 nm, CHO 315 

EVs from unstressed (control) day 3 culture contain volumetric concentrations of miR-92a, miR-316 

21, miR-25, let-7c, and miR-23a that are 5,400, 2,300, 6,800, 18,000, and 6,600 times greater, 317 

respectively, than those in their parent cells.  318 

 319 

To confirm the validity of our RT-PCR methodology, we used control data (i.e., Fig 2a/3a data 320 

from unstressed day 3 culture) to plot miRNA counts per sample versus EV counts per sample 321 

for the five abundant miRNAs of interest. As noted in section 2.4, this exercise is possible 322 

because sample volume—not total EV input—was kept constant during miRNA extraction. The 323 

resulting plots are available in the supplementary material as Fig S1. The obvious linear trends 324 

in the data confirm the validity of the method. We suspect that the reason some of the 325 

apparent trendlines do not intersect with the origin is because the lower limit of detection for 326 

our method is >0 EVs. This limit may be the result of the RT-PCR, but is more likely a 327 
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consequence of the RNA extraction procedure, as the TaqMan assay we employ is notoriously 328 

sensitive to small amounts of input material. 329 

 330 

3.4 Transient overexpression of individual miRs impacts CHO cell growth and viability 331 

Little is currently known regarding the functions of CHO EV miR cargo in target CHO cells. 332 

Therefore, we wanted to examine the growth, viability, and apoptosis of CHO cells 333 

overexpressing either let-7a, which is highly expressed in CHO EVs from stressed cultures , or 334 

miR-21 or miR-92a, both of which are highly expressed in CHO EVs from unstressed, 335 

exponential-phase cultures (Belliveau & Papoutsakis, 2023). Let-7a has been reported in the 336 

literature to have a negative impact on cell growth and viability in other cell types (Cho, Song, 337 

Oh, & Lee, 2015; Tsang & Kwok, 2008; Zhao et al., 2018). On the other hand, miR-21 and miR-338 

92a have been reported to improve cell growth and viability (Feng & Tsao, 2016; Krichevsky & 339 

Gabriely, 2009; Liu, Wang, Yang, Xiao, & Chen, 2014; Mogilyansky & Rigoutsos, 2013; Shigoka et 340 

al., 2010; Thabet et al., 2020; Xu et al., 2019; Yang et al., 2019; Zhou et al., 2015). In CHO cells, 341 

miR-92a has also been shown to boost protein production by raising intracellular cholesterol 342 

levels (Loh, Yang, & Lam, 2017). 343 

 344 

In this study, cultures were transiently transfected with plasmids encoding miRs that were 345 

previously identified to be in high abundance during exponential phase in stressed or standard 346 

cultures (let-7a, miR-21, miR-92a) to observe a relationship between these specific miRs and 347 

cell growth and viability.  We hypothesized overexpressing highly abundant miRs from 348 

unstressed cultures identified in exponential phase, miR-21 and miR-92a, throughout the 349 
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culture lifespan would promote cell growth and viability, particularly in stationary phase.  350 

Conversely, we hypothesized that overexpression of highly abundant miRs from stressed 351 

cultures, let-7a, would decrease cell growth and viability. Cultures were compared to a control 352 

culture that was transiently transfected with a plasmid encoding a far-red fluorescent protein 353 

(pLifeAct-miRFP703) to control for the effects of electroporation, plasmid burden, and selection 354 

pressure. The burden of expressing a protein (1 kb) is greater than that of expressing pri-miR 355 

sequences (80-150 bp) and, in addition, the expressed protein is a fluorescent reporter that 356 

does not have a functional role in the cell. Therefore, the differences in the plasmid effects on 357 

cell growth and viability between this control and miR-overexpressing conditions are likely 358 

conservative. Another type of control that could have been used is a plasmid with a “random 359 

sequence” miR, or an “empty” plasmid (i.e., a plasmid without DNA in the locus of the miR). 360 

While widely tested for human miRs, we are concerned that one can never ascertain the a 361 

“random sequence” miR has not biological effects in CHO cells for lack of extensive testing. The 362 

“empty” option would be preferrable, but in the end we opted for the more conservative 363 

pLifeAct-miRFP703 control.  364 

 365 

In cultures that were transiently transfected with the let-7a plasmid (Figure 4a), the cell 366 

concentrations at days 3, 6, 7, 8, and 9 were significantly lower compared to the control 367 

culture, indicating let-7a has a negative impact on cell growth. The cell density of cultures 368 

transfected with the plasmid encoding miR-21 was only significantly different from the control 369 

culture at days 7 and 8. For cultures with the miR-92a plasmid, the cell density was significantly 370 

different from the control on day 2; otherwise, there was no difference in the cell growth curve. 371 
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 372 

The viability of these cultures was measured on days 4, 6, and 8 with an annexin V/7AAD flow 373 

cytometry assay (Figure 4b). Conditions in red indicate reduced viability or increased apoptosis 374 

and conditions in green indicate increased viability or decreased apoptosis compared to the 375 

control culture at the same timepoints. On days 4 and 6, cultures transfected with let-7a had 376 

significantly fewer viable cells.  The let-7a condition had significantly more early apoptotic and 377 

late apoptotic cells compared to the control culture, in agreement with reports of let-7a 378 

inducing apoptosis (Cho et al., 2015; Tsang & Kwok, 2008). 379 

 380 

Cultures with the plasmid expressing miR-21 demonstrated decreases in the populations of 381 

viable and early apoptotic cells and an increase in the population of late apoptotic cells on day 382 

6 of culture. miR-21 is highly expressed during exponential phase in normal batch cultures and 383 

is reported in other mammalian cell lines to have an anti-apoptotic role and support cell growth 384 

(Feng & Tsao, 2016; Krichevsky & Gabriely, 2009); therefore, we initially hypothesized that 385 

overexpression of miR-21 through stationary phase would support both cell growth and 386 

viability. However, in cultures overexpressing miR-21, a decrease in cell density and a decrease 387 

in cell viability was observed during late stationary phase. Our study therefore suggests that the 388 

impacts of overexpressing miR-21 by up to twofold on CHO cell growth and viability are 389 

negligible in early culture, and may be negative in mid to late culture. Cultures with the plasmid 390 

expressing miR-92a demonstrated an increase in the population of viable cells on day 8 of 391 

culture compared to the control culture at the same timepoint. In the literature, miR-92a is 392 

reported to increase cell proliferation (Zhou et al., 2015), and was observed in our previous 393 
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experiments to be highly expressed early in culture (Figure 2). Here, overexpression of miR-92a 394 

resulted in improved viability in late culture. 395 

 396 

The fold change in miR levels, measured via RT-qPCR, was expressed relative to endogenous 397 

expression in a control culture with transient transfection of apLifeAct-miRFP703 plasmid 398 

(Figure 4c).  Approximately a 2-fold difference in expression of let-7a, miR-21, and miR-92a was 399 

observed on day 4 of culture, which is well within the range generally required for phenotypic 400 

changes (Mestdagh et al., 2009).   401 

 402 

Taken together, these results suggest novel pro- and anti-apoptotic roles for highly-expressed 403 

CHO EV miR cargo in target CHO cells. The let-7a data suggest a potential pro-apoptotic 404 

function for CHO EVs produced under ammonia/osmotic stress conditions (which upregulate 405 

let-7a cargo levels). The miR-92a data suggest a potential anti-apoptotic function for CHO EVs 406 

produced in unstressed, exponential-phase cultures (which upregulate miR-92a cargo levels). 407 

Indeed, it is possible that miR-92a action plays a role in the protective effects of CHO EVs 408 

reported in other studies (Han & Rhee, 2018; Takagi et al., 2021). The miR-21 data in this study 409 

were unexpected, because, as noted previously, miR-21 has repeatedly been found to promote 410 

growth and viability of other cell types. 411 

 412 

4. DISCUSSION: 413 

In this study, we measured total miR and protein levels on a stoichiometric (“per-EV”) basis, 414 

and then used RT-PCR to quantify the presence of total miR and protein cargo, as well as key 415 
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individual miRs. Total miR levels were significantly higher in CHO EVs from stressed cultures (Fig 416 

1c), even as individual miR levels were often significantly lower (Fig 3a). This finding suggests 417 

that the bulk of the total miR content in CHO EVs from stressed cultures are not composed of 418 

solely the five miRs identified in standard cultures during exponential phase and investigated 419 

individually here (i.e. miR-92a, miR-21, miR-25, let-7c, miR-23a). Indeed, previous RNA 420 

sequencing of the osmotic and ammonia stressed cultures supports this, as the identities of the 421 

most abundant miRs in CHO EVs differ when parent cells are exposed to stress (Belliveau & 422 

Papoutsakis, 2023). We would expect a similar finding following the application of lactate 423 

stress. The apparent decrease in specific miRs studied here alongside the observed increase in 424 

bulk miR content over time suggests a dynamic miR landscape throughout culture that may be 425 

responsive to the culture environment.  We hypothesize that the specific miRs identified 426 

previously with RNAseq from exponential phase, standard cultures support cells during this 427 

phase and in this environment.  As the culture ages or stresses are added, our data suggests 428 

that the miR landscape also shifts where the previously identified miRs are no longer in high 429 

abundance.  It is unsurprising that the miR landscape during exponential phase, standard 430 

cultures is not the same as during stationary or death phase and in stressed cultures.  In our 431 

observations that the bulk miR content increases with culture age, we hypothesize that other 432 

unidentified miRs are increasing in abundance and future investigations into the CHO EV miR 433 

landscape will identify the specific miR content. 434 

 435 

Similarly, we expect that RNA sequencing of CHO EVs from different growth phases would 436 

detect distinct miR profiles (relative to CHO EVs from day 3 culture) (C. Keysberg et al., 2021), 437 
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since CHO EVs under these conditions carry more total miR (Fig 1a) despite an apparent 438 

downward trend in individual miR levels during early culture (Fig 2a). The stoichiometric 439 

analysis of per-EV miR and protein levels presented in this study is unique in CHO EV research, 440 

which has so far been limited to descriptions of relative RNA levels informed by RNA 441 

sequencing data.  442 

 443 

The exceptionally high enrichment of miR observed in the RT-PCR data, would logically be 444 

interpreted to mean that the parent cells may achieve specific biological goals by this 445 

enrichment.  Since the large EVs are largely budding off the cytoplasmic membrane, the sorting 446 

mechanism of miRs into large EVs likely enriches specific miRs in high concentrations and also 447 

result in high concentrations of specific miRs near the cytoplasmic membrane. 448 

 449 

Notably, this study represents the first analysis of the impact of lactate stress on CHO EV cargo. 450 

Although the lactate concentrations employed in this study did not have a significant impact of 451 

cell growth or viability, miR and protein levels in EVs were certainly affected. Lactate appears 452 

similar to ammonia in terms of its effect on miR and protein cargo, and its impact extends 453 

beyond its osmotic effects, which were controlled for by a 20 mOsm/L NaCl treatment (i.e., the 454 

“osmotic control”). 455 

 456 

Considerations of analyzing RNAs associated with EV-free proteins that may co-precipitate 457 

during ultracentrifugation was addressed in Turchinovich et al (Turchinovich, Weiz, Langheinz, 458 

& Burwinkel, 2011), where it was demonstrated that microRNAs in cell culture media remain in 459 



 22 

suspension after ultracentrifugation at 110,000 g.  Here we used an ultracentrifugation speed 460 

of 28,000 g.  There is currently no consensus protocol for RNase/protease treatment of EVs 461 

with a wide range of publications not RNase and/or protease treating EVs (Bellingham, 462 

Coleman, & Hill, 2012; Busch et al., 2022; Christoph Keysberg et al., 2021; Perez-Boza, Lion, & 463 

Struman, 2018).  Alternatively, papers that do report using RNase treatment protocols use a 464 

wide range of RNase concentrations between 0.004 – 0.4 mg/mL (Bracht et al., 2021; Gutierrez 465 

Garcia et al., 2020; Lunavat et al., 2015; Valadi et al., 2007).  A major concern of RNase 466 

treatment of EVs is inhibiting the RNases before EV lysis for RNA extraction.  An additional issue 467 

arising from RNase treatment of EVs was documented in a previous publication from our lab, 468 

where we demonstrated that RNase treatment of EVs destroyed the native EV RNAs (Jiang, Kao, 469 

& Papoutsakis, 2017) because RNAses are taken up by cells and membrane vesicles. We had 470 

used RNAse treatment to decimate the native RNA cargo in order to load EVs with synthetic 471 

cargo. Thus, in our opinion and based on our experimental data, RNAse treatment is not an 472 

option for RNA analysis of EVs. Finally,, microRNAs found extracellularly are mostly bound to 473 

Ago2 proteins from lysed cells, which when bound to microRNAs is resistant to protease 474 

treatments (Elkayam et al., 2012; Turchinovich et al., 2011). 475 

 476 

This study also explored the role of three specific miRs (let-7a, miR-21, and miR-92a) on cell 477 

growth, viability, and apoptosis in CHO cultures across growth phases. In transiently 478 

overexpressing let-7a, there was an observed decrease in cell growth and viability. There was 479 

no impact to cell growth in cultures transfected with the miR-92a plasmid and there was an 480 

observed increase in viability of these cultures on days 2 and 8. Cultures transfected with the 481 
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miR-21 plasmid did not demonstrate improved cell growth or viability (such improvement was 482 

expected, based on literature reports), with decreases in viability only on day 6 of culture. This 483 

result was somewhat surprising, and miR-21 has been associated with improved growth and 484 

viability in other cell types (Feng & Tsao, 2016; Krichevsky & Gabriely, 2009; Liu et al., 2014; 485 

Thabet et al., 2020; Yang et al., 2019). 486 

 487 

These results suggest, for the first time, potential functions for the common miR cargoes 488 

carried by CHO EVs from stressed and unstressed cultures. Namely, let-7b (common in CHO EVs 489 

from stressed cultures) may induce CHO cell apoptosis, while miR-92a (common in CHO EVs 490 

from unstressed, exponential-phase cultures) may promote CHO cell survival. A more robust 491 

study stably overexpressing these miRs in CHO cells will be required to fully understand the role 492 

these miRs have on industrially-relevant parameters such as cell growth, viability, apoptosis, 493 

titer, and product quality (Bazaz et al., 2023; Leroux et al., 2021).  Studies have revealed that 494 

specific combinations of miRs can result in phenotypic changes (Cursons et al., 2018; Kao et al., 495 

2022), suggesting that the highly abundant miRs identified in CHO EVs may need to be 496 

examined in combination in order to identify any potential phenotypes.  497 

 498 

The practical implications of this study are twofold. Differential miR and protein cargo loading 499 

suggest a use for CHO EVs as a culture diagnostic tool; indeed, the use of EV concentration as a 500 

metric for CHO culture health has already been demonstrated (Zavec et al., 2016). Both RT-PCR 501 

and our Qubit (total miR) and Bradford protein assays provide proof-of-concept for the 502 

relatively quick and simple evaluation of EV cargo. In several cases, these assays not only 503 
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identify the presence of stress, but also differentiate between types of stress (i.e., ammonia or 504 

lactate vs. osmotic stress). Some EV cargo characteristics—specifically, total miR and miR-505 

92a/let-7c levels—could even serve to differentiate between different levels of the same stress 506 

(i.e., 20 mOsm/L and 120 mOsm/L osmotic stress). Beyond their potential as a diagnostic tool, 507 

CHO EVs offer an efficient miR (or protein) delivery system that does not require disruption of 508 

the plasma membrane or complex genetic engineering. Manipulating cellular phenotype via 509 

miR is particularly appealing for CHO culture, as miRs do not compete with the translational 510 

machinery used in protein production (Muller, Katinger, & Grillari, 2008). In this vein, this study 511 

reports novel findings regarding the pro- or anti-apoptotic functions (in CHO cells) of let-7a, 512 

miR-21, and miR-92a, and also provides a framework for understanding the age/stress 513 

conditions that produce CHO EVs with high or low levels of certain miRs. 514 

 515 

Future research should investigate the identities of the specific protein chaperones responsible 516 

for altered EV cargo loading under stress. Additionally, though miR-92a and miR-21 are highly 517 

expressed by CHO EVs from early exponential phase culture and let-7a is highly expressed by 518 

CHO EVs produced under stress (Belliveau & Papoutsakis, 2023), these miRs are by no means 519 

the only cargo capable of inducing phenotype changes in target cells. The roles of other miRs—520 

especially those present at high levels in EVs from stress conditions—must be evaluated. At 521 

some point, it will be necessary to conduct RNA sequencing (and possibly proteomic analysis) of 522 

CHO EVs produced under lactate stress and in lag- and stationary-phase culture, as we predict 523 

the presence of novel EV miR profiles in these conditions. In sum, our research initiates the long 524 
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process of linking CHO EV cargo with CHO EV function, suggesting exciting applications for CHO 525 

EVs as both diagnostic tools and culture therapeutics. 526 
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Figure captions: 720 

Figure 1. Total miR and protein levels in CHO EVs. Total (a) miR and (b) protein levels in CHO 721 

EVs were measured at different points in culture and normalized to CHO EV quantity. Total (c) 722 

miR and (d) protein levels in CHO EVs produced under osmotic, ammonia, and lactate stress 723 

were measured and normalized to CHO EV quantity. Error bars represent the standard error of 724 

the mean (SEM) of 3 replicates. Significance was determined with unpaired Student’s t-test, * 725 

for p<0.05, ** for p<0.01. 726 

 727 

Figure 2. Individual miR levels in CHO EVs and CHO cells at various timepoints in culture. The 728 

levels of five abundant miRs were individually measured in (a) CHO EVs and (b) CHO cells at 729 

different points in culture via RT-PCR. Error bars represent the standard error of the mean 730 

(SEM) of 3 replicates. Significance was determined with unpaired Student’s t-test, * for p<0.05, 731 

** for p<0.01. 732 

 733 

Figure 3. Individual miR levels in CHO EVs and CHO cells from stressed cultures. The levels of 734 

five abundant miRs were individually measured in (a) CHO EVs and (b) CHO cells from stress-735 

treated day 3 cultures via RT-PCR. The bars in (b) represent fold change relative to unstressed 736 

control cell miR levels. Error bars represent the standard error of the mean (SEM) of 3-4 737 

replicates. Significance was determined with unpaired Student’s t-test. For significance relative 738 

to another stressed sample, * for p<0.05, ** for p<0.01; for significance relative to the 739 

unstressed control, † for p<0.05. 740 

 741 
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Figure 4. Transient expression of let-7a, miR-21, and miR-92a. (a) Cell growth curve of cells 742 

transiently expressing let-7a, miR-21, or miR-92a compared to the control (transient 743 

transfection of pLifeAct-miRFP703). (b) Annexin V/7AAD flow cytometry viability assay of 744 

cultures transiently transfected with the control plasmid (pLifeAct-miRFP703), let-7a plasmid, 745 

miR-21 plasmid, or miR-92a plasmid.  Conditions where viability was significantly lower than the 746 

associated control are red.  Conditions where viability was significantly greater than the 747 

associated control are green. (c) Fold change in cultures transiently expressing let-7a, miR-21, 748 

and miR-92a compared to the endogenous expression in the control culture (transient 749 

transfection of pLifeAct-miRFP703). Error bars represent the standard error of the mean (SEM) 750 

of 3-4 replicates. Significance relative to control was determined with unpaired Student’s t-test, 751 

* for p<0.05, ** for p<0.01, *** for p<0.001. 752 
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Figure S1. miRNA copy numbers increase linearly with EV count. For the control condition (day 3 EVs 
from “healthy,” unstressed culture), total miRNA copies per sample are shown (normalized to miR-39 
quantity) as a function of total EV count per sample. Sample volume, rather than EV count, was kept 
constant. Spike-in control cel-miR-39-3p (1 pmol/sample) was used to calculate copy numbers via the 2-
ΔΔCT method. As expected, miRNA quantities increase roughly linearly with EV count, confirming the 
validity of the method. Each point represents PCR data for one biological replicate; each biological 
replicate is informed by three technical replicates. The data points in each plot were averaged to 
calculate the copies per EV of each miRNA; these average values are displayed in Figures 2a and 3a. 


	CLEAN Revised Manuscript w Tracked Changes
	Figures
	Supplementary Materials

