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Abstract

There is increasing evidence that genomic instability is a prerequisite for cancer progression. Here
we show that SIM2s, a member of the bHLH/PAS family of transcription factors, regulates DNA
damage repair through enhancement of homologous recombination, and prevents epithelial
mesenchymal transitions (EMT) in an ATM dependent manner. Mechanistically, we found that
SIM2s interacts with ATM and is stabilized through ATM-dependent phosphorylation in response
to ionizing radiation (IR). Once stabilized, SIM2s interacts with BRCA1 and supports RAD51
recruitment to the site of DNA damage. Loss of S/MZ2sthrough the introduction of sAS/MZ2 or the
mutation of SIM2s at one of the predicted ATM phosphorylation sites (S115) reduces homologous
recombination efficiency through disruption of RAD51 recruitment, resulting in genomic
instability and induction of EMT. The EMT induced by the mutation of S115 is characterized by a
decrease in E-cadherin and an induction of the basal marker, K14, resulting in increased invasion
and metastasis. Together, these results identify a novel player in the DNA damage repair pathway
and provides a link in DCIS progression to IDC through loss of S/MZs, increased genomic
instability, EMT and metastasis.

INTRODUCTION

Breast cancer is one of the most common cancers in women, affecting approximately one in

eight women during their lifetime. Most, if not all, invasive breast cancers have a pre-

invasive stage defined as ductal carcinoma /n situ (DCIS). DCIS consists of a heterogeneous
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group of diseases characterized by a neoplastic mammary lesion that is confined to the
ductal-lobular system of the breast!4. Due to increasing adoption of screening
mammography, the diagnosis of DCIS has risen from less than 1% of breast cancers to 15—
25% and accounted for over 54,944 new cases of DCIS in 201314 36.51: yet, as few as 20%
of diagnosed DCIS progress to invasive ductal carcinoma (IDC)*8: 54, Given the significant
morbidity associated with adjuvant therapy, many clinicians are currently reluctant to
recommend radiation or tamoxifen therapy for DCIS patients20: 21, 32, 48,54 Therefore, there
is a critical need to find therapeutic and intervention strategies to prevent breast cancer
progression in those DCIS patients at high risk for invasive breast cancer.

DCIS is characterized by aberrant epithelial cell growth into the ductal lumen, and increased
severity is categorized by elevated levels of calcification and necrosis’®. Currently, a number
of markers, including human epidermal growth factor receptor 2 (HER2), p53, and ER, are
used to gauge early disease severityll, Unfortunately, the genetic profile between late-stage
DCIS and IDC are considered indistinguishable, which makes these markers unusable as
indicators for DCIS progression to IDC38. There is increasing evidence that progression
from early ductal hyperplasia to the onset of IDC is a result of escalating levels of genomic
instability, which culminate in the accrual of detrimental mutations in tumor suppressing
genes3®. These aberrant mutations can vary from single-nucleotide polymorphisms (SNPs)
to the translocation, duplication, fragmentation, or deletion of vast chromosomal

regions®: 233464 Aneuploidy and gene silencing resulting from these mutations can
significantly deplete tumor-suppressing factors and lead to the increased expression of pro-
proliferative factors, which further enhance breast cancer progression.

DNA double-stranded breaks (DSB) can lead to chromosomal alterations if left unrepaired
and are generally repaired via the error-prone non-homologous end-joining (NHEJ)
pathway. Interestingly, it is mutations within the homologous recombination (HR) DDR
pathway that have been implicated in familial breast cancer. Studies show a strong
correlation between hereditary mutations in BRCA1/BRCAZ2 and increased incidence of
high-grade DCIS and progression from DCIS to IDC®. A pivotal mediator of the HR
pathway is Ataxia-telangiectasia mutated (ATM)30. Although ATM has been found to be
partially dispensable during NHEJ, it is crucial for accessing DSBs in heterochromatin?®.
Repair within these DNA structures happens many orders of magnitude slower than
elsewhere in the genome, taking hours instead of minutes. Even though heterochromatin
only accounts for a fraction of the DNA within a cell, DNA damage that occurs here can
only be repaired in the presence of ATM and can persist for days in the absence of
ATM26, 45, 50.

Although previously only associated with familial breast cancer (5-10% of total breast
cancer cases), a growing body of evidence shows that BRCA misregulation and mutations
are more abundant in sporadic cancers than previously thought, possibly being present in as
many as 82% of ovarian cancers® 3161, | oss of these crucial DDR factors has been
associated with a distinct tumor profile, including loss of ER, progesterone receptor (PR),
and HERZ2, providing a strong association between loss of BRCA and highly invasive triple
negative breast cancers (TNBC)?: 7. Interestingly, the loss of HR in these tumors presents
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an effective treatment option with the induction of synthetic lethality through use of PARP
(poly (ADP-ribose) polymerases) inhibitors as one of the most promising treatments.

Previously, our lab has shown that the bHLH-PAS transcription factor family member
single-minded 2s (SIM2s; short isoform expressed from S/M2) plays a role in mammary
gland development, is down-regulated in primary breast, and that loss of S/M2sexpression
is associated with an epithelial mesenchymal transition (EMT) both in normal breast and
breast cancer cell lines?’: 37.39. 44,57, 58,73 \\e have used the DCIS.com progression model
to demonstrate that re-expression of S/MZ2s inhibits growth and metastasis and promotes a
more luminal-like phenotype; whereas down-regulation of S/M2s leads to an increase in
invasive potential®8. This system allows for the formation of DCIS structures that
spontaneously progress into IDC when injected intraductally or into the flanks of mice?.
Although research has been conducted into the role of SIM2s in different cancers, the
mechanism behind SIM2s activation has remained elusivel: 2% 57, Here, for the first time, we
show a novel role for SIM2s activation in response to DNA damage.

SIM2s expression is lost during progression to IDC

To investigate the expression of SIM2s during progression from normal breast tissue through
DCIS to IDC, we analyzed human tissue microarrays containing normal breast, DCIS, DCIS
with local invasion, and IDC for differences in SIM2s by IHC in 27 patients diagnosed with
DCIS or IDC. The results showed high, nuclear expression of SIM2s in normal tissue.
Although SIM2s expression remained high in DCIS, a shift towards cytoplasmic localization
was apparent. Interestingly, SIM2s loss was apparent in sections containing IDC (Fig. 1a).
Statistical analysis of SIM2s staining revealed a significant correlation between SIM2s
expression and the state of breast disease (Normal, DCIS, or IDC) (p<6.7E~") (Fig. 1b).
SIM2s expression significantly correlated with ER (p<0.0239) and PR (p<0.0156)
expression in DCIS samples, but not HER2 (p<0.1377), indicating a relationship between
SIM2s and luminal stage breast cancer. SIM2s expression was also significantly correlated
with p53 expression (p<0.0095) and inversely related to Ki67 expression (p<0.0124) in
DCIS samples (Fig. 1c). Importantly, loss of SIM2s correlated with increased micro-invasion
and metastasis, supporting a role for SIM2s in inhibiting breast cancer progression (Fig. 1d;
p<0.0079).

SIM2s regulation of the DDR pathway

To determine the impact of SIM2s on DDR, we utilized breast cancer cell lines that express
differing levels of endogenous S/M2swith SUM159 (low), MCF7 (high), and MCF10-
DCIS.com (DCIS.com-medium)I37- 58, We modified S/M2s levels by over-expression
(SIM2s-FLAG) or with a previously validated s/S/M2°. DNA damage was induced with IR
and colony formation assays were performed?8. 37.39. 58 The results show that shS/M2
sensitized cells to IR (Fig. 2a, b), whereas over-expression of S/MZ2shad a protective effect
in SUM159 cells (Fig. 2c). Interestingly, there was no significant change in DCIS.com-
SIM2s-FLAG cells, possibly due to the presence of endogenous SIM2s in control cells (Fig.
2d).
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To investigate this protective effect of SIM2s, we examined how loss of S/MZ2s affected
genomic stability. As DNA damage is detected, ATM phosphorylates histone H2AX
(yH2AX), which then forms foci at the site of DNA damagel® 71, We found that MCF7-
ShSIMZ cells treated with 2GYs IR had an increase in basal yH2AX foci compared to
control cells (p<0.00815) and recovered slower from DNA damage compared to control
cells (p<0.00163; Fig. 2e). Although the DCIS.com-shS/MZ2 lacked the initial basal elevation
of yH2AX foci, they did have significantly more yH2AX foci 6 hours after treatment with
2GYs IR (p<0.00143; Fig. 2f). The delayed resolution of yH2AX foci has been previously
associated with the ATM-dependent DDR within heterochromatin structures, where repair is
both temporally and spatially separated from other DDR in order to prevent inappropriate
cross-over events26. 45,50,

SIM2s is phosphorylated by ATM and stabilized in response to IR

The bHLH-PAS family of transcription factors plays an important role in development and
in response to environmental cues; however, mechanisms that activate SIM2s have remained
elusivel® 74, To better understand the role SIM2s may play in DDR, we assessed SIM2s
levels in DCIS.com-S/IMZ2s-FLAG and MCF7 cells treated with IR. IF analysis showed an
elevated level of nuclear SIM2s-FLAG after treatment with 2GYs IR (Fig. 3a). SIM2s
activation was further confirmed by western blot analysis in MCF7 and DCIS.com treated
with 2GYs IR (Fig. 3b). The efficiency of our previously validated sAS/M2 construct was
further confirmed in MCF7 and DCIS.com cells, with no SIM2s detected 12 hours after
2GYs IR treatment (Fig. 3b)3°. SUM159-S/M2s-FLAG and DCIS.com-S/M2s-FLAG cells
also showed SIM2s stabilization after treatment with 2GYs IR (Fig. 3c).

We next sought to determine if the increase in SIM2s levels was due to an up-regulation of
SIMZ2s gene expression. Interestingly, in both normal MCF7 and DCIS.com cells, we
observed no change in S/MZ2s levels after treatment with 2GYs IR (Fig. 3d). SIM2s is
ubiquitinated by the E3 ubiquitin ligase, Parkin, leading to its rapid proteasome-dependent
degradation*’. Proteasomal inhibition with 10uM (R)-MG132 for 2 hours inhibits this
pathway and resulted in increased SIM2s levels (Fig. 3e). This led us to theorize that SIM2s
could be stabilized post-translationally. To test this, we treated DCIS.com-S/MZ2s-FLAG
cells with 50pug/mL cycloheximide (CHX) to inhibit translation at the indicated time points
after treatment with 2GY's of IR and harvested all samples 12 hours after IR treatment. No
significant change in SIM2s levels was observed, supporting our hypothesis that SIM2s is
stabilized post-translationally (Fig. 3f).

To investigate the possibility that SIM2s is stabilized by a post-translational modification in
response to IR, we analyzed SIM2s for phosphorylation sites of known DDR kinases and
identified 12 total ATM consensus sites, three of which are highly conserved across Mus
Musculus, Homo Sapiens, and Xenopus laevis (S35, S115, S363) (Fig. 4a)’. To determine if
ATM interacts with and phosphorylates SIM2s, DCIS.com-S/MZ2s-FLAG cells were treated
with 2GYs of IR and assessed for nuclear co-localization of FLAG and pATM via IF (Fig.
4b). This interaction was confirmed through immunoprecipitation of FLAG in DCIS.com-
SIM2s-FLAG cells treated with 2GY's IR followed by immunoblotting for ATM (Fig. 4c).
Additionally, an increase in phospho-serine residues at the molecular weight of SIM2s was
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overserved after treatment with 2GYs IR (Fig. 4c). To determine if ATM is necessary for IR-
induced SIM2s stabilization, we pretreated SUM159-S/M2s-FLAG cells with KU55933, a
selective ATM inhibitor, for 2 hours prior to treatment with 2GYs of IR. Western blot
analysis showed a significant reduction in SIM2s stabilization in KU55933 treated cells in
response to IR (Fig. 4d). These findings suggest that SIM2s is stabilized in response to IR
through phosphorylation.

We next generated a DCIS.com-S/MZ2s-FLAG cell line with serine to alanine mutations at all
the predicted ATM consensus sites (S35, S115, S203, S216, S309, S343, S352, S361, S363,
S392, S393, S426; SIM2sA12). To test if the abrogation of these consensus sites effected
SIM2s stabilization in response to IR, we treated SIM2sA12 cells with 2GY IR and isolated
protein 12 hours later. Interestingly, there was no increase in SIM2s levels with these 12 sites
mutated (Fig. 4e).

To narrow down which serine residue is necessary for SIM2s stabilization we generated
DCIS.com-S/M2s-FLAG cells lines containing point mutations at the three highly conserved
ATM-consensus sites: serine 35 (S35A), 115 (S115A), or 363 (S363A). Utilizing these cells
lines, we sought to determine if one of these mutations inhibited SIM2s stabilization.
Immunoblot analysis found that S115A no longer showed SIM2s stabilization 12 hours after
treatment with 2GYs IR (Fig. 4e). As inefficient transduction of S115A could have led to
these findings, we verified S/M2s RNA levels in these cells via RT-qPCR and found a
significant increase in S/M2s RNA when compared to the pL PCX control cells
(Supplemental Figure 3). The interaction of SIM2s and ATM, suggests that SIM2s may be
acting downstream of ATM; however, western blot analysis revealed that loss of SIM2s does
not affect p53 activation (data not shown).

The loss of stabilization observed with S115A led us to predict that cells containing this
mutation would behave similarly to cells containing s/S/M2and have impaired DDR.
Comparing DCIS.com-S/MZ2s-FLAG to S115A revealed that cells containing S115A had
significantly more yH2AX foci 6 hours after 2GYs IR than cells over-expressing S/MZ2s-
FLAG (Fig. 4f).

Loss of SIM2s impairs homologous recombination

As SIM2s is a transcription factor we sought to determine if SIM2s regulates DDR gene
expression. Interestingly, loss of SIM2s did not have a negative effect on ATM, TP53,
53BP1, BRCA1, BRCAZ, or RAD51 levels 6 hours after treatment with 2GYs IR
(Supplemental Figure 1). This finding led us to hypothesize that SIM2s directly interacts
with proteins involved in DDR. Utilizing IF, we observed that SIM2s co-localizes with
YH2AX in response to IR (Fig. 5a). The localization of this interaction to the nuclear
periphery is consistent with a role for SIM2s in aiding ATM repair of damaged
heterochromatin via HR>3, To further test this, we immunoprecipitated FLAG from IR
treated DCIS.com-S/M2s-FLAG 12 hours after treatment and found that IR enhanced SIM2s
interaction with BRCA1 (Fig. 5b).

To investigate the effect of SIM2s on HR, we utilized a GFP reporter system to assay the
efficiency of HR in cells containing sAS/M2*9. This system contains an expressed non-
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functional GFP with a Scel cleavage site and an unexpressed functional GFP. Upon
treatment with Scel, cells capable of HR use the functional GFP template for repair. In this
way, HR efficacy can be assessed by quantification of GFP activity in cells following
transduction of cells containing drGFP with Scel (Fig. 5¢). Here, we employed this system
to investigate whether depletion of S/MZ2s inhibits HR. Our results showed a significant
decrease in GFP reversion in cells containing shS/M2 compared to controls, suggesting that
loss of S/IM2simpairs HR (p<0.022; Fig. 5d).

The dynamics that determine which DDR pathway is chosen have been well studied and
depend upon the location of the break, the stage of the cell cycle, and the break type®2. In
instances where BRCAL is lost, cells are no longer able to remove p53BP1 and a dramatic
increase in p53BP1 foci is observed!2. Interestingly, we observed no change in p53BP1 foci
in cells containing shS/MZ2 (Supplemental Figure 2). This finding suggests that SIM2s may
be acting downstream of the NHEJ/HR fate determining steps. In line with this hypothesis,
we observed that loss of S/MZ2s leads to a significant decrease in RADS51 recruitment in
DCIS.com (p<0.012) and MCF7 (p<0.003) cells after treatment with IR, whereas there was
no change in BRCAL recruitment (Fig. 5e, f, Supplemental Figure 4). Together, these data
show that loss of S/MZ2simpairs HR by decreasing the efficiency of RAD51 loading in
response to IR.

Loss of SIM2s sensitizes cells to treatment with PARP inhibitors

Recent studies have shown that loss of factors crucial for HR, including BRCA1, BRCA2,
and RAD51, sensitizes cells to PARP inhibitors in pre-clinical and clinical

trials® 16.19. 68,72 pARPs are necessary in early DDR to poly-ADP-ribosylate target
histones, leading to the destabilization of chromatin structure and exposure of damaged
DNA for invasion of DDR machinery>6. This combination of loss of both single-stranded
break repair systems as well as impaired DSB repair leads to the accrual of DNA damage
that eventually overwhelms and kills the cell. As such, we hypothesized that loss of SIM2s
would sensitize cells to treatment with PARP inhibitors. Consequently, we dosed shSIM2
containing cells with the indicated doses of Olaparib, a potent PARP1/PARP2 inhibitor, and
assayed for differences in proliferation’2. Loss of S/MZs significantly reduced cell survival
in a dose-dependent manner, further supporting a role for SIM2s in HR (Fig. 6,
Supplemental Figure 4).

SIM2s mutation at S115 leads to EMT

We have previously shown that SIM2s is an inhibitor of EMT in normal breast and breast
cancer cell lines and in the mouse mammary gland, which are further supported by our
current findings (Fig. 1)27:37. 39 As we have identified a role for SIM2s in the recruitment
of RAD51, we sought to determine if the S115A mutation impairs the EMT inhibitory
function of SIM2s. Using Boyden chamber assays, we found that the S115A mutant resulted
in a significant increase in the ability of DCIS.com cells to not only migrate (p<0.0009), but
also to invade (p<0.0485), through an extra-cellular matrix (Fig. 7a, b). We have shown that
the invasive phenotype observed with loss of S/MZ2s can be attributed to an increase in
matrix metalloprotease (MMP) activity37: 39, Here, we found that S115A cells have an
increase in MMP1 (p<0.006) and MMPI (p<0.05) expression (Fig. 7c-e). This also

Oncogene. Author manuscript; available in PMC 2019 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pearson et al.

Page 7

correlated with an increase in MMP9 activity in these cells, as demonstrated by gelatin
zymography (Fig. 7f).

To determine if these characteristics translated into an increased invasive potential /n7 vivo,
control, DCIS.com-S/MZ2s-FLAG, or S115A were injected into the flanks of nude mice and
monitored for tumor growth. Histological analysis of tumors revealed the SIMZ2s-FLAG
tumors formed distinct lobular structures, whereas the S115A tumors exhibited a more
invasive phenotype with increased areas of necrosis (Fig. 7g). Staining of sections from
SIMZ2s-FLAG tumors revealed a single layer of keratin 14 (K14) positive cells, whereas
S115A tumors stained positive for K14 with no defined organization (Fig. 7g). Further, we
found that S115A tumors contained decreased E-cadherin compared to SIM2s-FLAG,
suggesting induction of EMT (Fig. 7g). RT-qPCR analysis of RNA isolated from tumors
showed a significant increase of CDHI in SIM2s-FLAG (p<0.02) but not in S115A (Fig. 7h)
tumors.

Analysis of tumor growth, showed decreased tumor growth in both SIMZ2s-FLAG
(p<0.0001) and S115A (p<0.002) tumors, as compared to controls (Fig. 7i). This finding is
consistent with our previous studies, which showed that DCIS.com-shSIM2 xenografts leads
to increased invasion and metastasis, independent of tumor growth8,

As previous studies have shown that loss of S/MZ2sleads to an increase in lung metastasis in
xenografts, we hypothesized that S115A tumors would have increased lung metastasis®8. As
such, RNA was isolated from mouse lungs, and RT-gPCR analysis was performed with
human-specific B—2-globulin primers®8. We found an increase in human specific p—2-
globulin positive lungs in mice that were injected with S115A cells compared to either the
SIMZ2s-FLAG or control groups (Fig. 7j, k). To further validate these findings, we stained
lung sections gathered from these mice with H&E. In two of the five mice that were injected
with S715A, dense masses of cells, with defined boundaries could be identified in the lung
tissues (Fig. 71). Together, these findings link SIM2s-dependent DDR and HR to inhibition
of EMT and DCIS progression.

Discussion

It is well recognized that genomic instability is a crucial factor in breast cancer
progression?!. A great deal of research has focused on key components of the DDR pathway,
including BRCA1, BRCA2, ATM, and 53BP124 25. 76 possessing a mutated BRCA allele
increases an individual’s lifetime breast cancer risk by more than 10-fold, raising the risk
from 0.08 to 0.8246: 61, A growing body of evidence shows that BRCA1 or BRCA2
mutations are highly prevalent in not only familial breast cancer, but also in sporadic
tumors?: 31, Of note, these tumors are typically highly invasive and non-responsive, with as
many as 68% of these tumors being TNBC 43.

In this study, we show that loss of S/MZ2s leads to increased genomic instability and
correlates with progression from DCIS to IDC (Fig. 1, 2). Of interest is the finding that loss
of S/IMZ2simpairs HR by impairing RAD51 loading in response to IR, abrogating a major
DDR pathway (Fig. 5). Failure of a cell to initiate this crucial step has been linked with an
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increased incidence of SNPs, chromosomal abnormalities®: 23: 34, 35,64 These findings
parallel previous studies demonstrating that the loss of BRCA1 results in increased yH2AX
foci and sensitivity to mutagenic agents (Fig. 2, 6)°> 65 77. 78 Previous studies have also
suggested that BRCA mutant carriers exhibit higher-grade DCIS cases than would be
expected in sporadic tumors’®. This correlation between defects in HR machinery and more
severe tumorigenesis may explain the negative correlation between SIM2s expression and
progression to IDC (Fig. 1).

Importantly, loss of SIM2s sensitizes cells to synthetic lethality treatments (Fig. 6). This
strategy for targeted tumor treatment is already being employed with varying levels of
success for individuals presenting BRCA1 and BRCA2 deficiencies® 1°. Preliminary results
from studies with PARP inhibitors in combinational therapies have shown a 51%
pathological complete response (up from 26% in control individuals) in TNBC
individuals®2.

The regulation of orphan bHLH-PAS family members, including SIM2s, has remained
elusive3 6 15 Here we have shown a novel mechanism for the stabilization of SIM2s in
response to IR (Fig. 3). The discovery of a new factor involved in ATM signaling pathways
could have clinical implications as improper ATM signaling has been suggested to result in a
2-5x increase in breast cancer risk, which can be seen in individuals with Ataxia-
telangiectasia®®: 62. 63,

ATM has previously been identified as a necessary component in the repair of
heterochromatic DNA DSBs28. Interestingly, the repair of heterochromatic DNA via HR is
both temporally and spatially separated from NHEJ, as HR repair sites are moved to the
nuclear periphery prior to repair®2 6. This is thought to occur in order to maintain genomic
fidelity by preventing improper recombinational events in highly repetitive sequences®6. Our
finding that there is a delayed response in yH2AX resolution with loss of SIMZ2sis
consistent with this temporal shift and suggests that SIM2s is involved in HR (Fig. 2).

EMT, typified by the activation of molecular pathways that promote loss of epithelial
character, is known to play an important role in breast cancer invasion and metastatic
progression®. During cancer progression, these processes are thought to promote the
breakdown of the basement membrane, leading to increased invasion into the surrounding
stroma and metastasis33: 40, Previously, it had been assumed that EMT and DDR were not
mechanistically linked. More recently evidence has suggested that EMT-inducing
transcription factors, including SLUG and TWIST, play a role in cancer progression by
promoting EMT and overriding DDR through inhibition of CDKN1A (p21)2. Interestingly,
loss of S/M2s correlates with a more metastatic phenotype (Fig. 1, 7). The S115A point
mutation is sufficient to imbue mesenchymal characteristics on what would normally be a
highly differentiated xenograft (Fig. 7). This transition includes an increase in the basal
marker K14 and a decrease in E-cadherin. S115A tumors also exhibit large necrotic centers,
a condition associated with group 2 and 3 (intermediate and high-grade) lesions on the Van
Duys classification scale (Fig. 7)80. Further, the S115A mutation impairs DDR, showing a
significant decrease in -yH2AX resolution after treatment with IR (Fig. 4). With the dual role
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of this SNP both in impairing DDR and transitioning cells to a more mesenchymal
phenotype, SIM2s could bridge the gap between DDR and EMT.

Here we provide evidence that SIM2s impedes DCIS progression. We also provide a
mechanism for SIM2s activation in DDR and regulation of genomic stability. As DCIS is a
non-obligate precursor to IDC, the identification of new diagnostic markers that correlate
with an increased risk for progression to IDC is critically important!3. Given the strong
correlation between loss of WT SIM2s and metastatic potential, SIM2s is an ideal candidate
for genetic screenings.

METHODS

Cell Culture.

MCF7 and SUM159 cells were from American Type Culture Collection (ATCC) and were
maintained in accordance with their guidelines. MCF10-DCIS.com cells were generously
donated by Dr. Dan Medina (Baylor College of Medicine, Houston, TX, USA).

Generation of cell lines.

Point mutations in the S/MZ2 gene were generated via long cDNA synthesis (Invitrogen).
Plasmids were amplified using Subcloning Efficiency™ DH5a ™ competent cells (Life
Technologies). Plasmid DNA was isolated using the HiPure Plasmid Maxiprep kit (Life
Technologies) or the ZymoPURE Plasmid DNA lIsolation Kit (Zymo Research). Viral
transduction was then preformed as previously described3?. Puromycin selection (2ug/mL)
was started the following day and maintained for a week.

shSIM2 sequences.

The shSIM2 was generated by inserting 5” - GAT CCG GTC GTT CTT TCT TCG AAT
TTC AAG AGA ATT CGA AGA AAG AACGACCTCTTT TTT GGA AA-3’ into
pSilencer U6-retro 5.1 shRNA vector (Ambion) as previously described3?. The specificity of
this shSIM2 was confirmed by generating a second shSIM2 by inserting 5’-GAT CCG GTC
ACC ACC AAA TAC TAC TTC AAG AGA-3’ into pSilencer U6-retro 5.1 shRNA vector
(Ambion) as previously described’3.

drGFP homologous recombination assay.

Plasmids were amplified and harvested as above. Eight micrograms of drGFP (Addgene)
and pCBA-SCEI (Addgene) were mixed with GeneJuice (EMD Millipore) in Opti-MEM
(Life Technologies) and incubated at room temperature for 15 minutes. The mixture was
added to HEK293 cells and incubated at 37°C for 2 hours. Cells were trypsinized and
pelleted prior to resuspension in PBS. The fraction of GFP reversion was assessed by flow
cytometry (BD Acurri C6). Ten thousand events were counted.

RNA isolation and real-time gPCR (RT-qPCR).

As previously described®8. Primers can be found in Supplemental Table 1.
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Clonogenic survival assay.

Cells were plated at equal numbers on 60mm tissue culture dishes and irradiated using a RS
2000 (Rad Source) at indicated doses. Cells were immediately washed with PBS, trypsinized
(Life Technology), pelleted at 200 x g (Eppendorf 5710R), and resuspended in growth
media. Viable cells were counted using a Cellometer Auto 1000 (Nexcelom Bioscience
LLC) prior to plating 500 cells/plate on 10cm tissue culture dishes. Cells were incubated at
37°C and 5% CO, for 7 days and then washed with PBS before being fixed with 4%
paraformaldehyde (Santa Cruz). Cells were stained with 0.01% crystal violet (Sigma-
Aldrich) and washed twice with H,O. Dishes were imaged using a ChemiDoc MP (Bio-
Rad), and colonies were counted using ImageJ software. Percent survival was calculated as
previously described 22,

Survival Assay.

10,000 cells were plated into 60mm plates and dosed with the indicated concentrations of
Olaparib (Cayman Chemical Company). Cells were incubated at 37°C and 5% CO,, for 4
days before being trypsinized and counted on a Cellometer Auto 1000 (Nexcelom
Bioscience LLC).

Immunoblotting and zymography.

Cells were washed with cold PBS and lysed in high salt buffer (50mM HEPES, 500mM
NaCl, 1.5mM MgCl,, 1ImM EDTA, 10% glycerol, 1% Triton X-100, pH 7.5) supplemented
with ImM NazVOy (Sigma) and 1mM complete ULTRA tablets mini EDTA-free Easy pack
(Roche). Protein concentration was determined using the DC Protein Assay (Bio-Rad) with
BSA as a standard. Immunoblotting and zymography were then conducted as previously
described3. Antibodies can be found in supplemental table 2. Blots were imaged on a
ChemiDoc MP (Bio-Rad) after incubating in ProSignal Pico ECL Spray (Genesee
Scientific) for 3 minutes.

ATM inhibition.

Indicated cells were pre-treated with 10uM KU55933 (Cayman Chemical Company) for 2
hours before being dosed with 2GYs ionizing radiation (IR). Protein was harvested from
plates as described above and analyzed via immunoblotting.

Co-immunoprecipitation.

Cells were lysed in high salt buffer 12 hours after treatment. 2g of protein lysate were mixed
with 200pl of anti-FLAG M2 beads (Sigma, M8823) or 1gG control beads (Cell Signaling,
5873S) after equilibrating the beads, IP was conducted according to the manufacturer’s
instructions B-mercaptoethanol was added prior to boiling for an additional 3 minutes and
immunoblotting.

Immunofluorescent (IF) staining of cells.

IF was conducted as previously described3°. Antibody concentrations can be found in
supplemental table 2. All images were taken using a Zeiss 780 confocal microscope.
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4-6-month-old, female Nu/Nu mice were purchased from Jackson Laboratory and singly
housed. Sample size was determined by previous studies using this cell line and mouse
model systems. We have previously found that (n=5) is sufficient to provide a significant
difference in tumor growth and metastasis®®. The indicated cells were mixed 1:1 with
Matrigel (Corning) and kept on ice. Seventy-five thousand cells were then injected into each
flank of nude mice. Mice were monitored daily for tumor growth and were euthanized once
tumors reached a critical size, in accordance with IACUC procedures. During all subsequent
experiments, scientists were blinded, and only made aware of the groups after data had been
collected.

Immunostaining tissue sections.

IHC was performed as previously described 57

Tissue Micrographs.

Tissue micrographs containing DCIS and DCIS with localized IDC were provided in
collaboration with Dr. Fariba Behbod (University of Kansas Medical Center, Kansas City,
KS). ER, PR, HER2, p53, and Ki67 status of patients was known. Following placement in
preservation media (LiforCell, Lifeblood Medical, Inc.), biopsy tissue was stored at 4°C
until processing, as previously described!/: 69,

Cell migration and invasion.

25,000 cells suspended in serum-free media were plated in FluoroBlok Cell Culture Inserts
(Corning) that either contained Matrigel (invasion) or did not (migration). Invasion and
migration assays were then conducted as previously described3®.

Statistical Analysis.

To address scientific rigor, all experiments in cell lines and xenografts were conducted in
biological triplicates at a minimum, technical duplicates, and repeated three times. Normal
distribution was confirmed before conducting two-tailed Student’s t-test. Likelihood ratio
and Pearson statistical test were used for goodness of fit comparisons. Significance was
considered at p<0.05.

Study Approval.

Animal studies were approved by the Texas A&M University Laboratory Animal Care
Committee. Patients gave written informed consent for participation in this University of
Kansas Medical Center Institutional Review Board approved study, which allowed collection
of de-identified surgical tissue for research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Loss of SIM 2s correlates with increased metastasis and invasion
(a) Histological staining of human normal, DCIS, and IDC samples for H&E and SIM2s.

Samples were imaged at 25x magnification. Scale bars, 100um. (b) Statistical analysis of
breast type with SIM2s expression. Tissue microarrays were analyzed categorically to
compare the location of SIM2s staining versus the breast type. (c) Statistical analysis of
SIM2s status correlated with ER, PR, Ki-67, and p53 status in DCIS specific pathology
reports (n=18). (d) Prognosis of micro invasion and/or metastasis was compared with
binomial SIM2s staining. Likelihood ratio and Pearson’s chi-squared tests were performed
to test correlations. *p-value<0.05.

Oncogene. Author manuscript; available in PMC 2019 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pearson et al.

Page 18

MCF7 DCIS.com
" * - pSil
100 M 100 h . =@ shSIM2
©
2 *
s 10 10
X
1 T T T T T 1 1 | T T T T 1
0 2 4 6 8 10 0 1 2 3 4 5
Dose (Gy) Dose (Gy)
c d
SUM159 DCIS.com
100 100 —pLPCX
- ®=SIM2s-FLAG
2
‘% 10 L 10
< ik
1 I T T T T 1 1 T
0 2 4 6 8 10 0 2 4 6 8 10
Dose (Gy) Dose (Gy)
@
DAPI/yH2aX
Control 1hr 6hr m— pSi
1.0 = === ShSIM2

0.6+

MCF7

0.4+

Proportion yH2AX Positive Cells

0.0-

o 1:07 = pSil
8 mmm shSIM2
o 0.84
Z*é *
g a 0.6
o 2
= To04
I V.44
5 5
S
£ 0.2
Q.
<]
a 0.0-
CTL 1hr  6hr

Figure 2: SIM2sincreases cell survivability by reducing DNA damage
(a-d) Clonogenic survival assays of (a) MCF7 and (b) DCIS.com cells containing sAS/IM2

or control were treated with the indicated doses of irradiation. Cells were then plated and
allowed to grow for 7 days before being counted. (¢) SUM159 and (d) DCIS.com cells over-
expressing SIMZ2s-FLAG or control were treated with the indicated doses of IR and sampled
as before. (€) MCF7 and (f) DCIS.com cells containing shS/MZ2 or control were treated with
2GYs IR or left untreated and fixed at the indicated time points. Cells were then
immunostained for yH2AX, and cells containing more than 10 foci were counted as positive
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(n=50). Scale bars, 10um. Values indicate the mean + SE with n=3 unless otherwise stated.
Student’s t-test was performed to test significance. *p-value<0.05.
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Figure 3: SIM2sis stabilized with IR treatment
(8 WT MCEFT7 cells or DCIS.com cells over-expressing S/IMZ2s-FLAG were treated with

2GYs of IR and fixed at the indicated time points before immunostaining for the presence of
FLAG. Scale bar, 20um. (b) Efficiency of SIM2s knockdown by sAS/M2was confirmed in
MCF7 and DCIS.com cells via western blot. Stabilization of endogenous SIM2s 12 hours
after IR treatment was further confirmed via western blot. (c) The FLAG epitope was
confirmed to not interfere with SIM2s stabilization in the DCIS.com and SUM159 cells
over-expressing SIMZ2s-FLAG. (d) DCIS.com and MCF7 cells were treated with 2GY's of
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IR, and RNA was harvested at the indicated time points. RT-gPCR analysis of SIMZ2s
indicates no change in S/M2s mRNA after treatment with 2GY's IR. (€) Western blot
analysis of DCIS.com S/IMZ2s-FLAG and pLPCX control cells treated for 2 hours with 10uM
(R)-MG132 or DMSO. (f) Confirmation of SIM2s stabilization at the protein level was
confirmed in DCIS.com cells over-expressing S/IMZ2s-FLAG. Cells were treated with 2GY's
IR and then dosed with 50ug/mL of the translation inhibitor, cycloheximide (CHX), at the
indicated time points before being harvested 12 hours post-IR. Values indicate the mean +
SE with n=3 unless otherwise stated. Student’s t-test was performed to test significance. *p-
value<0.05.
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Figure 4: S115is necessary for SIM2s stabilization
(a) SIMZ2swas analyzed for ATM consensus sequences. Three highly conserved sites were

found and confirmed with NetPhos 3.15. (b) Co-localization of SIM2s and pATM 12 hours
after IR treatment was confirmed in DCIS.com cells. Scale bar, 10um. (c)
Immunoprecipitation of SIM2s-FLAG 12 hours after treatment with 2GYs IR in DCIS.com
cells by a FLAG specific antibody shows SIM2s interacts with ATM in response to IR. In
addition, an increase in pSer is seen in response to IR at the molecular weight of SIM2s-
FLAG. (d) Treatment with 10pM of KU55933 inhibited SIM2s stabilization in response to
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2GYs IR. () Serine to alanine point mutations were generated in SIM2s-FLAG at S35,
S115, S363, or at all predicted ATM consensus sites (A12) and then stably transfected into
DCIS.com cells. Mutants were analyzed for SIM2s stabilization 12 hours post-treatment
with 2GYs IR, with only the S115A mutant not responding to IR. (f) DCIS.com cells over-
expressing SIMZ2s-FLAG or SIMZ2s-5115A were treated with 2GYs IR and fixed 6 hours
later before being immunostained for the presence of yH2AX foci. Cells containing 10 or
more yH2AX foci were counted as positive (n=50). Scale bar, 10pm. Values indicate the
mean + SE with n=3 unless otherwise stated. Student’s t-test was performed to test
significance. *p-value<0.05.
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Figure5: SIM2sisinvolved in HR and is necessary for RAD51 recruitment
(a) DCIS.com cells over-expressing SIMZ2s-FLAG were treated with 2GY's IR and probed

for yH2AX and FLAG 12 hours later. Arrows indicate sites of co-localization. Scale bar,
10um. (b) The interaction of SIM2s with BRCA1 was further assessed by
immunoprecipitation of SIM2s with a FLAG specific antibody from DCIS.com S/MZ2s-
FLAG cell lysate 12 hours after 2GYs IR or mock treatment. (c) Diagram of drGFP locus
reporter plasmid structure. (d) The effect that loss of SIM2s has on HR was assessed using
the drGFP reporter system in conjunction with a plasmid encoding Scel. The presence of
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GFP was analyzed via flow cytometry (10,000 events) and represented as the percentage of
cells expressing GFP. (e) DCIS.com or (f) MCF7 cells containing a scrambled vector or
shSIMZ2were treated with 2GY's of IR and probed for BRCAL or RAD51 6 hours later
(n=50). Cells containing 10 or more foci were counted as positive. Scale bars, 10pm. Values
indicate the mean + SE with n=3 unless otherwise stated. Student’s t-test was performed to
test significance. *p-value<0.05.
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Figure 6: Loss of SIM 2s sensitizes cellsto synthetic lethal treatments
Percent cell survival in () MCF7 and (b) DCIS.com cells containing sAS/MZ2 or control

with increasing doses of the PARP inhibitor Olaparib. Values indicate the mean + SE with

n=3 unless otherwise stated. Student’s t-test was performed to test significance. *p-

value<0.05.
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Figure 7: Mutation of SIM2sat S115 promotes basal marker expression and tumor metastasis
(a) DCIS.com cells containing the indicated constructs were plated in Boyden chamber

inserts containing Matrigel and measured for invasive potential. (b) DCIS.com cells
containing the indicated plasmids were plated in Boyden chamber inserts and measured for
migratory potential. (c-€) DCIS.com cells containing the indicated constructs were harvested
for RNA and analyzed for the expression of (c) MMP1, (d) MMP3, and (€) MMPYvia RT-
gPCR. (f) Matrix-metalloprotease activity was confirmed via gelatin zymograph in
DCIS.com cells containing S/IM2s-FLAG, S115A, or empty vector. (g) H&E staining of
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tumors isolated from the indicated mice. Scale bar, 100um. Tumor sections were stained for
the indicated basal and luminal markers. Scale bar, 50um. (h) RNA was isolated from the
largest tumor from each mouse and analyzed for CDHI expression via RT-qPCR. (i)
Seventy-five thousand DCIS.com cells containing SIMZ2s-FLAG, SIM2s-5115A, or empty
vector were injected into the flanks of nude mice, and tumor growth was measured. (j)
Percent and (k) enumeration of mice positive for lung metastasis in the indicated tumors was
measured by RT-gPCR analysis using a human specific f—2-globulin primer that does not
cross-react with mouse. (I) Lungs were sectioned before being H&E stained. Top: slide
scanned whole lung sections. Bottom: lung sections under 10X magnification. Scale bar,
200pm. Values indicate the mean + SE with n=3 unless otherwise stated. Student’s t-test was
performed to test significance. *p-value<0.05.
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