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Abstract

FANCA is a key player in the canonical Fanconi anemia (FA) repair pathway. We have recently 

shown that FANCA also plays an important role in the single-strand annealing sub-pathway (SSA) 

of DNA double-strand break (DSB) repair by biochemically catalyzing single-strand annealing. 

Here, we report that a steroidal lactone withaferin A (WA) specifically impedes SSA repair by 

promoting FANCA downregulation at a sub-micromolar concentration range. We find that WA 

causes FANCA downregulation post-translationally in a proteasome-dependent manner. This WA-

mediated downregulation is achieved through HSP90 inhibition and disruption of the FANCA-

HSP90 interaction. WA-mediated FANCA degradation significantly reduces cellular SSA repair, 

abolishes FANCD2 monoubiquitination, elevates sensitivity to mitomycin C, and results in 

accumulation of DSBs. Importantly, the WA-induced defect in SSA repair is highly dependent on 

the absence of FANCA protein and overexpression of exogenous WT-FANCA protein in WA-

treated cells significantly complements the repair defect.

1. Introduction

DSBs are highly cytotoxic DNA lesions, which can lead to cell death or mutagenic 

consequences that drive genome instability and tumorigenesis [1]. Indeed, disruption of 
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many DNA DSB repair genes predispose to breast cancer, including mutations in BRCA1 

and BRCA2. Depending on cell cycle phases and availability of sequence homology, DSBs 

are repaired predominantly by four distinct pathways: 1) Homologous recombination (HR), 

2) Single strand annealing (SSA), 3) Microhomology-mediated end joining (MMEJ, 

alternative end-joining Alt-EJ), or 4) Non-homologous end joining (NHEJ). While HR is 

error free, SSA, MMEJ, and NHEJ are highly error-prone pathways that are responsible for 

genome instability in cells [2–9].

The Fanconi anemia (FA) pathway of DNA repair is specialized in repairing DNA 

interstrand crosslinks (ICLs). It is composed of at least 22 FANC proteins, of which 

deficiency in any causes hypersensitivity to crosslinking agents, chromosomal instability, 

and predisposition to cancer [10, 11]. FANCA is one of the FA core complex proteins [12, 

13] and the most commonly affected complementation group in FA patients, accounting for 

~64% of all mutations [14]. Outside of the canonical FA pathway, evidence has emerged that 

supports FA proteins’ role in repairing DSBs through the HR and SSA sub-pathways [15–

17]. Our previous work showed that FANCA promotes the SSA sub-pathway of DNA DSB 

repair by biochemically catalyzing single-strand annealing [18].

Withaferin A (WA) is a steroidal lactone isolated from winter cherry (Withania somnifera) 

that possesses pharmacological activities for cancer treatments [19, 20]. Its biological 

activity has been studied in various cancer models where elevated ER stress, reactive oxygen 

species, cell cycle arrest, and apoptosis were observed (reviewed in [21]). These pleiotropic 

effects of WA may be attributed to its covalent interaction with chaperone protein HSP90 

and Vimentin [22, 23]. HSP90 chaperones folding, maturation and stabilization of a number 

of client proteins primarily in cellular signal transduction pathways. A minor subset of 

HSP90 clients includes DNA damage response and DNA repair factors such as ATR, 

BRCA2, and FANCA [24, 25].

In this report, we evaluate the impact of withaferin A on DNA repair and demonstrate that 

withaferin A specifically impedes the SSA sub-pathway of DNA DSB repair through 

degrading FANCA.

2. Methods

2.1 Cell culture

The effects of WA were tested on several established breast cancer cell lines, including 

MDA-MB-231, SUM-149, MCF-7, and an immortalized breast epithelia cell line MCF-10A. 

The four U2OS cell lines carrying MMEJ, NHEJ, FIR, and SSA reporter constructs were 

generous gifts from Dr. Jeremy Stark at the City of Hope Medical Center [26]. SUM-149 

cells were cultured in DMEM/F-12 medium supplemented with 10% FBS, 5 μg/mL insulin, 

1 μg/mL hydrocortisone and L-glutamine. MCF-10A cells were maintained in DMEM/F-12 

medium supplemented with 5% horse serum, 20 ng/mL EGF, 10 μg/mL insulin, 100 ng/mL 

cholera toxin, 0.5 μg/mL hydrocortisone and L-glutamine. All others were grown in DMEM 

medium supplemented with 10% FBS and L-glutamine with the exception of MCF-7, which 

additionally receives 10 ng/mL EGF, 10 μg/mL insulin and 0.5 pg/mL hydrocortisone. 

MDA-MB-231 cells stably expressing FANCA was generated by transfection of plvx-ires-
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FANCA [18] and maintained with 400 pg/mL neomycin. Proliferation analysis of cells in 

response to WA and mitomycin C or WA alone was carried out in 96-well plates with 

Alamar blue after 48 hours of drug exposure. Knockout of FANCA was carried out as 

previously described [18] and verified by Western blot.

2.2. Cell-based DSB repair assay

I-Scel based fluorescent reporter assay were carried out as previously described with some 

modifications [26]. U2OS cells were seeded in 6-well plates at a density of 200K/well. At 

the following day, cells were subjected to transfection of 1 μg per well of I-Scel plasmid by 

using lipofectamine 2000 to initiate double-strand break production. WA at indicated 

concentrations was added 3 hours after adding transfection mixture. 48 hours after 

transfection, cells were washed once with PBS, trypsinized with 300 μL trypsin, and 

neutralized with 400 μL media. Cell suspension was processed immediately for FACS 

analysis. PE channel was used to assist the exclusion of auto-fluorescence. 

Complementation of SSA repair defect induced by WA is done by co-transfection of 1 pg 

per well of plvx-ires-FANCA or its corresponding vector plvx-ires-neo.

2.3. FANCA protein and in vitro biochemical assay

cDNAs for FANCA were obtained from Dr. Weidong Wang at the National Institute on 

Aging, NIH. The FANCA gene was cloned into pFastBac1 vectors and subsequently 

sequenced. Suspected mutations were screened against the human single nucleotide 

polymorphism (SNP) collection at NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez). True 

mutations were corrected by PCR-mediated site-specific mutagenesis and verified by 

resequencing. Baculoviruses were subsequently prepared according to the manufacturer’s 

protocol (Invitrogen). Purification of FANCA was carried out as described previously [27]. 

In brief, upon expression of the recombinant FANCA proteins in insect cells, the cells were 

homogenized using a Dounce homogenizer to prepare extracts. FANCA were purified by 

using HiTrap Q Sepharose Fast Flow, 5-mL HiTrap Blue, Mono S, Mono Q, and/or 

Superdex 200 gel filtration columns (GE Flealthcare, Piscataway, NJ), and/or a 2-mL high-

resolution hydroxylapatite column (Calbiochem, La Jolla, CA) and by tracing FANCA 

protein through SDS-PAGE and Western blot.

DNA binding EMSA analysis was performed as described previously [27] in a 10 μl reaction 

containing 25 mM Tris-HCI pH 7.5, 100 mM NaCI, 5 mM EDTA,1 mM DTT, 6% glycerol, 

1 nM 5’-32P-labeled oligonucleotide substrate A1, 260 ng FANCA protein and indicated 

amount of WA. The reactions were incubated at room temperature for 45 min, followed by 

the addition of 4 μl of 50% (w/v) sucrose buffered by 10 mM Tris-HCI pH 7.5. The reaction 

mixtures were resolved by electrophoresis through a 4% non-denaturing polyacrylamide gel 

in 40 mM Tris acetate (pH 7.6) and 10 mM EDTA with 6% glycerol at 100 V (~1.5 watts/

gel) for 40 min. DNA substrates and shifted bands were visualized by autoradiography.

Assessment of strand annealing activities was carried out as previously described [18]. In 

brief, a total of 0.5 nM 5’-32P-labeled DNA substrate (annealed A1/A2) and 260 ng FANCA 

protein were incubated in a 10 μl reaction of 25 mM Tris-HCI pH8.0, 100 mM NaCI, 1 mM 

EDTA with presence of indicated amount of WA. The reaction mixture was incubated at 
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room temperature for 40 min and stopped with 1 μl of 10x stop solution (200 mM EDTA, 

32% Glycerol, 1% SDS, 0.024% Bromophenol Blue), 3 pg proteinase K, and 10 min 

incubation at room temperature. Products were separated on a 6% native PAGE gel at 100V 

for 1.5 hr. Substrate and product bands were visualized by autoradiography.

2.4. Immunoblot, immunoprecipitation, and immunofluorescence staining

Primary antibodies used in this study include: FANCA (Bethyl, A301-980A), RAD52 

(Novus, NBP1-19429), FAAP20 (Invitrogen, PA5-58555), Actin (Santa Cruz, sc-47778), 

HSP90 (Santa Cruz, Sc-515081), FANCD2 (kind gift from Dr. Weidong Wang, NIH), 

GAPDH (Cell signaling, 8884), and γH2AX (Cell signaling, 9718).

Cell lysis buffer is comprised of 50 mM Potassium Phosphate buffer PH 8.0, 15% glycerol, 

500 mM NaCI, 5 mM β-Mercaptoethanol, 0.5% NP-40, 2mM DTT, and supplemented with 

benzonase, protease inhibitors and orthovanadate. Protein concentration was measured with 

Coomassie Plus reagent (Pierce, 23236). For western blots, protein samples were resolved in 

7% (for visualizing FANCD2 monoubiquitination) or 10% SDS-PAGE and transferred onto 

0.45 μm nitrocellulose membrane. Antibodies were diluted in 5% milk supplemented 1X 

PBST (0.1% tween-20) with working concentration determined according to manufacturers’ 

recommendation for western blots. For immunoprecipitation, 1 mL of cells lysate in mild 

lysis buffer (20 mM Tris, 137 mM NaCI, 5 mM EDTA, 1% Triton X-100, 10% glycerol, 

protease inhibitors and orthovanadate) with total protein concentration of 1 mg/mL was 

incubated with 30 μL protein A/G agarose resin and 3 μL of Hsp90 antibody in RT for 2 

hours. Ice-cold lysis buffer supplemented with PMSF was used three times for washes. At 

last, resin was boiled in 35 μL of 1X SDS loading buffer and loaded onto SDS-PAGE for 

immunoblotting.

For immunofluorescence staining, cells were grown on 8-well culture slide (Corning, 

354656) and received WA of indicated concentration for 48 hours. Cells were fixed in 4% 

buffered formaldehyde for 15 minutes at room temperature, permeabilized for 5 min in PBS 

supplemented with 0.2% Triton X-100, and blocked in DMEM containing 10% FBS. 

FANCA and yH2AX antibodies were used at dilutions of 1:100 and 1:150 in DMEM 

containing 10% FBS. After 2 hours of primary antibody incubation, cells were washed three 

times with PBST (PBS containing 0.2% Tween). Fluorescence-conjugated secondary 

antibody incubations were performed at room temperature for 1 hour. Cells received two 

PBST washes, PBS containing DAPI (0.5 μg/mL) for 10 minutes, and one final wash with 

PBS. After removal of chamber module, slides were applied with proLong gold antifade 

mountant (Life technologies, P36934), and covered with cover glasses for confocal imaging.

2.5. RT-PCR

To investigate transcriptional changes of FANCA levels, MDA-MB-231 was first treated 

with 1.6 μM WA for indicated times. Five million cells were used for total RNA preps with 

the RNeasy mini kit from Qiagen (74104). RNA prep quality was examined on an agarose 

gel. cDNA synthesis was carried out by using reverse transcription kit from Promega 

(A3500) following manufacturer’s protocol. Sybr green (applied Biosystems cybrgreen 

4367659) mixes of cDNA and primers were subject to quantitative PCR analysis in a Bio-
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Rad CFX system. The 2_ΔΔα method was employed to calculate relative fold changes of 

FANCA in WA treated cells. Primers used include FANCA-fwd 5’-

GCGTGTACCATTCTTGTCAAC, FANCA-rev 5’-GCTACCATCTCCTGCAATCTG, 

18sRNA-fwd 5’-GTAACCCGTTGAACCCCATT, and 18sRNA-rev 5’-

CCATCCAATCGGTAGTAGCG.

2.6. Quantification and statistical analysis

ImageJ was used for quantification for Western blot. FlowJo was used for flow cytometry 

analysis. Microsoft excel software was used to perform all statistical analyses. Statistical 

differences between groups were determined by two-tailed Student t-test based on at least 3 

repeats. Significance is denoted as * for p<0.05, and ** for p<0.01.

3. Results

3.1. WA impedes the SSA sub-pathway of DNA DSB repair in cells

HSP90 regulates DSB repair proteins [24, 25] and WA exerts its effect through HSP90 [22]. 

However, it is not established whether WA directly affects DSB repair in cells. To assess the 

impact of WA on DSB repair, we employed the l-Scel based GFP reporter assay in U2OS 

cells, which can monitor repair products from all four unique DSB repair sub-pathways [26]. 

As shown in Fig. 1A and 1B, WA treatment of U2OS cells causes significant reduction only 

in SSA repair, but not the other three sub-pathways. At 0.3 μM, WA reduces SSA repair by 

40% (Fig. 1A). This result resembles our early findings with FANCA depleted cells [18]. As 

WA may cause changes in cell proliferation [21]. which in turn would affect the choice of 

repair pathways, we determined the cell proliferation profile and showed that the specified 

WA concentrations and treatment conditions do not alter cell proliferation or cause apparent 

cytotoxicity (Fig. 1C). Thus, the specific reduction of SSA repair is not due to altered U2OS 

cell proliferation and cytotoxicity caused by WA treatment.

3.2. Reduction of FANCA protein is responsible for the WA-induced SSA repair defect

RAD52 and FANCA are the major catalytic factors in the SSA sub-pathway of DNA DSB 

repair [18, 28]. To test whether the WA-mediated SSA defect is due to changes in RAD52 

and/or FANCA, we examined the protein levels of RAD52 and FANCA under the same low 

WA treatment conditions in the same U2OS cells (Fig. 2A). Intriguingly, 0.3 μM of WA 

treatment for 48h, which causes a defect in SSA repair (Fig. 1A), dramatically reduces the 

protein level of FANCA, but not that of RAD52 (Fig. 2A). Importantly, the reduction of 

FANCA protein is not due to changes in FAAP20 protein (Fig. 2A), a well-established factor 

that stabilizes FANCA [29, 30].

When cells were challenged with a moderately higher concentration of WA (1.6 μM) within 

a short time course, FANCA protein was again dramatically downregulated, whereas no 

impact was observed for RAD52 (Fig. 2B, lanes 4-5). These results indicate that the 

reduction of FANCA protein levels is likely responsible for the WA-mediated SSA repair 

defect. To further test whether the WA-induced reduction of SSA repair is caused by factors 

other than FANCA, we carried out a WA-SSA repair assay using FANCA knockout U2OS 

cells that harbor the SSA-GFP reporter [18]. As shown in Fig. 2C, 0.1-0.3 μM WA treatment 
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of FANCA knockout cells does not cause any additional defect in SSA repair, strongly 

suggesting that degradation of FANCA, but not other factors, is responsible for the WA-

mediated SSA repair defect. Furthermore, complementation of WA-treated U2OS cells with 

an ectopically overexpressed FANCA protein significantly rescues the SSA repair defect 

(Fig. 2D, compare lane 2 with 4).

3.3. WA-mediated FANCA protein reduction compromises FANCD2 monoubiquitination, 
elevates sensitivity to ICL, and results in accumulation of DSBs

Besides its catalytic role in SSA, FANCA also participates in the canonical FA pathway of 

crosslink repair and in the SSA repair mediated by the FA pathway [15–17]. Therefore, it is 

likely that reduction of FANCA protein compromises FANCD2 monoubiquitination and ICL 

repair. Indeed, a WA treatment condition that depletes FANCA from U2OS cells abolishes 

the monoubiquitination of FANCD2 in the presence or absence of a DNA crosslinking agent 

(MMC) (Fig. 2E, compare lanes 2 and 4 with lanes 1 and 3 respectively). Consistent with 

compromised FANCD2 monoubiquitination, U2OS cells show elevated cellular sensitivity 

to a DNA crosslinking agent, mitomycin C (Fig. 2F). Thus, WA-induced reduction of 

FANCA downregulates SSA repair (Fig. 1) and inactivates the canonical FA pathway. 

Consequently, 0.3-μM WA treatment of U2OS cells causes dramatic increase of yFI2AX, an 

indicator of cellular DSBs [31, 32], when assessed by Western blot (Fig. 3A). We next 

evaluated U2OS cells exposed to 0.3 μM WA with immunofluorescent staining. Consistent 

with our model of FANCA-mediated activity of WA, elevated accumulation of μH2AX was 

observed in 0.3 μM WA treated cells while FANCA levels decreased (Fig. 3B). 

Quantification of fluorescence intensity suggests that this elevation is statistically significant 

(Fig. 3C).

3.4. WA-mediated reduction of FANCA is a general mechanism across different cell lines

To test whether WA induces reduction of FANCA protein in other cells, we treated MDA-

MB-231, SUM-149, MCF-7, MCF-10A, and U2OS cells with WA (Fig. 4A). MDA-MB-231 

and SUM-149 are triple-negative breast cancer (TNBC) lines; MCF-7 is an ER- and PR-

positive breast cancer cell line; MCF-10A is a non-tumorigenic epithelial cell line; and 

U2OS is an osteosarcoma cell line that is the platform of our DSB repair reporter assays. As 

shown in Fig. 4A, the WA-mediated reduction of FANCA protein is conserved in all cells in 

an acute response to WA concentration, suggesting a general mechanism. Intriguingly, the 

basal level of FANCA protein varies in different cell lines. MDA-MB-231 has the highest 

and MCF-10A has the lowest amount of FANCA protein.

A comparison of cell proliferation in response to WA treatment indicates that MDA-

MB-231 , which has the highest amount of WT-FANCA protein expression (Fig. 4A), is the 

most sensitive cell line (Fig. 4B). At 0.37 μM, WA inhibits proliferation of MDA-MB-231 

by ~60%. However, other cell lines are relatively refractory to this concentration of WA 

treatment (Fig. 4B). Intriguingly, overexpression of FANCA, similar to the naturally high 

FANCA expression in cells, also sensitizes MDA-MB-231 cells to WA treatment 

(Supplementary Fig. 1A). These data suggest that FANCA degradation mediated by WA is a 

general mechanism in cells and cellular FANCA protein level is likely associated with 

sensitivity to WA.
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3.5. WA-mediated FANCA protein reduction is dependent on HSP90 and the proteasome 
mechanism

Reduction of protein levels in cells can be caused by downregulated gene expression and/or 

upregulated protein degradation. A qPCR test indicates that, instead of decreased expression, 

transcription of FANCA is upregulated in response to WA treatment (Fig. 5A), strongly 

suggesting that WA-mediated reduction of FANCA is not due to suppressed gene 

expression. A cycloheximide chase experiment reveals that FANCA has a long half-life of 

beyond 4 hours in MDA-MB-231 cells (Fig. 5B), suggesting that the decrease in FANCA 

level (Figs. 2 and 4) is likely caused by upregulated degradation. Indeed, temporary 

disturbance of proteasome function by MG132 is able to rescue WA-induced reduction of 

FANCA protein level (Fig. 5C), suggesting that the proteasome pathway is responsible for 

FANCA clearance.

As FANCA has been identified as a client of FISP90 [24], and WA impacts FISP90 activity 

through covalent modification [22], we reasoned that WA may destabilize FANCA through 

HSP90 targeting. In a co-immunoprecipitation assay using anti-HSP90 antibody, FANCA 

physically interacts with HSP90 (Fig. 5D, lane 2). Acute treatments of MDA-MB-231 cells 

with WA disrupts the FANCA-HSP90 interaction (Fig. 5D, compare FANCA in lanes 3-4 

with that in lane 2). AUY922, a well-established HSP90 inhibitor, also causes dramatic 

reduction of FANCA-HSP90 interaction (Fig. 5D, compare FANCA in lanes 5-6 with that in 

lane 2). The combination of WA and AUY922 leads to additive reduction of FANCA when 

compared with single treatments (Fig. 5E).

It has been known that WA affects functions of Vimentin, C/EBPβ, and C377 through direct 

modification [33–36]. To test whether WA directly affects FANCA functions, we measured 

the DNA binding and single-strand annealing activities of purified human FANCA protein in 

vitro, in the presence or absence of WA [18, 27]. The results indicate that WA does not 

directly affect the biochemical activities of FANCA (Supplementary Figs. 1B and 1C).

4. Discussion

Recently, we reported that, outside of its canonical role in the FA pathway of DNA crosslink 

repair, FANCA promotes SSA repair of DSBs by annealing single-stranded DNA [18]. 

While WA can impact cells on many levels [22, 23], our study demonstrates that WA, within 

the tested concentration range, directly affects the choice of DSB repair pathways through 

the depletion of FANCA. With our cellular reporter assay for DSB repair in U2OS cells, WA 

reduces the SSA repair efficiency at a concentration of 0.3 μM (Fig. 1A) while cellular 

proliferation is not significantly impacted (Fig. 1C). However, at the same concentration, 

WA impacts defective proliferation of MDA-MB-231 (Fig. 4B), which has higher 

constitutive FANCA protein levels (Fig. 4A), supporting the FANCA dependency as one of 

the modes of WA action.

The ability to survive toxic genomic lesions, such as DSBs and ICLs, is a necessary trait for 

both normal and cancerous cells. The DNA damage load that is continuously placed on cells 

has served as a selective pressure for the evolution of a robust repair network that consists of 

multiple sub-pathways. To promote survival and prevent genomic instability, the 
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Homologous Recombination (HR) pathway is highly active during DNA replication and 

restores the proper DNA sequence at a DSB break site through use of the sister chromatid as 

a repair template. Therefore, cancers bearing an HR deficient phenotype must become 

reliant on alternative repair pathways during S/G2 cell cycle phases in order to survive and 

continuously divide [37]. These alternative repair pathways can also serve as a mechanism 

for chemo/radiotherapy resistance by increasing the DNA damage load tolerated by cancer 

cells. The Single Strand Annealing (SSA) pathway is a mutagenic, alternative DSB repair 

pathway that is able to compensate for HR during S/G2 phases [38]. SSA functions through 

an extensive end-resection step that reveals homologous sequences on each strand [39]. The 

central step of SSA repair occurs through the catalytic annealing of these homologous 

sequences, making the success of this pathway highly contingent on the functions of the 

annealing proteins RAD52 or FANCA [18, 40]. Therefore, targeting factors that promote 

cancer survival and chemotherapy resistance through the SSA pathway could serve as a 

powerful approach for sensitizing tumors to DNA-damaging agents while reducing the 

collateral damage to non-cancerous tissue. The therapeutic potential of weakening SSA 

repair has been previously recognized, and has led to the development of RAD52 inhibitors 

[41 ]. However, no current strategy exists to block the participation of FANCA in SSA, 

which we have previously shown to be responsible for residual levels of SSA when RAD52 

is depleted [18]. Consequently, all potential mediators of this pathway must be suppressed in 

order to ensure effective killing of SSA-dependent cancer cells.

High FANCA expression might be developed by cancer cells to survive excessive DNA 

damage with a price of elevated genomic instability through error-prone SSA repair. 

Importantly, genomic instability is not only a hallmark of cancer cells, but also an enabling 

factor for cancer development [42]. However, adaptations leading to a dependency on this 

repair pathway may grant cancer cells vulnerability to interventions by suppressing SSA. 

This study provides further evidence that targeting FANCA for cancer treatment is likely 

helpful and warrants additional studies. In addition, this downregulation is proteasome 

dependent and executed through HSP90 targeting, a consequence presumably conserved for 

most cell types (Fig. 4). While targeted therapies that aim to inhibit the repair activities of 

PARP1 [43–45], RAD52 [46, 47], and Polθ [48, 49] has been proposed and tested, our study 

implies an alternative approach with similar consequences. Through intervention of the 

chaperone complex that is important for the DNA repair network [24], perturbation of 

activity and stability can be imposed to a defined set of HSP90 clients. Given differential 

utilization of DNA repair pathways throughout cell cycles and in various cell types, 

extended efforts may be required to characterize the cell type-specific and cell cycle-specific 

response to HSP90 interference.
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Highlights:

• Withaferin A (WA) specifically impedes SSA repair of DNA DSB repair 

pathways at low concentrations.

• WA promotes FANCA downregulation post-translationally in a proteasome-

dependent manner.

• WA-mediated FANCA degradation is achieved through HSP90 inhibition and 

disruption of the FANCA-HSP90 interaction

• WA-mediated FANCA degradation abolishes FANCD2 monoubiquitination 

and results in accumulation of DSBs.
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Figure 1. WA specifically inhibits the SSA sub-pathway of DNA DSB repair.
(A) I-Scel based GFP reporter assay was employed to evaluate the impact of WA on DSB 

repair. 0.3 μM WA significantly reduces SSA efficiency but not the other three pathways. 

p<0.01. (B) Representative FACS illustrations for WA’s effects on MMEJ, NHEJ, FIR, and 

SSA. Percentage of cells with successfully SSA repair (GFP positive) drops with WA 

administration. (C) U2OS maintains normal proliferation under the same repair conditions.
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Figure 2. WA downregulates FANCA protein and causes defective FANCD2 monoubiquitination 
and elevated sensitivity to mitomycin C.
(A) Chronic treatments of U2OS cells with 0.1 and 0.3 μM WA downregulate FANCA but 

not RAD52 level. (B) WA treatment at a higher concentration (1.6 μM) causes quick 

reduction of FANCA protein. (C) WA treatments have no further impact on the SSA sub-

pathway when FANCA is absent in a FANCA knockout line of U2OS. (D) 
Complementation of WA-treated U2OS cells with FANCA-WT (FANCA cmp) rescues SSA 

repair. Top panel, quantitative SSA repair, **p<0.01. Bottom panel, Western blot of FANCA 
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protein levels. (E) WA-induced FANCA downregulation abrogates both spontaneous and 

MMC induced FANCD2 monoubiquitination. U2OS cells were treated with 1 μM of WA for 

24 hours and receive 1.5 μM of MMC at the later 8 hours course before harvest for western 

blots. (F) WA treatment (0.3 μM) elevates cellular sensitivity to a DNA crosslinking agent 

mitomycin C, indicating that WA causes reduction of ICL repair.

Liu et al. Page 15

DNA Repair (Amst). Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. WA treatment results in accumulation of DSBs.
(A) DSB marker γH2AX increases along with WA treatments. FANCA is a replica of the 

corresponding gel in Fig. 2A. (B and C) Confocal microscopy analysis of 

immunofluorescence staining reveals elevated γH2AX in 0.3 μM WA treated nucleus (B) 

with statistical significance (C, ** p<0.01). Intensity of γH2AX fluorescence is quantified 

by using imageJ with DAPI masks.
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Figure 4. WA-mediated reduction of FANCA is a general mechanism across different cell lines.
(A) Multiple cell lines with various levels of FANCA protein show downregulated FANCA 

level in response to WA treatment. All panels were from the same gel with same loading and 

exposure settings. (B) The TNBC line MDA-MB-231 with highest FANCA expression 

exhibits higher sensitivity among all tested cell lines to WA treatment.
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Figure 5. WA downregulates FANCA post-translationally through HSP90 inhibition and in a 
proteasome-dependent manner.
(A) RT-PCR reveals that transcription of FANCA is elevated with 1.6 μM of WA treatment. 

(B) Normal half-life of FANCA with 5 μg/mL cycloheximide (CHX). (C) WA-mediated 

FANCA destabilization (at the indicated concentration for 4 hours) is blocked with 

proteasomal inhibition by MG132 (10 μM, starts 4 hours prior to WA addition). (D) WA 

impedes the interaction between FANCA and FISP90. Another FISP90 inhibitor AUY922 

(at 0.1 μM) also disrupts the interaction in a time-dependent manner. (E) Combinatorial use 

of WA (1.6 μM) and AUY922 (0.1 μM) for 1.5 hour results in additive destabilization.
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