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Abstract

Hutchinson Gilford Progeria Syndrome (HGPS) is a devastating accelerated aging disease caused 

by LMNA gene mutation. The truncated lamin A protein produced “progerin” has a dominant 

toxic effect in cells, causing disruption of nuclear architecture and chromatin structure, genomic 

instability, gene expression changes, oxidative stress, and premature senescence. We previously 

showed that progerin-induced genomic instability involves replication stress (RS), characterized 

by replication fork (RF) stalling and nuclease-mediated degradation of stalled forks. RS is 

accompanied by activation of cGAS/STING cytosolic DNA sensing pathway and STAT1-regulated 

interferon (IFN)-like response. We also found that calcitriol, the active hormonal form of vitamin 

D, rescues RS and represses the cGAS/STING/IFN cascade. Here, we delve into mechanisms 

underlying RS in progerin-expressing cells and the rescue by calcitriol. We find that progerin 

elicits a marked downregulation of RAD51, concomitant with increased levels of phosphorylated-

RPA (P-RPA), a marker of RS. Interestingly, calcitriol prevents RS and activation of the cGAS/

STING/IFN response in part through maintenance of RAD51 levels in progerin-expressing cells. 

Thus, loss of RAD51 is one of the consequences of progerin expression that could contribute to 

replication stress and activation of the IFN response. Stabilization of RAD51 helps explain the 

beneficial effects of calcitriol in these processes.

Introduction

To date, more than 450 mutations in the LMNA gene have been associated with degenerative 

disorders, broadly termed laminopathies, which include muscular dystrophies, neuropathies, 

lipodystrophies, and progeroid or premature aging diseases such as Hutchinson Gilford 

Progeria Syndrome (HGPS) [1, 2]. In addition, changes in the expression of lamins, 

especially downregulation, have been associated with poor prognosis in many cancers [3]. 

These data and the role of lamins in the maintenance of genome stability and function 

provide evidence for lamins functioning as “genome caretakers”. Although many studies 
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support that lamins are important for DNA repair, DNA replication, and telomere biology, 

the underlying mechanisms remain poorly understood [4, 5].

Our previous studies in progerin-expressing cells revealed accumulation of DNA damage 

and replication stress (RS) [6, 7]. In fact, the replication defects in progerin-expressing cells 

are more robust than in lamins-depleted cells, causing replication fork (RF) stalling in 

addition to fork degradation by nucleases [7]. Although the mechanisms underlying the 

detrimental effects of progerin in DNA replication are not fully understood, some studies 

have shown that progerin sequesters PCNA (Proliferating Cell Nuclear Antigen), a key 

factor in replication, away from the RF [8]. In addition, aberrant degradation of RFC1 

(Replication Factor Complex 1) by serine proteases in progerin-expressing HGPS fibroblasts 

has been associated with defective loading of PCNA and Pol δ onto DNA for replication [9]. 

RFC1 degradation and PCNA sequestration could explain the increase in RF stalling by 

progerin. In addition, we found that forks are susceptible to Mre11 nuclease-mediated 

degradation in progerin-expressing cells. As such, inhibition of Mre11 nuclease activity by 

Mirin rescues RF instability (RFI) [7]. This suggests that progerin might hinder not only 

replication fork progression by eliciting the mis-localization of replisome factors such as 

PCNA and RFC, but also the proper recruitment of RF protective factors during instances of 

RS.

Interestingly, our studies provided a link between RFI and activation of a cell-intrinsic innate 

immune response. We found that RS in progerin-expressing cells is accompanied by 

upregulation of the cGAS (cyclic-GMP-AMP synthase)-STING (stimulator of interferon 

genes) pathway of cytosolic DNA sensors and a STAT1-mediated interferon (IFN)-like 

response. Recently, cGAS, STING, and the downstream IFN response have been in the 

spotlight for their role in senescence/aging, cancer, and response to cancer immunotherapy 
[10, 11]. The view is that genomic instability due to DNA repair deficiencies, replication 

stress (RS), or exposure to genotoxic agents causes aberrant accumulation of self-DNA in 

the cytoplasm [11, 12, 13]. This is sensed by cGAS, which catalyzes the production of 

cGAMP. As a second messenger, cGAMP binds to STING, which undergoes a 

conformational change that activates TBK1 and IRF3 proteins, triggering the IFN response 
[14]. This cascade concludes with activation of pro-inflammatory programs such as the 

senescence-associated secretory pathway (SASP) that has dichotomous roles in aging and 

aging-related diseases such as cancer and cardiovascular disease [11, 15].

Here, we show that expression of progerin leads to a rapid loss of RAD51 transcript and 

protein levels, coinciding with phenotypes of replication fork instability (RFI) and activation 

of cGAS/STING/IFN cascade. Interestingly, pre-treatment of cells with calcitriol prevents 

the loss of RAD51, the RFI phenotype, and the activation of the cGAS/STING/IFN pathway 

upon progerin expression. These results support a key role for the active hormonal form of 

vitamin D ameliorating the toxic aging effects of progerin.
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Results

Progerin expression causes replication fork instability that is rescued by calcitriol

In this study, we used a stable cell line of human derived fibroblasts (HDFs) containing a 

doxycycline-inducible GFP-progerin expression construct to monitor the effects of progerin 

induction over time [16]. As control, we used HDFs with doxycycline-inducible GFP-lamin 

A. Doxycycline (1 μg/ml for GFP-progerin and 32 ng/ml for GFP-lamin A) or vehicle were 

added to HDFs and cells collected every 24 hours to monitor expression of GFP-progerin or 

GFP-lamin A by immunoblotting (Fig 1A). To test the impact on replication, we performed 

single-molecule replication analysis (DNA fiber assays). We labeled cells with two 

thymidine analogs -iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU)- for equal 

periods of time (20 min), followed by DNA spreading and immunofluorescence to detect 

newly replicated DNA (Fig 1B). Progressing forks (continuous IdU-CldU label) were 

scored, the length of red and green tracts measured, and the ratio CldU/IdU calculated. 

Control cells (not treated with doxycycline) or cells overexpressing GFP-lamin A show 

similar length of red and green tracts, and an average ratio CldU/IdU of ~1, indicating 

normal replication fork (RF) progression (Fig 1B). In contrast, expression of GFP-progerin 

caused shortening of the green tracts and an average ratio CldU/IdU<1, characteristic of 

replication fork instability (RFI), as early as 24 hours post-induction. This RFI was 

exacerbated 48 hours after progerin induction. This represent a robust replication stress 

(RS).

Our previous studies revealed that calcitriol treatment ameliorates many of the aging 

phenotypes in progerin-expressing cells, including DNA damage and RS [7]. Here, we find 

that pre-treatment of HDFs with calcitriol for 2 days prior to induction of progerin 

completely prevents the RFI observed 48 hours after doxycycline treatment (Fig 1C). In 

particular, DNA fiber assays show that the CldU/IdU ratio is ~1 in progerin-expressing cells 

treated with calcitriol (Fig 1D). Calcitriol did not have any effect on RF stability in control 

cells or in cells overexpressing GFP-lamin A (Fig 1E). Our results indicate that calcitriol has 

the ability to prevent detrimental cellular effects induced by progerin such is the case of 

replication stress.

RAD51 downregulation upon progerin expression

To understand the molecular mechanisms underlying RS in progerin-expressing cells, and 

the mechanisms responsible for the rescue by calcitriol, me monitored the levels of factors 

with a known role in RF stability and DNA repair. First, we re-analyzed our published 

RNAseq studies performed in HGPS patient-derived fibroblasts proliferating in culture for 

three months [7] (accession number: GSE97986) to monitor levels of expression of DNA 

repair/replication factors. This analysis revealed downregulation of a variety of factors in the 

BRCA pathway with respect to normal fibroblasts from parents of HGPS patients (Fig 2A). 

These factors include BRCA1/2, RAD51, and Fanconi Anemia proteins 

(FANCB/C/D2/E/G/I/M), which play a protective role during RS assisting RF recovery after 

stalling [17]. RAD51 in particular appeared in our analysis as one of the most downregulated 

DNA repair factors in HGPS cells, at least at transcripts level. This finding is important 

because RAD51 plays a key role maintaining the stability of forks during RS, mediating fork 
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reversal and proper restart of stalled forks. In addition, depletion of RAD51 has been shown 

to activate cGAS/STING pathway by causing RS and also increasing the amount of ssDNA 

free in the nucleus and in the cytoplasm [13].

Here, we determined whether RAD51 loss was observed upon induction of progerin 

expression. As shown in Fig 2B, induction of GFP-progerin results in a marked decrease in 

RAD51 levels, as early as one day after doxycycline addition, coinciding with RFI (Fig 1B). 

The downregulation of RAD51 is accompanied by decreased levels of vitamin D receptor 

(VDR), as previously reported in progerin-expressing cells [6], and followed by increased 

levels of phosphorylated RPA on residue Ser33 (P-RPAS33), a marker of RS. Furthermore, 

we find that expression of progerin does lead to increased levels of cGAS, STING, and 

ISG15, as previously reported [7]. The decrease in RAD51 and the increase in P-RPAS33 

were recapitulated by immunofluorescence performed 4 days after progerin induction (Fig 

2C). To determine if the downregulation of RAD51 was at the level of transcription, we 

performed qRT-PCR during the progerin-induction protocol. As shown in Fig 2D, RAD51 

transcripts levels exhibit a gradual decrease during the induction of progerin expression.

Altogether, these data demonstrate a marked downregulation of RAD51 at transcript and 

protein levels in progerin-expressing cells, concomitant with an increase in P-RPAS33, a 

marker of RS. This suggests a potential deficiency in the switch between P-RPA and RAD51 

during RS in progerin-expressing cells, which could hinder RF protection from nucleases, as 

well as RF reversal and restart, all key functions of RAD51.

Next, we monitored the levels and localization of 53BP1, a key factor in DNA repair by non-

homologous end-joining, previously shown to be degraded during extended proliferation of 

HGPS cells in culture [6]. We did not find alterations in the levels of 53BP1 (Fig 3A) or its 

ability to form foci at sites of DNA damage induced by progerin (Fig 3B) in this inducible 

cellular system. Moreover, we tested whether oxidative stress, known to be increased in 

progeria cells, could be contributing to RAD51 loss. Our previous studies in primary 

fibroblasts subjected to a long protocol of H2O2 treatment that causes oxidative stress-

induced senescence revealed a marked downregulation of RAD51 [18]. However, acute 

treatment with H2O2 at a concentration that causes oxidative stress and DNA damage but not 

cell senescence or death [19] results in no changes in RAD51 levels in either control or 

progerin-expressing cells (Fig 3C). This treatment with H2O2 did increase the levels of 

53BP1 nuclear foci, consistent with accumulation of DNA damage (Fig 3D). Thus, we 

conclude that low levels of oxidative stress do not reduce RAD51 expression, but the high 

levels that induce senescence are associated with RAD51 loss. Additional studies will be 

required to determine if RAD51 reduction during oxidative stress-induced senescence is due 

to oxidative stress or the inhibition of replication/proliferation.

Calcitriol increases RAD51 expression and prevents cGAS/STING/IFN activation in 
progerin-expressing cells

We previously showed that calcitriol represses the STAT1-mediated IFN-like response in 

HGPS patient derived fibroblasts [7]. Specifically, the expression of about 50 genes in the 

IFN/antiviral/innate immunity category upregulated in HGPS fibroblasts, was normalized by 

calcitriol (accession number: GSE97986). In addition, calcitriol treatment rescues RFI in 
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progerin-expressing RPE cells [7] and in HDFs induced to express GFP-progerin (Fig 1C). 

We next determined if the beneficial effects of calcitriol could involve regulation of RAD51 

by treating HDFs with calcitriol two days prior to doxycycline induction of progerin. In 

these cells, we find that pre-treatment with calcitriol partially prevents RAD51 

downregulation upon progerin expression (Fig 4A). The effect of calcitriol increasing the 

levels of VDR in progerin-expressing cells is also shown. The same effect of calcitriol 

increasing RAD51 levels was observed by immunofluorescence (Fig 4B). Pre-treatment with 

calcitriol was necessary to increase the levels of RAD51, because adding calcitriol together 

with doxycycline did not alleviate progerin-induced loss of RAD51 (Fig 4C). At transcript 

levels, we also find that the downregulation of RAD51 is prevented by pre-treatment with 

calcitriol, suggesting that the effect is transcriptional (Fig 4D). As control of the 

effectiveness of calcitriol treatment, we found a marked upregulation of CYP24A1, a gene 

controlled by VDR signaling. This was accompanied by a decrease in progerin transcript 

levels, supporting our previous findings in HGPS patient-derived fibroblasts [6].

Next, we monitored the levels of proteins in the cGAS/STING/IFN cascade, including 

cGAS, STING, global STAT1 and phosphorylated (active) STAT1, and ISG15, a marker of 

the IFN response. We find that progerin-induced upregulation of all these proteins is 

prevented by pre-treatment with calcitriol (Fig 4E). While the reduction in STAT1 levels is 

modest, the reduction in phosphorylated STAT1 and other proteins in the IFN pathway is 

robust. Altogether, these results suggest that calcitriol has an inhibitory effect on the cGAS/

STING/IFN response, which could be very beneficial in disease conditions in which this 

pathway is aberrantly upregulated and contributing to disease pathology.

Discussion

Our findings support a role for lamins in DNA replication and a strong effect of lamins 

mutants causing replication fork instability (RFI). The lamin A mutant “progerin” in 

particular, has a robust effect hindering replication, which goes beyond the loss of lamins 

function [7]. The observed downregulation of RAD51 could explain at least in part the RFI 

observed in progerin-expressing cells. RAD51 has crucial roles in DNA repair by 

homologous recombination (HR) and in DNA replication. During DNA DSB repair by HR, 

and after resection of the damaged DNA, RAD51 is recruited to sites of ssDNA via binding 

to the BRCA1-PALB2-BRCA2 complex [20]. This complex, and especially BRCA2, 

facilitates the displacement of RPA from ssDNA and the formation of the RAD51 filament. 

This catalyzes homology search and strand invasion into duplex DNA, allowing strand 

exchange and repair of the DNA break [21]. In addition, RAD51 plays an important role in 

the protection of nascent DNA from nuclease-mediated degradation, which allows 

continuous DNA synthesis [22]. Cell-free assays in X. laevis egg extract and EM based 

analysis revealed that RAD51 is required to prevent DNA gaps formation at forks and 

behind them [22]. In mammalian cells, RAD51 is necessary for fork reversal [23], a global 

response to genotoxic agents, independently of BRCA2. Thus, the loss of RAD51 could 

prevent the switch of RPA with RAD51 during replication stress, leading to fork stalling and 

collapse in some cases, and anomalous repair of damaged forks with the consequent 

accumulation of genomic instability.
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The mechanism behind the repression of RAD51 expression by progerin and the rescue by 

calcitriol is not known. In lamin A/C-depleted cells, we reported that reduced expression of 

RAD51 is mediated by a repressor complex consisting of the Retinoblastoma (Rb) family 

member p130 and the transcription factor E2F4 [24]. Whether or not this is the mechanism in 

progerin-expressing cells remains to be determined. A recurrent observation in our studies is 

that the levels of expression of RAD51 are tightly linked to the levels of VDR in a variety of 

contexts. Depletion of VDR in normal human fibroblasts results in downregulation of 

RAD51 and a rapid growth arrest with characteristics of senescence [18]. During oncogenic 

Ras-induced senescence, we find a marked repression of RAD51, concomitant with VDR 

downregulation, and calcitriol treatment upregulates VDR and increases RAD51 levels [6]. 

Thus, it is tempting to speculate that VDR is regulating RAD51 transcription either directly 

or indirectly.

Moreover, direct links have been established between the levels of expression of RAD51 and 

the status of the cGAS-STING-IFN pathway [13]. In particular, RAD51 and RPA ssDNA-

binding proteins have been proposed to act as nuclear retainers of nucleic acid byproducts of 

DNA damage generated during replication stress. Under conditions of limited genomic 

instability, RAD51 and RPA are sufficient to sequester the ssDNA fragments generated in 

the nucleus, preventing its leakage into the cytoplasm. However, if genomic instability is 

severe or persistent, the saturation of RAD51 and RPA leads to accumulation of cytoplasmic 

ssDNA, which in turn triggers cGAS-dependent IFN activation [13]. Thus, in the case of 

progerin-expressing cells, it is possible that the loss of RAD51 contributes to the 

accumulation of ssDNA in the cytoplasm, which together with increased nuclear fragility 

and DNA damage might drive the robust activation of cGAS-STING-IFN response.

Importantly, this study demonstrates a robust effect of calcitriol, hormonal active form of 

vitamin D, repressing the cGAS-STING-IFN response. Although our previous studies 

showed this effect in HGPS fibroblasts cultured in the presence of calcitriol for a long period 

of time (~90 days) when compared to normal fibroblasts [2, 4, 6], now we are able to monitor 

the activation/repression of these pathways over time. In fact, we find that pre-treatment of 

cells with calcitriol prevents RAD51 loss, replication stress, and activation of cGAS-STING-

IFN pathway upon progerin expression. These findings are relevant, as they add to the 

numerous beneficial effects observed by calcitriol treatment in progeria cells, which include 

normalization of nuclear morphology and size, reduced DNA damage accumulation, 

improved proliferation, and delayed senescence [6]. However, many questions remain to be 

addressed with respect to mechanisms underlying calcitriol benefits. For instance, it is 

possible that by reducing DNA damage/replication stress, calcitriol reduces leakage of DNA 

into the cytoplasm and activation of cGAS-STING and the downstream STAT1-IFN 

response. Alternatively, it is possible that calcitriol, via VDR, represses the expression of 

genes in the STAT1-IFN cascade, independent of genomic instability. In fact, some studies 

found that STAT1 and STAT3 are constitutively active and hyperphosphorylated in some 

leukemias and that VDR pathway activation deactivates STAT proteins and inflammatory 

cytokine production [25]. Thus, the active form of vitamin D -calcitriol- and its analogs have 

gained much recognition as immune regulators, although much of the data relates to T cells. 

Further studies are needed to define in detail the mechanisms underlying the robust effect of 

calcitriol reducing RFI and repressing the cGAS-STING-IFN response in HGPS and other 
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progerin-expressing cells. Also, preclinical studies with mouse models of progeria are 

necessary to determine if the aging phenotype of these mice is delayed or ameliorated by 

calcitriol.

Materials and Methods

Cell Culture

Human derived fibroblasts (HDFs) containing doxycycline-inducible GFP-progerin or GFP-

lamin A constructs were maintained in culture as described [26], and treated with 

doxycycline (1 μg/ml for GFP-progerin and 32 ng/ml for GFP-lamin A) or vehicle as control 

for the indicated times (1–4 days). Calcitriol (1α,25-dihydroxyvitamin D3), the hormonal 

active form of vitamin D, was added to cells either 2 days prior or together with doxycycline 

at a concentration of 10−7 M. To induce oxidative stress, HDFs that had been growing in 

media containing doxycycline or vehicle for 2 days were exposed to 100 μM H2O2 for 2 

hours. This treatment has been shown to induce oxidative stress [19].

Immunoblotting and Immunofluorescence

Immunoblotting—Cells were lysed in UREA buffer (8 M Urea, 40 mM Tris pH7.5, 1% 

NP40) for 20 min on ice, and 60–120 μg of total protein was loaded on 4–15% Criterion-

TGX-Gel (Bio-Rad).

Immunofluorescence—3×105 cells were fixed in 3.7% formaldehyde+0.2% Triton-X100 

in PBS for 10 minutes, washed 3X in PBS, and blocked 1 hour at 37°C in 10% BSA/PBS. 

Incubations with antibodies were performed for 1 hour at 37°C, in a humid chamber. After 

washes in PBS, cells were counterstained with DAPI in Vectashield. Microscopy and photo 

capture were performed on a Leica DM5000 B microscope using 40x or 63x oil objective 

lenses with a Leica DFC350FX digital camera and the Leica Application Suite.

Quantitative Reverse-Transcription PCR

cDNA was generated by reverse transcription of 1 μg total RNA using GeneAmp® RNA 

PCR kit. qRT-PCR was performed using the 7500HT Fast Real-Time PCR system with the 

Taqman® Universal PCR Master Mix or Universal SYBR Green Supermix. Reactions were 

carried out in triplicate and target gene and endogenous controls amplified in the same plate. 

Relative quantitative measurements of target genes were determined by comparing cycle 

thresholds.

DNA Fiber Assays

Fiber assays were performed on normal human derived fibroblasts (HFDs) and HDFs 

induced to express GFP-progerin or GFP-lamin A via addition of doxycycline. 

Asynchronous cells were labeled for 20 min each with two thymidine analogs: 20 μM 

iododeoxyuridine (ldU) followed by 200 μM chlorodeoxyuridine (CIdU). Cells were 

collected by trypsinization, washed and resuspended in 100 μl of PBS. Then, 2 μl cell 

suspension was dropped on a polarized slide (Denville Ultraclear) and cell lysis was 

performed in situ by adding 8 μl of lysis buffer (200 mM Tris-HCl pH7.5; 50 mM EDTA; 

0.5% SDS). Stretching of high-molecular weight DNA was achieved by tilting the slides at 
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15–45°. The resulting DNA spreads were air dried and fixed for 5 min in 3:1 

Methanol:Acetic acid and refrigerated overnight. For immunostaining, stretched DNA fibers 

were denatured with 2.5 N HCl for 60 min, washed 3X in PBS, then blocked with 5% BSA 

in PBS for 30 min at 37°C. Rat anti-CldU/BrdU (Abcam, ab6326) (1:100), chicken anti-rat 

Alexa 488 (Invitrogen, A21470) (1:100), mouse anti-IdU/BrdU (BD Biosciences, 347580) 

(1:20) and goat anti-mouse IgG1 Alexa 547 (Invitrogen, A21123) (1:100) antibodies were 

used to reveal CldU- and IdU-labeled tracts, respectively. A Leica SP5X confocal 

microscope was used to visualize the labeled tracts, and tract lengths were measured using 

ImageJ (http://rsbweb.nih.gov.beckerproxy.wustl.edu/ij/). Statistical analysis of the tract 

length was performed using GraphPad Prism (http://www.graphpad.com/scientific-software/

prism/).

RNAseq

The detailed RNAseq procedure is described in [7]. In this study, we compared the levels of 

DNA repair factors between three lines of normal fibroblasts (from parents of patients with 

HGPS) and three different lines of HGPS fibroblasts that had been growing in culture for 90 

days in complete normal media.

Statistical Analysis

For all qRT-PCR experiments, a standard “two-tailed” student’s t-test was used to calculate 

statistical significance of the observed differences. For DNA fiber experiments, unpaired 

two-tailed t-test with Welch-correction for unequal distribution was performed. We utilized 

GraphPad Prism software for all statistical analyses. In all cases, differences were 

considered statistically significant when p<0.05( *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).

Antibodies used for immunoblotting Antibody (Dilution)

Lamin A ab26300, Abcam (1:1000)

Progerin SAB4200272, Sigma-Aldrich (1:1000)

Lamin A/C sc-20681, SCBT (1:2000)

VDR sc-13133, SCBT (1:200)

β-Tubulin T8238, Sigma Aldrich (1:2000)

STAT1 #9172, Cell Signaling (1:1000)

P-STAT1 (Y701) #7649, Cell Signaling (1:1000)

P-STAT1 (S727) #9177, Cell Signaling (1:1000)

P-RPA A300–245A, Bethyl Laboratories (1:1000)

ISG15 sc-166755, SCBT (1:1000)

cGAS #D1D3G, Cell Signaling (1:300)

STING #D2P2F, Cell Signaling (1:1000)

RAD51 #PC130, Calbiochem (1:1000)

53BP1 #22760, SCBT (1:1000)

Antibodies used for immunofluorescence Antibody
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P-RPA A300–245A, Bethyl Laboratories (1:1000)

RAD51 #PC130, Calbiochem (1:1000)

53BP1 #22760, SCBT (1:400)
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Abbreviations

HGPS Hutchinson Gilford Progeria Syndrome

LMNA lamin A gene

RS replication stress

RF replication fork

IFN interferon

STAT signal transducer and activator of transcription

VDR vitamin D receptor

cGAS cyclic GAMP synthase

STING stimulator of interferon genes
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Statement of significance

In this study, we use an inducible system of expression of progerin in human fibroblasts 

to dig into molecular mechanisms underlying its well-known cellular toxicity. We find 

that only one to two days after progerin induction, cells recapitulate phenotypes 

previously identified in HGPS patients derived fibroblasts, namely replication stress and 

activation of cGAS/STING pathway and STAT1/IFN-like response. The fast effect of 

progerin triggering these responses suggests that they might be at the root of cellular 

decline and serve as potential targets to mitigate downstream detrimental effects. 

Moreover, we show for the first time that progerin elicits a marked downregulation of 

RAD51, a crucial factor in DNA repair and replication fork stability. Interestingly, 

calcitriol upregulates RAD51, rescues progerin-induced replication stress and represses 

the cGAS/STING/STAT1/IFN cascade, suggesting a functional relationship among these 

progerin-induced alterations and a strategy to reduce progerin toxicity in cells.
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Figure 1. Expression of progerin causes replication fork instability that is rescued by calcitriol.
(A) Immunoblots showing induction of expression of GFP-lamin A or GFP-progerin in 

human derived fibroblasts (HDF) via treatment with doxycycline (Doxy) for increasing 

number of days. Lamin A/C antibody shows increasing levels of GFP-lamin A, while 

endogenous lamin A levels remain constant. β-tubulin is the loading control. (B) Single-

molecule replication analysis performed in HDF described in (A). Images show DNA fibers 

in GFP-progerin cells labeled with IdU 20 min + CldU 20 min as detected by fluorescence 

confocal microscopy. Left: no Doxy; Central: Doxy 24 hr.; Right: Doxy 48 hr. Tract lengths 
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are measured using ImageJ. Graph shows the tract length ratio CldU/IdU in untreated HDF 

and Doxy-treated cells for 24 and 48 hr. Note how the ratio CldU/IdU is <1 in GFP-progerin 

but not in GFP-lamin A cells. Graph shows average ± s.e.m. of 3 biological repeats (3 

independent treatments). (C) HDF-GFP-progerin cells were treated with calcitriol (100 nM 

1α,25-dihydroxy-vitamin D3) for 2 days prior to induction of GFP-progerin by Doxy. The 

lengths of red and green tracts under the different conditions are shown. Graph shows 

average ± s.e.m. of 4 biological repeats (4 independent treatments). Note how green tract 

shortening in GFP-progerin-expressing cells is rescued by calcitriol. (D) Tract length ratio 

CldU/IdU in HDF-GFP-progerin cells. (E) CldU/IdU ratio in HDF-GFP-lamin A cells. ~100 

fibers measured in each experiment. All DNA fiber assays were performed with the same 

labeling scheme as in (A), and statistical differences were considered significant if p<0.05.
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Figure 2. Progerin causes downregulation of RAD51.
(A) Re-analysis of published RNAseq data performed in 5 lines of normal fibroblasts (NF) 

and 3 lines of HGPS patients-derived fibroblasts growing in culture for 90 days [7] 

(accession # GSE97986). Expression of DNA repair genes shows a decrease in the BRCA 

pathway. *p represents p-value of statistical significance and ns=no significant (p>0.05). (B) 

HDF-GFP-Progerin cells were treated with Doxy for increasing days and the levels of 

RAD51, P-RPAS33, VDR, and proteins in the cGAS/STING/IFN pathway monitored by 

immunoblotting. β-tubulin is the loading control. (C) Immunofluorescence in HDF-GFP-
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progerin cells treated with Doxy for 4 days. Graphs show quantitation of RAD51 (top) and 

P-RPAS33 (bottom) labeling intensity (relative fluorescence units). GFP staining was used to 

demarcate nuclei and intensity of RAD51 and P-RPAS33 labeling measured using ImageJ 

program. Results are the average ± s.e.m. of 3 independent experiments. (D) Relative 

expression of RAD51 transcripts by qRT-PCR in HDF-GFP-Progerin cells treated with 

Doxy for increasing days. Results are average ± s.e.m. of 2 biological repeats, each 

performed in triplicate.
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Figure 3. Effects of progerin on 53BP1 and of oxidative stress on RAD51.
(A) HDF-GFP-progerin cells induced to express progerin with Doxy for 1–4 days. The 

levels of VDR and 53BP1 are shown, with β-tubulin as loading control. Note the constant 

levels of 53BP1 upon progerin expression. (B) Immunofluorescence to monitor behavior of 

53BP1. Control cells (not irradiated) show normal levels of 53BP1, which accumulate at foci 

of DNA damage upon ionizing radiation (IR). In progerin-expressing cells (Doxy), 53BP1 

forms foci representing most likely recruitment of the protein to sites of DNA damage. (C) 

HDF-GFP-progerin cells treated with H2O2 and levels of RAD51 protein monitored by 
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immunoblotting. Graph shows quantitation of densitometry of three biological repeats 

(average ± s.e.m.). Note the marked downregulation of RAD51 by doxycycline treatment 

(progerin expression) but not by H2O2 exposure. (D) Immunofluorescence in HDFs not 

expressing progerin but treated with H2O2 shows increased 53BP1 foci, consistent with 

oxidative stress causing DNA damage.
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Figure 4. Calcitriol prevents RAD51 loss and cGAS/STING/IFN activation caused by progerin.
(A) HDF-GFP-progerin cells were treated with calcitriol (100nM 1α,25-dihydroxy-vitamin 

D3) for 2 days prior to induction of GFP-progerin by Doxy. The levels of VDR and RAD51 

under the different conditions are shown. Note how the decrease in RAD51 upon progerin 

expression is partly rescued by calcitriol. β-tubulin and histone H3 used as loading control. 

(B) Immunofluorescence in HDF-GFP-progerin cells treated with calcitriol or vehicle 2 days 

prior to Doxy induction of GFP-progerin for 4 days. Graph shows quantitation of RAD51 

labeling intensity (relative fluorescence units), as measured by ImageJ program. GFP 
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staining was used to demarcate nuclei. Results are the average ± s.e.m. of 3 independent 

experiments. (C) HDF-GFP-progerin cells were pre-treated with calcitriol (100 nM) for 2 

days prior to induction of GFP-progerin by Doxy or treated with both calcitriol and Doxy at 

the same time. The levels of VDR and RAD51 under the different conditions are shown. 

Note how the pre-treatment with calcitriol is necessary to partially prevent RAD51 loss upon 

progerin expression. β-tubulin used as loading control. 53BP1 levels are also constant in the 

different conditions. (D) Relative expression of RAD51, CYP24A, and progerin-specific 

transcripts by qRT-PCR in HDF-GFP-Progerin cells pretreated with calcitriol or vehicle for 

2 days followed by Doxy or vehicle for 4 days. Results are average ± s.e.m. of 2 biological 

repeats, each performed in triplicate. (E) HDF-GFP-Progerin cells were pretreated with 

calcitriol or vehicle for 2 days, followed by Doxy for increasing days. Activation of cGAS/

STING/IFN pathway monitored by immunoblotting. β-tubulin is the loading control. VDR 

shows the effect of calcitriol. Note the robust effect of calcitriol preventing the upregulation 

of cGAS, STING, STAT1, P-STAT1 and ISG15.
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