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Abstract: As millimetre wave (MMW) frequencies of the electromagnetic spectrum are
increasingly adopted in modern technologies such as mobile communications and networking,
characterising the biological effects is critical in determining safe exposure levels. We study
the exposure of primary human dermal fibroblasts to MMWs, finding MMWs trigger genomic
and transcriptomic alterations. In particular, repeated 60 GHz, 2.6 mW cm−2, 46.8 J cm−2 d−1

MMW doses induce a unique physiological response after 2 and 4 days exposure. We show that
high dose MMWs induce simultaneous non-thermal alterations to the transcriptome and DNA
structural dynamics, including formation of G-quadruplex and i-motif secondary structures, but
not DNA damage.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Millimeter waves, electromagnetic radiation with frequencies of 30 to 300 GHz and 1–10 mm
wavelengths, are of growing biological interest as they become increasingly prevalent in our
lives due to their implementation in emerging technologies utilising ultra-fast data transportation.
These frequencies are attractive for data transmission as they deliver ultra-fast data rates, a very
low latency, and significantly improved spectral efficiency over existing technologies [1,2]. This
has prompted rapid adoption in common technologies including mobile communications and
networking [1,3–5], and security screening [6].

The atmospheric attenuation of MMWs is highly frequency-dependent; strong absorption by
water and oxygen results in a maximal attenuation of 16 dB km−1 at 60 GHz [7–9]. The lack of
planetary sources and attenuation of astronomical radiation by the atmosphere has historically
limited human exposure to MMWs, and the biological effects are not well characterised [10,11].
Recently, it has been demonstrated that MMWs can induce numerous effects on a cellular level,
including to neuronal action potentials [12], membrane properties [13,14], and gene expression
[15–19]. Initially, modified gene expression was attributed to the heat shock response of cells
to the heating associated with absorption of the MMWs, however it has been shown these
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modifications are not solely due to thermal effects and the interaction mechanisms driving this
altered transcriptomic profile remain an area of interest [15].

The high water content of human tissue means that this non-ionising radiation has a penetration
depth less than 1 mm (typically on the order of hundreds of micrometres) and is absorbed by the
epidermal and dermal layers of skin [11,20,21]. As key cellular components of the dermal layer
of the skin, fibroblasts exhibit a characteristic cellular response to stress, which is accompanied
by increased production and deposition of extracellular collagen. This has been observed in
response to a range of stress initiators, including trauma, infections, radiotherapy, chemotherapy,
alcohol exposure, and toxins [22].

In this work we explored the effects of repeated 60 GHz MMW exposures at 2.6 mW cm−2,
46.8 J cm−2 d−1 doses for 2 and 4 days, on primary human fibroblasts. The delivered dose is
at higher power densities than the limits of 2 mW cm−2 for 6 min and 1 mW cm−2 for 30 min
recommended by the International Commission on Non-ionising Radiation Protection [23,24].
It is important to understand the effects of high doses in determining safe exposure levels and
thresholds. We observe modifications at the genomic, transcriptomic, and cellular levels via
RNA-seq, qPCR and immunocytochemistry. From these results we identified altered biological
pathways associated with G-quadruplex (G4) and i-motif (iM) DNA.

G4s and iMs are non-canonical four-stranded secondary structures that form within certain
guanine- and cytosine-rich DNA sequences, respectively, and are over-represented in regulatory
regions of the human genome. These structures contribute to regulation of transcription,
recombination, and replication processes [25,26]. We examined the formation of G4s and iMs,
and their association with genes altered by MMW exposure via immunocytochemistry and
predictive algorithms. Our results reveal high dose MMWs induce alterations at multiple levels of
the transcription and translation processes, with changes to protein production, gene expression,
and DNA structures, representing unique interactions of MMWs with biological material at the
cellular level.

2. Materials and methods

2.1. Experimental model and subject details

All human tissue samples were collected after patients had signed informed consent and with
ethical approval from the human ethics committees at the University of Western Australia or
South Metropolitan Health Service and in accordance with the NHMRC National Statement on
Ethical Conduct in Human Research. Human primary skin fibroblasts were collected from healthy
individuals undergoing elective surgery resulting in discarded skin tissue (Normal fibroblasts).
Fibroblasts were grown in culture using a standard explant protocol [27]. Cells were subsequently
cultured in DMEM-Glutamax (Gibco, 10569-010) supplemented with 10% v/v fetal bovine
serum (FBS) (Gibco, 16000-044) and 100 U/mL penicillin/streptomycin (Gibco, 15140-122).
Cells were maintained in log growth phase at 37 °C, 5% CO2 in a humidified incubator and
passaged at 80-90% confluency with 1x TrypLE Express (Gibco, 12604-013). Cell culture
medium was replaced every 2 days, and experiments conducted on cells between passages P4-P7.

2.2. MMW setup

The MMW generation system consisted of a microwave tuned oscillator source for 8–20 GHz (YIG
tuned oscillator SAO 002, Virginia Diodes Inc. Charlottesville, VA), frequency multiplier/power
amplifier chain stage (WR12AMC-HP, Virginia Diodes Inc. Charlottesville, VA) delivering a
tunable signal in the range 60–90 GHz and output power 20 dB m. Power levels were controlled
using internal attenuators. For these experiments, we tuned the frequency to 60 GHz and used
the maximal output power (100 mW).
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2.3. MMW stimulation

Cells were prepared similarly for both immunofluorescence and RNA experiments. Cells
were plated at 250,000 cells mL−1 in 6-well plates (on coverslips for immunocytochemistry
experiments) in normal growth media and maintained at 37 °C, 5% CO2 for 16 h to reach
confluency. After 16 h the media was replaced with low serum crowding media containing
DMEM-Glutamax (Gibco, 10569-010) with 0.5% v/v FBS, 100 µM L-ascorbic acid (Ajax
Finechem, AJA79), 37.5 mg mL−1 Ficoll PM70 (Sigma, F2878) and 25 mg mL−1 Ficoll 400
(Sigma, 2637) [28]. For exposure of the fibroblasts, the 6-well plates were suspended less than 2
mm above the WR12 waveguide and raster scanned through the 100 mW MMW beam, with the
beam passing through the plastic base of the well to irradiate the cells, resulting in an average
power density of 2.6 mW cm−2. The raster scan covered 4 wells of the 6-well plate, a total of
38.48 cm2 (9.62 cm2 per well), by scanning through each well completely before moving to the
next and repeating at the end of the cycle. The scanning is continuous at 12.8 mm s−1 in the
x-direction and 1.5 mm steps in the y-direction, for a period of 362 s for a full cycle. The plate
was positioned 2 mm above the waveguide (3.09× 1.54 mm aperture). The average power was
determined from the beam power and total exposed area, and dose calculated for the 5 h exposure
period.

Cells were exposed to MMWs for 5 h per day, 46.8 J cm−2 d−1 doses (energy delivered by the
MMW beam per unit area each day), for 4 days (187.2 J cm−2 total for collagen, BG4, iMab and
γH2AX immunofluorescence), or 2 days (93.6 J cm−2 total for RNA-seq and qPCR). Control
samples were subject to identical conditions and raster scanned without MMWs. Transforming
growth factor beta (TGF-β) treated samples were subject to identical conditions with 5 ng/mL
TGF-β (R&D Systems, RDS240B002) added to the low serum crowding media and raster scanned
without MMWs. During the 5 h/day period of raster scanning the control, MMW and TGF-β
treated cells were maintained at room temperature (25 °C) and at atmospheric CO2 levels, and
were returned to 37 °C, 5% CO2 after each exposure. The control condition was compared with
growth control samples that were maintained in culture media and at 37 °C, 5% CO2 for the same
time period.

2.4. Extracellular collagen immunofluorescence

Cells were washed twice with Fluorobrite (Gibco, A1896701) and blocked with 3% bovine
serum albumin (BSA) (Sigma, A9418) for 30 min at room temperature then incubated for 90
min at 37°C with mouse monoclonal anti-collagen antibody (Sigma, C2456) (diluted 1:1000 in
3% BSA in Fluorobrite). Cells were washed twice with Fluorobrite and fixed for 15 min with
4% paraformaldehyde (PFA) (Scharlau, PA00950500) in phosphate buffered saline (PBS). The
cells were washed twice with PBS and incubated at 37 °C for 30 min with secondary antibody
solution of donkey anti-mouse Alexa Fluor 488 (Abcam, ab150105) (4 µg/mL) and Hoechst
34580 (Sigma-Aldrich, 63493) (1 µg/mL) in PBS. Coverslips were washed twice with PBS and
mounted on glass microscope slides (Corning) with Fluoromount-G mounting media (Invitrogen,
00-4958-02).

2.5. BG4 immunofluorescence

G4 structures in the nuclei were targeted with the structure-specific FLAG-tagged scFv-BG4
antibody (MABE917, Millipore).

To prevent the staining of cytoplasmic G4s, cells were prefixed with 2% w/v PFA in PBS for 2
min before incubation for 15 min at room temperature with cytoplasm removal buffer (20 mM
HEPES-KOH, 20 mM NaCl, 5 mM MgCl2, 300 mM sucrose, 0.5% v/v NP-40 Surfact-Amps
Detergent Solution (Thermo Fisher, 85124), pH 7.9 in PBS. Coverslips were briefly incubated
with 0.1% v/v Triton X-100 (Sigma-Aldrich, T8787) in PBS and PBS before being fixed for
20 min with 2% w/v PFA in PBS. Cells were washed twice with PBS and permeabilized with
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0.1% v/v Triton X-100 in PBS for 10 min, washed twice with PBS, and blocked with 2% w/v
BSA, 1% w/v skim milk in PBS at 4 °C overnight. Coverslips were inverted on 50 µL drops
of FLAG-tagged BG4 antibody (300 nM in 2% w/v BSA in PBS) on parafilm and incubated
at 37 °C for 1 h then washed three times with 0.1% v/v Tween 20 (Sigma-Aldrich, P9416) and
incubated with rabbit anti-FLAG antibody (Cell Signalling Technology, 2368) (diluted 1:1000 in
2% w/v BSA) for 1 h at 37 °C. Coverslips were washed three times with 0.1% v/v Tween 20
before incubation for 30 min at 37 °C with antibody solution containing goat anti-rabbit Alexa
Fluor 594 (ThermoFisher, A11037) (1 µg/mL) and Hoechst 34580 (1 µg/mL) in 2% w/v BSA in
PBS. Coverslips were washed thrice with 0.1% v/v Tween 20 and twice with PBS and mounted
on glass microscope slides (Fluoromount-G).

2.6. iMab immunofluorescence

DNA i-motifs were targeted with the structure specific FLAG-tagged scFv-iMab antibody [29].
Cells were prefixed with 2% w/v PFA in PBS for 2 min followed by incubation for 15 min at

room temperature with cytoplasm removal buffer. The coverslips were briefly incubated with
0.1% v/v Triton X-100 in PBS and PBS before being fixed for 20 mins with 2% w/v PFA in PBS.
Cells were washed twice with PBS and permeabilised with 0.1% v/v Triton X-100 for 30 min at 4
°C and washed twice with PBS. The cells were blocked overnight at 4 °C with 2% w/v BSA and
1% w/v skim milk in PBS then incubated overnight at 4 °C with the FLAG-tagged iMab antibody
(200 nM in 2% w/v BSA, 1% w/v skim milk in PBS). Coverslips were washed thrice with ice-cold
PBS and incubated for 45 mins at room temperature with rabbit anti-FLAG antibody (diluted
1:800 in 2% fish gelatin (Sigma, G7041), 0.5% w/v BSA, 0.1% v/v Tween 20 in PBS). Cells were
washed three times with ice-cold PBS and incubated for 45 min at room temperature with goat
anti-rabbit Alexa Fluor 594 (5 µg/mL) and Hoechst 34580 (1 µg/mL) in 2% fish gelatin, 0.5%
w/v BSA, 0.1% v/v Tween 20 in PBS. Coverslips were washed twice with 0.1% Tween 20 and
rinsed with PBS then mounted on glass microscope slides with Fluoromount-G mounting media.

2.7. γH2AX immunofluorescence

Cells were prefixed with 2% w/v PFA in PBS for 2 min, incubated with cytoplasm removal
buffer (20 mM HEPES-KOH, 20 mM NaCl, 5 mM MgCl2, 300 mM sucrose, 0.5% v/v NP-40
Surfact-Amps Detergent Solution (Thermo Fisher, 85124), pH 7.9 in PBS) for 15 min at room
temperature then washed with 0.1% Triton X-100 in PBS and PBS. The cells were fixed with 2%
w/v PFA in PBS for 20 min and washed twice with PBS then permeabilised with 0.1% v/v Triton
X-100 for 10 min at room temperature. The cells were washed twice with PBS and blocked with
3% w/v BSA in PBS for 1 h at room temperature then washed three times with PBS and incubated
for 2 h at room temperature with rabbit anti-γH2AX antibody (Abcam, ab11174) diluted 1:500
in 1% w/v BSA in PBS. Coverslips were then washed three times with PBS and incubated for 1 h
at room temperature with goat anti-rabbit Alexa Fluor 594 (diluted 1:1000) and Hoechst 34580
(1 µg/mL) diluted in 1% w/v BSA in PBS. Coverslips were washed with 0.1% v/v Tween 20 and
rinsed with PBS then mounted on glass microscope slides with Fluoromount-G mounting media.

2.8. Imaging and quantification

Imaging of the immunocytochemistry samples was performed via confocal microscopy (Nikon
A1 S1 and Nikon C2+), imaging nuclei (Hoechst 34580), extracellular collagen (AF488) and
BG4/iMab/γH2AX (AF594). For each antibody, identical acquisition settings were used for all
samples.

All images were analysed using FIJI software (2.1.0) [30], by maximum intensity z-projections.
For quantification of extracellular collagen, the AF488 channel had a binary threshold applied
and the area with intensities above this threshold was measured. The number of cell nuclei in
the image were measured from the Hoechst 34580 channel and the area of collagen per nuclei
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calculated. Foci per nuclei for γH2AX quantification was determined by first defining each cell
nuclei identified from the Hoechst 34580 channel as a region of interest (ROI) then applying a
binary threshold to the AF594 channel. For each ROI the ‘analyse particles’ function in FIJI was
run on the thresholded AF594 channel, returning a count of foci per nuclei. Average fluorescence
intensity per unit area for BG4 and iMab was measured by initially defining ROI corresponding
to each nucleus identified via the Hoechst 34580 channel then using the ‘measure’ function in
FIJI to measure the intensity of the AF594 channel and the area of the ROI, for each nucleus.
Significance was determined in the form of p-value via Student’s t-test that assumes the test
statistic follows a normal distribution.

2.9. qPCR

Expression of the COL1A1 gene was measured via quantitative polymerase chain reaction (qPCR).
Cells were harvested with 1× TrypLE, RNA extracted and purified using Rneasy Mini Kit (Qiagen,
74106) then reverse transcribed using QuantiTect Reverse Transcription kit (Qiagen, 205311). The
cDNA was then analysed using Quantinova SYBR Green PCR kit (Qiagen, 208056) on a Roche
LightCycler 480 II using the COL1A1 QuantiTect primer assay (Qiagen, QT00037793) with two
housekeeping genes, ACTB and GAPDH (Qiagen, QT01680476, QT00079247). Changes in gene
expression were determined via a comparative delta threshold cycle (∆∆CT), normalising against
the average of both housekeeping genes.

2.10. RNA-sequencing

Cells were harvested from two biological replicates with 1× TrypLE and RNA extracted and
purified using Rneasy Mini Kit (Qiagen, 74106). Quantification and quality control was conducted
via Nanodrop and Bioanalyser. RNA libraries were prepared using the TruSeq stranded total
RNA with Ribo-Zero Human/Mouse/Rat library prep kit (Illumina) and sequenced (Illumina
NovaSeq6000, 50× 106 reads per sample, 150 bp PE) by Macrogen Oceania.

2.11. Analysis

Quality control of the fastq files was conducted using FastQC. Reads were aligned to the hg38
reference genome using STAR (version 2.5.1a) [31]. Reads were assigned to genes and counts
generated using HTSeq (version 0.12.4) [32] using the Gencode gene annotation (Release 35
(GRCh38.p13)). Differential gene expression was analysed via EBSeq in R [33]. 255 genes
were identified as differentially expressed at an FDR < 0.05. Gene set enrichment analysis was
conducted on the genes ranked by log2FC× -log10(FDR) using the fgsea package [34]. Gene
ontology enrichment analysis was conducted on significantly differentially expressed genes with
FDR < 0.05 using the clusterProfiler package [35].

2.12. G4-iM grinder predictions

Potential sites of G4 and iM formation were predicted using the G4-iM Grinder function in R
[36]. Predictions were run on the entirety of the hg38 genome, using a threshold score of 40
for pG4s and −40 for piMs. pG4/piM were identified within the region spanning from 2000 bp
upstream to 1000 bp downstream of the transcription start site of the top 20 most significantly
differentially expressed genes.

2.13. Thermal modelling

Finite difference time and frequency domain simulation methods were implemented using the
COMSOL 5.4 Multiphysics package to model temperature fluctuations in the MMW-exposed cells.
The physics module of Electromagnetic waves frequency domain was conjugated via the MMW
heating Multiphysics interface to the Heat transfer module, which allowed transient estimation
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of sample heating and assessment of related dielectric losses. The raster-scanning pattern of
the experimental MMW exposure was computationally accounted for using the Laminar Flow
module. A single well of the 6-well plate was considered in the 3D model for simulation, which
included a typical WR12 waveguide (length 10 mm) with a rounded flange output port to account
for potential MMW reflections. Above the waveguide was a 1 mm air gap, a multi-well-plate
plastic bottom (0.75 mm) and the layer of cells covered by saline (2 mm) enclosed in a MMW
transparent, air-filled environment. 60 GHz, 100 mW MMW radiation was propagated through
the waveguide without loss.

The distribution of the MMW power density along the vertical axis and at selected horizontal
cross-sections was estimated from simulation using the relative permittivity (ε) and conductivity
(σ) of the model materials. Typical values taken at ambient conditions were used for the
polystyrene well (ε= 2.4, σ= 0.003) and the cell layer (ε= 34, σ= 50). The cell culture media was
approximated as 300 mOsm saline solution and dielectric permittivity was defined from the Debye
equation for a single relaxation time process, while the ionic conductivity was approximated by
the equation for low saline concentrations (< 1 M) [37]. Properties of the polystyrene 6-well
plate were measured using a commercial THz time-domain spectroscopy system (TeraPulse 4000;
TeraView, Cambridge, UK) over a wide temperature range of 24–45°C. Density, viscosity, and
heat capacity parameters were also introduced into the COMSOL model to improve the accuracy
of simulation. Values of other materials used in the model were defined from the COMSOL
libraries. A series of mesh sizes and parameter variations were used to confirm the absence of
strong frequency-specific resonances.

2.14. Infrared imaging

MMW-exposed cells in 6-well plates were imaged using a Testo 885 infrared camera during the
final raster cycle of the 5 h MMW exposure.

2.15. Thermal probe measurements

The temperature of media within the wells of the control and MMW-exposed cells in 6-well
plates were measured via a fiber optic probe (Opsens) after 0, 2, 4, or 5 h MMW exposure.

3. Results and discussion

In this study we adopted a raster scan setup for MMW exposure to prevent focused heating effects
as previous reports have shown the absorption of high power MMWs can cause thermal changes
in the skin [12,15,38–42]. We confirmed via experimental measurements and computational
modelling there was negligible associated heating (∆Tmax ∼ +1.2 °C) for the exposure time in our
experimental setup (Supplement 1, Fig. S1). Additionally, we confirmed that the raster scanning
motion and environment did not have an effect on collagen levels at the gene or protein level
(Supplement 1, Fig. S1).

To examine the effect of MMWs on primary human fibroblasts at the cellular level we
used immunocytochemistry to explore extracellular collagen, a common marker of fibroblast
stimulation. Increased collagen deposition was observed following MMW exposure (5 h per day
for 4 days; 46.8 J cm−2 d−1, total dose 187.2 J cm−2; Figs. 1(a) and 1(b)), with a corresponding
increase in alignment of the extracellular collagen fibres (Fig. 1(c)). We further corroborated this
at a transcriptional level using RT-qPCR which revealed that expression of COL1A1 expression
was both time- and dose-dependent, with a maximum 1.55-fold increase after 2 d (Fig. 1(d)
and Supplement 1, Fig. S2). These elevated levels of COL1A1 after 2 d drive the increase in
extracellular collagen after 4 d as per the well-characterised delay of protein changes relative to
mRNA changes [43,44]. Control experiments confirmed that COL1A1 expression and collagen
deposition by primary human fibroblasts was increased in response to TGF-β and unchanged
where MMW exposure was absent (Supplement 1, Fig. S1) [45].

https://doi.org/10.6084/m9.figshare.19609407
https://doi.org/10.6084/m9.figshare.19609407
https://doi.org/10.6084/m9.figshare.19609407
https://doi.org/10.6084/m9.figshare.19609407
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Fig. 1. MMWs induce a fibrotic response in primary human fibroblasts. (a) Representative
confocal images of day 4 MMW exposed primary human fibroblasts using a COL1A1
specific antibody (green: COL1A1, blue: nuclei, Hoechst 34580; magnification: 10x;
numerical aperture: 0.45; scale bar: 200 µm). (b) Quantification of extracellular collagen in
control and MMW-exposed cells shows the area of collagen produced per cell (*p < 0.05,
n ≥ 135 cells per condition, 36 images). Data is represented as mean± SEM. (c) Coherency
of the extracellular collagen fibers in control and MMW-exposed cells. Coherency was
measured from the alignment of collagen fibers in consistently sized regions of interest in
confocal images. (**p < 0.01, n= 72 regions of interest per condition). Data is represented
as mean±SEM. (d) Relative expression of COL1A1 mRNA after 2 d MMW exposure,
determined via qPCR. Data is represented as mean±SEM from three biological replicates
(*p < 0.05, n= 3).
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Next, we investigated transcriptome-wide alterations to gene expression levels with RNA-seq
as we show in Dataset 1 (Ref. [46]). Principal component analysis (PCA) revealed variations
between control and MMW-exposed cells (5 h per day for 2 d; 46.8 J cm−2 d−1, total dose 93.6
J cm−2), representing the unique effect of MMWs on the transcriptome (Fig. 2(a)). Analysis
of gene expression levels identified 255 significantly differentially expressed genes (DEGs)
between control and MMW-exposed samples with a false discovery rate (FDR) < 0.05 across
both biological replicates. Of these DEGs, 126 genes were upregulated and 129 genes were
downregulated (Figs. 2(b) and (c)). The RNA-seq results identified a 1.46-fold increase in
COL1A1 gene expression, similar to qPCR and confirming the altered collagen deposition is
driven by MMW-induced transcriptional modifications (Fig. 1(d)). Importantly, of the 255
MMW-induced DEGs, only 58 were also observed following TGF-β treatment (Fig. 2(d)), which
had a total of 1162 DEGs across both biological replicates (Supplement 1, Fig. S3). The
remaining 197 DEGs were unique to MMW-exposed cells and not significantly altered by TGF-β.
Additionally, only 45% of genes that are over- or under-expressed with |log2 FC| > 0.5 in
MMW-exposed cells are similarly up- or down-regulated by TGF-β treatment (Fig. 2(e)). Thus,
most genes are differently affected by MMW and TGF-β treatments, indicating that the observed
MMW-induced changes are different from the traditional cytokine-induced response.

Fig. 2. MMWs cause unique transcriptomic modifications. (a) Principal component
analysis (PCA) of RNA-seq data from untreated (control) and MMW-exposed primary
human fibroblasts. Dots represent samples, with condition indicated by colour and biological
replicate by shape. (b) MD plot reveals the log fold change and average abundance of
each gene, with significantly differentially expressed (FDR < 0.05) genes shown in red
(upregulated) and blue (downregulated). (c) Heatmap showing relative expression and
abundance of the top 200 differentially expressed genes. Colour corresponds to the relative
expression levels, while the intensity of the mean count column indicates the average
abundance of the gene. The mean counts of MMW up- and down- regulated genes are shown
by pink and green groupings in the boxplot. (d) Venn diagram of differentially expressed
genes (DEGs) by MMW exposure and transforming growth factor beta (TGF-β) treatment.
58 genes are differentially expressed by MMWs and TGF-β. (e) Chord diagram of all genes
with |log2FC| > 0.5 in expression following 2 d MMW exposure. Genes are compared with
their expression level in TGF-β treated cells, with log2FC > 0.5 in red, log2FC < −0.5 in
blue and −0.5< log2FC < 0.5 in grey.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197295
https://doi.org/10.6084/m9.figshare.19609407
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While we have shown via thermometry that there are negligible bulk heating effects using
our experimental set up, the potential for transitory localized heating to alter the temperature
distribution at the cellular level remains and has previously been presented as a mechanism
describing the interactions of electromagnetic radiation with cells [47]. However, the MMW-
induced transcriptomic modifications identified via RNA-seq do not include the markers of a
typical thermal response, suggesting that the effects do not arise as part of the cellular response to
heating but as a consequence of MMW interactions with biomolecules, possibly through transient
localized temperature fluctuations. Of note, only a single heat-shock related gene, HSPA8, is
differentially expressed by MMW exposure, while the remaining 208 genes related to heat shock
factor 1 (HSF1) activation, HSF1-dependent transactivation, cellular response to heat stress and
regulation of HSF1-mediated heat shock response pathways, and the production of heat shock
proteins are not differentially altered (Table S1).

Gene Set Enrichment Analysis (GSEA) and Gene Ontology (GO) analysis on the gene
expression data identified numerous pathways that are differentially modified by MMW exposure
(Fig. 3). In particular, many DNA- and cell cycle- associated pathways were identified as potentially
altered by MMW exposure, including DNA replication, packaging, and conformational change,
and S phase, M phase, and G2/M checkpoint processes. The disproportionate modification
of genes related to these pathways suggests they are specifically altered by MMW exposure.
Interestingly, cell cycle progression involves global chromatin restructuring and DNA replication,
representing additional potential MMW-induced DNA modifications. GO analysis of the gene
expression data for our positive control model of TGF-β treatment also identified numerous
significant pathways of interest (Supplement 1, Fig. S3). In contrast to MMW exposure, no
pathways associated with DNA structure or replication were altered. Rather, many pathways
relating to the extracellular matrix, actin filaments and the cell-substrate junction are significantly
modified, consistent with the increase in collagen deposition and COL1A1 expression observed
via immunocytochemistry and qPCR (Supplement 1, Fig. S1). The pathways affected by MMWs
differ considerably from TGF-β treatment, representing unique interaction mechanisms and
biological effects beyond altered collagen formation. Additionally, the pathways altered by
MMWs are also unique compared to other electromagnetic frequencies. Previously, Hough et al.
demonstrated that similarly high doses (44.3 J cm−2) of intense broadband terahertz pulses (0.6
THz peak-power frequency, bandwidth of 1.8 THz FWTM) also modify gene expression in skin
cells, however these genes are associated with cancer-related biological pathways [48,49]. The
difference between the genes and pathways altered by MMW and terahertz exposure confirms
that the biological interactions are frequency dependent, representing unique MMW effects.

MMW-induced transcriptomic modifications represent altered transcription of the affected
genes, a process that involves complex interactions between DNA-binding proteins and genomic
DNA sequences that are governed by sequence- and structure-specific interactions [50,51].
Several of the pathways associated with MMW-induced DEGs relate to DNA structural changes,
including DNA conformational change, packaging, geometric change, and duplex unwinding,
indicating MMWs may alter transcription at the DNA level. In particular, these pathways
represent processes that are associated with DNA secondary structures, including G4s and iMs.
Additionally, in previous in vitro studies of TGF-β-treated fibroblasts we have demonstrated that
an increase in COL1A1 gene expression and type 1 collagen protein levels are linked to changes
in G4 formation [28]. Thus, we evaluated the effects of MMWs on G4 and iM formation in
cells using the structure specific BG4 [52] and iMab [29] antibodies, respectively, as markers for
genomic conformational alterations. Significant decreases in both DNA G4 and iM formation
were observed following MMW exposure (Figs. 4(c) and (d)). Importantly, DNA G4s and iMs
both functionally contribute to transcriptional regulation [25,26] and these structural changes have
previously been associated with fibroblast stimulation [28]. We next tested if the observed changes
in G4s and iMs were associated with DNA double-stranded breaks. Immunocytochemistry
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Fig. 3. Biological pathway modifications from RNA-seq data of 2 day MMW exposed
cells. (a) Dot plot of gene ontology (GO) analysis of MMW differentially expressed genes
plotted against gene ratio. Color indicates the adjusted p-value of the pathway and dot size
corresponds to the number of DEGs in each pathway. (b) cnetplot of several pathways
identified by GO identifies the DEGs associated with each pathway. The relative expression
of each gene is represented by color, while size corresponds to the number of genes related
to each pathway. (c) Gene set enrichment analysis (GSEA) identifies pathways by expression
levels of relevant genes from RNA-seq of MMW-exposed cells. The distribution of genes
associated with each pathway is indicated (gene ranks), as is the normalized enrichment
score (NES) and adjusted p-value.

with a γH2AX-specific antibody revealed no change in the presence of phosphorylated histone
variant H2AX, indicating that the MMW exposure did not induce DNA damage (Supplement
1, Fig. S4). To further investigate the link between MMW altered DNA secondary structures
and the transcriptome, we utilised a G4 and iM prediction algorithm (G4-iM Grinder) [36]
to investigate the propensity for the promoter regions of MMW-induced DEGs to form these
secondary structures. Using a stringent threshold score of 40, we identified that of the top 20
DEGs, 16 contain at least one predicted G4- or iM- forming sequence (pG4 and piM, respectively)
within the region spanning from 2000 bp upstream to 1000 bp downstream of the transcription
start site (TSS), which includes distal, proximal, and downstream promoter regions that are
integral in regulating transcription [53,54]. Of these top 20 DEGs, 7 are downregulated and 13
are upregulated, of which 6 and 10, respectively, contain pG4 or piM sites which potentially
contribute to their transcriptional regulation (Fig. 4(e)). Many DEGs contain multiple G4/iM
formation sites and the possibility for formation of both structures. Of note, CDV3, CAMSAP2,
ITGAV, CLIC4, TSHZ2 all have a piM site less than 300 bp upstream of the TSS, while only
CAMSAP2 has a pG4 in this region. Furthermore, these 20 genes are associated with biological
pathways relevant to extracellular matrix components, such as collagen, and DNA structure,
including focal adhesion (5/20), cell cycle arrest (3/20) and DNA conformational change (3/20),
suggesting these G4 and iM structures are implicated in the biological responses to MMWs via
modulation of gene expression levels (Table S2).
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Fig. 4. G4 and iM populations are altered in MMW exposed cells. (a-b) Representative
confocal images of nuclei stained with the G4 and iM structure specific antibodies scFv-
BG4 and scFv-iMab, respectively (red: BG4, green: iMab, blue: nuclei, Hoechst 34580;
magnification: 100x; numerical aperture: 1.4; scale bar: 10 µm. (c) The average fluorescence
intensity/area of BG4 in the nuclei of control and MMW-exposed fibroblasts (****p <
0.0001, n= 117 nuclei). Data is represented as mean±SEM. (d) The average fluorescence
intensity/area of iMab in the nuclei of control and MMW-exposed fibroblasts (**p < 0.01,
n= 58 nuclei). Data is represented as mean± SEM. (e) Bar chart represents the propensity of
potential G4 (red) and iM (green) sites identified by G4-iM Grinder in the promoter regions
of the top 20 MMW differentially expressed genes.
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In this work we have correlated altered gene expression with genomic modifications and
collagen production, describing a potential MMW interaction mechanism not associated with
the typical cellular thermal response and the downstream effects. Previously, MMWs have been
shown to induce a range of biological effects at the cellular level, including alterations to neuronal
action potentials [12], membrane properties [13,14], and gene expression [15–19]. Of studies
investigating the effects of MMWs on gene expression, most use either low power exposures
and find minimal alterations [16–18], or very high powers, inducing significant heating and
alterations of heat-shock related genes [15,19]. Compared to these high-power studies which used
75 mW cm−2 and 20 mW cm−2 power densities and caused temperatures to increase above 41
°C, we observed transcriptomic modifications after 2.6 mW cm−2 exposures without significant
heating. Interestingly, Millenbaugh et al. also identified changes in several genes associated with
collagen production, suggesting this is a biological process often affected by MMW exposure [19].
Together these results indicate a strong power and dose dependence of MMW-induced effects,
representing an important avenue of future research to characterise MMW effects at biologically
relevant exposure levels, such as at the limits recommended by the International Commission on
Non-ionising Radiation Protection. Additionally, with a range of MMW frequencies proposed
for implementation in modern communication technologies, the frequency dependence of these
effects is an interesting area for future study.

In conclusion, our findings demonstrate that high dose MMWs can induce characteristic
transcriptomic and genomic modifications in primary human fibroblasts that are not associated
with a typical cellular thermal response. We show that MMW-induced changes at the transcriptome
level are distinct from a traditional cytokine-induced transition, and that they may be associated
with alterations in DNA structural dynamics. These changes represent unique interactions of
MMWs with biological material and illustrate the importance of both power density and dose
when determining safety margins for longer periods.
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