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Abstract

:

In today’s age, plastic waste is a major problem for our environment. The decomposition of plastic waste causes widespread contamination in all types of ecosystems worldwide. Micro-plastics in the lower micrometer size range and especially nano-plastics can become internalized by cells and thus become a threat to human health. To investigate the effects of internalized micro- and nano-plastics on human gene transcription, we used an in vitro assay to quantify CREB (cAMP response element binding protein) mediated transcription. Here we show that CREB mediated gene expression was mainly but not exclusively induced by phosphorylation. In addition, the amount of CREB affected transcription was also studied. We were also able to show that the strong CREB mediated stimulation of transcription was diminished by micro- and nano-plastics in any chosen setting. This indicates a threat to human health via the deregulation of transcription induced by internalized micro- and nano-plastics. However, this established quantifiable in vitro transcription test system could help to screen for toxic substances and non-toxic alternatives.
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1. Introduction


In today’s age, plastic waste is a major problem for our environment. Since the middle of the 20th century, when the industrial manufacturing of plastics began, they have become incredibly prevalent in both industry and daily life. Plastics’ chemistry allows for the production of practical goods, such as packaging, that is resistant to chemicals and temperature. Additionally, plastics usually have a hydrophobic property, which makes them ideal vessels for toxic compounds and long-lasting organic contaminants [1]. However, the decomposition of plastic waste causes widespread contamination in all types of ecosystems worldwide. In addition, due to the slow decomposition process, the load of micro- and nano-plastics will increase in the near future. Plastics break down step by step into smaller fragments of sizes that are barely visible to the naked eye as they age and decompose in the environment. This decomposition is mostly due to physical and chemical degradation but also due to microbiological breakdown [2]. Due to their worldwide circulation and small sizes, micro- and nano-plastics are considered to be a risk for human health and thus, have caused a sudden surge in studies [3,4]. This surge united scientists from all over the world and from various different disciplines, from chemistry and engineering to biology and exposure sciences, to study how plastics, and especially micro- and nano-plastics, are affecting the environment and the possible hazards they can bring to its inhabitants.



Micro-plastics can be defined as small plastic particles <5 mm in size, while for nano-plastics, there is still no consensus in the literature on their size [5]. Micro- and nano-plastics can originate from primary sources, such as polystyrene (PS) particles in cosmetic and medical products or polymethylmethacrylate (PMMA) copolymer fibers used in the textile and clothing industry. In addition, they can originate from secondary sources, which can become brittle and fragment into micro- and nano-plastics when exposed to physical, chemical, and biological processes [6].



In the marine environment, micro- and nano-plastics can be found in the water, on the ocean floor, and along the shorelines [7]. Since degradation of micro- and nano-plastics is very slow in aquatic environments, they enter the food chain through direct and indirect pathways, causing potential health risks for humans [8]. However, besides food from aquatic environments, other exposure sources of micro- and nano-plastics to humans have been identified; these include sources in terrestrial and atmospheric environments worldwide, and from daily consumed goods like salt, drinking water, and cosmetics [9]. Almost all types of terrestrial environments, and especially agricultural and farmland environments, including greenhouses, home gardens, coastal and industrial soils, as well as floodplain soils, are contaminated by micro- and nano-plastics [10].



Finally, it is now known that atmospheric environments are newly discovered mediums through which micro- and nano-plastics spread easily to other environments worldwide. Thus, micro- and nano-plastics have been measured in atmospheric fallout in metropolises as well as in less populated regions. In addition, micro- and nano-plastics have also been consistently found in indoor air [11,12]. This omnipresent prevalence of micro- and nano-plastics shows that appropriate actions must be taken to identify potential health risks and to identify their countermeasures, as concerns have been raised about possible long term health risks from continuous micro- and nano-plastic exposure.



Recent studies have emphasized potential negative consequences of this omnipresent exposure to micro- and nano-plastic, manifesting in physical stress and damage, inflammation, oxidative stress, immune dysfunction, impaired gut microbiota and intestinal homeostasis, or altered motion in cell cultures, organisms and animal models [13,14,15]. Their ingestion together with food, but also by inhalation and dermal contact, has been shown for various organisms ranging from single cell organisms to humans [16]. From a molecular biology perspective, micro-plastics in the lower micrometer size range, and especially nano-plastics, can become internalized by cells and thus become a threat to human health [17].



To investigate the effects of internalized micro- and nano-plastics, we used an in vitro assay to quantify CREB (cAMP response element binding protein) mediated transcription. The transcription factor CREB was discovered through its ability to control the somatostatin gene expression. The ubiquitously expressed CREB regulates gene expression via binding to CRE (cAMP responsive element), found in many eukaryotic and viral gene promoters [18,19,20]. Additionally, CREB activity is increased by phosphorylation at one or more sites within the KID-domain (kinase-inducible domain) [21]. Thus, PKA (protein kinase A), CaMKIV (calcium/calmodulin-dependent protein kinase type IV), MSK (mitogen- and stress-activated kinase), and RSK (ribosomal S6 kinase) have been shown to enhance CREB mediated transcription [22,23,24]. Phosphorylation of CREB (pCREB) at Ser133 allows the recruitment of CREB’s coactivator CBP (CREB binding protein), which induces increased transcription via its acetyltransferase activity and by facilitating interaction with the basal transcriptional machinery [25,26]. CREB is involved in a large number of biological processes, including long-term neuronal plasticity, cell survival, circadian rhythms, adaptation to drugs, and hormonal regulation of metabolism [27]. Thus, the aim of this study was to investigate the effects of internalized micro- and nano-plastics on human gene transcription via in vitro quantification of CREB mediated gene expression and determine its potential threat to human health.




2. Materials and Methods


2.1. Purification


Human full-length CREB fused to a N-terminal 6xHis-tag was expressed in E. coli BL21-CodonPlus-RIL (catalog number: 230245, Agilent Technologies, Frankfurt am Main, Germany) in liquid culture (LB medium with 34 μg/mL chloramphenicol) at 37 °C to mid-log phase (0.4 OD600 nm) and purified through affinity chromatography using Ni-NTA agarose matrix according to the manufacturer’s instructions (catalog number: 30210; Qiagen, Hilden, Germany), with the exception that the standard buffer was replaced by IVT buffer (20 mM HEPES pH 7.9 at 25 °C, 100 mM potassium chloride, 0.2 mM EDTA, and 0.5 mM dithiothreitol) + 10 mM/250 mM imidazole (wash/elution buffer). The purified protein was dialyzed against IVT buffer for 24 h with double buffer exchange in a 1:1000 ratio using D-Tube Dialyzer Maxi, MWCO 12–14 kDa (catalog number: 71510; Millipore, Darmstadt, Germany) and quantified with Pierce BCA Protein Assay Kit (catalog number: 23225; Thermo Fisher Scientific, Darmstadt, Germany) with bovine serum albumin (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) as standard.




2.2. Western Blot


After running SDS-PAGE, semi-dry western blot analysis was performed. The gel consisted of a resolving gel, which was covered with a stacking gel. For the stacking gel, a polymerization density of 5% was used, 12% for the resolving gel 12%. The proteins separated by SDS-PAGE were transferred to a blotting buffer (4 mM Glycine, 4.8 mM Tris pH 8.5, 0.4% SDS, 20% methanol) activated nitrocellulose membrane (catalog number: 77010; Thermo Fisher Scientific, Darmstadt, Germany) with 1.3 mA/cm2 for 1 h. After blotting, the membrane was blocked with 5% bovine serum albumin (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in TBS with Tween (catalog number: J77500.K8, Thermo Fisher Scientific, Darmstadt, Germany) for 1 h at room temperature, and then incubated for 1 h at room temperature with the primary antibody dissolved in 5% bovine serum albumin in TBS with Tween. After washing thrice for 5 min, the membrane was incubated with the secondary antibody dissolved in 5% bovine serum albumin in TBS with Tween for 1 h at room temperature and washed again thrice for 5 min. As primary antibodies, pCREB antibody (1:1000 dilution, catalog number: 9198S; Cell Signaling, Leiden, The Netherlands) and His RGS antibody (1:1000 dilution, catalog number: 30210; Qiagen, Hilden, Germany) were used. IgG-Alkaline Phosphatase antibody (1:1000 dilution, catalog number: A3687 and A1293; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) served as the secondary antibody. For detection and visualization, Western Blue® Stabilized Substrate for Alkaline Phosphatase (Promega Corporation, Fitchburg, WI, USA) was used.




2.3. Electrophoretic Mobility Shift Assay


Two pmol double-stranded CRE (5′-6FAM-gATCCggCTgACgTCATCAAgCTA; TIB MOLBIOL, Berlin, Germany) was incubated in 20 µL IVT buffer (20 mM HEPES pH 7.9 at 25 °C, 100 mM potassium chloride, 0.2 mM EDTA, and 0.5 mM dithiothreitol) and TA buffer (33 mM Tris acetate pH 7.9, 66 mM potassium acetate, 10 mM magnesium acetate, 0.5 mM dithiothreitol) and 100 μg/mL nuclease-free bovine serum albumin (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) with increasing amounts of CREB and pCREB (54 and 108 pmol) for 20 min at 30 °C and separated on a native 2% agarose gel (catalog number: V3121; Promega Corporation, Fitchburg, WI, USA) with 0.5× Tris-borate-EDTA buffer (catalog number: B52; Thermo Fisher Scientific, Darmstadt, Germany) as the running buffer. The gel was scanned at 487 nm using Typhoon 9400 Fluorescence Imager (GE Healthcare, Braunschweig, Germany).




2.4. In Vitro Phosphorylation of CREB with PKA


The assay was realized through incubation of 347 pmol CREB (12.84 µg) with 3.7 mM ATP (catalog number: R0441; Thermo Fisher Scientific, Darmstadt, Germany), 224 ng murine PKA (Biaffin GmbH & Co KG, Kassel, Germany) in IVT buffer (20 mM HEPES pH 7.9 at 25 °C, 100 mM potassium chloride, 0.2 mM EDTA, and 0.5 mM dithiothreitol) for 20 min at 30 °C. CCE buffer (1 M Tris pH 6.8, 5.7% SDS, 14% glycerol (87%), 7% β-mercaptoethanol, and bromophenol blue) was added to 6.42 µg pCREB and incubated for 5 min at 95 °C. This aliquot was used for western blot analysis. The remaining pCREB was placed on ice and used for electrophoretic mobility shift assay and in vitro transcription experiments the same day, although pCREB activity was stable for several days at 4 °C.




2.5. In Vitro Transcription Assay


The assay was performed with the HeLaScribe® Nuclear Extract in vitro Transcription System according to the manufactures instructions (catalog number: E3110, Promega Corporation, Fitchburg, WI, USA), with the exception that CREB, pCREB, and IVT buffer (20 mM HEPES pH 7.9 at 25 °C, 100 mM potassium chloride, 0.2 mM EDTA, and 0.5 mM dithiothreitol) with murine PKA (Biaffin GmbH & Co. KG, Kassel, Germany) and ATP (catalog number: R0441; Thermo Fisher Scientific, Darmstadt, Germany) were supplemented instead of nuclease-free water. Therefore, CREB, pCREB, and IVT buffer with PKA/ATP were heated for 15 min at 65 °C to inactivate PKA; CREB was not affected. Subsequently, the mix was cooled to room temperature and pre-incubated with 100 ng/μL plasmid (CRE-MGFP, CMV-MGFP, or TATA-MGFP) from the Cignal CRE Reporter Assay Kit (catalog number: 336841; Qiagen, Hilden, Germany) with 4 mM magnesium chloride for 20 min at 30 °C (7). After incubation, residual components were added to 4 μL HeLaScribe® Nuclear Extract. For micro- and nano-plastic in vitro transcription, PS (1 mm, microParticles GmbH, Berlin, Germany) or PMMA (100 nm, microParticles GmbH, Berlin, Germany) were added in the same step. In vitro transcription was stopped after 60 min at 30 °C with HeLa Extract Stop Solution. RNA was extracted via phenol:chloroform:isoamyl alcohol (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), followed by ethanol precipitation, and suspended in 50 µL nuclease-free water. Template plasmids were removed by DNase I (catalog number: 18047019; Thermo Fisher Scientific, Darmstadt, Germany) for 30 min at 37 °C, followed by phenol:chloroform:isoamyl alcohol extraction and ethanol precipitation. DNase I treatment was performed four times and controlled by real-time PCR (CT > 30).




2.6. cDNA Synthesis


Reverse transcription was achieved using the GoScript™ Reverse Transcription System (catalog number: A5003; Promega Corporation, Fitchburg, WI, USA) according to the manufactures instructions, except that each reaction was doubled. Thus 10 µL RNA was preheated with 20 pmol reverse primer, and the residual components were added to a final volume of 30 µL with 4 mM magnesium chloride. Reverse transcription was stopped by phenol:chloroform:isoamyl alcohol (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) extraction, followed by ethanol precipitation, and the obtained pellet suspended in 10 µL nuclease-free water.




2.7. Quantification of Synthezised cDNA


Real-time PCR was carried out using LightCycler® 2.0 Instrument (Roche, Mannheim, Germany) and Maxima SYBR Green/ROX qPCR Master Mix (2×) (catalog number: K0221; Thermo Fisher Scientific, Darmstadt, Germany) according to the manufacturer’s instructions, with the exception that 2 µL cDNA was used in a final volume of 20 µL. The MGFP gene was targeted for amplification with primers 5′ CCgTgAACggCCACAAATTC and 5′ TACACgAAgCAgTCgTCCAC (TIB MOLBIOL, Berlin. Germany). Evaluation of the relative transcription fold change was accomplished by the 2∆∆CT method.




2.8. Statistics


Data are presented as means ± SD, and n is the number of biological replicates. Statistical analysis was performed by using 2-way ANOVA with Dunnett’s multiple comparisons test using Prism 9.1.2 (GraphPad, San Diego, CA, USA). Statistical significance is denoted as ns = not significant, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).





3. Results


CREB was expressed in E. coli and purified through affinity chromatography. The purity of CREB was tested by SDS-PAGE and western blot, and was shown to be above 85%. After in vitro phosphorylation of CREB via PKA, we verified CREB’s phosphorylation using western blot via a phospho-specific antibody and its binding activity using electrophoretic mobility shift assay (EMSA).



3.1. CREB Binds Independent of Phosphorylation


To test the CRE-binding activity of CREB, EMSA experiments of phosphorylated and non-phosphorylated CREB were performed. Therefore, increasing concentrations of pCREB and CREB were used. Western blot using pCREB antibodies verified the phosphorylation of CREB by PKA. The EMSA results are shown in Figure 1. The CREB-CRE complex that was seen in native 2% agarose gels was in two bands with increasing signal intensities. Binding was detected at a minimum of 16 pmol CREB. At CREB concentrations of 108 pmol, 87% of free CRE (2 pmol) were bound. The data shows that the phosphorylation of CREB had no influence on CRE binding. Phosphorylated CREB showed an identical binding as non-phosphorylated CREB. In addition, increasing amounts of CREB and pCREB were capable to bind CRE in a dose-dependent manner.




3.2. CREB-Mediated Transcription


After CREB and pCREB binding was confirmed, in vitro transcription assays were performed. The plasmids used in in vitro transcription experiments were a part of a reporter assay kit for the quantitative assessment of signal transduction pathway activation, in which TATA-MGFP is the negative control, CMV-MGFP is the constitutively expressing positive control, and CRE-MGFP is an inducible reporter construct (Figure 2).



Plasmids were tested with and without CREB, as well as with pCREB. CREB and pCREB concentrations ranged from 0–108 pmol. Through adding CREB or pCREB, increasing amounts of RNA should be generated. Template DNA was removed by DNase I treatment and controlled by real-time PCR (CT > 30). Evaluation of the relative transcription fold change was accomplished by the 2∆∆CT method via the TATA-MGFP negative control. In vitro transcriptions were performed four times (n = 4, biological replicates). The results are shown in Figure 3. The data shows the arithmetic mean as well as the standard deviation. Samples without CREB and pCREB were normalized to 1.00 ± 1.00.



CRE-MGFP as an inducible reporter construct with concentrations of 54 pmol CREB resulted in a non-significant change of 1.29 ± 0.63, while 54 pmol pCREB showed a significant transcription increase of 5.19 ± 0.91. In vitro transcriptions with 108 pmol CREB lead to a significant enhanced gene expression of 14.55 ± 0.71, while 108 pmol pCREB increased transcriptional activity significantly by 41.14 ± 0.86. The data shows that the phosphorylation of CREB increases CREB-mediated transcription. In addition, the data show that this increase is not exclusively due to phosphorylation. Increasing amounts of CREB and pCREB were capable to significantly enhance transcription in a dose-dependent manner. On the other hand, CMV-MGFP, being the constitutively expressing positive control, and CREB with a concentration of 54 pmol does not show a significant change in expression (1.34 ± 0.48), while 54 pmol pCREB elicits a significant increased transcription of 8 ± 0.43. In vitro transcriptions with 108 pmol CREB resulted in a significantly enhanced gene expression of 18.83 ± 0.96, while 108 pmol pCREB showed a significant transcription increase of 239.69 ± 0.72. The data illustrate an even more increased CREB mediated transcription upon phosphorylation than with CRE-MGFP. Again, the data shows that this transcription increase is not exclusively due to phosphorylation but also due to a CREB/pCREB dose-dependency.




3.3. Micro- and Nanoplastic In Vitro Transcription


After in vitro transcription confirmed a strong and significant stimulation of CREB mediated transcription, we raised the question if this assay could be used as test system for internalized toxic substances, such as micro- and nano-plastics. Since PS and PMMA are commonly used in cosmetic/medical products and textile/clothing industry, they pollute the environment in different sizes and shapes. Thus, both were used in a different particle sizes to determine the effects of micro- and nano-plastics independent of polymer type. In addition, they were used at environment-like concentrations that were used in the literature for cell culture experiments [28]. More precisely, the CRE-MGFP promoter and CREB were used with or without polystyrene (PS, 100 µg/mL, 1 µm) or polymethylmethacrylate (PMMA, 100 µg/mL, 100 nm). The micro- and nano-plastic in vitro transcription results are shown in Figure 4.



CREB lead to a significantly enhanced gene expression of 13.18 ± 1.25. The addition of PS decreased the CREB-mediated transcription non-significantly to 0.76 ± 1.51 (Figure 4). This corresponds to a decrease of around 94%. On the other hand, the addition of PMMA led to a non-significantly decreased transcription of 0.37 ± 1.42, a decrease of almost 97%. Thus, the data shows that PS and PMMA are able to abolish CREB mediated transcription.





4. Discussion


Whether or not the phosphorylation status of CREB influences CRE binding has been previously debated. Some groups argued that only phosphorylated CREB binds to CRE [29]. In the EMSA experiments performed here, the opposite was demonstrated, thus is in line with the majority of previous experiments analyzing CRE binding of phosphorylated and non-phosphorylated CREB [30,31]. Non-phosphorylated CREB was able to bind CRE, indicating that the PKA modification of CREB had no effect on the DNA binding properties.



This paper is the first that has quantified CREB mediated transcription in relation to the amount of CREB. Transcription activity increased upon phosphorylation of CREB but was not exclusively due to it. This phosphorylation independent gene expression increase is probably facilitated by CREB’s Q2 domain that interacts with the basal transcriptional machinery [32]. Upon phosphorylation, CREB seems to be able to recruit CBP as a coactivator, stabilizing the pre-initiation complex formed at the promoter, resulting in an even higher transcription increase [33]. Several groups showed elevated CMV activation by the cAMP signaling pathway and the stress-activated MAP protein kinase pathway [34,35]. However, the transcription quantification of CMV mediated by CREB and phosphorylated CREB was unknown so far. Our results indicate that the more CRE elements that are present in a promotor, the more it can be activated by CREB/pCREB. Taken together, this would mean for gene regulation that rapid responses occur via phosphorylation, and long-lasting responses tend to occur via the new synthesis of CREB. Additionally, even small amounts of phosphorylated CREB can result in a biological effect.



Furthermore, we wanted to investigate the effects of internalized micro- and nano-plastics. Therefore, we used our new in vitro transcription quantification system to determine the effect of PS and PMMA on human gene expression. Addition of 100 µg/mL PS or PMMA (0.01% w/w) totally abolished the CREB-mediated transcription and showed PS’s and PMMA’s negative effect on human transcription. Ramsperger et al. were able to show cell line dependent negative effects of polystyrene concentrations starting from 150 µg/mL [28]. Thus, our in vitro transcription quantification system is in line with these previous experiments, considering that in vitro transcription, as an isolated process, is probably more error-prone to micro- and nano-plastics than a whole cell that internalizes them.



In addition, a meta-analysis with effect data, available in the literature, derived a concentration of 6650 microplastic (<5 mm) particles per m−3 in the marine environment, resulting in a 0.04% microplastic concentration [36]. Considering this and the results of our experiments with micro- and nano-plastic concentration of 0.01%, the urgent need to screen for safe and non-toxic plastics, as well as plastic alternatives, is highlighted. Micro- and nano-plastic contamination in marine ecosystems has been receiving more attention recently, not only because of the known fact that they are prone to accumulate in marine ecosystems, but also because their occurrence has a negative influence on marine life, which in turn indirectly affects human health via the consumption of seafood [37].



However, micro- and nano-plastic contamination is not only a problem in marine ecosystems but also in freshwater ecosystems. As a recent study shows, micro- and nano-plastic contamination in freshwater ecosystems causes toxicity issues for fish and invertebrates, such as mollusks, and also drinking water for humans [38]. Especially through drinking water, both bottled and tap water, humans are exposed to the omnipresent threat of micro- and nano-plastics on a daily basis.



Despite the potential harmful effects on human health, little research has been done on micro- and nano-plastics in drinking water, and earlier studies tended to concentrate more on micro- and nano-plastics in the freshwater used to produce drinking water than on the water that was actually consumed. However, a recent study was able to quantify an average micro- and nano-plastic content of 0.174 particles/L in drinking water for consumption [39]. Again, this coupled with our results emphasize the urgent need to screen for safe and non-toxic plastics as well as plastic alternatives, in order to overcome potential human health risks.



Since, the human’s exposure to micro- and nano-plastics passes through different routes (ingestion, inhalation, and dermal contact) they are able to cause a variety toxicity issues. Inhaled micro- and nano-plastics can translocate into the respiratory epithelium via diffusion, direct cellular penetration, or active cellular uptake, and induce interstitial fibrosis and granulomatous lesions in the lungs of workers involved in plastic processing. Dermal contact with micro- and nano-plastics is known to induce low inflammatory reactions, fibrous encapsulation, and oxidative stress in humans [40]. Since studies on ingested micro- and nano-plastics in humans are challenging, a meta-analysis revealed that exposure to micro- and nano-plastics, and especially to PS particles, cause inflammation, oxidative stress, lysosomal dysfunction, and apoptosis/genotoxicity in cultured cells. However, these toxic effects have been observed at high concentrations, which may not be relevant compared to real-life exposures in humans [15]. Nevertheless, the present study shows that even lower concentrations than possibly prevalent in the environment are able to negatively affect human gene transcription as an isolated process. It is known that cell organelles and proteins can adsorb to the surface of micro- and nano-plastics, which leads to a change in tertiary and secondary structures and results in functional changes [41]. These functional changes can lead to dysfunctional organelles, resulting in cell malfunction, and can thus become a serious threat for human health. Since this new in vitro transcription quantification system is able to measure the effects of a wide array of plastics (micro- and nano-plastics) on human transcription, the right precautionary measures for each type could be determined.




5. Conclusions


In today’s age, plastic waste is a major problem for our environment and our health. Specifically, micro- and nano-plastics can become internalized by cells and thus become a threat to human health. In this study, we were able to show that the strong CREB mediated stimulation of human gene transcription was diminished by micro- and nano-plastics. This indicates a threat to human health via the deregulation of transcription induced by internalized micro- and nano-plastics. The quantifiable in vitro transcription test system established in this study could be used to screen for toxic and non-toxic substances, as well as to screen for safe exposure concentrations.
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Figure 1. EMSA of CREB and pCREB used for in vitro transcription. All lanes contain 2 pmol CRE. Lanes 2 and 3 harbor CREB (54 and 108 pmol, respectively) additionally. Lanes 3 and 4 contain pCREB (54 and 108 pmol, respectively) additionally. 
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Figure 2. TATA-MGFP contains only a TATA-box upstream of MGFP; CRE-MGFP is controlled by three CRE sites and a TATA-box upstream of MGFP; CMV-MGFP harbors five CRE sites and a TATA-box upstream of MGFP. 
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Figure 3. Quantification of CREB mediated CRE-MGFP and CMV-MGFP in vitro transcriptions. Transcription increases with CREB and pCREB ranging from 0–108 pmol. Data are presented as means ± standard deviation. Statistical significance is denoted as ns = not significant and p < 0.0001 (****). n = 4 (biological replicates). 
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Figure 4. Quantification of micro- and nano-plastics in vitro transcription with CRE-MGFP and CREB. PS = 100 µg/mL, 1 mm); PMMA = 100 µg/mL, 100 nm). Data are presented as means ± standard deviation. Statistical significance is denoted as ns = not significant and p < 0.0001 (****). n = 4 (biological replicates). 
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