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Abstract

Hexavalent Chromium [Cr (VI)] is an established toxicant, carcinogen, and a significant source 

of public health concern. The multicopy ribosomal DNA (rDNA) array has been mechanistically 

implicated in aging and cancer, is the most evolutionarily conserved segment of the human 

genome, and gives origin to nucleolus, a nuclear organelle where ribosomes are assembled. Here 

we show that exposure to Cr (VI) induces instability in the rDNA, triggering cycles of rapid, 

specific, and transient amplification and contraction of the array in human cells. The dynamics 

of environmentally responsive rDNA copy number (CN) amplification and contraction occurs 

at doses to which millions of individuals are regularly exposed. Finally, analyses of human 

populations occupationally exposed to Cr (VI) indicate that environmental exposure history and 

drinking habits but not age shape extensive naturally occurring rDNA copy number variation. 

Our observations identify a novel pathway of response to hexavalent chromium exposure and 

raise the prospect that a suite of environmental determinants of rDNA copy number remain to be 

discovered.

Hexavalent Chromium [Cr (VI)] is an established human toxicant, carcinogen, and a 

significant source of public health concern. Human exposure to Cr (VI) occurs from 

both natural and anthropogenic sources with millions of exposed individuals worldwide, 

including occupationally exposed workers (Bianchi et al. 1980; Cohen et al. 1993; Tully 

et al. 2000; Bagchi et al. 2002; Chen and Shi 2002; Salnikow and Zhitkovich 2008; Arita 

and Costa 2009). Over 2,500 tons of Chromium is emitted to the atmosphere annually 

from anthropogenic sources in the US alone. Occupational exposure can be dramatic in 
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electroplating factories and welding environments, but exposure through the drinking water 

is also a perennial source of concern (Langard 1990; Cohen et al. 1993; Gibb et al. 

2000). Chromium content in the general population was estimated at 0.006 μg/L (0.01–0.17 

μg/L) in serum while occupational exposed workers in the US and England can display 

substantially higher levels (e.g., up to 216 μg/L in blood of workers from pigment factories). 

Cr (VI) undergoes intracellular reduction to Cr (III) by reductive agents; the reactive species 

produced during the reduction of Cr (VI) causes cytotoxicity and genetic damage (Shi 

et al. 1999; Liu and Shi 2001; Costa and Klein 2006). Multiple cellular pathways can 

repair Cr-damaged DNA: DNA double-strand breaks repair (DSB), mismatch repair (MMR), 

transcription-coupled nucleotide excision repair (TCR), among others (Hartwig et al. 2002; 

Hartwig and Schwerdtle 2002; Reynolds et al. 2004; Wise et al. 2008). One mechanism 

of chromium induced DNA damage is through the formation of Cr-DNA adducts initiated 

by Cr (III) that preferentially occur at GG di-nucleotides (Arakawa et al. 2012) and inhibit 

DNA replication and RNA transcription.

The ribosomal DNA (rDNA) array is an essential GC-rich multicopy DNA element of 

eukaryotic genomes. The 45S rDNA repeat unit is comprised of the 18S, 5.8S and 28S 

rDNAs; the rDNA array gives origin to the nucleolus, an energy intensive nuclear organelle 

and site of ribosomal RNA (rRNA) synthesis. Classical estimates of rDNA copy number 

(rDNA CN) indicated that Drosophila, mice, and humans harbored ~300 rDNA copies 

(Henderson et al. 1972; Henderson et al. 1974; Long and Dawid 1980; Stage and Eickbush 

2007; Stults et al. 2008). However, seminal population studies also documented extensive 

naturally occurring rDNA CN variation (Lyckegaard and Clark 1989; Rustchenko et al. 

1993; Stults et al. 2008), which has been confirmed with sequencing technologies (Gibbons 

et al. 2014; Gibbons et al. 2015). Substantial changes in rDNA CN were observed even 

between parents and offspring (Stults et al. 2008). This included the regular detection of 

completely new rDNA CN alleles in the offspring that were not present in either parent 

(Stults et al. 2008). Higher rDNA CN in blood has been recently suggested as a risk factor 

for increased lung cancer risk (Hosgood et al. 2019).

Nucleoli are dynamic structures that vary, both in size and appearance, from one cell type 

to another, and play a central role in myriad cellular processes (Pederson 1998; McStay 

and Grummt 2008; Boulon et al. 2010; Mayer and Grummt 2014). Nucleoli are the site 

of assembly of the ribosome, an essential cellular machine that is comprised of more than 

80 proteins and 4 ribosomal RNAs (the three 45S rRNAs - 18S, 5.8S, and 28S rRNA – 

and the 5S rRNA). Over 60–90% of all cellular RNAs are rRNAs, which are synthesized 

at exceptionally high rates to supply the thousands of ribosomes produced per minute in 

eukaryotic cells. Variation in the rDNA CN among individuals is functionally significant, 

with hundreds of genes across the genome displaying naturally occurring gene expression 

variation that was significantly associated with variation in rDNA CN (Gibbons et al. 2014). 

Impacts of chromium exposure on the rDNA arrays have not been reported.

Here we show that the human rDNA CN is exquisitely responsive to Cr (VI). Treatment 

at concentrations to which millions of individuals are regularly exposed triggered the rapid 

but transient amplification of the rDNA approximately 48hs after the onset of exposure 

in both immortal cell lines and primary cell cultures. Moreover, analysis of a population 
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of workers chronically exposed to Cr (VI) showed significantly lower rDNA CN in these 

individuals and a positive association with drinking habits in both exposed and non-exposed 

populations, whereas individual age was not associated with rDNA CN. Collectively, the 

data point to a model of genetic variation in the rDNA that is exquisitely dynamic and 

environmentally responsive.

Methods

Cell cultures and treatments

The human lymphoblastoid cell line (LCL) NA12043 was obtained from the Coriell Cell 

Repository. The cells were cultured in T25 flasks in RPMI 1640 (GIBCO™) medium 

supplemented with 10% fetal bovine serum (FBS) in a humidified incubator with 5% CO2 

at 37°C. Hela cells were cultured in T200 flasks with DMEM (Doubecco’s modified Eagle’s 

medium, GIBCO™) medium supplemented with 10% FBS and 1% glutamine in ambient 

condition as described above. Chemicals [5,6-dichloro-1-β-d-ribofuranosylbenzimidazole 

(DRB), RNA Polymerase III Inhibitor 1, 5-Aza-cytidine, 5-Aza-2’-deoxycytidine, Cisplatin, 

and Actinomycin D (AMD)] were dissolved in dimethyl sulphoxide (DMSO). Maximal final 

concentration of DMSO used in cell culture was kept below 0.1%. Potassium dichromate 

(K2Cr2O7) was prepared in RPMI-1640 without serum. The exposure window for all 

treatments (K2Cr2O7, CdCl2 and cellular inhibitors below) was 24h: cells were exposed 

for 24h, at which point the media was removed and cells washed twice with PBS, 

followed by an additional culture in fresh medium for 24h, 48h, 3 days, 7 days, and 14 

days. Peripheral blood mononuclear cells (PBMC) were obtained from different sources. 

PBMC (SBK) was purchased from a biotechnology company (Saibaikang, China). PBMC 

(donors) was isolated from peripheral blood of four healthy donors. Informed consent 

was provided all the subjects. PBMC cells were cultured in RPMI-1640 (HyClone, USA) 

supplemented with 10% fetal bovine serum (FBS, Gibco, USA), maintaining in an incubator 

with a humidified atmosphere of 5 % CO2. The physiologically relevant concentrations of 

potassium dichromate used here were selected according to previous studies in LCLs and 

a higher than 70% cell viability (Lou et al. 2013). Human LCLs were also exposed to 

Actinomycin D (AMD, 0.2μg/ml, an RNA Pol I inhibitor that disrupts nucleolar integrity), 

Cadmium (CdCl2, 5–20μM), 5,6-Dichlorobenzimidazole 1-β-D-ribofuranoside (DRB, 33 

mg/ml, an RNA Polymerase II inhibitor, RNA Polymerase III Inhibitor 1 (30μM), 5-Aza­

cytidine (10μM, a DNA methylation inhibitor), 5-Aza-2’-deoxycytidine (10μM, a DNA 

methylation inhibitor), and Cisplatin (20μM, a DNA damaging agent).

DNA isolation

A minimum of three biological replicates for each group were used for DNA isolation. 

Genomic DNA was isolated using QIAamp DNA Blood Mini Kit (Qiagen) and Wizard® 

Genomic DNA Purification Kit (Promega) following the manufacturer’s protocol. Low 

molecular weight (LMW) DNA was extracted with ZR BAC DNA Miniprep Kit (Zymo 

BAC) and Zyppy™ Plasmid Miniprep Kit (Zymo plasmid) following the manufacturer’s 

protocol. In addition, a Hirt solution was also used for LMW DNA isolation as previously 

described by Ziegler et al (Denham et al. 2014). Briefly, after rinsing cells with 125 μl of 

cold PBS, the cells were lysed by adding 125 μl of Hirt solution (1.2% SDS, 20Mm EDTA) 
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without pipetting, incubated at room temperature for 10 min, at which point 250 μl of 2M 

NaCl was added followed by incubation overnight at 4°C. After centrifugation at 14000g for 

40 min at 4°C, the supernatant was mixed with phenol:chloroform:isoamyl alcohol (25:24:1) 

by vortexing. The aqueous phase was transferred to a new tube after centrifugation at room 

temperature for 5 min at 16,000g, and 1μl of glycogen (20 μg/μl), 0.5 × volume of 7.5 M 

NH4OAc, and 2.5 × volume of 100% ethanol was added to the aqueous phase, placed the 

tube at –80°C overnight. DNA pellets were obtained by centrifuging at 4°C for 30 minutes at 

16,000g, followed by washing DNA with 70% ethanol. DNA pellets were dried at 56°C for 

1 min, re-suspended in AE buffer and preserved at −20°C. Total RNA was extracted using 

Trizol reagent (Invitrogen, USA) from cells before or after treatment with chromium. Purity 

and concentration of total RNA preparations was measured with a NanoDrop 2000 (Thermo 

Scientific, USA). Complementary DNA (cDNA) was synthesized from 500 ng of total RNA 

with First Strand Kit (Qiagen, Germany).

rDNA CN detected with Droplet digital PCR (ddPCR) and real time PCR (qPCR).

Droplet digital PCR (ddPCR) was performed according to the manufacture’s 

recommendation; Also see Miotke et al (Miotke et al. 2014). Briefly, digestion of gDNA 

with restriction enzyme Hind III overnight at 37°C was conducted as the initial step. The 

20 μl of PCR reaction consisted of 2×EvaGreen ddPCR Supermix (BioRad), primers at the 

final concentration of 125 nM, and 1 ng of digested genomic DNA (gDNA). Approximately 

20,000 droplets for each reaction mixture were generated with a droplet generator (BioRad 

QX200). The reaction was cycled with the following conditions: 5 min at 95°C (1 cycle); 

30s at 95°C and 1 min at 60°C (40 cycles); 5 min at 4°C and 5 min at 90°C (1 cycle), 4°C 

hold. QX200 droplet-reader (BioRad) was used to read cycled droplets. The concentration of 

each target was calculated using QuantaSoft software, and the CN of each rDNA component 

was normalized by the single copy genes TP53 and CCND1. Real time quantitative PCR 

was performed to detect rDNA CN with KAPA SYBR FAST Universal PCR Master 

Mix (Kapa Biosystems) using 7900HT Fast Real-time PCR system (Applied Biosystems). 

Twenty nanograms of gDNA and 125 nM of each primer were used in PCR reactions (40 

cycles of 10s at 95°C and 30 s at 60°C). Dissociation curves were used to assess unspecific 

amplification, and the data was normalized by delta CT values from single copy genes 

(TP53 and CCND1).

Immunofluorescence and confocal microscopy

After treatment, cells were fixed in methanol (5 minutes, RT), incubated in Image-iT FX 

signal enhancer (30 minutes, RT), and blocked in 3% BSA (1h, RT). Primary antibody 

against nucleolin (1/1000, Abcam) were diluted in 3% BSA and incubated overnight at 

4°C. After washing in TBST, secondary antibody (green) Alexa Fluor® 488 goat anti-rabbit 

IgG (H+L) (Abcam) was used at 1/1000 dilution for 1h. At the same time, Alexa Fluor® 

594 WGA (Abcam) was used to label plasma membrane (red). Images of cells were 

captured through a confocal microscope (Zeiss LSM) using a 63× lens, and the images 

were processed with Fiji software.
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Data analysis in cell culture experiments

All representative CN data were from at least three independent experiments for each point. 

One-way ANOVA followed by LSD post hoc test (equal variances) or Dunnett’s T3 post 

hoc test (unequal variances) was used to analyze the differences among treatments. Student’s 

t-test was used to determine the significance of differences in rDNA CN between control 

and exposed groups. Statistical analyses of the cell culture experiments were performed with 

SPSS 11.0.

Drosophila exposure

Drosophila (strain 29656, DSPR panel) was kept at 23°C in vials filled with molasses 

medium (850 mL of water, 5 g of agar, 27.5 g of Torula yeast, 52 g of corn meal, 55 

g of dextrose, and 40 mL of unsulfured molasses cooked at 95°C for 10 minutes). In 

order to generate a genetically homogeneous population in this inbred strain, individual 

crosses of single male and female were carried out for 5 generations immediately prior 

to the exposure experiment. Stability of the rDNA in the reference strain was checked 

periodically by qPCR and ddPCR. To evaluate the impact of Cr (VI) on rDNA stability, 

2-day-old flies (5 males and 10 females) were transferred to new vials with food containing 

0.25 mM of Cr (K2Cr2O7). After 3 days laying eggs, adult flies were discarded. Newly 

emerged male flies (F1) were collected daily to control for age and aged for 2 days in 

vials containing the same Cr-containing of food in which they were raised. At the end of 

day 2, flies were flash frozen in liquid nitrogen and stored at −80°C. This process was 

repeated for two additional generations to assess the effect of Cr (VI) on the F2 and F3 

progeny. After 3 generations (F3) in food containing Cr (VI), flies were transferred to 

regular medium (without chromium) and raised for 2 additional generations (F4 and F5). 

The F4 and F5 progeny raised in regular food were collected and handled according to the 

method described above.

Drosophila DNA isolation and rDNA CN

Sets of 10 flies were carefully ground with small pestles in 1.5 mL tubes immersed in dry 

ice. After obtaining a fine powder, tubes were transferred to regular ice for 5 minutes and 

DNA isolated with QIAamp DNA Mini Kit (Qiagen). The DNA samples eluted in 50 μl 

of 50 ug/mL of RNAse-A were incubated at room temperature for 20 minutes to eliminate 

RNA, and DNA concentration was estimated with Nanodrop. PCR reactions were carried 

out with KAPA Sybr Fast Universal qPCR kit (KAPA Biosystems), 20 ng of gDNA, and 125 

nM of primers to a final volume of 20 uL per reaction. Samples were submitted to Applied 

Biosystems 7900HT Fast Real-Time PCR System for 40 cycles (95°C for 10 seconds, and 

60°C for 45 seconds). Relative CN of the 5S and 5.8S rDNA were estimated relative to the 

single-copy reference gene elF5.

Human populations

Ribosomal DNA estimates were obtained from short-read DNA sequencing (DNAseq) data. 

We estimated rDNA CN in the blood of 1,092 individuals from The Cancer Genome Atlas 

(TCGA) panel using methods previously described (Gibbons et al. 2015). Additionally, 

human peripheral blood samples were collected from 92 workers occupationally exposed 
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to hexavalent chromium and 93 controls. The workers are electroplating workers; samples 

were collected at the end of the week. The characteristics of electroplating workers and 

controls are shown in Table 1. No significant difference of age, gender, smoking habits, and 

drinking consumption was found between these two groups. Our research was performed 

according to a protocol approved by the Ethics Committee of Zhejiang Academy of Medical 

Sciences (ZAMS). Written informed consents were obtained from subjects participating 

in this study. DNA samples were isolated from whole blood using NucleoSpin columns 

(Macherey-Nagel, Germany). rDNA CN was detected with ddPCR/qPCR as described 

above. Chromium concentrations in blood samples were measured with inductively coupled 

plasma-mass spectrometry (ICP-MS, PerkinElmer, USA) using aliquots of blood (0.2 ml) 

diluted with 5% v/v Tetramethylammonium hydroxide (TMAH) (Sigma–Aldrich, St. Louis, 

USA) solution. ICP-MS analyses were conducted after incubation at room temperature for 

10 min and determined with isotopes of 52Cr. Association between variables was evaluated 

with Spearman rank correlation. Differences in continuous variables were evaluated using 

Student’s t-test and nonparametric two-sample Wilcoxon test.

Results

Cr (VI) exposure induces a concentration-dependent amplification of the rDNA

We first addressed whether a 24h exposure to physiologically relevant concentrations of 

Cr (VI) (K2Cr2O7) can induce rDNA CN instability (Fig. 1). To address the issue, we 

treated (t=0) human lymphoblastoid cell lines (LCL) with a series of Cr (VI) (potassium 

dichromate) concentrations for 24h (the interval from the start time at t=0 to t=1 at 24h is 

the exposure window, EW) (Fig. 1). Cr (VI) exposure did not induce significant CN changes 

in neither the 5S nor the 45S rDNA arrays during the EW interval. While CN was stable 

over the 24h interval of exposure, continued incubation of the cells in fresh medium revealed 

a delayed response, with all 45S rDNA components sharply amplified after an additional 

48h culture in fresh medium (Fig. 2a; P < 0.05, Student’s t-test). The rDNA amplification 

occurred at all treatment concentrations and followed a simple dose-response relationship 

(Fig. 2a). Also, we observed modest but significant amplification of the unlinked 5S rDNA 

array at > 2.5 μM Cr (VI) (P < 0.05) (Fig. 2a). Finally, we addressed whether primary 

mononuclear blood cells isolated from normal individuals would be susceptible to Cr (VI)­

induced rDNA-amplification. Accordingly, treating freshly isolated PMBCs with Cr (VI) 

induced significantly amplification of the rDNA (Fig. 2b) in a manner that mimicked the 

initial observations with immortalized LCLs. Thus, physiologically relevant concentrations 

of Cr (VI) induced significant rDNA array stability in human cells.

Cr (VI) exposure induces nucleolar fragmentation

Nucleoli fragmentation has been observed before with classical inducers of nucleolar stress 

(e.g, Actynomycin D, AMD). Thus, we monitored nucleolar changes in human HeLa cells 

upon Cr (VI) exposure. The cells showed significant nucleolar fragmentation that was 

detectable during the 24h exposure window and rDNA amplification in the subsequent 48h 

after passage to fresh medium (Fig. 3, P < 0.01, Student’s t-test). The percentage of cells 

with one or two nucleoli decreased during or after Cr (VI) treatment, while the percentage 

of cells with three or more nucleoli increased significantly (Fig. 3; P < 0.01, Chi-square 
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test). Thus, Hela cells displayed nucleolar fragmentation and qualitatively similar dynamics 

of rDNA amplification after continued culture as we had observed for LCLs and PBMCs.

Blocking DNA replication attenuates Cr (VI) induced rDNA amplification

Because of the delayed rDNA CN amplification upon Cr (VI) exposure, we hypothesized 

that amplification was dependent on cell cycle progression. In order to investigate this 

hypothesis, we synchronized HeLa cells with thymidine, an agent that blocks DNA synthesis 

and cell cycle progression. Cells with or without thymidine pre-treatment were exposed to 

Cr (VI) for 24h. As in prior protocols, we removed the Cr (VI) containing media at the 

end of the 24h exposure window and continued with another 48h incubation of cells in 

fresh medium. The results further confirmed that Cr (VI) exposure induced rDNA CN in 

HeLa cells without thymidine treatment. Copy number of the 18S and 28S rDNA 48h after 

removal of Cr (VI) was amplified about two times above the baseline at the end of the 

exposure window (P < 0.01). However, upon thymidine treatment, Cr (VI) exposure failed to 

induce a significant increase of rDNA CN in any group (Fig. 4).

rDNA CN is robust to treatment with a variety of chemical inhibitors

Chemotherapeutic drugs are known to impact the ribosome biogenesis and nucleolar 

integrity, and the effects on the integrity of nucleus rely on the blockage of ribosomal 

biogenesis at early or late stage by inhibiting rRNA expression (Burger et al. 2010). Here 

we investigated the effects of five chemicals inhibitors on ribosomal DNA CN. As expected, 

LCL treatment with 0.08 μM of Actinomycin D (AMD), which is known to inhibit rRNA 

transcription in HeLa cells after 4μM exposure for 3h (Cong et al. 2014), significantly 

elevated rDNA CN. The rDNA amplification induced by AMD was higher than that induced 

by Cr (VI). On the other hand, neither Pol II or Pol III inhibitors nor a widely used DNA 

damaging agent (cisplatin) induced changes in rDNA CN (Fig. 5). These data indicate that 

inhibition of RNA polymerase I might be associated with rDNA amplification, whereas 

inhibition of RNA polymerase II or III does not impact rDNA CN. Finally, treatment with 

two DNA methyltransferase inhibitors that result in genome-wide demethylation (5-Aza­

cytidine and 5-Aza-2’-deoxycytidine) did not induce changes in rDNA CN (Fig. 5).

Cr (VI) induced rDNA amplification did not induce LMW rDNA fragments

In yeast, the rDNA arrays are known to produce low molecular weight circular molecules as 

well as fragments that are presumably produced during replication and transcription (Moller 

et al. 2015; Mansisidor et al. 2018). However, the prevalence of low molecular weight rDNA 

has remained uncertain in humans. Hirt extraction is the method of choice to identify low 

molecular weight (LMW) DNA emerging from the nuclear genome. Hence, to access LMW 

rDNA we used Hirt extraction as well as two kits [ZR BAC DNA Miniprep Kit (Zymo 

BAC), Zyppy™ Plasmid Miniprep Kit (Zymo plasmid)] for the isolation of plasmid DNA. 

These were contrasted with two procedures to isolate genomic DNA [QIAamp DNA Blood 

Mini Kit (Qiagen) and Wizard® Genomic DNA Purification Kit (Promega)]. Noteworthy, 

quantification of rDNA CN by qPCR and ddPCR yielded relative estimates that were highly 

correlated (rho= 0.93 for 5S, rho= 0.97 for 18S, rho= 0.92 for 5.8S, rho= 0.92 for 28S, P < 

0.01).
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We used estimates of mtDNA CN in each extraction method as an indicator of the efficiency 

to isolate high and low molecular weight DNA. Our results showed similarly low mtDNA 

CN estimates in DNA extracted with Qiagen and Promega kits (Fig 6a), which indicate 

enrichments in high-molecular weight DNA. On the other hand, mtDNA CN in LMW 

DNA was substantially higher (P < 0.01), with over 3000-fold enrichment in mtDNA 

in LMW pool relative to HMW DNA (Fig. 6a). In particular, LMW isolated with Zymo­

BAC kit showed the highest mtDNA CN estimate. Hence, we assessed the differential 

representation of rDNA copies in HMW vs LMW pools using Qiagen kit and Zymo-BAC 

to isolate genomic HMW DNA and LMW DNA, respectively. As expected, both qPCR and 

ddPCR (Fig. 6b) showed that, relative to single copy nuclear genes, the number of rDNA 

molecules was significantly higher in LMW than in HMW DNA (P < 0.01) (ratio of LMW 

rDNA/LMW single copy genes >> HMW rDNA/HMW single copy genes). This is partially 

because of a small denominator due to single copy genes being negligeable small in the 

LMW pool. However, we note that rDNA copies in LMW DNA pool were also significantly 

smaller than in the HMW DNA pool (P < 0.01).

Next, we addressed the potential for Cr (VI) to differentially affect the pools of high and 

low molecular weight rDNA. To address the issue, we exposed LCLs to 5 μM of Cr (VI) 

for 24h followed by additional 24h and 48h incubation in fresh medium after removal 

of Cr (VI). As previously observed, Cr (VI) induced rDNA CN amplification in genomic 

DNA (Figs. 2–5). However, analysis of LMW DNA pool indicated that rDNA abundance 

in LMW DNA remained stable during the same period (Fig. 6d). Thus, we conclude that 

while the abundance of rDNA relative to single copy DNA was much higher in LMW DNA 

than in HMW genomic DNA preps, Cr (VI) exposure did not increase the prevalence of 

low-molecular weight rDNA fragments.

Cr-induced rDNA-amplification is transient and followed by rapid contraction.

To investigate the long-term effects of Cr (VI) on rDNA CN, we monitored the dynamics 

of Cr (VI) induced rDNA amplification over a two-week interval. Based on results from the 

concentration-response curves and empirical estimates of Cr concentration in human blood, 

we chose 5 μM of Cr (VI) as the concentration of choice. Following the same exposure 

paradigm, human LCLs were treated with Cr (VI) for 24h. Cr (VI) was removed at 24h 

after the onset of exposure and cells were maintained with fresh medium for an additional 2 

weeks. rDNA CN was detected at five time points: prior to exposure (t=0), immediately after 

the exposure window (t=1), 72h after the end of the exposure window (t=3), 7 days after the 

end of the exposure window (t=4), and 2 weeks after the end of the exposure window (t=5). 

We observed a peak in rDNA CN three days after the end of the exposure window (Fig. 

7). Surprisingly, however, rDNA CN in exposed cells returned to the level of the control 

group within one week after removal of Cr (VI) (Fig. 7). To further investigate this, we 

assayed adult Drosophila exposed to Cr (VI). Exposure occurred throughout development as 

unexposed adults layed eggs into Chromium containing food where flies developed from egg 

to larvae and into adults. We observed a significant increase in rDNA CN in flies exposed 

to Cr (VI) throughout their development (P < 0.01, Student t-test). The magnitude of the 

amplification became more pronounced upon multiple consecutive generations of exposure 

(Fig. 7). However, and in agreement with human cell experiments, relief from Cr (VI) 
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exposure by transferring exposed flies to lay eggs in regular food caused rDNA CN values to 

return to their original estimates in a single generation.

Extensive naturally occurring rDNA CN is partially modulated by exposure history.

Here we further revisited the extent of rDNA CN in natural human populations using short 

DNA sequencing reads (Gibbons et al. 2014) to genotype blood samples of 1,092 individuals 

from the TCGA panel. The data confirmed extensive rDNA CN diversity in humans (Fig. 

8; Mean = 538 copies per diploid genome; range = 131–1,070 copies); substantial rDNA 

CN variation is also detected across 205 inbred Drosophila genotypes of the Drosophila 

Genetic Reference Panel (DGRP) (Fig. 8). Noteworthy, we found no association between 

rDNA CN and age in humans. Next, we addressed the hypothesis that rDNA CN is partially 

linked to Cr (VI) exposure history in a population with chronic occupational exposure to 

metals. We evaluated rDNA CN in 92 workers occupationally exposed to Cr (VI) and other 

metals and in a control group of 93 individuals not occupationally exposed to Cr (VI) 

and matched for age, gender, smoking habits, and drinking consumption. As expected, the 

exposed population had higher levels of Cr (VI) in blood (9.58μg/L in exposed workers vs 

4.41μg/L in non-exposed controls, P < 0.01, Student’s t-test). Surprisingly, 45S rDNA CN 

was significantly lower in the exposed population (Fig. 8) for all components tested (P < 

0.01, in all three components). Similarly, the 5S rDNA was also significantly lower in the 

exposed population (5S: 3.46±0.79 in exposed workers vs 4.83±0.84 in the non-exposed 

control, P < 0.01). Finally, neither age nor smoking habits were associated with rDNA CN 

(Fig. 8), whereas a significant positive association between rDNA CN and drinking habits 

is manifested in both exposed and non-exposed populations (Fig. 8). Collectively, the data 

indicate that environmental exposure history can partially explain the extensive diversity of 

rDNA CN in natural populations.

Discussion

Exposure to environmental toxicants is ubiquitous through the life-course. For instance, 

considerable levels of chromium, lead, and cadmium is in the drinking water and food 

sources of millions of individuals worldwide (IARC 1990; Mancuso 1997a; Mancuso 

1997b; Smith and Steinmaus 2009). Occupational exposure in pigment factories or 

welding environments cause substantially higher daily exposures that result in individuals 

displaying blood Cr (VI) concentration that can be >5–10x higher than those found in the 

general population (IARC 1990; Mancuso 1997a; Mancuso 1997b; Smith and Steinmaus 

2009). Exposure to Cr (VI) at physiologically relevant doses for 24h induced a delayed 

concentration-dependent rDNA amplification response. Once triggered, the amplification 

process was sustained for at least three days after removal of Cr (VI) with progressive 

increases in CN during the interval. Surprisingly, wild-type rDNA CN was eventually 

restored upon continued culturing: the rDNA CN was amplified, peaked, and returned to 

wild-type levels within 7 days of exposure. Restoration of the original rDNA CN upon 

removal of the exposure might be partially due to genetic determinants of rDNA CN.

The rDNA array gives origin to the nucleolus, a crucial organelle sensing cellular stress and 

coordinating metabolism, energy status, and nuclear architecture (Pederson 1998; Boulon et 
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al. 2010; O’Sullivan et al. 2013; Yu and Lemos 2018). Copy number of the rDNA has an 

outsize importance to nucleolus function and is intricately linked to overall cell physiology, 

proliferation, genome integrity, and genome-wide gene expression (Ide et al. 2010; Gibbons 

et al. 2014; Wang and Lemos 2017). Links between rDNA CN and global gene expression 

control have been suggested to partially reflect a regulatory architecture that functions 

to maintain a balanced stoichiometry of protein and RNA components of the ribosome 

(Birchler et al. 2005; Birchler and Veitia 2012; Gibbons et al. 2015; Birchler et al. 2016; Yu 

and Lemos 2018).

Environmental modulation of rDNA CN further contributes to naturally occurring rDNA 

diversity. Millions of individuals worldwide are regularly exposed to chromium and other 

metals through drinking water, diet, or via occupational exposure. Cr (VI) undergoes 

intracellular non-enzymatic reduction to Cr (III), a very toxic species that causes genetic 

damage (Shi et al. 1999; Liu and Shi 2001; Costa and Klein 2006). Upon exposure, 

multiple cellular pathways contribute to repair of chromium damaged DNA: mismatch repair 

(MMR), transcription-coupled nucleotide excision repair (TCR), DNA double-strand breaks 

(DSB) repair, among others (Hartwig et al. 2002; Hartwig and Schwerdtle 2002; Wise et 

al. 2008). One mechanism of damage is through the formation of Cr-DNA adducts that are 

initiated by Cr (III) and that preferentially occur at GG di-nucleotides (Arakawa et al. 2012). 

Such Cr-DNA interactions are likely to impact DNA repair processes that are specific to the 

nucleolus (van Sluis and McStay 2015; Warmerdam et al. 2016).

Low molecular weight (LMW) DNA in cell-free blood samples has long been linked 

to pathological conditions including carcinogenesis (Belokhvostov and Zelenkova 1978; 

Stroun et al. 1987), prenatal diseases (Lo et al. 1999), stroke (Rainer and Lam 2006), and 

xeroderma pigmentosum (Hurt et al. 1983). Elevated levels of LMW DNA are associated 

with genomic instability, aging, and cancer (Sinclair and Guarente 1997; Cohen and Lavi 

2009) and has suggested to be toxic to cells (Sinclair and Guarente 1997). The formation 

of LMW DNA from the nuclear genome may occur through excision of chromosomal 

sequences (Cohen and Lavi 2009), rejoining of ends of fragmented DNA (van Loon et al. 

1994), and homologous recombination (Stanfield and Helinski 1986; Cohen et al. 2008; 

Moller et al. 2015). It partially originates from the genome as extrachromosomal circular 

DNA (eccDNA). Here we investigated the rDNA in LMW DNA isolated with Hirt assays 

and commercial kits. We used mtDNA abundance as a control to evaluate methods to isolate 

LMW DNA. We observed that the relative abundance of the rDNA compared to single 

copy sequences was much higher in LMW DNA preparations than that in HMW genomic 

DNA. The increased relative abundance of rDNA in LMW DNA as compared to genomic 

DNA is expected because repetitive sequences are shed from internal chromosomal locations 

during replication in normal cells. However, here we observed that Cr (VI) did not affect 

the abundance of rDNA CN in LMW DNA fraction which remained stable in our study. 

The data argues against a model in which increased amount of LMW DNA may be either 

responsible for or a byproduct of Cr (VI) induced rDNA amplification.

Intriguingly, populations experiencing long-term exposure to Cr (VI) in the workplace 

displayed lower rDNA CN. While the dose and temporal variation in Cr (VI) exposure 

in these individuals is unknown, most of them have been exposed to metal mixtures over 
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several years. Noteworthy, both human cells and Drosophila manifested a slightly lower 

CN immediately after contraction relative to the value prior to exposure, although the loss 

was minimal and not statistically significant in our study. Conceivably, chronically exposed 

individuals have experienced multiple cycles of rDNA expansion and contraction, with 

rDNA loss emerging as the net result of exposure over a prolonged period. Intriguingly, 

rDNA instability and net rDNA loss is also observed in cancers (Stults et al. 2009; Wang and 

Lemos 2017; Xu et al. 2017). Finally, the data also revealed an unexpected but significant 

positive association between rDNA CN and alcohol drinking habits in both exposed and 

control populations. The observations point to dynamic expansions and contractions that 

can be reconciled with evidence that rDNA CN is not in linkage with single nucleotide 

polymorphisms at segments flanking the array (Gibbons et al. 2015). One interpretation we 

previously advanced is that rDNA CN within individuals is constrained by stoichiometric 

demands and developmentally established with genetic and environmental determinants 

(Gibbons et al. 2015; Wang and Lemos 2017). Collectively, the data suggest a complex 

population dynamic of environmentally responsive rDNA CN variation.

Complex quantitative phenotypes are the result of genetic and environmental factors 

that manifest themselves through epigenetic processes (Waddington 1942a; Waddington 

1942b; Visscher et al. 2008; Slatkin 2009; Furrow et al. 2011; Gibson 2012; Boyle et al. 

2017). Rapid and reversible heritable responses to the environment over short timescales 

typically emerge through dynamic epigenetic chemical modifications on the DNA or 

protein molecules. However, multicopy DNA arrays can also be exceptionally dynamic 

with mutation rates that have challenged allelic characterization even in parent-offspring 

trios (Jeffreys et al. 1985b; Jeffreys et al. 1985a; Jeffreys et al. 1988; Stults et al. 2008). 

Evidently, an exquisitely labile rDNA genotype could contribute to heritability components, 

but the locus ability to be environmentally modulated present both conceptual and analytical 

challenges. This is because rDNA CN behaves as a polygenic quantitative trait that 

is dynamically modulated on the rapid timescale expected for epigenetic modifications. 

Thus, clear-cut distinctions between genetic and environmental influences on organismal 

phenotypes are bound to be blurred in the context of environmentally responsive rDNA 

elements.
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Figure 1. 
Ribosomal DNA (rDNA) structure and environmental exposure. (a) In the human genome, 

the 45S rDNA unit (encoding the 18S, 5.8S and 28S rRNAs) is tandemly arrayed in 

nucleolar organizer regions (NORs) residing on five acrocentric chromosomes (13, 14, 15, 

21 and 22). While the tandemly repeated cluster encoding the 5S rRNAs is located on 

chromosome 1. (b) Paradigm for hexavalent chromium [Cr (VI)] exposure.
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Figure 2. 
Hexavalent chromium [Cr (VI)] induces rDNA-amplification in human cells. (a) Dose 

dependent amplification of the rDNA array in genomic DNA from human LCLs exposed 

to hexavalent chromium [Cr (VI)]. Dose response relationships from exposure with the 

following concentrations of Cr (VI): 1.25 μM, 2.5 μM, 5 μM, 10 μM and 20 μM. Shown 

are rDNA CN estimates prior to the onset of exposure, immediately after the 24h exposure 

window (t = 1), and after continued culture for 48h after the end of the Cr (VI) exposure 

window, EW [t = 2, 48h after the end of the EW)]. Copy number of the 5S and 45S (18S, 

5.8S, 28S) rDNA components were normalized with single copy genes TP53 and CCND1 

(qPCR and ddPCR). Bars denote standard deviation; fold changes are shown relative to 

unexposed control (* P < 0.01; # P < 0.05). (b) Exposure to hexavalent chromium [Cr (VI), 

5 μM] induces rDNA amplification in primary human cells. Peripheral blood mononuclear 

cells (PBMC) were isolated from commercially obtained primary mononuclear cells [PBMC 

(SBK)] or anticoagulated blood from donors [PBMC (donors)]. Cells were treated with 5 

μM of K2Cr2O7 for 24h, transferred to fresh medium, and incubated for additional 3 days 

without chromium. rDNA CN estimates as in (a) above (mean of 45S components is shown).
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Figure 3. 
Hexavalent chromium [Cr (VI)] induces nucleolar fragmentation. (a, b) Treatment with 5 

μM in Hela cells; t=1 and t=2 as in Figure 2. t=0 is the control. Images were captured 

through a confocal microscope (Zeiss LSM) using a 63× lens; images were processed with 

the Fiji software. Nucleolus (green) stained with antibody against nucleolin were counted 

across 3 independent experiments (>50 cells in each replicate). Plasma membrane stained in 

red. Number of nucleoli counted for >75 cells in each treatment (* P < 0.01, Fisher’s exact 
test). (c) rDNA CN estimates as in figure 2 (mean of 45S components is shown).
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Figure 4. 
Blocking DNA synthesis prevents Cr (VI)-induced rDNA amplification. Double thymidine 

treatment attenuated Cr (VI) induced rDNA amplification. rDNA CN was detected in 

genomic DNA samples from HeLa cells (with or without a double thymidine pre-treatment) 

before (t=0) and after exposure to 5μM Cr (VI) for 24h (t=1), and from cells after continued 

culture for 48h (t=3). rDNA CN were normalized by the control at each time point. Symbols 

denote a significant difference between control and treatment (* P < 0.01; # P < 0.05).
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Figure 5. 
rDNA CN is stable to treatment with a variety of chemical inhibitors. Human LCLs were 

exposed to Cr (VI) (5μM), Cadmium (CdCl2, 10μM), Actinomycin D (AMD, 0.2μg/ml), 

Cisplatin (20μM), RNA Polymerase III Inhibitor (30μM), 5,6-Dichlorobenzimidazole 1-β­

D-ribofuranoside (DRB, 33 mg/ml), 5-Aza-cytidine (10μM), and 5-Aza-2’-deoxycytidine 

(10μM). rDNA CN immediately prior to the onset of exposure (t=0, denoted in blue). In 

all cases cells were exposed for 24h (t=1 is the end of the exposure window, denoted in 

red). Cells were further incubated in fresh medium for an additional 48h after the end of 
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the exposure window (t=2, denoted in green). Fold changes are shown relative to unexposed 

control. Asterisks denote a significant difference between control and treatment (* P < 0.01).
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Figure 6. 
Cr (VI) exposure does not increase the abundance of low molecular weight rDNA fragments. 

(a) DNA isolation and estimates of LMW DNA in human LCLs. Mitochondrial DNA 

(mtDNA) abundance was detected (qPCR and ddPCR) from DNA isolated with Qiagen 

genomic DNA kit (HMW1), Promega genomic DNA kit (HMW2), Zymo plasmid kit 

(LMW1), Hirt solution (LMW2), and Zymo Bac kit (LMW3); Zymo plasmid kit, Hirt 

solution, and Zymo Bac kit significantly enriched for LMW mtDNA. Estimates of mtDNA 

abundance with a primer targeting the mitochondrial COX1 gene and normalized with the 

single copy genes TP53 and CCND1. (b) rDNA abundance detected in HMW and LMW 

DNA. Data for 18S and 28S components was normalized with the single copy genes 

TP53 and CCND1. (c) Comparing the rDNA CN induced by Cr (VI) between genomic 

DNA (gDNA) and low molecular weight DNA (LMW DNA). The rDNA CN was detected 

with qPCR in genomic DNA (c) and low molecular weight DNA (d) from Human LCL 

cells after being exposed to 10 μM Cr (VI) for 24h [Cr(VI)-24h] and from cells with an 

additional incubation of 24h [Cr(VI)-24R] or 48h [Cr(VI)-48R] after removing Cr (VI). Data 

was normalized by the single copy gene TP53. Asterisks represent a significant difference 

between groups (P < 0.01).
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Figure 7. 
Cr (VI) induced rDNA amplification is transient. Temporal dynamics of rDNA amplification 

and subsequent contraction following an event of Cr (VI) exposure in LCLs. (a) rDNA CN 

estimates from genomic DNA before and after exposure to 5 μM Cr (VI) for 24h (24h) and 

from cells with an additional post exposure incubation period of three days (3d), seven days 

(7d), and two weeks (14d) after the removal of Cr (VI). Relative CNs are normalized by the 

control at each time point, and the bars in each represent the standard deviation. Symbols 

denote a significant difference between control and treatment (* P < 0.01; # P < 0.05). (b) 

Cr (VI) induced rDNA CN amplification in Drosophila. Parental flies layed eggs in food 

containing 0.25 mM of Chromium (K2Cr2O7). After 3 days laying eggs, adult flies were 

discarded. Newly emerged flies (F1) were collected daily and genotype or replicated for 

continued culture in Cr (VI) containing food. A set of F3 adults were returned to regular 

food for egg laying. F4 flies developed in regular food without Cr (VI).
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Figure 8. 
Extensive ribosomal DNA CN variation in human populations is associated with exposure 

history but not age. (a) Violin plots show 45S rDNA CN variation in fruit flies (205 

genotypes of the DGRP panel) and humans (1,092 individuals from the TCGA panel 

with African, Caucasian, and Asian ancestry; DNA from whole blood). (b) rDNA CN 

variation in a population of Chinese workers occupationally exposed to Cr (VI) and controls 

demographically matched and sampled in the same city. Copy number of the 5S and 45S 

are correlated with each other, whereas neither 5S CN nor 45S CN are correlated with 

individual age. (c) rDNA CN is significantly reduced in individuals occupationally exposed 

to Cr (VI) (right panel) relative to controls (left panel) in each rDNA component assessed 

(P < 0.001), while positively associated with drinking habits (X-axis; 0 = no drinking, 

1 = occasional drinking, 3 = regular drinking) in both control (left panel) and exposed 
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(right panel) populations (grey areas represent 95% confidence intervals for the linear 

coefficients).

Lou et al. Page 25

Environ Int. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lou et al. Page 26

Table1.

Characteristic of electroplating workers and controls. Blood concentration of Chromium (BCr, ug/L)

Characteristic
Control Exposed

Z/X2 P
(n=93) (n=92)

Age 43.16 ± 7.23 42.26 ± 9.09 −0.839 0.401

Gender 0.959 0.327

Male 76 (81.7%) 80 (87.0%)

Female 17 (18.3%) 12 (13.0%)

Smoking −2.279 0.023

No 45 (48.4%) 25 (27.2%)

Occasionally 6 (6.5%) 15 (16.3%)

Often 42 (45.1%) 52 (56.5%)

Drinking −0.361 0.718

No 39 (41.9%) 43 (46.7%)

Occasionally 42 (45.2%) 26 (28.3%)

Often 12 (12.9%) 23 (25.0%)

Exposure (Years) - 8.14 ± 5.88

BCr, mean ± SD (Range) 4.41 ± 3.63 (0.01–22.08) 9.58 ± 15.44 (0.04–58.60) −1.882 0.06
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