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BRCA1 mediates protein homeostasis
through the ubiquitination
of PERK and IRE1

Robert Hromas, - Gayathri Srinivasan,’* Ming Yang,'? Aruna Jaiswal,'-> Taylor A. Totterdale,® Linda Phillips,’
Austin Kirby,"3 Nazli Khodayari,* Mark Brantley,* Elizabeth A. Williamson,’® and Kimi Y. Kong'-3>*

SUMMARY

Tumors with BRCA 1 mutations have poor prognoses due to genomic instability.
Yet this genomic instability has risks and BRCA1-deficient (def) cancer cells
must develop pathways to mitigate these risks. One such risk is the accumulation
of unfolded proteins in BRCA1-def cancers from increased mutations due to their
loss of genomic integrity. Little is known about how BRCA1-def cancers survive
their genomic instability. Here we show that BRCA1 is an E3 ligase in the endo-
plasmic reticulum (ER) that targets the unfolded protein response (UPR) stress
sensors, Eukaryotic Translation Initiation Factor 2-alpha Kinase 3 (PERK) and
Serine/Threonine-Protein Kinase/Endoribonuclease Inositol-Requiring Enzyme 1
(IRE1) for ubiquitination and subsequent proteasome-mediated degradation.
When BRCA1 is mutated or depleted, both PERK and IRE1 protein levels are
increased, resulting in a constitutively activated UPR. Furthermore, the inhibition
of protein folding or UPR signaling markedly decreases the overall survival of
BRCA1-def cancer cells. Our findings define a mechanism used by the BRCA1-
def cancer cells to survive their increased unfolded protein burden which can
be used to develop new therapeutic strategies to treat these cancers.

INTRODUCTION

Breast cancer is the most prevalent cancer in women worldwide' and breast cancer with mutations in the
BRCA1 gene will accumulate more genetic mutations over time than most other cancers.” BRCA1 is a tu-
mor-suppressor protein that promotes genome integrity through pleiotropic functions, including DNA
double-strand break repair by homologous recombination (HR).>® Mutations in the BRCAT gene will
render a cell susceptible to genomic instability through defective DNA repair, leading to an increased
risk of breast cancer.” Mice deficient in BRCAT have been shown to develop basal-like mammary carci-

nomas.® With increased genetic mutations in BRCA1-def cells, it is reasonable to hypothesize that the cells Department of Medicine,
would also generate more mutant proteins. However, while there have been significant advances in under- University of Texas Health

. . . . . . . . Science Center, San Antonio,
standing how mutations in BRCAT affect genomic integrity, the effect of mutations in BRCA1 on protein TX 78229, USA
homeostasis is less known. Therefore, a deeper understanding of protein homeostasis in BRCA1-def can- 2Department of

cer cells will allow us to better understand the downstream impact of BRCA1 deficiency. Gastrointestinal Surgery, The
Third Xiangya Hospital of
Central South University,

BRCAT1 protein was initially thought to be primarily nuclear in location but recent studies have demon- Changsha 410013, China
strated that it is also found in other subcellular locations, including the endoplasmic reticulum (ER)”'? 3Department of Medicine
The ER is a cellular organelle where about one-third of all proteins are synthesized. Proteins secreted to and the Cancer Center,

- . . o University of Florida Health,
extracellular environment, membrane proteins, and proteins that reside inside the ER lumen are all synthe- Gainesville, FL 32610, USA
sized and folded into their native conformation in this organelle.” "¢ To resolve ER stress and restore pro- 4Department of Medicine,

tein homeostasis, cells have evolved conserved quality-control mechanisms in the ER termed the Unfolded Alpha-1 Research Program,

. . . . . . 16 . University of Florida Health,
Protein Response (UPR), endoplasmic reticulum-associated degradation (ERAD) and autophagy. “ERAD is Gainesville, FL 32610, USA

a highly conserved protein quality control machinery used by the ER to eliminate misfolded or unassem- SLead contact
eadqa contac

bled proteins via the cytosolic ubiquitin-proteasome system (UPS)."’~'? During the retrotranslocation

L S . . *C d :
and ubiquitination steps of the ERAD process, an E3 ubiquitin ligase will form a complex with other sub- ko:;féﬂ?&igfdu
strate-recognizing proteins such as SEL1L and DERLIN-1 to assemble a retrotranslocon and initiate the https://doi.org/10.1016/].isci.
polyubiquitination of the substrate that targets it for proteasomal degradation.?®? 2022.105626
L) .
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Figure 1. Increased accumulation of unfolded protein in BRCA1-def cells, localization of BRCA1 protein to the ER, and interaction with ERAD E3
ligase complex components

(A) Photomicrographs of MDA-MB-436(+ or def) cells labeled with TPE-MI (light/blue) and concanavalin-A (red). Scale = 20 um. TPE = TPE-MI. + = BRCA1-
replete. def = BRCA1-deficient.

(B) Representative flow cytometry dot plots of TPE-high population in BRCA1-def and BRCA1+ cells.

(C and D) Quantitative analysis of TPE signal intensity of each cell preparation.

(E) Confocal microscopy images of BRCA1-proficient MDA-MB-231 breast cancer cells. Top, cells were immunostained with BRCA1 (red) and DERL1
(DERLIN-1) (yellow) antibodies. Bottom, cells were immunostained with secondary antibodies conjugated with fluorophores as control. All cells were
counterstained with DAPI (blue). Scale = 5 uM. Green = GFP-KDEL.

(F and G) Immunoprecipitation (IP) of BRCA1 protein pull-downs of DERL1 and SEL1L from MCF7 (F) or MDA-MB-231 (G) cytoplasmic protein extract. IB =
immunoblotting. IN = Input. Ig = non-specificimmunoglobulin fragments. IgG(H) & IgG(L) = heavy and light chains. BRCA1 IB: ** = truncated BRCAT. *** =
deltal1qisoform. Data are represented as mean + SD. P value was calculated by Student’s two-tailed, unpaired t-test. *** <0.001. See also Figures S1-S3.

Although BRCA1 was identified more than two decades ago,”” it was not until recently that the role of the
RING domain began to emerge. Studies have now revealed multiple mechanisms by which this domain
confers the tumor suppressor functions of BRCAT1. Sequences encompassing the RING domain of
BRCA1 mediate its stable association with the BRCAT-associated RING domain protein 1 (BARD1) which
is important for their mutual stability,ge’33 nuclear localization, recruitment to DNA damage sites,>*3°

and ubiquitin E3 ligase activity.**~*"

In this present work, we have investigated the effect of BRCA1 deficiency on protein homeostasis by
exploring its E3 ligase activity targeting proteins for degradation outside the nucleus. We have established
a connection between BRCA1, the ERAD, and the UPR and identified the dependency of BRCA1-def cancer
cells on the UPR for survival. Furthermore, we show that we can selectively target BRCA1-def cancer cells by
inhibiting the UPR chaperone protein, cyclophilin B.

RESULTS

BRCA1-def breast cancer cells have a high level of unfolded proteins

To address whether increased genomic instability would lead to increased unfolded protein production,
we labeled BRCA1-deficient (def) and BRCA1-replete (+) breast cancer cells with tetraphenylethene mal-
eimide (TPE-MI), a fluorescent dye that targets unfolded proteins.*” TPE-MI fluorescence is activated
upon binding to free cysteine thiols, normally buried in the core of globular proteins but exposed upon
unfolding. In Figure 1, MDA-MB-436 BRCA1+ or BRCA1-def breast cancer cells were labeled with TPE-
MI before fixation for confocal immunofluorescence microscopy (IF) or harvested for flow cytometry. In
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IF analysis, fixed cells were further labeled with concanavalin-A to outline the ER subcellular compartment.
Our results show that the TPE-MI signal intensity is significantly higher (1.4-fold increase) in BRCA1-def can-
cer cells than in BRCA1+ cancer cells (Figures 1A and 1C). In flow cytometric analysis, a 4-fold increase of
TPE-MI fluorescence signal was detected in BRCA1-def cells when compared to the BRCAT+ cells
(Figures 1B and 1D).

We repeated the experiment with HCC1937 BRCA1+ and HCC1937 BRCA1-def breast cancer cells. In IF
analysis, we observed a 2.9-fold higher TPE-MI signal intensity in the BRCA1-def cancer cells
(Figures STA and S1C). When analyzed by flow cytometry, a 1.4-fold increase of TPE-MI fluorescence
was detected from the BRCA1-def cells when compared to the BRCA1+ cells (Figures S1B and S1D).

BRCA1 interacts with SEL1L and DERLIN-1 without mediating their ubiquitination

Confocal photomicrographs of BRCA1-proficient MDA-MB-231 breast cancer cells transduced with bacu-
loviruses that carried a GFP transgene with a KDEL ER retention signal sequence are shown in Figure 1E.
BRCA1 protein (red) localized to the nucleus (blue), cytoplasm, and ER (green). DERLIN-1 (yellow) co-local-
ized with BRCA1 protein in the ER and cytoplasmic compartments (Figure 1E). Single-color panels (white
background) and the z-stack images (black background) are shown in Figure S2. These results indicate
thatthe BRCA1 protein is present in both nucleus and cytosol and can colocalize with the ERAD component
DERLIN-1 in the ER. BRCA1/DERLIN-1 colocalization immunostaining was also performed in MCF7 cancer
cells with similar results (Figure S3).

After confirming the cytoplasmic and ER localization of wildtype BRCA1 protein, we investigated whether
BRCAT1 also played a role in the ERAD machinery through its E3 ligase activity. We found that BRCA1 can
form protein complex with the ERAD retrotranslocon components, SEL1L and DERLIN-1 (Figures 1F, 1G,
S4A, and S4B). However, our analyses shows that there was no difference in protein or ubiquitination levels
of SEL1L or DERLIN-1 in BRCA1-depleted MCF7 or MDA-MB-231 cells compared to controls (Figures S4C
and $4D). Therefore, BRCA1 does not appear to mediate the ubiquitination or degradation of SEL1L or
DERLIN-1. However, the interaction between these three proteins does imply that BRCA1 is a component
of the ERAD E3 ligase complex.

BRCA1 depletion results PERK and IRE1 overexpression

We hypothesized that since BRCA1 could be acting as an E3 ligase in the ERAD machinery, its deficiency
might have an impact on the UPR signaling. To test this hypothesis, we transiently depleted BRCA1 in
MCF7 and MDA-MD-231 cells and analyzed the expression of the UPR stress sensor proteins PERK,
IRE1T, and ATFé6 (Figures 2A and 2B). While the effect of BRCA1 deficiency on ATFé was less clear, the
expression of both PERK and IRE1 proteins was significantly increased when BRCA1 was depleted
(Figures 2A and 2B). BRCA1-def cancer cells also demonstrated much higher PERK and IRE1 protein
expression compared to cognate BRCA1+ cells (Figure 2C). Quantitative analyses of PERK and IRE1 protein
signal intensities detected from BRCA1+ and BRCA1-def cancer cells are summarized in Figures S5A and
S5C. We also over-expressed BRCA1 or BARD1 protein in BRCA1-def cells to determine whether it would
have an opposite effect on the protein levels of PERK and IRE1. Figure 2D show both PERK and IRE1 protein
levels were significantly reduced when BRCA1 or BARD1 was overexpressed.

These data suggested that BRCAT may regulate the UPR stress sensors PERK and IRE1 at the protein level.
To confirm this, we performed gPCR analysis on BRCA1-depleted MDA-MB-231 and MCF7 cells (Fig-
ure S5D) and BRCA1- or BARD1-overexpressing MDA-MB-436 BRCA1-def cells (Figure S5E) and demon-
strated that neither PERK nor IRE1T mRNA levels was significantly affected by BRCA1 depletion or
BRCA1/BARD1 overexpression.

BRCA1 mediates the ubiquitination of PERK and IRE1

Since there was an increase in protein levels of PERK and IRE1 in the BRCA1-depleted MCF7 or MDA-MB-
231 cells that were independent of their mRNA levels, we postulated that BRCA1 may be targeting PERK
and IRE1 for ubiquitination. We performed co-immunoprecipitation assays with cytoplasmic protein ex-
tracts from BRCA1-proficient MCF7 (Figure 2E) and MDA-MB-231 (Figure 2F) cells. Our results show that
BRCAT1 can form protein complexes with PERK and IRE1. Reverse co-immunoprecipitation using PERK or
IRE1 antibodies also pulled down BRCA1 protein (Figure S6A). We repeated the co-immunoprecipitation
experiments with proteins isolated from MCF7 ER microsomes and our results show that BRCA1 can form
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Figure 2. BRCA1 protein interacts with and ubiquitinates PERK and IRE1

(A-D) Total protein extracts were isolated from (A) control or BRCA1-depleted MCF7, (B) control or BRCA1-depleted MDA-MB-231cells, (C) MDA-MB-436
cells (+ or def), and (D) control, BRCA1 or BARD1 over-expressing MDA-MB-436 BRCA1-def cells.

(E and F) Immunoprecipitation (IP) of BRCA1 protein pull-downs of PERK and IRE1 from MCF7 (E) or MDA-MB-231 (F) cytoplasmic protein extract. BRCA1 IB:
* = hyperphosphorylated BRCA1, ** = truncated BRCAT. *** = deltal1q isoform. IRE1 IB: * = possible ubiquitinated IRE1.

(G and H) Ubiquitination analysis of PERK and IRE1 in (G) MCF7 cells or (H) MDA-MB-231 cells. Cells were transfected with control or BRCA1 siRNA. BRCA1
siRNA transfected cells were either untreated or treated with DMSO or Bortezomib overnight before harvesting for protein analysis.

(I'and J) In vitro ubiquitination analysis of (I) PERK or (J) IRET with E1, UBE2J1, BRCA1, BARD1, and/or ubiquitin. Ubiquitinated PERK or IRE1 was detected
with an anti-Ub antibody. Ub = Ubiquitin. Bortz = Bortezomib. Data are represented as mean + SD. P value was calculated by Student’s two-tailed, unpaired
t-test. * <0.05. See also Figures S4-S6.

complexes with PERK and IRE1 from proteins isolated from this cellular subfraction (Figure S6B). We then
examined the ubiquitination levels of PERK and IRE1 in control and BRCA1-depleted MDA-MB-231 and
MCF7 cells. Additional BRCA1-depleted MDA-MB-231 and MCF7 cells were also prepared for DMSO or
bortezomib treatment. Our ubiquitination analyses show that there were significant decreases in the ubig-
uitination of PERK and IRE1 in BRCA1-depleted cells compared to the controls (Figures 2G, 2H, and S6C).
Bortezomib treatment resulted in a significant increase of ubiquitinated PERK and IRE1 in the BRCA1-
depleted cells, suggesting that ubiquitinated PERK and IRE1 are subjected to proteasomal degradation
(Figures 2G, 2H, and S6C). Protein levels of BRCA1, PERK, IRE1, ubiquitin, and GAPDH in control or
BRCA1-depleted cells and with or without bortezomib treatment confirmed the proteasome-mediated
degradation of IRE1 and PERK (Figure SéD).

BRCA1 ubiquitinates PERK and IRE1

To determine whether BRCA1 can directly ubiquitinate PERK and IRE1, we performed in vitro ubiquitination
assays using full-length BRCA1, BARD1, PERK, and IRE1 proteins. Figures 2| and 2J demonstrate that
BRCA1 in the presence of BARD1 can ubiquitinate both PERK and IRE1 efficiently. However, while strong
PERK and strong IRE1 ubiquitination signals could be seen when both BRCA1 and BARD1 were present
(Figures 2l and 2J, lanes 5-7), a mild IRE1 ubiquitination signal was detected when only BRCA1 or
BARD1 was used (Figure 2J, lanes 1-2) suggesting that a less efficient ubiquitination process can also be
carried out on some protein substrates by either BRCA1 or BARD1 protein alone. In addition, IRE1 was
ubiquitinated more rapidly by the BRCA1/BARD1 E3 ligase heterodimer than PERK. Maximal ubiquitina-
tion signal of IRE1 could be reached at 10 min or less whereas the maximal ubiquitination signal of PERK
required at least 30 min to achieve (Figures 2| and 2J). We repeated the assay using an unrelated protein,
NSP15,%° as a negative control for the specificity of the BRCA1 E3 ligase function (Figure S6E).
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Figure 3. Depleting UPR components is lethal to the BRCA1-def cancer cells

(A) MDA-MB-436 (BRCA1-def or +), HCC1937 BRCA1-def and SUMPT149 BRCA1-def breast cancer cells were transfected with control, CypB, IRE1, GRP%4,
HSP70, BiP, PERK or DERL1 siRNA and assessed for cell survival.

(B) HCC1937 BRCA1+, MDA-MB-231, MCF7, and MCF10A cells were transfected with CypB siRNA and assessed for cell survival.

(C) MDA-MB-436 (+ or def) and HCC1937 (+ or def) breast cancer cells were transfected with control, CypB-A or CypB-B siRNA. Top, western blot analysis.
Bottom, clonal cell survival analysis.

(D) MDA-MB-436 BRCA1-def cells were transfected with either (i) pCMV vector and siRNA control, (i) PPIB/pCMV and siRNA control, (iii) pCMV control and
CypB 3'UTR siRNA or (iv) PPIB/pCMV and CypB 3'UTR siRNA for cell survival and Western blot analysis. N.S. = not significant. F-CypB = Flag-tagged
cyclophilin B. Bar charts are the summary of the quantitative analysis of the colony forming units (CFU) from each siRNA transfection experiment. Data are
displayed as mean + SD. P values were calculated by Student’s two-tailed, unpaired t-test. See also Figures S7 and S8.

We also examined BARD1 protein levels in BRCA1+ and BRCA1-def cancer cells. We speculated that if the
heterodimer formation is important for the mutual stability of BRCA1 and BARD1, BARD1 should be less
stable in the BRCA1-def cells since there will be fewer stable BRCA1 proteins available to form hetero-
dimers. Our protein analysis shows that the level of BARD1 protein was indeed lower in BRCA1-def cells
than in BRCA1+ cells (Figure S7).

Depletion of unfolded protein response components decreases the clonal survival of the
BRCA1-def cancer cells

Our data imply that BRCA1 deficiency itself results in a survival pathway for the protein mutational burden
caused by the inherent genomic instability in these cells. BRCA1 deficiency promotes UPR signaling by
constitutively under-ubiquitinating and thereby increasing the expression and activation of PERK and
IRET (Figure 2). To test whether these UPR signaling pathways support the survival of BRCA1-def cancer
cells, we depleted key ERAD and UPR components in BRCA1-def cancer cells and examined their clonal
survival in colony formation assays. While all ERAD/UPR components depleted had some impact on the
clonal survival of at least one of the BRCA1-def cancer cell lines, only the inhibition of IRE1, BiP or cyclo-
philin B (CypB) showed severe lethality in all three of the BRCA1-def cancer cell lines (Figure 3A, red aster-
isks). Furthermore, despite the profound impact of CypB inhibition on the viability of BRCA1-def cells, in-
hibition of CypB in BRCAT+ cells had little effect on their survival (Figure 3A, blue asterisk & Figure 3B). To
further support this selective targeting of BRCA1-def cells, we analyzed additional BRCA1-def breast/
ovarian cancer cell lines and found that they are also susceptible to CypB depletion (Figure S8A). These
results suggest a specific targeting of BRCA1-def cancer cells can be achieved by depleting CypB. The
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Figure 4. Cyclophilin inhibitor treatment increases unfolded proteins and PDI aggregates formation in BRCA1-def cancer cells

(A) Photomicrographs of DMSO- or CsA-treated MDA-MB-436 (+ or def) cells labeled with TPE-MI (light/blue) and quantitative analysis of TPE signal
intensity of each cell preparation. Scale = 20 um. TPE = TPE-MI. + = BRCA1-replete. def = BRCA1-deficient.

(B) Representative flow dot plots of TPE signals in DMSO- or CsA-treated MDA-MB-436 (+ or def) breast cancer cells and quantitative analysis of TPE-high
cell population of each cell preparation.

(C and D) Quantitative analysis of TPE signal intensity of each cell preparation.

(E) Confocal microscopy images of DMSO- or CsA-treated MDA-MB-436 (+ or def) breast cancer cells. Cells were co-immunostained with CypB (red) and PDI
(green) antibodies. Top, 2 days post-treatment. Bottom, 3 days post-treatment. All cells were counterstained with DAPI (blue). Scale = 5 pM. Bar charts are
quantitative analyses of cell populations with PDI aggregate formation.

(F) Depletion of PDI induced severe synthetic lethality in MDA-MB-436 BRCA1-def cancer cells. Top, Western blot analysis. Middle, representative images of
colony forming units (CFUs) from control or CypB knock-down cancer cells after 14 days culturing. Bottom, quantitative analysis of the clonal colony
formation assay. Data are displayed as mean + SD. P values were calculated by Student’s two-tailed, unpaired t-test. See also Figure S8.

efficiency of all siRNA transfection was confirmed by Western blot (Figure S8B). We repeated the BRCA1-
def cancer cell survival assays using two distinct single CypB siRNAs respectively. Figure 3C shows that
while both siCypB-A and siCypB-B can target BRCA1-def cancer cells effectively, siCypB-B did not induce
synthetic lethality in BRCA1+ cancer cells.

To further validate that the severe lethality induced in the BRCA1-def cancer cells was specifically caused by
CypB depletion, we performed a rescue assay in MDA-MB-436 BRCA1-def cancer cells. Figure 3D shows
that in CypB (PPIB) over-expressing/siCypB BRCA1-def cells, cell viability was rescued back to ~80%
from <10% when cells were transfected with parental vector and CypB 3'UTR siRNAs (pCMV/siCypB)
compared to pCMV/siControl.

Cyclophilin inhibitors increase unfolded proteins and protein disulfide isomerase
aggregation in BRCA1-def cancer cells

There are multiple cyclophilin B inhibitors, and three have been clinically tested, with one, cyclosporin A
(CsA) achieving FDA approval for the prevention of rejection of transplanted solid organs.”'™** To deter-
mine whether CypB is critical to alleviating the unfolded protein burden in BRCA1-def cancer cells, we
treated the MDA-MB-436 BRCAT1+ and BRCA1-def cells with CsA for 2 days and assessed the amount of
unfolded protein in the CsA-treated cells. In Figures 4A-4D, DMSO- or CsA-treated MDA-MB-436
BRCAT+ or BRCA1-def breast cancer cells were labeled with TPE-MI before fixation for
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immunofluorescence staining (IF) or harvested for flow cytometry. Our results show that the TPE-MI signal
intensity is significantly higher in both CsA-treated BRCA1+ and BRCA1-def cells (~60% and 20% increase
respectively). In flow cytometric analysis, a nine-fold increase of TPE-MI-high population in CsA-treated
BRCAT+ cells and an ~20% increase in the TPE-MI-high population in CsA-treated BRCA1-def cells
were detected when compared to their DMSO-treated counterparts. This is consistent with the BRCA1-
def cells having a higher baseline of unfolded proteins than the BRCA1+ cells.

It has been reported that protein disulfide isomerase (PDI), a canonical UPR biomarker, interacts with CypB
and promotes protein folding,***> so we examined whether CypB depletion would affect PDI. In our
confocal microscopy analysis, we found that PDI protein levels are normally lower in BRCA1+ cells
compared to the BRCA1-def cells (Figure 4E), probably due to a higher demand for protein folding in
the latter. After treating with CsA for 2 days, only a moderate level of CypB was seen in BRCA1+ cells which
is consistent with previous reports that showed CsA could promote the secretion of CypB outside of the
cells.**" However, higher expression of PDI is seen in BRCA1-def cells, and aggregates of PDI protein co-
localized with CypB appeared in ~10% of the BRCA1-def cells after 2 days of CsA treatment. At day 3 post-
treatment, >30% of the BRCA1-def cells have numerous large PDI protein aggregates (Figure 4E), implying
that CypB function is especially important to PDI folding when PDI is highly expressed, such as when the
high level of unfolded proteins are present in BRCA1-def cells. These PDI protein aggregates were rarely
detected in CsA-treated BRCAT1+ cells (Figure 4E).

We also performed cell survival assay on PDI-depleted MDA-MB-436 BRCA1+ and BRCA1-def cells. Fig-
ure 4F shows that the survival of BRCA1+ cells was not significantly affected by PDI depletion whereas
more than 60% of BRCA1-def cells were killed when PDI was depleted (Figure 4F). These results are similar
to CypB inhibition in BRCA1+ and BRCA1-def cancer cells (Figures 3 and S8A).

Cyclophilin inhibitor treatment is detrimental to the survival of BRCA1-def cancer cells
Although CsA is a cyclophilin inhibitor, it is also an immunosuppressant because it also inhibits calcineurin. Two
potent CsA derivatives, NIM811 and Alisporivir (Debio-025), inhibit CypB but do not interact with calcineurin.
They have both undergone early-phase clinical trials and have been found to be safe. To investigate the ther-
apeutic potential of suppressing CypB in the BRCA1-def breast cancer cells, we treated BRCA1-def and
BRCA1+ cell lines with CsA, NIM811, or Alisporivir and examined their viability post-treatment. Figure 5A shows
that similar to CypB siRNA depletion, CsA also induces severe synthetic lethality in all BRCA1-def breast cancer
cell lines tested. For BRCA1-def HCC1937, SUM149PT, and UWB1.289 cells, the ICsqg value of CsA was <1 uM
whereas the I1Csq value for the BRCA1-def MDA-MB-436 cells was 1 uM, which is a clinically achievable level.

We also examined some key UPR signaling pathway components in MDA-MB-436 BRCA1+ and BRCA1-def
cells with or without CsA treatment. Figure S9A shows that the UPR signaling pathway is more active in the
BRCA1-def cells than in the BRCA1-replete cells. Protein levels of PERK and IRE1 (native and phosphorylated),
phosphorylated-elF2a, ATF4, BiP, and GRP%4 are all elevated in the BRCA1-def cells. QPCR analysis on the
mRNA level of XBP1 also shows a five-fold increase of spliced (sp) XBP1 and total XBP1 in the BRCA1-def cells
compared to the BRCA1+ cells (Figure S9B). Up to a 10-fold increase of sp XBP1 and total XBP1T mRNA was
detected in CsA-treated BRCA1+ cells (Figure S9B), indicating that CypB inhibition activates the UPR in these
cells. Contrarily, a slight decrease of sp XBP1 mRNA level was observed when the BRCAT-def cells were
treated with CsA (Figure S9B), perhaps because the cells have already committed to a cell death fate.

The ICs values of the BRCA1-def cancer cells treated with NIM811 or Alisporivir are similar to the results of
the CsA treatment (Figure 5A). The ICsq values of CsA or NIM811 treatment for the BRCA1+ cell lines, MDA-
MB-436+, MDA-MB-231, and MCF10A cells, were up to 7-fold higher than the BRCA1-def cancer cells (Fig-
ure 5A). Another BRCA1+ breast cancer cell line, MCF7, also has a 3-fold higher ICsg value compared to the
BRCA1-def cancer cells. Since all BRCA1-def cancer cell lines show similar sensitivity to CsA, NIM811, and
Alisporivir, the mechanism of synthetic lethality in the BRCA1-def cancer cells is likely due to the inhibition
of CypB and not the inhibition of calcineurin.

Cyclosporin A treatment in murine xenograft model

After demonstrating that BRCA1-def cancer cells were equally susceptible to CypB inhibition in vitro, we
established a murine xenograft model to investigate the efficacy of CsA on BRCA1-def tumors in vivo. Lucif-
erase-expressing SUM149PT BRCA1-def breast cancer cells were used to induce tumor formation
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Figure 5. Cyclophilin inhibitors induce severe synthetic lethality in BRCA1-def cancer cells in vitro and in vivo

(A) BRCA1-def cancer cells (MDA-MB-436, HCC1937, SUM149PT or UWB1.289), BRCA1-proficient cancer cells (MDA-MB-436, MDA-MB-231 or MCF7) and
non-tumorigenic mammary epithelial cells (MCF10A) were seeded one day prior to drug treatment. A single continuous dose of CsA, NIM811 or Alisporivir
was added to the corresponding cell lines. Quantitative analysis of each survival curve is shown in graphs. CsA = Cyclosporin A. CFU = Colony forming units.
DMSO = dimethyl sulfoxide vehicle.

(B) CsA treatment of human BRCA1-def breast cancer cells in a murine model. Representative luciferase images of each treated subject were taken by an
In Vivo Imaging systems (IVIS). Animals were either treated with vehicle (control) or CsA (treatment) for 6 weeks post-tumor formation.

(C) Quantitative analysis of tumor progression from each group was summarized in graph.

(D) Schematic diagram depicts the model of wildtype and mutant BRCA1 regulation of the ERAD and UPR signaling pathways to maintain protein
homeostasis in the ER. Wt = wildtype. def = deficient. Ub = ubiquitin. P = phosphate. Dashed arrow = less favored pathway. Ubiquitination and
phosphorylation modifications in the diagram are simplified for clarity. Data are displayed as mean + SD. P values were calculated by Student’s two-tailed,
unpaired t-test.

subcutaneously in athymic nude mice. Figure 5B shows images of animals from either control (vehicle) or
CsA-treated group captured by an In Vivo Imaging System during a six-week study period. Figure 5C shows
the summary of the tumor progression of the animals from each group. We found that CsA treatment at
22.5 mg/kg/g2d intraperitoneally was effective in suppressing the growth of the BRCA1-def tumors without
any signs of treatment toxicity.

Figure 5D depicts a schematic diagram of our findings: (A) Wildtype BRCA1 protein is a component of
ERAD, interacting with SELTL/DERLIN-1 and regulating the protein levels of PERK/IRE1 via ubiquitination,
and (B) BRCA1-deficiency results in higher PERK and IRE1 protein levels and increased activation via auto-
phosphorylation. (C) In the presence of cyclophilin inhibitors such as CsA, the UPR survival pathway is
compromised, resulting in cell death.

DISCUSSION

BRCA1 protein consists of four major domains: the RING domain, the BRCA1 serine domain, and 2 BRCT do-
mains.’®"? The BRCT domains are phosphopeptide recognition modules, and the RING finger domain has
ubiquitin E3 ligase activity."” The BRCT domains bind to phosphorylated partners such as CtIP that are
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involved in the homologous recombination DNA damage response.”””" The RING domain of BRCAT,
together with its interacting partner BARD1, constitutes a potent ubiquitin E3 ligase.*”>* Here, we investigated
the dynamic between the loss of DNA-repair activity and the loss of E3 ligase activity of BRCA1 protein in
BRCA1-def cancer cells. When BRCA1 is mutated or depleted, HR DNA repair becomes less efficient, which
drives cells towards error-prone DNA repair pathways, especially to repair replication fork damage.”*> We
hypothesized that the loss of DNA repair and subsequent genomic instability in BRCA1-def cancer cells would
increase unfolded/misfolded mutant proteins. We confirmed this hypothesis by demonstrating increased
levels of unfolded proteins in BRCA1-def cancer cells compared to BRCAT+ cancer cells (Figures 1 and S1).

In this study, we also uncovered a previously unknown E3 ligase function of BRCA1 in the ER, ubiquitinating
PERK and IRE1 for proteasome-mediated degradation. This finding establishes a role for BRCA1 in the
UPR®® and identifies new targets for BRCA1-BARD1 ubiquitination for proteasomal destruction. The UPR
can initially decrease the unfolded protein burden but continued high levels of unfolded proteins will
lead to cell death.”” Since BRCA1-def cancer cells have a high mutational burden,? resulting in more
unfolded/misfolded proteins, the under-ubiquitination of PERK and IRE1 due to BRCA1 deficiency leads
to a constitutively activated UPR. This in turn can assist in processing the higher levels of unfolded proteins
in these cells and thereby restore protein homeostasis, alleviate ER stress, and promote survival.

Currently, there are at least a dozen of ERAD E3 ligases reported to contribute to the ubiquitination of mis-
folded proteins in the ERAD. Several are transmembrane proteins such as HRD1.°*"°® Others are cytoplasmic
E3 ligases that have been demonstrated to be involved in ERAD.*"” HRD1 forms ERAD E3 ligase complex
with SEL1L and DERLIN-1 and promotes unfolded protein recognition and ubiquitination, recruitment to
the retrotranslocon, retrotranslocation, extraction, and transport to the proteasome for degradation.m'ﬂ
Several endogenous substrates for SEL1L/HRD1-mediated ERAD, including IRE1 and p53, have been identi-
fied.””7° Although it has been shown that expression of HRD1 is significantly downregulated in breast cancer
tissues,”’ it is possible that other ERAD E3 ligases beside BRCA1 are functional in the breast cancer cells.
Therefore, the impact of BRCA1 deficiency on the ERAD machinery in breast cancer cells is currently unknown.

Our study has uncovered a pro-survival pathway used by BRCA1-def cancer cells to address mutant protein
homeostasis by constitutively over-expressing PERK and IRE1 via loss of ubiquitination. The susceptibility
of BRCA1-def cancer cells to the depletion of UPR components supports the notion that the UPR signaling
pathway is instrumental to the survival of these cells. The same mutation that results in more unfolded pro-
teins creates a pathway to deal with them. This is a crucial component of BRCA1-def oncogenesis, since
without this pathway BRCA1-def cells would not survive transformation. This is likely one reason why bial-
lelic BRCA1 loss does not result in cell death but becomes an oncogenic event.

Our data show that CypB depletion or inhibition can specifically kill BRCA1-def cancer cells (Figures 3 and
S8). CypB is a peptidyl-prolyl isomerase (PPlase) enzyme that can localize to the ER or the nucleus.”®”?
CypB assists in folding newly synthesized proteins and regulates stability, localization, and activity of
mature proteins.’>®" As such, CypB can attenuate ER stress via its PPlase activity®” and suppress unfolded
protein-induced cell death. We hypothesize that the loss of CypB increases unfolded proteins past a level
where the increased levels and activation of PERK/IRE1 are able to maintain protein homeostasis in BRCA1-
def cells (Figures 4A and 4B). The appearance of large PDI protein aggregates in CsA-treated BRCA1-def
cancer cells also resembles the PDI aggregate formation in Brefeldin-A-treated cells which suggests
compromised vesicle formation and protein transport network in the Golgi apparatus,®* and may be a
mechanism by which CypB loss causes BRCA1-def cell death.

Taken together, our study shows that disrupting the protein homeostasis via down-regulating CypB is a
new and important target in BRCA1-def cancers with a potentially wide therapeutic index since its deple-
tion or inhibition does not affect BRCA1-replete/BRCA1-proficient cells. There is already an enormous clin-
ical experience with the safety of CsA and some with Alisporivir and NIM811, therefore, this study has pro-
vided evidence for a new therapeutic strategy to treat BRCA1-def breast and ovarian cancers.

Limitations of the study

The behavior of tumors in situ is not necessarily replicated by immortalized cell lines. Thus, future animal
studies will be necessary to validate the role of CypB inhibitors for the treatment of in vivo BRCA1-def can-
cers in order to provide a solid rationale for advancement to clinical trials.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-ATF4 Cell Signaling Cat# 11815; RRID: AB_2616025
Anti-ATF6 Cell Signaling Cat# 65880; RRID: AB_2799696
Anti-BARD1 Thermo Fisher Cat# 22964-1-AP; RRID: AB_2879190
Anti-BRCA1 Novus Biologicals Cat# AF2210; RRID: AB_2067618
Anti-BRCA1 Santa Cruz Biotech Cat# sc-6954; RRID: AB_626761

Anti-Cyclophilin B
Anti-Cyclophilin B
Anti-DERLIN 1
Anti-DERLIN 1
Anti-GAPDH
Anti-IRE1

Anti-IRE1 (phospho)
Anti-IRE1

Anti-PERK
Anti-PERK (phospho)
Anti-PERK
Anti-SELTL
Anti-Ubiquitin agarose beads conjugated
Anti-Ubiquitin
Anti-Flag M2 affinity gel
Anti-Strep-tactin
Anti-GRP94

Anti-BiP

Anti-HSP70
Anti-elF2a
Anti-elF2a (phospho)

Abcam
ThermoFisher
Santa Cruz Biotech
Origene Technologies
Cell Signaling

Cell Signaling
Abcam

Santa Cruz Biotech
Cell Signaling
Abcam

Santa Cruz Biotech
Santa Cruz Biotech
Santa Cruz Biotech
Cell Signaling
Millipore Sigma
Neuromics

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cati# ab 178397

Cat# MA5-31392; RRID: AB_2787028
Cat# sc-293385

Cat# TA301554

Cat# 2118; RRID: AB_561053

Cat# 3294; RRID: AB_823545

Cat# ab124945; RRID: AB_11001365
Cat# sc-100772; RRID: AB_1124115
Cat# 5683; RRID: AB_10841299
Cat# ab192591; RRID: AB_2728666
Cat# sc-377400; RRID: AB_2762850
Cati# sc-377350

Cat# sc-8017; RRID: AB_628423
Cat# 43124; RRID: AB_2799235
Cat# A2220; RRID: AB_10063035
Cat# 2-1502-001

Cat# 2104; RRID: AB_823506

Cat# 3177; RRID: AB_2119845
Cati# 46477; RRID: AB_2687559
Cat# 5324; RRID:AB_10692650
Cati# 3398; RRID: AB_2096481

Bacterial and virus strains

CellLight ER GFP, BacMam 2.0

Thermo Fisher

Cat# C105090

Chemicals, peptides, and recombinant proteins

Tetraphenylethene maleimide
Concanavalin-A TRITC conjugated
Bortezomib

UBE1

UBE2J1

BRCA1

Ubiquitin

Cyclosporin A

NIM811

Alisporivir (Debio-025)

AlEgen Biotech
Thermo Fisher
SelleckChem

R&D Systems

R&D Systems
Active Motif
Boston Biochem
SelleckChem
MedChem Express
MedChem Express

Cat# AIE™ TPE-MI
Cat# C860

Cat# $1013
Cat#E—305-025
Cat# E2-750

Cat# 31113

Cat# K-200B

Cat# 52286

Cat# HY-P0025
Cat# HY-12559
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

NE-PER Nuclear and Cytoplasmic Extraction Reagents Fisher Cat# 78835

Quick-RNA Miniprep kit Zymo Research Cat# R1054

SuperScriptTM Il First-strand Synthesis SuperMix Fisher Cat# 11-752-050

SYBR Green Supermix Bio-Rad Cat# 1725121

Endoplasmic Reticulum Isolation Kit Sigma Cat# ER0100

Deposited data

https://data.mendeley.com/datasets/72gjb45yjv/1

Experimental models: Cell lines

MDA-MB-436 BRCA1-def ATCC Cat# HTB-130; RRID: CVCL_0623

MDA-MB-436 BRCA1-replete (BRCA1+)
HCC-1937 BRCA1-def

HCC-1937 BRCA1-replete (BRCAT+)
SUM140PT BRCA1-def

UWB1.289 BRCA1-def

UWB1.289 BRCA1 replete *BRCA1+)
MDA-MB-231

MCF7

HEK293

MCF10A

Johnson et al., 2013
ATCC

Zhang et al., 2004
Asterand Biosciences
ATCC

ATCC

ATCC

ATCC

ATCC

ATCC

NA

Cat# CRL-2336; RRID: CVCL_0290
NA

Cat# SUM149PT; RRID: CVCL_3422
Cat# CRL-2945; RRID: CVCL_B079
Cat# CRL-2946; RRID: CVCL_B078
Cat# HTB-26; RRID: CVCL_0062
Cat# HTB-22; RRID: CVCL_0031
Cat# CRL-1573; RRID: CVCL_0045
Cat# CRL-10317; RRID: CVCL_0598

Experimental models: Organisms/strains

Athymic nude mice

Jackson Laboratories

Cat# 002019; RRID: IMSR_JAX:002019

Oligonucleotides

EIF1AK3
ERN1
BRCA1
BARD1
GAPDH

sp XBP1 forward primer,
5- TGCTGAGTCCGCAGCAGGTG -3';
reverse primer, 5'- GCTGGCAGGCTCTGGGGAAG -3’

Total XBP1 forward primer,
TTGTCACCCCTCCAGAACATC.
reverse primer, TCCAGAATGCCCAACAGGAT

Control siRNA
BRCA1 siRNA
CypB siRNA (pooled)
CypB-A siRNA
CypB-B siRNA
CypB 3'UTR siRNA
DERLIN-1 siRNA
IRET siRNA

BiP siRNA

GRP94 siRNA
HSP70 siRNA

OriGene
OriGene
OriGene
OriGene
OriGene
NM_001079539.1

Dhamarcon

Dhamarcon

Santa Cruz Biotech
Santa Cruz Biotech
Santa Cruz Biotech
Horizon Discovery
Santa Cruz Biotech
Santa Cruz Biotech
Santa Cruz Biotech
Santa Cruz Biotech

Santa Cruz Biotech

Cat# HP208096
Cat# HP205316
Cat# HP210038
Cat# HP200444
Cat# HP205798
Fung et al., 2014

Cat# D-001810-10-20
Cat# sL0034610000
Cat# sc-35145

Cat# sc-35145a
Cat# sc-35145b
Cat# CTM-710441
Cat# sc-60519

Cat# sc-40705

Cat# sc-29338

Cat# sc-35523

Cat# sc-29352
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REAGENT or RESOURCE SOURCE IDENTIFIER
PERK siRNA Santa Cruz Biotech Cat# sc-36213
PDI siRNA Santa Cruz Biotech Cat# sc-36201

Recombinant DNA

pLenti PGK V5-LUC Neo plasmid Addgene Cat# w623-2; RRID: Addgene_21471
BRCA1/pcDNA3.1 Yeung et al., 2008 NA

BARD1 Sino Biologicals Cat# HG15850-CF

PERK OriGene Cat# RC214993

IRE1 OriGene Cat# RC215023

PPIB OriGene Cat# RC203180

NSP15 OriGene Cat# VC100587

Software and algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/
GraphPad v.7.04 Prism software https://www.graphpad.com/
Living Image v.4.7.3 PerkinElmer https://www.perkinelmer.com/

lab-products-and-services/resources/

in-vivo-imaging-software-downloads.html#Livinglmage

FlowJo-Win64-10.8.0 FlowJo https://www.flowjo.com/solutions/flowjo/downloads

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Kimi Y Kong (kongk@uthscsa.edu).

Materials availability

All newly created reagents made during this study are available upon request to the lead contact after
signature of a University of Texas standard materials transfer agreement.

Data and code availability

® We have deposited all raw data of the Western blot membrane scans that were used to generate the
Figures in this manuscript to the Mendeley Data with https://data.mendeley.com/datasets/72gjb45yjv/1.

® This study did not report original codes.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines

MDA-MB-436 (ATCC), MCF7 (ATCC) and MDA-MB-231 (ATCC) human breast cancer cells were cultured in
D-MEM medium (SH30022.01, Life Technologies) supplemented with 10% fetal bovine serum (FBS)
(512450, Atlanta Biologicals) and 1% penicillin and streptomycin (pen/strep) (SV30010, Life Technologies).
HCC1937 human breast cancer cells (ATCC) were cultured in RPMI1640 medium (SH3002701, Life Technol-
ogies) supplemented with 10% fetal bovine serum and 1% pen/strep. SUM149PT human BRCA1™" breast
cancer cells (Asterand Bioscience) were cultured in Ham's F-12 medium (11765054, Invitrogen) supple-
mented with 5% heat inactivated FBS (16140063, Hyclone), 10 mM HEPES (15630080, Invitrogen),
1 ng/mL hydrocortisone (07925, StemCell Technologies) and 5 pg/mL insulin (19278, Sigma-Aldrich).
MCF10A human mammary epithelial cells (ATCC) were cultured in MEGM kit medium (CC-3150, Lonza)
supplemented with 100 ng/mL cholera toxin (C8052, Sigma). UWB1.289 human ovarian cancer cells
(ATCC) were cultured in 50% RPMI1640 medium and 50% MEGM (CC-3150, Lonza) without antibiotics.
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MDA-MB-436 BRCA1+ (BRCA1-replete) and HCC1937 BRCAT+ (BRCA1-replete) cells were created by sta-
bly re-introducing wildtype BRCA1 cDNA back into their BRCA1-def parental cells.?%

Plasmids

BARD1 pCMV3, BRCA1/pcDNA3, PERK, IRET, NSP15, PPIB/pCMV plasmid, pCMV parental vector were
used in this study.

Animals

8 weeks old female athymic nude mice were purchased one week prior to cell implantation. All the animals
were housed with 12 h light-dark cycle. Access to chow and water was ad libitum to the animals. All animal
care, maintenance and procedures complied with the regulations of IACUC and University of Florida An-
imal Housing Facility (IACUC#201710042).

METHOD DETAILS

Transfection, drug treatment and survival assays

BRCA1, Cyclophilin B (CypB), DERL1, IRE1, GRP%4, HSP70, BiP (GRP78), or PERK were selectively depleted
using siRNA transient transfection (Lipofectamine RNAIMAX transfection Reagent, Life Technologies). In
this study, siRNA control, BRCA1, CypB, CypB-A, CypB-B, CypB 3'UTR, DERLIN-1, IRE1, GRP%4, HSP70,
BiP, PDI and PERK were used. Briefly, the day prior to transfection, cells (MDA-MB-436, HCC1937,
SUM149PT, MCF7, MDA-MB-231 or MCF10A) were plated at a density of 1.4 x 10° per well in a 6-well plate.
Transfection reagents were prepared by mixing 6 pL of RNAIMAX/250 pL Opti-MEM (Life Technologies) to
50 nM of siRNA/250 pL Opti-MEM at RT for 20 min before adding to cells. 0.5 mL of fresh medium was
added to each well between 4-6 h after transfection for all cell types. Cells were harvested at 2d post-trans-
fection for clonal colony formation analysis of survival, Western analysis, immunofluorescence or other as-
says. All survival assays were performed at least three times in triplicate (n > 9).

Clonal cell survival was determined by seeding transfected cells (1,000 MDA-MB-436 [* or defl ' HCC1937
[* or %f|, SUM149PT, MCF7 or MCF10A) per well of a 6-well plate. Cells were cultured for 7-10 days
(SUM149PT, MCF10A) or 14-18 days (MDA-MB-436 BRCAT [* or ®f|, HCC1937 [* or ®*]) to allow formation
of clonal colonies. Cells were then rinsed with 1X PBS, fixed with 1% formaldehyde for 10 min and stained
with 0.1% crystal violet before counting. Colonies >50 cells were counted as a surviving clone. Unpaired
Student t tests were used for all statistical analysis, unless otherwise indicated. For drug treatment,
1,000 breast or ovarian cancer cells (MBA-MD-436, HCC1937, SUM149PT, UWB1.289, MBA-MD-231 and
MCF7) or non-tumorigenic mammary epithelial cells (MCF10A) were seeded per well in a 6-well plate
one day prior to drug treatment. Different dosages (1-10 or 1-20 uM) of the selected drug were added
to each cell type one day after cell seeding and proceeded to clonal cell survival assay as described above.
Drugs used in this assay were Cyclosporin A (CsA), NIM811 and Alisporivir.

CypB rescue assay

One day after the cells were seeded, 1.5 ng of pPCMV parental vector or PPIB/pCMV plasmid were trans-
fected into MDA-MB-436 BRCA1-def cells using Fugene 6 transfection reagent (3 uL per 1 pg of DNA)
(E2692, Promega) for overnight at 37°C. Culture medium was replaced next day and cells were proceeded
for siRNA transfection within an hour. Cells were harvested two days post-transfection of siRNA for survival
assay and Western blot analysis. The assay was performed at least 3 times.

Immunofluorescence and microscopy

To label unfolded proteins, we followed a protocol from a previous study.*? Briefly, cells were rinsed with
PBS prior to the staining and then treated with freshly diluted tetraphenylethene maleimide (TPE-MI)
(50 uM in culture medium) for 30 min at 37°C. The TPE-MI solution was removed and cells were fixed for
microscopy (Zeiss Axiovert 200M) or harvested for flow cytometric analysis (Cytek Aurora). Results were
collected from three separate experiments. For microscopic analysis, cells were labelled with
concanavalin-A. We used ImagelJ software to measure the signal intensity of the grey area from each
cell in the micrographs, the data summary is the average of the signal intensities from a total of a hundred
cells per cell preparation.

¢? CellPress

OPEN ACCESS

iScience 25, 105626, December 22, 2022 17




¢? CellPress

OPEN ACCESS

Confocal immunofluorescent analysis was performed as following: MCF7 or MDA-MB-231 cells were
cultured in a 35 mm FluoroDish cell culture dish (FD35-100, World Precision Instruments) followed by
baculoviral transduction of the ER-GFP construct (GFP-KDEL). Cells were fixed the next day with 4% para-
formaldehyde (28906, Thermo Fisher Scientific) for 10 min at ambient temperature, rinsed with 1X PBS
thrice, incubated with primary antibodies in 5% FBS, 5% BSA (A9647, Sigma), 0.2% saponin (84510,
Sigma-Aldrich) and 0.01% sodium azide (52002, Sigma-Aldrich) overnight at 4°C. BRCA1 (Abcam) and
DERLIN-1 antibodies were used at 5 pg/mL concentration. The cells were then washed with 1X PBS thrice.
Secondary antibodies (A11004, A-21235, 1:400, Thermo Fisher Scientific) were added to the cells at
ambient temperature and protected from light for 1 h. After washing thrice with 1X PBS, cell culture dishes
were mounted in an anti-fade solution containing DAPI (P-36931, Thermo Fisher Scientific).

MDA-MB-436 (BRCA1+ or BRCA1-def) cells were prepared similarly for confocal imaging. Cells were
treated with either DMSO (control) or 1T uM CsA one day after cell seeding and fixed at 48 h post-treatment.
CypB mouse antibodies and PDI rabbit antibodies were used at 1:300 and 1:100 respectively. PDI protein
aggregate cell population was calculated by counting cells with large PDI aggregate formation divided by
total number of the cells in the same field. Each set of data was gathered from five random fields of image
from each cell preparation.

All images were taken by a Zeiss LSM 710 confocal either via a 63X or 100X objective (UTHSA Optical Im-
aging Facility) and processed by Zen Black edition software (Carl Zeiss Microscopy). Photomicrographs of
distinct cell populations were taken at equal magnifications and equal fluorescence intensities. Each immu-
nofluorescence assay was performed at least 3 times.

Western blot and immunoprecipitation assays

Protein expression of BARD1, BRCA1, CypB, PERK, IRE1, ATF6, SEL1L, DERLIN-1, and the constitutively ex-
pressed GAPDH was monitored by standard western blotting. Antibodies were obtained as follows: PERK,
IRE1, ATFé, BRCA1, DERLIN-1, SEL1L, GAPDH, CypB, Rabbit IgG HRP-conjugated (NA934-1ML, Thermo
Fisher Scientific), Mouse IgG HRP-conjugated (NA931-1ML, Thermo Fisher Scientific) and Goat IgG HRP-
conjugated (sc-2020, Santa Cruz Biotech). SuperSignal West Pico Chemiluminescent Substrate (ECL)
(34078, Thermo Fisher Scientific) and High Performance Chemiluminescence film (45001508, Thermo Fisher
Scientific) were used for the ECL signal detection. Total protein was extracted from all transfected cells us-
ing Pierce IP lysis buffer (87788, Fisher Scientific).

For immunoprecipitation, cytoplasmic protein was extracted from MCF7 or MDA-MB-231 cells using NE-
PER Nuclear and Cytoplasmic Extraction Reagents. Briefly, 3.5 pg of antibody (control or target) was added
to 20 uL of Protein G Plus/Protein A agarose beads in 250 pL of 1XIP lysis buffer for each preparation. The
antibody-agarose bead suspension was incubated for 45 min at ambient temp with shaking and then
washed and spun down thrice with 0.5 mL 1X IP lysis buffer for each wash. Beads were subsequently resus-
pended with 250 ulL of 1X IP lysis buffer. 25-60 pg of cytoplasmic protein, depends on the targeted pull-
down protein, was added to each antibody-beads preparation for incubation overnight at 4°C with
shaking. Beads were washed in PBS and spun down thrice next day. Antigens that bound to control or
target antibody was eluted by adding 10 pL of H20 and then boiling the beads for 5 min. The eluants
were subjected for Western blot analysis. All protein lysis buffers were supplemented with cocktail of pro-
tease (Pl 78403, ThermoFisher Scientific) and phosphatase inhibitors (Pl 78428, ThermoFisher Scientific).
Crude protein extract was used as Input for each reaction.

Protein isolation from endoplasmic reticulum microsomes was performed using the Endoplasmic Reticu-
lum Isolation kit. Briefly, cells were washed with 10 volumes of PBS and centrifuged at 600Xg for 5 min.
The packed cell volume (PCV) was estimated and the cells resuspended in a volume of 1X hypotonic extrac-
tion buffer (10mM HEPES, 25mM KCL, TmM EGTA and 1X protease inhibitor cocktail) equivalent to 3 times
the PCV and then incubated on ice for 20 min. Cells were centrifuged at 600xg for 5 min and the supernatant
was removed by aspiration. The new PCV was measured. A volume of 1x Isotonic Extraction Buffer (10 mM
HEPES, pH 7.8, with 0.25 M sucrose, 1 mM EGTA and 25 mM potassium chloride) equivalent to 2 times the
new PCV was added and the resuspended cells transferred to a 7 mL Dounce homogenizer. The cells were
lysed with 10 strokes of the Dounce homogenizer and then the homogenate was centrifuged at 1000xg for
10 min at 4°C. The thin floating lipid layer was carefully removed by aspiration without aspirating the
post nuclear supernatant. The remaining supernatant was transferred to a new centrifuge tube and the
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pellet discarded. The supernatant was centrifuged at 12,000xg for 15 min at 4°C. The floating lipid layer was
carefully removed without aspirating the post mitochondrial supernatant. The remaining supernatant was
transferred to a new tube and the pellet discarded. This supernatant fraction, which is the post mitochon-
drial fraction (PMF), is the source for microsomes.

To isolate proteins from the microsomes, we measure the volume of the PMF (V mL) and prepare a volume
of 8mM Calcium Chloride Solution equivalent to 7.5 times of the PMF (V mL). The PMF was transferred to a
beaker containing a magnetic stir bar. A volume of 8mM Calcium Chloride Solution equivalent to 7.5 times
of the PMF was added dropwise to the beaker with constant stirring. The Calcium Chloride Solution is
mixed with the PMF and stirred for additional 15 min at 4°C. The sample was centrifuged at 8000xg for
10 min at 4°C. The enriched rough endoplasmic reticulum (RER) microsomes will be in the pellet. The su-
pernatant was removed and the pellet was resuspended in 1X Isotonic Retraction Buffer supplemented
with fresh protease inhibitor cocktail. The suspension was homogenized using a pellet pestle in a microcen-
trifuge tube. Protein concentration was determined by using 1X Bradford reagent. 15 png of nuclear or ER
proteins were used for WB. 5ug of ER protein was used for each IP and co-IP reaction.

Each analysis was performed at least 3 times.

Ubiquitination analysis

BRCA1-proficient breast cancer cells MDA-MB-231 and MCF7 were transiently transfected with control or
BRCA siRNA for 48 h as described above. Cytoplasmic protein extract was prepared as described under the
Immunoprecipitation Assay section. 300 ug of protein and 35 plL of ubiquitin (Ub) antibody conjugated-
agarose beads were mixed in 250 pL of 1X P lysis buffer and incubated overnight at 4°C with shaking. Beads
were washed and spun down thrice next day. Antigens that bound to the target antibody were eluted by
adding 10 pL of H20 and by boiling the beads for 5 min. The eluants were subjected to Western blot anal-
ysis. For Bortezomib treatment, additional BRCA1 siRNA-transfected cells were prepared and treated with
100 nM of Bortezomib or equal amount of DMSO (control) overnight before protein extraction. Each anal-
ysis was performed at least 3 times.

In vitro ubiquitination assay

HEK293 cells (ATCC) was transfected with BARD1, PERK, IRE1 or NSP15 plasmid with FUGENE 6 reagent.
Full-length BARD1, PERK, IRET and NSP15 proteins were purified individually using anti-Flag M2 affinity
gel. Purified proteins were confirmed by Western blot. Concentration of the proteins was estimated by
Coomassie Blue staining with known concentrations of Bovine Serum Albumin (A9647, Millipore Sigma).
The in vitro ubiquitination assay was carried out similar to a previous study with some modifications.”
Briefly, 100 ng of PERK or IRE1 was mixed with 3 pL of the 10X reaction buffer (K-200B, Boston Biochem),
1 uL UBE1, 2.5 uL UBE2J1, 100 ng BRCAT1, 40 ng BARD1, 3 ul of the 10X Mg®*-ATP (K-200B, Boston Bio-
chem) and 3 plL of the 10X ubiquitin (K-200B, Boston Biochem) in a 30 plL reaction. Except for the zero
time point mixture, all reactions were incubated at 37°C for their respective time points. All reactions
were stopped by addition of SDS sample buffer before loading to 10% SDS-PAGE gel (NP03031BOX,
Thermo Fisher) for electrophoresis. Ubiquitinated proteins were detected by an anti-ubiquitin antibody.
Strep-tactin antibody for NSP15 protein. Each analysis was performed at least 3 times.

RT-qPCR

Total RNA was extracted from control or BRCA1 siRNA transiently transfected breast cancer cells (MCF7 or
MDA-MB-231) using Quick-RNA Miniprep Kit (Zymo Research). cDNAs were generated by Invitrogen™
SuperScript™ Ill First-Strand Synthesis SuperMix for gRT-PCR kit following supplier’s instruction (Fisher Sci-
entific). For each gPCRreaction, 2 uL of cDNA from each sample was used with SYBR Green Supermix. Each
reaction was prepared in triplicates in each experiment. Primer pairs targeted EIF1AK3 (PERK), ERN1 (IRE1),
BRCAT1, BARD1 and GAPDH were used in gPCR reactions. All reactions were run in 96-well plate and
analyzed by Applied Biosystem 7500 Real-Time PCR System (ThermoFisher Scientific). Each analysis was
performed at least 3 times.

Murine xenograft studies

Luciferase-expressing SUM149PT BRCA1-mutant breast cancer cells were created by transfecting the can-
cer cells with pLenti PGK V5-LUC Neo plasmid and luciferase expressing clones were subsequently
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selected by G418 drug treatment. To induce tumor formation, two million cancer cells were subcutaneously
injected into NU/J female mice >10 weeks old. Drug treatment (vehicle or CsA) begun once the tumors
became detectable in the IVIS In Vivo Imaging system (PerkinElmer) using the Living Image v4.5.5 software.
DMSO vehicle (control) or CsA (treatment) was administered intra-peritoneally to the animals every other
day and animals were scanned once a week to monitor tumor progression. Tumor-derived from SUM149PT
BRCA1-def breast cancer cells appeared by 2 weeks post-injection. Three doses of CsA (5.5, 11.25 or
22.5 mg/kg) were tested in this study and same amount of vehicle was used for the control group.
5 mg/mL CsA stock was prepared in 2% DMSO (D128-500, Fisher Scientific), 30% PEG300 (NC0630366,
Fisher Scientific) and 5% Tween 80 (P1754, Sigma-Aldrich) in sterilized deionized/distilled H20 per sup-
plier's recommendation and diluted in DMSO. Power analysis of the animal size was based on sample
size formula, N = 8(CV)?[1+(1-PC)?)/(PC)?, to reach the error = 0.05, Power = 0.80, percentage change in
mean (PC) = 20%, co-efficient of variation (CV) = 10-15% (varies between the experiments). The power anal-
ysis found that 5 mice per group was the minimal number of mice to obtain statistical significance. We have
included 6 animals for each group in our study. All animal care and maintenance complied with the regu-
lations of IACUC and University of Florida Animal Housing Facility (IACUC#201710042). Each analysis was
performed at least 3 times.

QUANTITATION AND STATISTICAL ANALYSIS

Statistical details of each experiments can be found in the Figure Legends. The numbers of experimental
replicates are indicated in the Figure Legends or STAR Methods. Statistical comparison included two-
tailed Student’s t test as specified in the Figure Legends using Prism software (GraphPad v.7.04). Data pre-
sented in graphs are means + SEMs from three or more replicas as shown unless stated otherwise.

ADDITIONAL RESOURCES

Supplementary information is available for this paper.
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