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Abstract

Human phenotypes that are highly susceptible to radiation carcinogenesis have been identified. 

Sensitive phenotypes often display robust regulation of molecular features that modify biological 

response, which can facilitate identification of the pathways/networks that contribute to 

pathophysiological outcomes. Here we interrogate primary dermal fibroblasts isolated from Gorlin 

syndrome patients (GDFs), who display a pronounced inducible tumorigenic response to radiation, 

in comparison to normal human dermal fibroblasts (NHDFs). Our approach exploits newly 

developed thiol reactive probes to define changes in protein thiol profiles in live cell studies, 

which minimizes artifacts associated with cell lysis. Redox probes revealed deficient expression of 

an apparent 55 kDa protein thiol in GDFs from independent Gorlin syndrome patients, compared 

with NHDFs. Proteomics tentatively identified this protein as aldehyde dehydrogenase 1A1 

(ALDH1A1), a key enzyme regulating retinoic acid synthesis, and ALDH1A1 protein deficiency 

in GDFs was confirmed by Western blot. A number of additional protein thiol differences in 

GDFs were identified, including radiation responsive annexin family members and lamin A/C. 

Collectively, candidates identified in our study have plausible implications for radiation health 

effects and cancer susceptibility.
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INTRODUCTION

Gorlin syndrome is an autosomal dominant disease resulting in a dramatic predisposition to 

basal cell carcinoma (BCC) and developmental abnormalities [1,2]. Gorlin syndrome is 

characterized by a germline mutation in the Patched gene, which is hypothesized to render 
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this phenotype haploinsufficient. The Patched gene encodes a putative tumor suppressing 

12-span transmembrane receptor (PTCH) for hedgehog (Hh) ligands [3]. In the absence of 

HH ligands, PTCH inhibits the activity of a second transmembrane protein termed 

SMOOTHENED (SMO), and binding of Hh ligands to PTCH relieves this repression and 

results in activation of a signaling cascade whose output function is mediated by Gli 

transcription factors [3].

In addition to increased spontaneous cancer development in Gorlin syndrome, there are 

many clinical examples demonstrating a dramatic increase in radiation induced cancers in 

these patients. Radiotherapy for the treatment of medulloblastomas in children with Gorlin 

syndrome induces secondary intracranial tumors that are more aggressive than the initial 

tumor type [4]. Thousands of invasive BCCs after craniospinal irradiation are observed, 

which in some cases have led to patient death [5]. Radiotherapy is now contraindicated in 

Gorlin syndrome patients younger than 5 years of age [6]. In some occurrences, Gorlin 

syndrome patients exhibit multiple neoplasms (lung, liver, mesenteric, gastric and renal 

leiomyomas, lung typical carcinoid tumor, adenomatoid tumor of the pleura) with severe 

clinical presentation [7]. Latency for radiation induced tumors in Gorlin syndrome is 

generally 3–10 years after treatment [8].

Among susceptibility factors for carcinogenesis in Gorlin syndrome, Patched 

haploinsufficiency has received significant attention. However, it is important to note that 

loss of PTCH function occurs with high frequency in sporadic and Gorlin syndrome-

associated BCCs [9]. PTCH haploinsufficiency could predispose Gorlin syndrome to genetic 

inactivation of the remaining allele by radiation induced DNA damage, but the fact that it is 

not unique to Gorlin syndrome patients suggests the existence of additional determinants of 

the radiation response. In this context, the Gorlin phenotype is defective in some types of 

DNA damage repair [10,11] and shows marked differences in DNA damage-induced p53 

regulation [12]. Defective DNA damage repair may underlie human sensitivity to radiation 

carcinogenesis [13,14], and coupled with a haploinsufficient phenotype could contribute to 

genetic inactivation of Patched by mechanisms that remain incompletely understood. A 

third feature of Gorlin syndrome warranting consideration encompasses developmental 

abnormalities common to this phenotype. Paradigm shifts in toxicology and teratology have 

implicated epigenetic changes during developmental phases in later stage disease processes, 

including cancer [15]. A murine model of Gorlin syndrome (Ptch+/− mouse) has been 

developed that also displays sensitivity to radiation carcinogenesis [16]. The Ptch+/− mouse 

displays a defect in the radiation-induced activation of the ATR-Chk1 cell cycle checkpoint 

[17], suggesting aberrant cell cycle regulation might contribute to the tumorigenic response. 

Collectively, these observations indicate that the molecular basis for the dramatic increase in 

spontaneous and radiation-induced carcinogenesis in Gorlin syndrome is multifactorial.

In the present study, we investigate protein thiol status in primary dermal fibroblasts isolated 

from Gorlin syndrome patients (GDFs), compared to primary normal human dermal 

fibroblasts (NHDFs) used as control. Fibroblasts isolated from healthy photo-shielded skin 

of Gorlin syndrome patients exhibit a carcinoma-associated fibroblast phenotype [18], 

indicating a fundamental baseline change in the cell system. Fibroblasts play an active role 

in remodeling the tissue microenvironment to promote carcinogenesis [19] and display 
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sensitive responses to both radiation [20] and H2O2 [21]. This phenotypic change in the 

stromal compartment of Gorlin syndrome patients is hypothesized to contribute to 

spontaneous BCC predisposition [18] and could also contribute to radiation-induced cancers. 

Protein thiols play an important role in mediating redox reactions and the same properties 

render them extremely sensitive to oxidation by free radicals. Altered cellular redox status 

and redox sensitive thiols have been implicated in clinical radiation resistance [22] and 

alterations in protein thiol status impacting cell survival after irradiation can be 

demonstrated in vitro under controlled conditions [23]. Oxidative protein thiol modifications 

can also play crucial roles in regulating the activity of molecular targets that promote 

tumorigenesis, such as the Nrf-2/ERK pathway [24,25]. Therefore, thiol reactive probes can 

identify protein thiols whose expression or thiol status is altered for prioritization of 

functional assessment. Thiol oxidation occurs rapidly upon cell lysis [26], and to circumvent 

this complication we are applying probes to live cells. We have examined iodoacetamide 

(IAM-RP; less reactive) and maleimide (Mal-RP; highly reactive) redox probe chemistries 

[27] that have been engineered to possess a flexible click chemistry alkyne functional group 

[28]. Copper-mediated click chemistry cycloadditions facilitate attachment of fluorescent 

tags to probe-labeled proteins for imaging applications or affinity isolation tags (e.g., biotin) 

for enrichment and protein identification by mass spectrometry [29]. We report a number of 

protein thiol differences from live cell studies comparing GDFs with NHDFs, including 

enzymes mediating retinoic acid (RA) synthesis, annexins, lamin A/C, and ribosomal 

proteins which have plausible multifaceted implications for spontaneous and radiation-

induced carcinogenesis.

MATERIALS AND METHODS

Cell Culture

Adult NHDFs were purchased from Lonza (lot #00000293971; isolated from a 51-yr-old 

donor; Allendale, NJ) and were used as controls. GDFs were obtained with informed written 

consent of patients [18]. The two GDF stocks (designated AS573 and AS587; from 45 and 

43-yr-old donors, respectively) used in the present study were isolated from healthy photo-

shielded skin of different Gorlin syndrome patients and express distinct Patched mutations 

[12]. Fibroblasts were maintained in RPMI supplemented with 10% FBS, 1 ng/mL bFGF, 2 

mM Glutamax, 100 U/mL penicillin, 100 mg/mL streptomycin, 25 mg/mL amphotericin B 

in 5% CO2/95% air at 37°C, and were subcultured by trypsinization.

X-Ray System

Irradiations were performed using an X-rad 320 machine (300 kV, Agfa NDT Pantak Seifert 

GmbH & Co. KG, Ahrensburg, Germany). Irradiated samples received doses of 10, 50, 100, 

200, or 500 cGy at the following respective dose rates (6.3, 16.6, 33.3, 58.8, and 58.1 cGy/

min). Sham controls were placed in the irradiator but not exposed.

Redox Probe Labeling for SDS–PAGE Analysis

Monolayer cultures were treated with redox probes for 1 h in serum-free medium. Cells 

were then washed 3× in ice cold PBS and scraped into lysis buffer (PBS, 2% nonidet P40, 

complete EDTA-free protease inhibitor [Roche Diagnostics Corporation, Indianapolis, IN] 
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and 2 mM sodium orthovanadate). Metal chelators (EDTA/EGTA) interfere with click 

chemistry and were omitted from lysis buffers. Lysates were sonicated for 10 s (Fisher 

Scientific sonic dismembrator 60, Pittsburgh, PA) followed by centrifugation at 18 000g for 

5 min at 4°C and the supernatant used for SDS–PAGE. Protein concentration was 

determined by a BCA assay (Pierce, Rockford, IL) and equal amounts of protein were 

subjected to the click chemistry reaction to attach azido-tetramethylrhodamine fluorophore 

[29]. Labeled proteins were separated by SDS–PAGE and visualized on a FluorchemQ 

imager (Alpha Innotch, San Leandro, CA). To determine the impact of thiol oxidation on 

probe binding, we treated fibroblasts with 300 μM H2O2 for 1 h followed by 20 μM IAM-

RP for 1 h and processed cell lysates for SDS–PAGE analysis. For quantification of probe 

binding individual gels were normalized to NHDF controls and results from three 

independent experiments were pooled (n = 3). Differences in probe labeling due to peroxide 

or radiation treatments were then presented as % control. Quantification included either 

whole lane analysis or selected individual bands.

Redox Probe Labeling for Cellular Imaging

Fibroblasts were seeded into Nunc eight-well chamber slides. Following treatment with thiol 

reactive probes for 1 h, fibroblasts were washed 3× in PBS followed by fixation (3.6% 

paraformaldehyde, 0.024% saponin in PBS) for 15 min at room temperature. Cells were then 

washed 3× in PBS and thiol reactive probes were labeled with an Alexa647 fluor using a 

commercial kit (Click-iT EdU Alexa Fluor 647 Imaging Kit; Life Technologies, Grand 

Island, NY). The click chemistry reaction was set up according to manufacturer's directions 

using a final volume of 250 μL/well for 30 min at room temperature. No probe controls 

represent cells that were not exposed to thiol reactive probes, but were processed under 

identical conditions to define non-specific backgrounds. Images were acquired by 

epifluorescence microscopy as described [30].

Redox Probe Labeling for Quantitative Mass Spectrometry-Based Identification

Fibroblasts were treated with 20 μM IAM-RP for 1 h in serum-free medium, washed 3× with 

PBS, scraped into PBS lysis buffer and solubilized by gentle sonication. For mass 

spectrometry analysis, lysates were not subjected to centrifugation to remove detergent 

insoluble constituents, which might contain probe-labeled protein thiols. Biotin-azide was 

attached by click chemistry [29], and protein values were normalized to 700 μg prior to 

enrichment. Probe-labeled proteins were enriched on streptavidin resin, reduced with TCEP, 

alkylated with IAM, and digested on-resin with trypsin [29,31]. Peptides were separated by 

high-resolution, reversed phase constant pressure capillary liquid chromatography as 

previously described [31]. MS analysis was performed using a Thermo Electron ion trap 

LTQ MS outfitted with a custom ion funnel and electrospray ionization (ESI) interface. Data 

was acquired for 100 min, beginning 65 min after sample injection (15 min into gradient). 

LTQ spectra were collected from 400 to 2000 m/z at a resolution of 100k, followed by data-

dependent ion trap MS/MS spectra of the six most abundant ions using a 35% collision 

energy. A dynamic exclusion time of 30 s was used to discriminate against previously 

analyzed ions.
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Generated MS/MS spectra were searched using the SEQUEST algorithm (V27, revision 12) 

[32] against the publicly available Homo sapiens translated genome sequence, and re-scored 

using the MS-GF approach. Identified peptides were required to be at least six amino acids 

in length having MS-GF scores ≤1E–10, which corresponds to an estimated FDR <1%. 

Using peptides that match these criteria, in order to classify a protein as specifically labeled 

by a redox probe we required the following criteria [33]: (i) ≥2 unique peptides per protein; 

(ii) ≥2 peptides measured per protein in at least two replicates; (iii) the protein exhibits ≥3-

fold more abundance in the redox probe-labeled samples relative to the “no probe” controls. 

All filter passing peptide identifications were tallied to provide quantitative spectral count 

data for each protein. Relative protein abundance was estimated by averaging peptide 

spectral counts across three probe-labeled biological replicates.

Western blot Analysis

Western blot analysis was performed as described [34]. Final titers were: ALDH1A1 

(1:2000), Annexin A2 (1:4000), Annexin A1 (1:3000), actin (1:10,000), Lamin A/C 

(1:3000), secondary antibodies (1:3000).

Cell Viability Assays

Equal numbers of cells were treated with H2O2 at the indicated concentrations for 24 h and 

cell viability was quantified using a neutral red assay [35]. For clonogenic survival assays, 1 

× 104 cells were seeded into 10 cm dishes and allowed to attach for 24 h. Cells were then 

treated with peroxide or irradiated and colonies quantified on day 10 as described [36].

Statistical Analysis

Individual comparisons were made using the Student's t-test or ANOVA with a post hoc 

Student's Newman–Keul test, as appropriate. The P < 0.05 level was accepted as significant.

RESULTS

Redox Probes Identify Different Targets and Respond to Oxidative Perturbation

Prior to application of redox probes, validation studies were conducted. The click chemistry 

functional group enables addition of fluorescent tags which allows visualization of protein 

thiols by SDS–PAGE (Figure 1A). To determine the robustness of our approach, cell lysates 

prepared from fibroblasts exposed to IAM-RP or Mal-RP for 1 h were subjected to click 

chemistry to azido-tetramethylrhodamine followed by SDS–PAGE analysis [28]. We 

observed a qualitative difference between protein bands detected by IAM-RP and Mal-RP 

probes (Figures 1B). We also evaluated nuclear extracts as an initial indication of cell 

permeability. The IAM-RP produced robust labeling of proteins in nuclear extracts, relative 

to the Mal-RP (Figure 1C). In both cases, increasing probe concentration increased signal 

intensity. Oxidation of protein thiols should inhibit the covalent binding of probe to reduced 

thiol and we tested this hypothesis using the IAM-RP probe. Pretreatment with 300 μM 

H2O2 eliminated detection of the majority of protein bands with the IAM-RP (Figure 1D), 

suggesting that the observable bands are predominantly protein thiols. Analysis of protein 

loading with Sypro ruby red (non-specific fluorescent protein stain to measure abundance) 

confirmed equivalent protein loading levels on the SDS–PAGE gel (Figure 1D).
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Cellular Imaging of Thiol Reactive Probes In Situ

SDS–PAGE suggests that thiol reactive probes are reaching intracellular sites, including a 

strong nuclear localization for IAM-RP. To further investigate this possibility, fibroblasts 

were treated with 20 μM IAM-RP or Mal-RP for 1 h in serum-free medium followed by 

fixation and click chemistry to an Alexa647 fluor as described in methods. Both probes 

showed diffuse cellular staining. IAM-RP labeling of nuclear foci was apparent (Figure 2), 

consistent with IAM-RP nuclear localization indicated by SDS–PAGE (see Figure 1C). 

Cells processed under identical conditions without exposure to thiol reactive probes, termed 

no probe controls, showed marginal fluorescent signal at equal exposure times. These 

observations support the cell permeability of thiol reactive probes in live cell studies which 

helps circumvent oxidative artifacts induced by lysis. Additional studies characterizing 

imaging applications in 2D and 3D model systems can be found in Supplementary data (S1).

Fibroblast Response to Peroxide and Radiation

Dose–response curves for hydrogen peroxide (H2O2)- and X-radiation-induced toxicity were 

established to test sensitivity of SDS–PAGE analysis for detection of perturbation-induced 

changes in protein thiols. The neutral red assay measures lysosomal integrity as an index of 

cell viability and provides a sensitive index of oxidative damage, as compared with other 

cell viability assays [37]. We defined the transition between no observable effect and a toxic 

response measured 24 h after H2O2 treatment. GDFs displayed a dose-dependent decrease in 

cell viability over the concentration range of 16–32 nM H2O2, while NHDFs showed 

negligible toxicity over this range (Figure 3A). Increased sensitivity of GDFs to H2O2 

toxicity, relative to NHDFs, was also determined using a clonogenic survival assay (Figure 

3B). A similar shift in peroxide sensitivity was observed, however, H2O2 toxicity in NHDFs 

was apparent in the clonogenic survival assay, indicating that neutral red was 

underestimating toxicity. X-radiation (3–200 cGy) inhibited the proliferation of NHDFs and 

GDFs to a comparable extent (Figure 3C), consistent with reports demonstrating comparable 

initial DNA damage responses to ionizing radiation in cells from Gorlin syndrome patients 

versus controls [10]. GDFs showed slightly but significantly reduced clonogenic survival at 

the highest dose (200 cGy), compared with NHDFs (Figure 3D).

We then asked whether SDS–PAGE could detect (1) baseline differences in protein thiol 

profiles measurable by redox probes, and (2) perturbation of protein thiol profiles by H2O2 

or X-radiation. These experiments employed the IAM-RP due to its enhanced cell and 

nuclear permeability. NHDFs and GDFs were incubated with 20 μM IAM-RP followed by 

preparation of cell lysates and fluorescent tagging via click chemistry. Figure 4A highlights 

a qualitative difference in the detection of an apparent 55 kDa protein that is reduced in 

GDFs (see arrow), compared to NHDFs. NHDFs and GDFs were then treated with 32 nM 

H2O2 for 1 h, which induces toxicity to a different extent in NHDFs and GDFs (see Figure 

3A and B) and probe binding was quantified. Probe-labeled proteins visualized by SDS–

PAGE are shown in Figure 4B. Probe binding to proteins was decreased by approximately 

21% in control GDF preparations, relative to control NHDF preparations (Figure 4C, GDF/

NHDF ratio of whole lane). H2O2 reduced probe binding by approximately 24% in NHDFs 

and 48% in GDFs, relative to respective controls (H2O2/NHDF and H2O2 GDF ratios). Six 

individual bands spanning low to high molecular weight proteins (see arrows in Figure 4B) 
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were analyzed and were generally consistent with the differential response of GDFs to 

H2O2, compared with NHDFs (Figure 4C). In a similar study, cells were exposed to X-

radiation (10–500 cGy) followed by a 1 h pulse with 20 μM IAM-RP and fluorescence 

detection. In contrast to H2O2, high radiation doses producing marked reductions in 

clonogenic survival (see Figure 3C) showed little impact on protein thiol profiles detected 

by SDS–PAGE (Figure 4D and E), with the exception of a slight but statistically significant 

increase in detection of band #6 (estimated MW ~30 kDa) in NHDFs at 200 cGy.

Proteomic Characterization of Redox Probe Targets

SDS–PAGE only permits the detection of a small fraction of the proteome, and does not 

provide identification of probe-labeled proteins. Following probe labeling in situ, we 

modified the click chemistry to a biotin label for streptavidin-resin based affinity isolation of 

probe-labeled proteins and identification by mass spectrometry [28]. A no probe control 

group was processed under identical conditions in parallel to define non-specific 

backgrounds. To assure an accurate quantification of protein thiols, GDF and NHDF 

proteomes were normalized by protein concentration prior to streptavidin-mediated 

enrichment of probe-labeled proteins. Upon subtraction of non-specific backgrounds in the 

proteomic data, a total of 48 probe-labeled proteins were detected, of which 45 were present 

in NHDFs and 16 were present in GDFs. Figure 5A illustrates the subset of probe-labeled 

proteins that displayed statistically significant differences between NHDF and GDF 

experimental groups. Protein subcellular distribution was predicted using the LOCATE 

database (http://locate.imb.uq.edu.au/), and predictions suggested that the IAM-RP probe 

reached multiple subcellular compartments, consistent with SDS–PAGE and imaging 

analysis of probe subcellular distribution (Figures 1 and 2). A number of proteins were 

specifically enriched by the IAM-RP probe that did not show significant differences 

between NHDFs and GDFs, including PDIA3, PDIA1, CLIC1, RRBP1, IMDH2, ACTBL, 

RL7, CLIC4, LDHB, PPIB, ANXA6, PPIA (proteins arranged in order from highest to 

lowest average peptide counts/protein; ranging from 30 → 2). Protein thiol candidates will 

be expanded in Discussion section.

Differences in probe-dependent enrichment of protein thiols in situ could arise from multiple 

mechanisms, including oxidation of the protein thiol, changes in protein expression or 

changes in thiol accessibility. Several candidate protein thiols (ALDH1A1, Lamin A/C, 

AnxA2, AnxA1) were selected for validation by Western blot. ALDH1A1 and Lamin A/C 

showed reduced protein expression (Figure 5B), consistent with their decreased detection by 

mass spectrometry (Figure 5A). In contrast, AnxA2 and AnxA1 protein levels were 

significantly increased in GDFs, relative to NHDFs (Figure 5B), suggesting loss of their 

detection by thiol reactive probe could not be accounted for by a reduction in protein levels.

DISCUSSION

We have investigated the application of cell permeable thiol reactive probes to reveal 

differences in protein thiol profiles between NHDFs and GDFs, the latter representing a 

genetically susceptible human phenotype for radiation carcinogenesis. Our discussion is 

divided into two major topics, the first focused on data validating application of clickable 
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thiol reactive probes and the second on the probe-identified protein thiols and their 

implication in Gorlin syndrome and radiation health effects.

Thiol Reactive Probe Validation

Pretreatment of cells with H2O2 eliminates the majority of probe-dependent protein bands 

detected by SDS–PAGE (Figure 1D), suggesting low non-specific backgrounds for protein 

thiol detection. However, non-specific background is detectable in all applications and it is 

prudent to include no probe controls. We observed loss of an apparent 55 kDa protein thiol 

in GDFs by SDS–PAGE (Figure 4A, arrow), which was tentatively identified as ALDH1A1 

(Figure 5) by mass spectrometry based on predicted molecular weight correlation. 

ALDH1A1 protein deficiency in GDFs was then confirmed by Western blot (Figure 5B), 

validating mass spectrometry results. Similar validation was observed for Lamin A/C 

(Figure 5). In contrast, redox probes identified reduced detection of AnxA2 and AnxA1 that 

was not due to decreased protein levels (Figure 5B). Therefore, the change in detection of 

annexins must be due to either a change in thiol oxidation status or thiol accessibility.

We examined acute impact of H2O2 on protein thiol profiles measured 1 h after peroxide 

treatment with longer term indices of cell viability. The dose–response curve for H2O2 was 

right-shifted in NHDFs compared with GDFs (Figure 3), indicating that GDFs are more 

sensitive to free radical damage. A similar trend was observed for protein thiol profiles 

detected by SDS–PAGE using redox probe where peroxide treatment reduced protein thiol 

detection to a greater extent in GDFs, compared with NHDFs (Figure 4B).

Oxidative damage induced by radiation versus endogenous free radicals is a continuing area 

of interest [38]. In contrast to peroxide effects on protein thiol profiles, a high radiation dose 

(200–500 cGy) producing massive cell death (Figure 3D), exhibited negligible effects on 

protein thiol profiles (Figure 4D and E). Radiation cell killing occurs through the generation 

of oxygen free radicals and we were somewhat surprised by this observation. It is important 

to recognize the limits of detection by SDS–PAGE, which inherently under samples the 

proteome. Thus, it is possible that future studies may identify radiation-sensitive protein 

thiols that were not detected by the SDS–PAGE analysis. The fact that a subset of protein 

thiols in GDFs were clearly impacted by H2O2, but not radiation, suggests that radiation-

derived free radicals are targeting unique substrates. We did identify one protein thiol band 

(#6 on Figure 4D and E; ~30 kDa) that significantly changed in response to radiation 

treatment in NHDFs, but not GDFs. The identity of this protein is unknown but we can 

provide a tentative prediction based on MW correlation with MS results for proteins near the 

30 kDa size (G3P, AnxA2, AnxA1, HSPB1, RS8, CAPZB, RL14, RL18, RL7A). Once 

identified, studies are warranted to determine why this protein shows a differential response 

to radiation in NHDFs, relative to GDFs, which may provide further insight into the Gorlin 

phenotype.

Radiation Responsive Annexins

The differential detection of AnxA1 and A2 by redox probes in a radiation susceptible 

human phenotype is intriguing. AnxA2 is a multifunctional protein that regulates molecular 

processes in many subcellular compartments, some of which contribute to tumorigenesis and 
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metastasis [39,40]. We have previously identified AnxA2 as a radiation-responsive protein 

that influences the cell transformation response to radiation in vitro [41], as well as the 

radiation transcriptome and cell fate [34]. AnxA2 possesses redox sensitive cysteine(s) [39] 

and oxidation at these sites could reduce probe binding, however, the mechanism for 

reduced probe binding to AnxA2 cannot be determined from these studies. For example, 

conformational changes in AnxA2 tertiary structure or subcellular distribution could 

influence probe–protein interactions by mechanisms unrelated to thiol oxidation and cannot 

be ruled out. AnxA1 is also implicated in human carcinogenesis and metastasis [42,43], 

therefore, increased expression of AnxA1 in a cancer prone phenotype warrants further 

consideration. Future studies will begin dissecting compartmental regulation of annexins to 

identify which variants functionally contribute to radiation carcinogenesis/cell killing, and 

define the site-specific modifications that influence protein function.

Gorlin Syndrome and Radiation Carcinogenesis

Susceptibility factors for radiation carcinogenesis in Gorlin syndrome have been identified 

including, (1) haploinsufficiency at the Patched allele, (2) defective DNA damage repair, (3) 

defective cell cycle regulation, and (4) developmental defects. Our data suggest that retinoic 

acid (RA)-deficiency may be an additional feature of Gorlin syndrome that is relevant to, 

and likely intertwined with, these susceptibility features. RA deficiency in GDFs is indicated 

by deficient expression of ALDH1A1 (Figures 5). ALDH1A1 is one of three rate-limiting 

enzymes in the conversion of retinaldehyde to RA. RA synthesis is reduced by 77% in the 

Aldh1a1 knockout mouse [44], indicating ALDH1A1 accounts for the major fraction of RA 

physiologically. RA is also a key regulator of developmental biology [45] and 

developmental abnormalities in Gorlin syndrome patients provide clear phenotypic support 

for the significance of this observation.

RA regulates cancer susceptibility, suggesting that ALDH1A1 deficiency in Gorlin 

syndrome is likely important to spontaneous and radiation-induced carcinogenesis. In 

support of this statement, epidemiological studies have correlated increased serum retinoid 

levels with reduced cancer risk [46], or conversely demonstrated that patients who have died 

of cancer have depressed retinoid levels [47]. These relationships have been confirmed in 

animal models where treatment with RA inhibits tumorigenesis, including basal cell 

carcinoma in a murine model for Gorlin syndrome [48] and skin carcinogenesis induced by 

ionizing radiation [49]. In contrast, retinoid deficient diets promote tumorigenesis at 

multiple sites [50]. Since RA levels are frequently depressed in cancer patients [51], it is 

plausible that this work may have broader implications such as retinoid deficiency 

contributing to the promotion of secondary cancers at the time of radiotherapy [52].

RA regulates many molecular and cellular processes that could impact radiation-induced 

DNA damage repair or unrelated processes functioning at different stages of carcinogenesis. 

Molecular examples are related to Ataxia telangiectasia, which is another human phenotype 

that is sensitized to radiation carcinogenesis [53]. Enhanced sensitivity is attributed to 

mutations in the Ataxia telangiectasia mutated (ATM) gene that functions in repair of 

radiation-induced DNA damage. RA can activate the ATM kinase [54], therefore, RA 

deficiency in Gorlin syndrome might contribute to documented deficiencies in DNA damage 
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repair in this disease [10,11] through deficient ATM activation. Defective DNA damage 

repair could lead to a prolonged presence of lesions in DNA, which in turn, stabilize p53 

levels, consistent with a marked increase in p53 stabilization in irradiated cells from Gorlin 

syndrome patients (8). Alternatively, the Ptch+/− mouse displays a defect in the radiation-

induced activation of the ATR-Chk1 cell cycle checkpoint [17] and the presence or absence 

of RA can significantly influence Chk1 phosphorylation status and activity [55]. Therefore, 

retinoid deficiency can impact multiple molecular processes of importance to radiation 

carcinogenesis that could plausibly function in concert or independently.

At the cellular level retinoids have been shown to stimulate stem cell differentiation [56] or 

induce apoptosis in cancer cells [57]. ALDH1A1 is a reported marker of the stem cell niche 

and its inhibition prevents the differentiation of stem cells [58]. Therefore, ALDH1A1-

deficiency might prevent differentiation of the cancer stem cell niche, consistent with the 

unusually high tumorigenic response to radiation in Gorlin syndrome patients, and reduced 

apoptotic responses due to depressed retinoid levels could exert a similar function.

The developmental basis of carcinogenesis is an emerging focal point [15]. Primary 

fibroblasts used in the present study have been isolated from healthy photo-shielded skin of 

Gorlin syndrome patients, yet phenotypically resemble cancer-associated fibroblasts [18]. 

Lamin A/C expression is frequently decreased in carcinogenesis [59] and proteomics 

analysis revealed decreased Lamin A/C expression in GDFs (Figure 5), which appears 

consistent with their phenotypic characterization as cancer-associated fibroblasts. This 

indicates that GDFs exhibit a fundamental change in phenotype, which could plausibly be 

influenced by RA deficiency impacting developmental programming and epigenetics. Lamin 

A/C-deficiency does not alter the DNA damage response to ionizing radiation in murine 

embryonic fibroblasts [60]. However, Lamin A/C functions in maintaining nuclear and 

cellular organization, as well as signal transduction [61]. In this context, there are several 

reports linking Lamin A/C to the regulation of pathways implicated in carcinogenesis [62]. 

Therefore, loss of Lamin A/C expression is expected to fundamentally alter cell signaling 

responses in the Gorlin phenotype.

Cancer-associated fibroblasts are involved in remodeling the extracellular matrix, 

suppressing immune responses, and secreting growth factors and cytokines that regulate 

differentiation, angiogenesis, and chronic inflammation [19]. It is known that low doses of 

radiation [20] and H2O2 [21] can induce a fibroblast senescent phenotype, which is also a 

secretory phenotype that promotes tumorigenesis [63]. GDFs were sensitized to H2O2 and 

radiation toxicity (Figure 3), raising the possibility that free radical perturbation of stromal–

epithelial interactions may also be sensitized in Gorlin syndrome.

Finally, we observed enrichment of several ribosomal proteins in our proteomics analysis, 

including three candidates uniquely enriched in GDFs (Figure 5). Ribosomal biogenesis is 

hypothesized to play an important regulatory role in the p53 pathway [64]. We have 

previously documented abnormal p53 regulation in primary cells from Gorlin syndrome 

patients [12]. Thus, redox probes may provide new methods to interrogate ribosomal 

biogenesis and the extent to which ribosomal function in carcinogenesis is modulated by 

changes in thiol status.

Wright et al. Page 10

Mol Carcinog. Author manuscript; available in PMC 2016 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In summary, we have validated thiol reactive probes for interrogating genetically susceptible 

human phenotypes and identify candidate protein thiols that are consistent with 

susceptibility to spontaneous and radiation-induced carcinogenesis in Gorlin syndrome. 

Protein thiols identified are known to be radioresponsive proteins (annexins) or enzymes 

(ALDH1A1; Lamin A/C) regulating pathways that significantly impact carcinogenesis. 

Collectively, the pathways identified have plausible implications for modifying radiation 

health effects. A multifactorial basis for unusual sensitivity to radiation carcinogenesis in 

humans appears likely based on our collective knowledge of the Gorlin phenotype. How 

these aberrant features interact to modify radiation carcinogenesis in such a dramatic fashion 

remains unclear.
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Figure 1. 
Protein thiol detection by SDS–PAGE analysis. Panel A: Schematic of redox probes with 

terminal alkyne group and click chemistry modification to fluorescent or affinity isolation 

tags for imaging or proteomic applications. Panel B: Protein thiol profiles following 

treatment of GDFs with 50–150 μM IAM-RP or Mal-RP. Panel C: Protein thiol profiles 

associated with nuclear extracts prepared from GDFs treated with 20–60 μM IAM-RP or 

Mal-RP. Panel D: Pretreatment of GDFs with 500 μM H2O2 eliminated the majority of 

probe binding without impacting total protein levels, suggesting that the detected bands 

represent protein thiols. Similar qualitative results were observed in two separate 

experiments.
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Figure 2. 
Qualitative images of thiol reactive probe labeling in situ. Fibroblasts were treated with 20 

μM IAM-RP or Mal-RP probe for 1 h followed by fixation and click chemistry to an 

Alexa647 fluorophore. Similar subcellular distribution patterns were observed in three 

separate experiments.
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Figure 3. 
Dose–response curves for H2O2 and X-radiation. Panel A: NHDFs (square) and GDFs 

(AS573—circle; AS587—triangle) were treated with 16–32 nM H2O2 for 24 h and cell 

viability was determined using a neutral red assay. Values represent the mean ± SE (n = 8). 

Similar results were observed in two separate experiments. Panel B: Clonogenic survival 

was determined 10 days postperoxide treatment for NHDFs (square) and AS587 GDFs 

(circle) as described in Methods section. Values represent the mean ± SE (n = 3). 

*Significantly different from respective control; #significantly different from NHDFs, P < 

0.05. Panel C: NHDFs (square) and GDFs (AS573—circle; AS587—triangle) were exposed 

to 3–200 cGy X-radiation and cell number was quantified at 72 h using a Coulter Counter. 

Values represent the mean ± SE (n = 3). *Significantly different from respective control and 

is representative for all three experimental groups. There were no statistically significant 

differences between groups. Similar results were observed in two separate experiments. 

Panel D: Clonogenic survival was determined 10 days postradiation exposure as described 

in Methods. Values represent the mean ± SE (n = 3). *Significantly different from respective 
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control; #significantly different from NHDFs for both GDF strains, P < 0.05. Similar results 

were observed in two separate experiments.
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Figure 4. 
Protein thiol profiles for NHDFs versus GDFs labeled with IAM-RP. Panel A: Baseline 

comparison of IAM-RP-sensitive protein thiols for NHDFs and GDFs. Arrow indicates a 

protein thiol that is abundant in NHDFs and apparently absent or markedly reduced in 

GDFs. Similar profiles were observed in three separate experiments. Panel B: Treatment of 

cells with 32 nM H2O2 for 1 h reduces protein thiol detection to a greater extent in GDFs, as 

compared with NHDFs. Similar results were observed in two separate experiments. Panel C: 

Quantification of protein thiol from peroxide-treated cells. Top graph represents whole lane 

analysis and illustrates a decrease in control GDF protein thiol levels, compared with control 

NHDFs (GDF/NHDF ratio). The decrease in protein thiol detection induced by peroxide is 

presented as the % respective control. In addition, six individual protein thiol bands were 

selected (see arrows in Figure 4B) and results from three independent experiments were 

pooled for statistical analysis (bottom graph). Values represent the mean ± SE (n = 3). 

*Significantly different from respective control; #significantly different from NHDF 

counterpart. Panel D: Qualitative protein thiol profiles visualized by SDS–PAGE for 

irradiated NHDFs and GDFs. Cells were incubated with redox probe immediately after 

irradiation for 1 h prior to preparation of cell lysates for SDS–PAGE analysis. Panel E: six 

individual protein thiol bands from NHDF (open circle) or AS587 GDFs (solid circle) (see 

arrows in Figure 4D) were quantified and results from three independent experiments were 
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pooled for statistical analysis. Values represent the mean ± SE (n = 3). *Significantly 

different from NHDF control.
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Figure 5. 
Protein thiol identification by mass spectrometry. Panel A: NHDFs (black) and GDFs 

(white) were incubated with 20 μM IAM-RP for 1 h followed by click chemistry to a biotin 

tag for affinity isolation as described in Methods section. Isolated proteins were identified 

following tryptic digestion and peptide sequencing by mass spectrometry. No probe controls 

were used to subtract non-specific backgrounds and results represent the subset of proteins 

showing statistically significant differences between NHDFs and GDFs. Values represent 

the mean ± SE (n = 3, biological replicates). Panel B: Cell lysates were prepared from 

NHDFs and GDFs (AS573, AS587) and equal amounts of protein were subjected to Western 

blot analysis of ALDH1A1, Lamin A/C, AnxA2, and AnxA1 as validation. Results from two 

independent experiments were pooled for quantitative analysis shown in graph (n = 4). 

Values represent the mean ± SE. *Significantly different from NHDF control.
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