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SH003 Causes ER Stress-mediated Apoptosis of
Breast Cancer Cells via Intracellular ROS Production
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Abstract. Background/Aim: Breast cancer is one of the
most common cancers in women all over the world and new
treatment options are urgent. ER stress in cancer cells
results in apoptotic cell death, and it is being proposed as
a new therapeutic target. SH003, a newly developed herbal
medicine, has been reported to have anti-cancer effects.
However, its molecular mechanism is not yet clearly
defined. Materials and Methods: Microarray was performed
to check the differential gene expression patterns in various
breast cancer cell lines. Cell viability was measured by MTT
assays to detect cytotoxic effects. Annexin V-FITC and
7AAD staining, TUNEL assay and DCF-DA staining were
analyzed by flow cytometry to evaluate apoptosis and ROS
levels, respectively. Protein expression was examined in
SHOO03-breast cancer cells using immunoblotting assays.
The expression of C/EBP Homologous Protein (CHOP)
mRNA was measured by real-time PCR. The effects of
CHOP by SHO003 treatment were investigated using
transfection method. Results: Herein, we investigated the
molecular mechanisms through which SHO003 causes
apoptosis of human breast cancer cells. Both cell viability
and apoptosis assays confirmed the SHO003-induced
apoptosis of breast cancer cells. Meanwhile, SHOO3 altered
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the expression patterns of several genes in a variety of
breast cancer cell lines. More specifically, it upregulated
gene sets including the response to unfolded proteins,
independently of the breast cancer cell subtype. In addition,
SHO003-induced apoptosis was due to an increase in ROS
production and an activation of the ER stress-signaling
pathway. Moreover, CHOP gene silencing blocked SH003-
induced apoptosis. Conclusion: SHOO3 causes apoptosis of
breast cancer cells by upregulating ROS production and
activating the ER stress-mediated pathway. Thus, our
findings suggest that SHOO3 can be a potential therapeutic
agent for breast cancer.

Breast cancer is the second most frequent cancer in women
(1). Breast cancer subtypes are classified by expression
patterns of three receptor proteins: estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth
factor receptor 2 (HER?2) (2, 3). Meanwhile, chemotherapeutic
agents for breast cancer show side effects and are very
expensive (4). Moreover, drug resistance is a hurdle in treating
this type of cancer. Herbal medicine is one of the options to
solve those problems (5, 6).

SHO03 consists of 1:1:1 ratio of Trichosanthes kirilowii
Maxim., Astragalus membranaceu, and Angelica gigas (7).
Using network pharmacological approaches, active
compounds of SH003 were found to be functionally involved
in various pathways that are associated with tumorigenesis
and development of cancer. SHOO3 has been investigated in
various cancer cell types to test its anti-cancer effects. In
brief, SHOO3 suppressed tumor growth and metastasis both
in cell line experiments in vitro and in mouse xenograft
studies (7-14). SHOO3 and classical anti-cancer drugs such
as doxorubicin, docetaxel and paclitaxel synergistically
inhibited cancer cell growth (9, 14-16). SHO03 also repressed
tumor angiogenesis by blocking VEGF binding to VEGR2
(17). Thus, SHO03 is likely to target various cell types in the
tumor microenvironment. Accordingly, we now run clinical
studies for SHOO3 (18-20). More recently, we revealed that
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SHO03 blocked docetaxel-induced neuropathic pain and
ameliorated cyclophosphamide-induced immunosuppression
in mouse models (21, 22). Therefore, it is plausible that
SHO003 plays multifaceted roles in cancer.

Alterations of endoplasmic reticulum (ER) function lead
to the accumulation of unfolded or incorrectly folded
proteins, a specific condition called ER stress (23). ER
stress is involved in the unfolded protein response, an
adaptive reaction that maintains the function by reducing
the unfolded or misfolded protein load (24). Unfolded
protein response (UPR) signaling pathway is mediated by
three ER-transmembrane stress sensors: Protein kinase
RNA-like ER kinase (PERK), inositol requiring enzyme 1o
(IRE1a) and activating transcription factor 6 (ATF6) (25).
Especially, the PERK-elF2a-CHOP pathway results in
apoptosis (26, 27). Cancer cells undergo prolonged ER
stress, which activates the UPR signaling to restore ER
homeostasis (28). Thus, UPR signaling is either cytotoxic
or cytoprotective in a cell state-dependent manner (29, 30).
However, in cancer cells with excessive ER stress, UPR
signaling pathway leads to apoptosis (31). In the process
for apoptotic cell death, CHOP is crucial for ER stress-
induced apoptosis (26, 32).

We herein investigated the mechanism though which
SHO03 causes apoptosis of breast cancer cells, independently
of the human breast cancer subtype. Our present work shows
that SHOO3 induces apoptotic cell death through intracellular
reactive oxygen species (ROS) production and ER stress.
Supportively, we revealed that CHOP gene silencing rescued
SHO003-induced apoptosis.

Materials and Methods

Cell culture and transfection. MCF-7, T47D, ZR-75-1, SKBR-3,
HCC-1419, MDA-MB-453, HCC-1569, BT-474 and MDA-MB-231
cells were obtained from the American Type Culture Collection
(Manassas, VA, USA) and maintained in Dulbecco’s Modified
Eagle’s Medium (Welgene, Seoul, Republic of Korea) supplemented
with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and 1%
penicillin-streptomycin (Welgene). HCC-38 and HCC-70 cells were
obtained from the Seoul National University Cell Bank (Seoul,
Republic of Korea) and cultured in Roswell Park Memorial Institute
Medium-1640 supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. Breast cancer cell lines were seeded at a
density of 2x105 cells with antibiotics-free media in 6-well plates.
The next day, cells were transfected with 10nmol/mL of either
CHOP siRNAs or control siRNAs (Bioneer, Daejeon, Republic of
Korea) using Lipofectamine RNAiIMAX transfection reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. Medium was replaced with fresh medium including
antibiotics at 16 h after transfection, and the cells were treated with
SHO03 for another 48 h.

Gene expression profiling. RNAs from twelve breast cancer cells
(MCF-7, T47D, ZR-75-1, SKBR-3, HCC-1419, MDA-MB-453,
HCC-1569, BT-474, MDA-MB-231, HCC-38, HCC70) were
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isolated using the easy-BLUE RNA Extraction kit (iNtRON
Biotech, Sungnam, Republic of Korea), and cDNAs were
synthesized and hybridized onto a Human HT12 genome-wide
expression profiling chip (Illumina, San Diego, CA, USA).
Detection of p-Values greater than 0.01 was considered meaningful
for analyses, and expression levels greater than 1 were adjusted to
1; both fold changes over 5 and delta difference over 50 with a ¢-
test p-Value lower than 0.05 were selected. A heat-map was
generated for the expression patterns of significant genes.
Hierarchical trees were produced by Pearson correlation. Analyses
were conducted in Genome Studio software (Illumina), and images
were produced in Multiexperimental Viewer (Boston, MA, USA).

Western blot. Cells were lysed in 2x Laemmli sample buffer and
boiled at 100°C for 10 min. Equal quantities of samples were
loaded on SDS-PAGE gels (10-15%) and transferred onto
nitrocellulose membranes. The membranes were then incubated
with primary antibodies. The used primary antibodies were as
follows: cleaved Caspase-7 (#9491), cleaved Caspase-8 (#9496),
cleaved Caspase-9 (#7237), cleaved PARP (#9541), BIP (ab21685),
PERK (#5683), p-PERK (#3197), elF2a. (#9722), p-elF2a (#3398),
IREla (#3294), p-IREla (PA1-16927), INK (#3708), p-JNK
(#4668), CHOP (#2895) and f-actin (#3700). BIP was obtained
from Abcam (Cambridge, UK) and p-IREla was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). All other
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA).

MTT assay. Cells cultured in 96 well plates were treated with
different concentrations of SH0O03 (0, 50, 100, 250 and 500 pg/ml)
for 48 h and then incubated with 5 mg/ml of thiazolyl blue
tetrazolium bromide solution for 2 h at 37°C in the dark. After
removing the medium, formazan crystals were solubilized in
dimethyl sulfoxide and an absorbance was measured at 575 nm in
an ELISA microplate reader.

Annexin V and 7-AAD double staining assay. The rate of apoptotic
cells was measured using staining with Annexin V-fluorescein
isothiocyanate (FITC) and 7-Aminoactinomycin D (7-AAD). Cells
were washed with PBS, trypsinized, re-washed twice with PBS and
incubated with FITC-conjugated Annexin-V for 15 min in the dark
and 7-AAD for 15 min at room temperature. Next, the samples
were measured using BD FACSCalibur flow cytometry. Data were
analyzed using Cell Quest software (BD Biosciences, San Jose,
CA, USA).

DCF-DA staining assay. Levels of intracellular ROS production
were quantified using 2’°,7’-dichlorofluorescein diacetate (DCF-
DA). Cells were plated at 70~80% confluency in 60mm culture
dishes. Cells were treated by SH003 at 500 ug/ml for 4 h after N-
acetyl-L-cysteine (NAC) treatment for 2 h. The cells were incubated
with 10 pM DCF-DA in media for 30 min at 37°C. Then, the cells
were washed with phosphate buffered saline (PBS), trypsinized,
resuspended in 0.5 ml of PBS and analyzed by flow cytometry.

TUNEL assay. Apoptotic cells were detected by transferase-
mediated deoxyuridine triphosphate (dUTP)-fluorescein nick end-
labeling (TUNEL) assay kit (ab66110, Abcam). Forty-eight hours
after SHO03 treatment, cells were washed with Dulbecco’s
phosphate buffered saline (DPBS), fixed with 4% paraformaldehyde
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Figure 1. SHOO3 induces apoptosis in breast cancer cells. (A) SHOO3 effect on breast cancer cell viability. HCC-1419, MCF-7 and MBA-MD-231
cells were treated with 0, 50, 100, 250 and 500 ug/ml of SHOO3 for 48 h. (B) Annexin V-FITC and 7-AAD double-staining assays. Breast cancer
cells were treated with SHO03 at 500 ug/ml for 48 h. Representative Annexin V-FITC and 7-AAD double-staining data show SHO03-induced apoptotic
cell death. Bar graphs show apoptotic cell numbers from those analyses. (C) Western blots for cleaved forms of Caspase-9, Caspase-8, Caspase-7,
and poly (ADP-ribose) polymerase (PARP). Actin was blotted as the internal loading control. (D) Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assays. Representative histograms show SH0O03-induced apoptotic cell death. Bar graphs show apoptotic cell numbers. All
bar graphs are shown as mean and standard deviation of three independent experiments. *p<0.05, Student’s t-test.

for 15 min, washed twice with DPBS and incubated with 70%
ethanol. TUNEL reaction was then performed according to the
manufacturer’s protocol.

RNA isolation and real-time PCR. Cells were seeded in 60mm
culture dishes. After SHOO3 treatment for 48 h, total RNA was
isolated using the RNA Easy-blue kit (Qiagen, Germantown, MD,
USA) and cDNA was synthesized by reverse transcriptase PCR using
the cDNA synthesis kit (Takara, Kusatsu, Shiga, Japan). The SYBR
Green PCR Master Mix was used to perform quantitative real-time
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PCRs. Primers were as follows: CHOP-forward: 5-TGG AAA GCA
GCG CAT GAA-3, CHOP-reverse: 5-AAA GGT GGG TAG TGT
GGC -3. GAPDH- forward: 5’-TGG ACT CCA CGA CGT ACT CA-
3’, GAPDH-reverse: 5’-AAT CCC ATC ACC ATC TTC CA-3’.

Statistical analysis. All experiments were conducted at least three times.
Data were presented as mean and standard deviation, and the analyses
were done using Student’s 7-test and one-way analysis of variance
(ANOVA) followed by the Bonferroni post hoc test. All analyses were
done in GraphPad Prism 7 software (San Diego, CA, USA).
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Figure 2. SHOO3 alters global gene expression patterns in breast cancer cells. (A) Heatmap produced by hierarchical clustering analysis shows
SHO003-altered gene expression profiles in various breast cancer cell lines. (B) Genes altered by SHOO3 in all breast cancer cell lines (All), triple
negative breast cancer (TNBC) cell lines, human epidermal growth factor receptor 2 (HER2)+ cell lines, and estrogen receptor (ER)+ cell lines.
(C) Venn diagrams representing the number of differentially expressed genes.

Results SH003 (0, 50, 100, 250, 500ug/ml) for 48 h. SHO003

decreased the viability of HCC-1419, MCF-7 and MDA-
SHO03 induces apoptosis in breast cancer cells. To evaluate ~ MB-231 cells in a dose-dependent manner (Figure 1A).
the cytotoxic effect of SHOO3 on each subtype of breast  Accordingly, Annexin V-FITC and 7-AAD double staining
cancer cells, we performed MTT assays. The breast cancer  assays showed that SHOO3 causes apoptosis (Figure 1B).
cell lines HCC-1419 (HER2-positive), MCF-7 (ER-positive) ~ SHO003 also increased the levels of cleaved Caspase-9,
and MDA-MB-231 (triple-negative) were treated with  cleaved Caspase-8, cleaved Caspase-7, and cleaved PARP
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Table 1. List of differentially expressed genes in all breast cancer cells.

N Gene Illumina gene ~ LLID Full name Chr Exp_ Average Average Fold  Paired TNOM
name name status  (CTRL) (SHO003) change r-test p-Value
1 HSPA6 HSPA6 3310 Heat shock 70kDa 1 Up 26.1 555.8 21.26 0.09  0.0007
protein 6 (HSP70B')
2 RNUI-5 RNUI-5 26863 RNA, Ul small 1 Up 99.1 1,579.1 15.94 0.07 0.004
nuclear 5
3 SNORD3C SNORD3C 780853 Small nucleolar RNA, 17 Up 21.6 2993 13.85 0.02 0.004
C/D box 3C
4 ATF3 ATF3 467 Activating transcription 1 Up 91.8 1268.9 13.82  0.006 0.004
factor 3
5 SNORD3D  SNORD3D 780854 Small nucleolar 17 Up 674 8773 13.01 0.02 0.004
RNA, C/D box 3D
6 HMOX1 HMOX1 3162 Heme oxygenase 22 Up 130.8 1,659.2 12.68 0.10 0.0007
(decycling) 1
7 RNUI-8 RNUIF1 26866 RNA, Ul small 14 Up 56.2 648.9 11.54 0.10 0.02
nuclear 8
8 SNORD3A  SNORD3A 780851 Small nucleolar 17 Up 633 691.2 10.92 0.02 0.004
RNA, C/D box 3A
9 FOS FOS 2353 FBJ murine osteosarcoma 14 Up 56.1 586.7 1045  0.009  0.0007
viral oncogene homolog
10 DDIT3 DDIT3 1649 DNA-damage-inducible 12 Up 263.0 25312 9.63 0.008  0.0007
transcript 3
11 HSPA7 HSPA7 3311 Heat shock 70kDa 1 Up 282 210.1 745 0.14 0.004
protein 7 (HSP70B)
12 NR1H4 NRI1H4 9971 Nuclear receptor subfamily 1, 12 Up 7.5 50.8 6.81 0.04 0.004
group H, member 4
13 GADD45B GADD45B 4616 Growth arrest and 19 Up 131.7 874.5 6.64 0.02 0.0007
DNA-damage-inducible,
beta
14 RNU4-2 RNU4-2 26834 RNA, U4 small nuclear 2 12 Up 247 152.4 6.18 0.05 0.004
15 ARC ARC 23237 Activity-regulated 8 Up 269 139.0 5.18 0.03 0.004
cytoskeleton-associated
protein
16 SESN2 SESN2 83667 Sestrin 2 1 Up 43.7 224.1 5.13 0.003 0.004
17 RNUI1 RNUI1 26824 RNA, U1l small nuclear 1 Up 16.7 824 4.94 0.12 0.02
18 NKX2-1 NKX2-1 7080 NK2 homeobox 1 14 Up 25 12.1 4.82 0.13 0.004
19 SAT1 SAT1 6303 Spermidine/spermine X Up 928.5 4341.6 4.68 0.007 0.02
Nl-acetyltransferase 1
20  PPPIRISA PPPIR15A 23645 Protein phosphatase 1, 19 Up 7844 3,623.8 4.62 0.004 0.02
regulatory subunit 15A
21 DUSP1 DUSP1 1843 Dual specificity 5 Up 658.3 3,003.7 4.56 0.003 0.004
phosphatase 1
22 NR4A3 NR4A3 8013 Nuclear receptor subfamily 4, 9 Up 74 327 442 0.10 0.02
group A, member 3
23 SRXN1 SRXNI1 140809 Sulfiredoxin 1 20 Up 730.6 3,022.8 4.14 0.03 0.004
24 SNHG12 SNHG12 85028 Small nucleolar RNA host 1 Up 70.0 280.0 4.00 0.01 0.004
gene 12 (non-protein coding)
25 Cl120rf39 CI120RF39 80763 Chromosome 12 open 12 Up 4.6 17.1 3.5 0.01 0.004
reading frame 39
26  ANGPTL4 ANGPTL4 51129 Angiopoietin-like 4 19 Up 1135 4213 371 0.15 0.02
27 NFIL3 NFIL3 4783 Nuclear factor, 9 Up 99.9 368.9 3.69 0.007  0.0007
interleukin 3 regulated
28 MMP10 MMP10 4319 Matrix metallopeptidase 10 11 Up 8.1 29.8 3.67 0.01 0.004
(stromelysin 2)
29 DUSP5 DUSP5 1847 Dual specificity 10 Up 810.0 2,966.7 3.66 0.002  0.0007
phosphatase 5
30 UBE2HPI LOC646463 646463 Ubiquitin-conjugating 8 Up 103.0 369.3 3.59 0.006  0.004

enzyme E2H pseudogene 1
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Table 1. Continued

N Gene Illumina gene ~ LLID Full name Chr Exp_ Average Average Fold Paired TNOM
name name status  (CTRL) (SHO03) change t-test p-Value
31 PAWR PAWR 5074 PRKC, apoptosis, 12 Up 177.8 625.0 3.51 0.01 0.004
WTT1, regulator
32 C2CD4B C2CD4B 388125 C2 calcium-dependent 15 Up 5.1 17.8 3.50 0.01 0.004
domain containing 4B
33 BEX2 BEX2 84707 Brain expressed X-linked 2 X Up 142.1 4849 341 0.004 0.02
34  EPB41L4A- TIGAL 114915 EPB41L4A antisense 5 Up 559.8 1,8449 3.30 0.003 0.02
AS1 RNA 1
35 TAF1D TAF1D 79101 TATA box binding protein 11 Up 28.8 94.6 328 0.006  0.004
(TBP)-associated factor,
RNA polymerase I, D, 41kDa
36  RNUI12-2P RNU12 26823 RNA, U12 small X Up 7.8 25.1 323 0.007 0.02
nuclear 2, pseudogene
37  ZFAND2A ZFAND2A 90637 Zinc finger, AN1-type 7 Up 424.1 1,321.6 3.12 0.003  0.0007
domain 2A
38 ZNF460 ZNF460 10794 Zinc finger protein 460 19 Up 10.5 322 3.06 0.09 0.02
39 DNAJB9 DNAJB9 4189 DnalJ (Hsp40) homolog, 7 Up 166.3 503.4 3.03 0.02 0.02
subfamily B, member 9
40 DAPK3 DAPK3 1613 Death-associated protein 19 Up 72.0 213.7 297 0.02 0.02
kinase 3
41 GPCPD1  RP5-1022P6.2 56261 Glycerophosphocholine 20 Up 44.1 1304 2.96 0.08 0.004
phosphodiesterase GDE1
homolog (S. cerevisiae)
42 LOC285141 LOC285141 285141 Uncharacterized protein 2 Up 16.0 469 294 0.008  0.004
LOC285141
43 FEM1B FEMIB 10116 ~ Fem-1 homolog b (C. elegans) 15 Up 349 101.3 2.90 0.09 0.02
44 ACTGIP4 LOC648740 648740 Actin, gamma | pseudogene 4 1 Up 99.0 285.7 2.89 0.02 0.02
45 SERTAD1 SERTAD1 29950 SERTA domain containing 1 19 Up 486.0 1,401.1 2.88 0.007 0.02
46 SLC30A1 SLC30A1 7779 Solute carrier family 30 1 Up 118.5 327.3 276 0.001  0.0007
(zinc transporter), member 1
47 RGCC CI130RF15 28984 Regulator of cell cycle 13 Up 444 121.9 2.74 0.02 0.02
48  CCNBIIP1 CCNBI1IP1 57820 Cyclin B1 interacting protein 1, 14 Up 162.4 439.7 2.71 0.002 0.02
E3 ubiquitin protein ligase
49 HISTIH2BN HIST1H2BN 8341 Histone cluster 1, H2bn 6 Up 14.7 39.6 2.70 0.04 0.02
50 SNHG15 C70RF40 285958 Small nucleolar RNA host 7 Up 340.6 916.7 2.69 0.003  0.004
gene 15 (non-protein coding)
51 C3orf78 SNHGS 440957 Chromosome 3 open 3 Up 155.7 4174 2.68 0.03 0.004
reading frame 78
52 AMY1A AMY1A 276 Amylase, alpha 1A (salivary) 1 Up 130.0 3453 2.66 0.01 0.02
53 MIR507 MIR507 574512 MicroRNA 507 X Up 123 327 265 0.0005 6.2x10-
54 Co6orf48 C60RF48 50854 Chromosome 6 open 6 Up 669.1 1,772.6 2.65 0.006  0.004
reading frame 48
55 CCRN4L CCRN4L 25819 CCR4 carbon catabolite 4 Up 75.7 200.1 2.64 0.04 0.02
repression 4-like (S. cerevisiae)
56 ADPRM C170RF48 56985 ADP-ribose/CDP-alcohol 17 Up 75.8 199.1 2.63 0.006 0.02
diphosphatase,
manganese-dependent
57 PHF2P1 DKFZP686A1627 266695 PHD finger protein 2 13 Up 43 11.1 261 0.05 0.004
pseudogene 1
58 LOC401317 LOC401317 401317  Uncharacterized LOC401317 7 Up 239 62.0 2.60 0.008 0.02
59 C2o0rf49 C20RF49 79074 Chromosome 2 open 2 Up 125.0 321.7 257 0.004  0.004
reading frame 49
60 C20orf111 C200RF111 51526 Chromosome 20 open 20 Up 948.6 24239 2.56 0.007  0.004
reading frame 111
61 ELL2 ELL2 22936 Elongation factor, 5 Up 86.8 2209 2.54 0.004 0.02
RNA polymerase II, 2
62 LOC285299 LOC285299 285299  FSHD region gene 2 family, 3 Up 5.1 130 253 0.04 0.004

member C-like
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Table 1. Continued

N Gene Illumina gene ~ LLID Full name Chr Exp_  Average Average Fold  Paired TNOM
name name status  (CTRL) (SHO03) change r-test p-Value
63 RNF19B RNF19B 127544 Ring finger protein 19B 1 Up 103.4 261.1 2.53 0.007  0.0007
64 CHAC!1 CHACI1 79094 ChaC, cation transport 15 Up 38.1 96.1 252 0.0008 0.02
regulator homolog 1 (E. coli)
65 HSPBAPI HSPBAPI 79663 HSPB (heat shock 27kDa) 3 Up 504 126.4 251 0.007  0.0007
associated protein 1
66 KDM3A IMIDIA 55818 Lysine (K)-specific 2 Up 75.7 189.2 2.50 0.02 0.004
demethylase 3A
67 WWTRI1 WWTR1 25937 WW domain containing 3 Up 17.5 42.6 2.44 0.02 0.004
transcription regulator 1
68 SAMDS8 SAMDS8 142891 Sterile alpha motif domain 10 Up 150 36.4 242 0.002 0.004
containing 8
69 BLOC1S2 BLOC1S2 282991 Biogenesis of lysosomal 10 Up 435 104.9 241 0.005 0.02
organelles complex-1,
subunit 2
70 RNUS86 RNUS86 116936 RNA, U86 small nucleolar 22 Up 425 101.9 240 0.002  0.004
71 GCLM GCLM 2730 Glutamate-cysteine ligase, 1 Up 380.2 907.7 2.39 0.001 0.02
modifier subunit
72 IL20RB IL20RB 53833 Interleukin 20 receptor beta 3 Up 214 50.8 2.38 0.06 0.02
73 RIMKLB FAMSOB 57494 Ribosomal modification protein 12 Up 25.1 59.3 2.36 0.006 0.02
rimK-like family member B
74 RNU4ATAC RNU4ATAC 100151683 RNA, U4atac small nuclear 2 Up 25.6 60.5 2.36 0.03 0.004
(U12-dependent splicing)
75 GABPB1 GABPB1 2553  GA binding protein transcription 15 Up 46.3 109.2 2.36 0.11 0.02
factor, beta subunit 1
76 SLC3A2 SLC3A2 6520 Solute carrier family 3 11 Up 7189 1,679.9 234 0.001 0.02

(activators of dibasic and
neutral amino acid transport),

member 2
77 IFRD1 IFRD1 3475 Interferon-related 7 Up 135.7 316.1 2.33 001 0.02
developmental regulator 1
78 ZYX ZYX 7791 Zyxin 7 Up 4944 1140.6 231 0.02 0.02
79 SOCS1 SOCS1 8651 Suppressor of cytokine 16 Up 403 930 231 0.04 0.02
signaling 1
80 ZMYMS5 ZMYMS5S 9205 Zinc finger, MYM-type 5 13 Up 434 100.1 2.30 0.02 0.004
81 RND3 RND3 390 Rho family GTPase 3 2 Up 3194 7344 2.30 001 0.004
82 C9orf85 CI90ORF85 138241 Chromosome 9 open 9 Up 393 89.5 2.27 0.005 0.004
reading frame 85
83 STX1A STX1A 6804 Syntaxin 1A (brain) 7 Up 1475 3350 227 0.007  0.004
84 RPOP RP9P 441212 Retinitis pigmentosa 9 7 Up 36.0 81.8 2.27 0.001 0.02
pseudogene
85 PPIL6 PPIL6 285755 Peptidylprolyl isomerase 6 Up 10.7 238 222 0.01 0.02
(cyclophilin)-like 6
86 EID3 EID3 493861 EP300 interacting inhibitor 12 Up 13.5 29.7 221 0.0009 0.004
of differentiation 3
87 SLMO1 SLMO1 10650 Slowmo homolog 1 18 Up 60.1 1324 2.20 0.002 0.02
(Drosophila)
88 GTPBP2 GTPBP2 54676 GTP binding protein 2 6 Up 414 91.1 2.20 0.006  0.004
89 CIDECP CIDECP 152302 Cell death-inducing 3 Up 38.1 83.7 2.20 0.001 0.004

DFFA-like effector
¢ pseudogene

90 LOCI143666 LOC143666 143666 Uncharacterized 11 Up 1125 2450 2.18 0.0004 0.02
LOC143666
91 ZNF184 ZNF184 7738 Zinc finger protein 184 6 Up 31.6 68.2 2.16 0.03 0.02
92 C3orf71 C30RF71 646450 Chromosome 3 open 3 Up 17.2 37.0 2.15  0.0002 0.0007
reading frame 71
93 SNORD10 SNORD10 652966 Small nucleolar RNA, 17 Up 10.7 230 2.15 001 0.02
C/D box 10

Table 1. Continued
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Table 1. Continued

N Gene Illumina gene ~ LLID Full name Chr Exp_ Average Average Fold Paired TNOM
name name status  (CTRL) (SHO03) change t-test p-Value
94 POTEM P704pP 641455 POTE ankyrin domain 14 Up 116.3 248.7 2.14 0.04 0.02
family, member M
95  HISTIHIC  HISTIHIC 3006 Histone cluster 1, Hlc 6 Up 589.2 1246.3 2.12 0.007  0.004
96 CCDC130 CCDC130 81576 Coiled-coil domain 19 Up 336.1 710.2 2.11 0.008 0.02
containing 130
97 MUS81 MUS81 80198 MUS81 endonuclease 11 Up 244.6 5159 2.11 0.004  0.0007
homolog (S. cerevisiae)
98 CEBPG CEBPG 1054 CCAAT/enhancer binding 19 Up 378.1 797.0 2.11 0.006 0.02
protein (C/EBP), gamma
99 PITHD1 CIORF128 57095  PITH (C-terminal proteasome- 1 Up 603.6 1,269.4 2.10 0.003 0.004

interacting domain of
thioredoxin-like) domain

containing 1

100 NEU1 NEU1 4758 Sialidase 1 (lysosomal 6 Up 466.7 979.1 2.10 0.002 0.02
sialidase)

101 SNHGS5 SNHGS5 387066 Small nucleolar RNA host 6 Up 27905  5,830.6 2.09 0.002 0.02

gene 5 (non-protein coding)
102 Clorfl62 CIORF162 128346 Chromosome 1 open 1 Up 24.5 512 2.09 0.04 0.004
reading frame 162

103 INTS12 INTS12 57117 Integrator complex 4 Up 369.1 7704 2.09 0.001  0.0007
subunit 12

104 FOSB FOSB 2354 FBJ murine osteosarcoma 19 Up 68.9 143.1 2.08 0.08 0.004

viral oncogene homolog B

105 LOC284023 LOC284023 284023  Uncharacterized LOC284023 17 Up 61.5 126.9 2.06 0.02 0.004

106  TXNL4B TXNL4B 54957 Thioredoxin-like 4B 16 Up 30.5 62.5 205  0.0009 0.0007

107  THAPI0 THAP10 56906  THAP domain containing 10 15 Up 67.7 138.5 2.05 0.01 0.02

108 HABP4 HABP4 22927  Hyaluronan binding protein 4 9 Up 794 161.9 204  0.0009 0.004

109 RFESD RFESD 317671 Rieske (Fe-S) domain 5 Up 68.9 140.0 2.03 0.001 0.02
containing

110 POLR3C POLR3C 10623 Polymerase (RNA) III (DNA 1 Up 4393 883.0 201 0.007 0.02

directed) polypeptide C (62kD)
111 C9orf9 C90ORF9 11092 Chromosome 9 open 9 Up 318 639 201 0.02 0.02
reading frame 9
112 PTPRF PTPRF 5792 Protein tyrosine phosphatase, 1 Down  917.7 453.0 -2.03 0.01 0.004

receptor type, F
113 XXYLT1 C30RF21 152002  Xyloside xylosyltransferase 1 3 Down  287.8 142.0 -2.03  0.005 0.02

114 SH3BGRL SH3BGRL 6451 SH3 domain binding glutamic X Down 1274 62.1 -2.05 0.003 0.004
acid-rich protein like

115 AKT2 AKT2 208 V-akt murine thymoma 19 Down 13.8 6.7 -2.07 0.03 0.004
viral oncogene homolog 2

116 STS STS 412 Steroid sulfatase (microsomal), X Down 195 94 -2.08 0.01 0.02

isozyme S

117 HNRNPULI HNRPULI1 11100 Heterogeneous nuclear 19 Down 1,019.1 488.3 -2.09 0.0007 0.004
ribonucleoprotein U-like 1

118 TMTC4 TMTC4 84899 Transmembrane and 13 Down 46.4 22.1 -2.10 0.05 0.0007

tetratricopeptide repeat
containing 4

119 CTGLF8P  LOC728608 728608 Centaurin, gamma-like 10 Down 149 7.0 -2.12 0.005 0.02
family, member 8 pseudogene
120 AP2B1 AP2B1 163 Adaptor-related protein 17 Down 1345 629 -2.14 0004  0.004
complex 2, beta 1 subunit
121  HNRNPA3 HNRNPA3 220988 Heterogeneous nuclear 2 Down 3923 179.7 -2.18 0.008  0.004
ribonucleoprotein A3
122 GALNTI10 GALNTI10 55568 UDP-N-acetyl-alpha-D- 5 Down 85.1 38.8 -2.19 0.01 0.02

galactosamine:polypeptide
N-acetylgalactosaminyltransferase
10 (GalNAc-T10)

Table 1. Continued
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Table 1. Continued

N Gene Illumina gene ~ LLID Full name Chr Exp_  Average Average Fold  Paired TNOM
name name status  (CTRL) (SHO03) change r-test p-Value
123 ZADH2 ZADH?2 284273 Zinc binding alcohol 18 Down 117.4 52.6 -2.23 0.05 0.02
dehydrogenase domain

containing 2
124 KIAA0100 KIAA0100 9703 KIAA0100 17 Down 130.5 582 -224  0.003 0.02
125 REEPS5 REEPS 7905 Receptor accessory protein 5 5 Down 9164 406.1 -226  0.003 0.02
126 PIK3R2 PIK3R2 5296 Phosphoinositide-3-kinase, 19 Down 11,6543 729.6 -2.27  0.004 0.02

regulatory subunit 2 (beta)
127 CELSR2 CELSR2 1952 Cadherin, EGF LAG 1 Down 105.2 453 -2.32  0.006 0.02
seven-pass G-type receptor 2
(flamingo homolog,

Drosophila)

128 PIGU PIGU 128869  Phosphatidylinositol glycan 20 Down 4550 196.0 -2.32 0.06 0.004
anchor biosynthesis, class U

129 MIRI81B1 MIR181B1 406955 MicroRNA 181b-1 1 Down 6.5 2.8 -2.33 0.02 0.02
130 AQP6 AQP6 363 Aquaporin 6, kidney specific 12 Down 16.4 6.7 245 0.03 0.02
131 GREM2 GREM2 64388 Gremlin 2 1 Down 9.6 39 -2.49 0.02 0.02
132 RRM2 RRM2 6241 Ribonucleotide reductase M2 2 Down  245.1 98.1 -2.50 0.02 0.02
133 PXDN PXDN 7837 Peroxidasin homolog 2 Down 3440 133.7 -2.57 0.02 0.02

(Drosophila)
134 FZD4 FZD4 8322 Frizzled family receptor 4 11 Down 125.5 48.3 -2.60  0.006 0.02
135 BCL2 BCL2 596 B-cell CLL/lymphoma 2 18 Down 65.8 242 —2.72 0.06 0.02
136 CIQTNF6 C1QTNF6 114904 Clq and tumor necrosis 22 Down 55.6 20.1 -2.76 0.04 0.02

factor related protein 6

137 TNS3 TNS3 64759 Tensin 3 7 Down 3782 1353 -2.80 0.007  0.004
138  MCCC2 MCCC2 64087 Methylcrotonoyl-CoA 5 Down 78.0 264 -295  0.002 0.02

carboxylase 2 (beta)

Cut-off: fold change>2, p-Value <0.5. LLID: Locus link ID; TNoM: threshold number of misclassification.

(Figure 1C). Consistently, SHOO3 increased apoptotic cell
number in TUNEL assays (Figure 1D). Thus, our data
indicate that SHOO3 induces apoptosis independently of the
breast cancer cells line.

SHOO03 alters expression patterns of gene in breast cancer
cells. To investigate the genes affected by SHOO3 in breast
cancer cells, we analyzed differential gene expression
patterns between non-treated and SHOO3-treated breast
cancer cells. Various breast cancer cell lines representing
different breast cancer subtypes were used in the experiment
as follows: ER-positive (MCF-7, T47D and ZR-75-1),
HER2-positive (SKBR-3, HCC-1419, MDA-MB-453, HCC-
1569 and BT-474) and triple-negative (MDA-MB-231, HCC-
38 and HCC70). A heatmap for the expression levels of
31,823 genes is shown in Figure 2A. SHO03 upregulated 111
genes and downregulated 27 genes independently of
subtypes (cut-off over 2-fold change, p-Value <0.5) (Figure
2B, C, and Table I). SHOO3 subtype-specifically affected 84
genes in triple-negative breast cancer cells, 25 genes in
HER2-positive breast cancer cells and 174 genes in ER-
positive breast cancer cells (Figure 2B and C, Table II, Table
III, and Table IV). Next, we conducted gene ontology
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analysis for gene set enrichment. SHOO3 upregulated gene
sets including ‘response to unfolded protein’ in biological
process, ‘transcription corepressor activity’ in molecular
function and ‘nucleus’ in cellular component, and
downregulated ‘receptor tyrosine kinase binding’ in
molecular function (Table V). While SHO03 altered gene sets
in ER-positive breast cancer cells, it did not alter gene sets
in triple-negative and HER2-positive breast cancer cells.
KEGG analysis for biological pathway showed that SHO03
altered 20 pathways including the phosphatidylinositol
signaling system, MAPK signaling pathway and apoptosis
(Table VI).

SHOO03 causes apoptosis by activating ER stress. Among 138
genes, SHO03 strongly altered the expression levels of
SNORD3C, ATF3, SNORD3D, SNORD3A, FOS, DDIT3 (also
called GADDI153 or CHOP), NRIH4 (FXR or RIPI4),
GADD45B (MyD118), ARC (ARG3.1) and SESN2 in terms of
fold-change >5, p-Value <0.05 by paired #-test and Total Number
of Misclassifications (TNoM) (Table I). Considering the top 10
genes upregulated by SHO03 (Table I) and data from gene
ontology and KEGG (Table V and Table VI), we hypothesized
that SHOO3 might cause apoptotic cell death by activating ER
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Table II. List of differentially expressed genes in triple-negative breast cancer cells.

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status  (TNBC (TNBC change #-test
control)  SHO03)
1 PDZK1 PDZK1 5174 PDZ domain containing 1 1 Up 1.7 145 8.66 0.03
2 ZC3H6 ZC3H6 376940 Zinc finger CCCH-type containing 6 2 Up 22 17.0 7.83 0.01
3 FOXI2 FOXI2 399823 Forkhead box 12 10 Up 22 14.0 638 004
4 CDH17 CDH17 1015 Cadherin 17, LI cadherin (liver-intestine) 8 Up 20 8.8 4.42 0.02
5 DGKK DGKK 139189 Diacylglycerol kinase, kappa X Up 22 9.1 424 0.05
6 FMN2 FMN2 56776 Formin 2 1 Up 23 9.8 421 0.01
7 NSG1 D4S234E 27065 Neuron specific gene family member 1 4 Up 20 7.7 3.86 0.05
8 SMAD9 SMAD9 4093 SMAD family member 9 13 Up 30 114 3.78  0.008
9 KRTAPI11-1 KRTAPI11-1 337880 Keratin associated protein 11-1 21 Up 52 19.6 3.77 0.003
10 LOC441461 LOC441461 441461 Uncharacterized LOC441461 9 Up 49 174 351 0.03
11 LOC729040 LOC729040 729040 Uncharacterized LOC729040 5 Up 53 183 346 0.05
12 BPIFA2 C200RF70 140683  BPI fold containing family A, member 2 20 Up 7.6 225 295 001
13 SNORA48 SNORA48 652965 Small nucleolar RNA, H/ACA box 48 17 Up 45 132 295 0.008
14 LOC100132116 LOC100132116 100132116 Uncharacterized LOC100132116 10 Up 5.1 144 283 0.02
15 LRRC8B LRRC8B 23507 Leucine rich repeat containing 8 family, 1 Up 54 14.8 2.76 0.03
member B
16 STX19 STX19 415117 Syntaxin 19 3 Up 5.1 13.7 270  0.02
17 IP6K3 IHPK3 117283 Inositol hexakisphosphate kinase 3 6 Up 7.8 209 2.67 0.0007
18 LEAP2 LEAP2 116842 Liver expressed antimicrobial peptide 2 5 Up 8.8 22.6 2.57 0.03
19 LOC285141 LOC285141 285141 Uncharacterized protein LOC285141 2 Up 23.6 60.1 254 003
20 SLC6A17 SLC6A17 388662 Solute carrier family 6, member 17 1 Up 7.1 18.1 2.54 0.02
21 FOXJ1 FOXJ1 2302 Forkhead box J1 17 Up 42 10.6 252 0.006
22 KCNMB4 KCNMB4 27345 Potassium large conductance calcium- 12 Up 11.1 27.3 246 0.01
activated channel, subfamily M,
beta member 4
23 SIRT4 SIRT4 23409 Sirtuin 4 12 Up 194 46.8 242 0.02
24 TFAP2B TFAP2B 7021 Transcription factor AP-2 beta 6 Up 22 52 241 0.02
(activating enhancer binding protein 2 beta)
25 MYRIP MYRIP 25924  Myosin VIIA and Rab interacting protein 3 Up 6.7 152 2.28 0.05
26 GNG4 GNG4 2786 Guanine nucleotide binding protein 1 Up 59 135 2.27 0.03
(G protein), gamma 4
27 LMCD1 LMCD1 29995 LIM and cysteine-rich domains 1 3 Up 43.0 96.9 2.25 0.03
28 HOMER2 HOMER2 9455 Homer homolog 2 (Drosophila) 15 Up 92.1 205.0 223 003
29 NQO2 NQO2 4835 NAD(P)H dehydrogenase, quinone 2 6 Up 305.3 677.6 2.22 0.03
30 PTPRD PTPRD 5789 Protein tyrosine phosphatase, 9 Up 4.1 9.1 222 0.02
receptor type, D
31 FTHI1P3 FTHL3 2498  Ferritin, heavy polypeptide 1 pseudogene 3 2 Up 378.0 837.0 221 0.05
32 FLJ37786 FLJ37786 642691 Uncharacterized LOC642691 2 Up 94 20.6 2.19 003
33 MTHFR MTHFR 4524 Methylenetetrahydrofolate reductase 1 Up 18.7 40.3 2.15  0.004
[NAD(P)H]
34  GOLGASA GOLGASA 23015 Golgin A8 family, member A 15 Up 7.8 16.6 2.14 004
35 NKAINI NKAINI 79570  Na+/K+ transporting ATPase interacting 1 1 Up 43 92 2.12 0.003
36 FTH1P2 FTHL2 2497  Ferritin, heavy polypeptide 1 pseudogene 2 1 Up 1125 238.0 2.12 0.01
37 RGCC CI130RF15 28984 Regulator of cell cycle 13 Up 713 149.0 209 0.003
38 PFKFB1 PFKFB1 5207 6-phosphofructo-2-kinase/ X Up 7.7 15.7 205 001
fructose-2,6-biphosphatase 1
39 FAMS3E FAMS3E 54854 Family with sequence similarity 83, 19 Up 40 8.2 2.05 0.03
member E
40 MKRN3 MKRN3 7681 Makorin ring finger protein 3 15 Up 9.2 18.9 2.04 0.04
41 OLFM1 OLFM1 10439 Olfactomedin 1 9 Up 4.1 82 200 0.002
42 RAETIK RAETIK 646024 Retinoic acid early transcript 6  Down 22.8 114 -2.00 005
1K pseudogene
43 IPO5S IPOS 3843 Importin 5 13 Down 1922 95.6 -201 005
44 C1QTNF6 C1QTNF6 114904 Clq and tumor necrosis factor 22 Down 29.1 144 -2.02 004
related protein 6
45 APOL1 APOL1 8542 Apolipoprotein L, 1 22 Down 5.1 2.5 204 0.02
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Table II. Continued

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status  (TNBC (TNBC change r-test
control)  SH003)
46 SMCRS5 SMCRS5 140771 Smith-Magenis syndrome 17 Down 44.1 215 -205 0.04
chromosome region, candidate 5
(non-protein coding)
47 RRN3P3 LOC100131998 100131998 RNA polymerase I transcription 16 Down 30.8 14.9 -206 001
factor homolog (S. cerevisiae)
pseudogene 3
48 TAS2RS8 TAS2RS8 50836 Taste receptor, type 2, member 8 12 Down 6.3 30 -206 003
49 DBT DBT 1629 Dihydrolipoamide branched 1 Down 26.8 129 -2.09 0.04
chain transacylase E2
50 GGT7 GGT7 2686 Gamma-glutamyltransferase 7 20  Down 17.7 84 -2.10 0.04
51 PDE3B PDE3B 5140 Phosphodiesterase 3B, 11  Down 258 122 -2.11 0.04
c¢GMP-inhibited
52 PPPIR9A PPPIR9A 55607 Protein phosphatase 1, regulatory 7  Down 9.6 4.5 -2.12  0.04
subunit 9A
53 NPAT NPAT 4863 Nuclear protein, ataxia-telangiectasia 11 Down 67.0 31.0 -2.16 0.03
locus
54 SMARCA2 SMARCA2 6595 SWI/SNF related, matrix associated, 9 Down 1974 91.1 -2.17 0.03
actin dependent regulator
of chromatin, subfamily a, member 2
55 DLGI DLGI 1739 Discs, large homolog 1 (Drosophila) 3 Down 36.5 16.6 -2.19 001
56 AGR2 AGR2 10551 Anterior gradient 2 homolog 7  Down 12.3 55 222 005
(Xenopus laevis)
57 ATAD2 ATAD2 29028 ATPase family, AAA domain 8 Down 4205 185.4 227 003
containing 2
58 MORC2-AS1 FLJ35801 150291 MORC?2 antisense RNA 1 22 Down 18.8 82 -228 003
59 OR2D3 OR2D3 120775 Olfactory receptor, family 2, 11 Down 19.3 84 -229 0.03
subfamily D, member 3
60 MYO7B MYO7B 4648 Myosin VIIB 2 Down 73 30 -238 003
61 SNORA66 SNORA66 26782 Small nucleolar RNA, 1 Down 23.8 99 -241 0.004
H/ACA box 66
62 EXOC5P1 LOC644548 644548 Exocyst complex component 5 4 Down 92 37 -246 0.001
pseudogene 1
63 FAM181B FAM181B 220382 Family with sequence 11 Down 9.3 3.7 -2.50 002
similarity 181, member B
64  SIGLECI2 SIGLECI12 89858 Sialic acid binding Ig-like 19  Down 11.0 43 257 002
lectin 12 (gene/pseudogene)
65 NOL9 NOL9 79707 Nucleolar protein 9 1 Down 213 8.2 -2.58 0.02
66  LOC400768 LOC400768 400768 Uncharacterized LOC400768 1 Down 13.8 53 -2.62 002
67 SH3BGRL SH3BGRL 6451 SH3 domain binding glutamic X  Down 103.1 39.2 -2.63 003
acid-rich protein like
68 FGF19 FGF19 9965 Fibroblast growth factor 19 11 Down 12.0 4.6 -2.64 0.006
69 ST8SIA4 ST8SIA4 7903 ST8 alpha-N-acetyl-neuraminide 5  Down 11.5 42 =275 003
alpha-2 8-sialyltransferase 4
70 SPTLC3 SPTLC3 55304 Serine palmitoyltransferase, 20  Down 18.2 6.6 -2.76  0.008
long chain base subunit 3
71 AKT2 AKT2 208 V-Akt murine thymoma 19  Down 9.6 35 277 003
viral oncogene homolog 2
72 XRCC5 XRCC5 7520 X-ray repair complementing 2 Down 4663 167.1 -2.79 0.03
defective repair in Chinese hamster
cells 5 (double-strand-break rejoining)
73 KL KL 9365 Klotho 13 Down 9.7 34 -2.84 005
74  SNORDS1 SNORDS51 26798 Small nucleolar RNA, C/D box 51 2 Down 18.0 6.2 -292  0.004
75 RCC1 RCC1 1104 Regulator of chromosome 1 Down 29.6 9.8 -3.03 0.007
condensation 1
76 SLC52A1 GPR172B 55065 Solute carrier family 52, riboflavin 17 Down 14.8 43 -342 0.002

transporter, member 1
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Table I1. Continued

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status  (TNBC (TNBC change t-test
control)  SHO03)
77 ITIH6 ITIHSL 347365 Inter-alpha-trypsin inhibitor X  Down 95 24 -4.02  0.006
heavy chain family, member 6
78 Cllorf52 CI110RF52 91894 Chromosome 11 open 11 Down 144 34 —-4.27 0.009
reading frame 52

79 LRP1 LRP1 4035 Low density lipoprotein 12 Down 10.5 2.3 —-4.60 0.002
receptor-related protein 1

80 SOWAHA ANKRD43 134548 Sosondowah ankyrin repeat 5 Down 8.6 1.8 -4.67 0.003
domain family member A

81 HISTIH2AK HISTIH2AK 8330 Histone cluster 1, H2ak 6  Down 12.0 25 —4.78 004

82 GP2 GP2 2813 Glycoprotein 2 (zymogen 16  Down 17.6 35 -508 0.02

granule membrane)

83 NFIA NFIA 4774 Nuclear factor I/A 1 Down 212 40 -528 0.04

84  CNTNAP2 CNTNAP2 26047 Contactin associated protein-like 2 7  Down 38 0.6 -5.79 0.007

Cut-off: fold change>2, p-value <0.5. LLID: Locus link ID.

Table III. List of differentially expressed genes in HER2+ cells.

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired

name name status  (HER2+ (HER2+ change r-test
control)  SHO03)

1 SNORD3C SNORD3C 780853 Small nucleolar RNA, C/D box 3C 17 Up 4.8 2712 56.19 0.16

2 PHF2P1 DKFZP686A1627 266695 PHD finger protein 2 pseudogene 1 13 Up 14 8.7 6.18  0.04

3 HIST1H4B HIST1H4B 8366 Histone cluster 1, H4b 6 Up 10.3 414 403 0.10

4 ZFAND2A ZFAND2A 90637 Zinc finger, AN1-type domain 2A 7 Up 363.8 12680 349 002

5 RIOK3 RIOK3 8780 RIO kinase 3 (yeast) 18 Up 144.9 488.1 337 003

6 SNORA33 SNORA33 594839 Small nucleolar RNA, H/ACA box 33 6 Up 37.8 1242 328 0.12

7 IL20RB IL20RB 53833 Interleukin 20 receptor beta 3 Up 18.2 535 294 024

8 C3orf78 SNHG8 440957 Chromosome 3 open reading frame 78 3 Up 100.6 290.1 2.89 0.11

9 HISTIH3A HISTIH3A 8350 Histone cluster 1, H3a 6 Up 52 14.6 2.78 0.00008

10 ZNF581 ZNF581 51545 Zinc finger protein 581 19 Up 316.6 826.1 261 0.3

11 SNORD10 SNORD10 652966 Small nucleolar RNA, C/D box 10 17 Up 123 29.7 241 011

12 TTC39B TTC39B 158219 Tetratricopeptide repeat domain 39B 9 Up 249 57.7 231 001

13 CDK7 CDK7 1022 Cyclin-dependent kinase 7 5 Up 557.5 1,2833 230 0.03

14 DRD3 DRD3 1814 Dopamine receptor D3 3 Up 153 32.6 212 0.04

15 ZFP62 ZFP62 643836  Zinc finger protein 62 homolog (mouse) 5 Up 13.1 274 2.10 001

16 CCDCl112 CCDCl112 153733 Coiled-coil domain containing 112 5 Up 574 118.8 207  0.06

17 ABCB6 ABCB6 10058 ATP-binding cassette, sub-family B 2 Down 201.8 100.7 -2.00 0.05
(MDR/TAP), member 6

18 CELSR2 CELSR2 1952 Cadherin, EGF LAG seven-pass G-type 1 Down 82.9 412 -2.01 0.0001

receptor 2 (flamingo homolog, Drosophila)
19 HNRNPULI HNRPULI 11100 Heterogeneous nuclear ribonucleoprotein 19  Down 1,192.2 590.9 -202 0.04
U-like 1

20 GABPAP GABPAP 8327 GA binding protein transcription factor, 7  Down 24.7 11.5 -2.14  0.03
alpha subunit pseudogene

21 LRP5 LRP5 4041 Low density lipoprotein receptor-related 11~ Down  249.0 109.4 -228 001

protein 5
22 TMTC4 TMTC4 84899 Transmembrane and tetratricopeptide 13 Down 62.0 242 257 017
repeat containing 4
23 MARCH9 MARCH9 92979 Membrane-associated ring finger 12 Down 22.1 7.3 -3.04 0.3
(C3HC4) 9
24 HOXAIL1-AS HOXAI1AS 221883 HOXAI1 antisense RNA 7  Down 112 35 -323 0.02
25 MIR630 MIR630 693215 MicroRNA 630 15 Down 9.6 24 -398 0.06

Cut-off: fold change >2, p-value <0.5. LLID: Locus link ID.
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Table IV. List of differentially expressed genes in ER+ cells.

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status (ER+ (ER+ change t-test
control)  SH003)
1 FAMSG6EP LOC348926 348926 Family with sequence similarity 86, 4 Up 1.7 19.2 1144 0.04
member A pseudogene
2 SESN2 SESN2 83667 Sestrin 2 1 Up 32.6 294.7 904  0.02
3 LOC649395 LOC649395 649395 Tyrosine 3-monooxygenase/tryptophan 7 Up 1.8 15.5 8.52  0.0002
5-monooxygenase activation protein,
epsilon polypeptide pseudogene
4 NFKB2 NFKB2 4791 Nuclear factor of kappa light polypeptide 10 Up 67.3 376.5 5.59 0.03
gene enhancer in B-cells 2 (p49/p100)
5 NLRP3 NLRP3 114548  NLR family, pyrin domain containing 3 1 Up 4.0 209 524 0.003
6 RNF19B RNF19B 127544 Ring finger protein 19B 1 Up 854 4312 5.05 0.02
7 LARP6 LARP6 55323 La ribonucleoprotein domain family, 15 Up 474 2282 481 0.02
member 6
8 REEP2 REEP2 51308 Receptor accessory protein 2 5 Up 09 44 4.63 0.02
9 ASNS ASNS 440 Asparagine synthetase 7 Up 811.7 3,670.9 452 0.03
(glutamine-hydrolyzing)
10 ZYX ZYX 7791 Zyxin 7 Up 337.7 1523.8 451 0.03
11 1ISG20 1ISG20 3669 Interferon stimulated exonuclease 15 Up 917.0 39790 434 0.04
gene 20kDa
12 IFFO1 IFFO1 25900 Intermediate filament family orphan 1 12 Up 254 107.7 4.25 0.03
13 IFRD1 IFRD1 3475 Interferon-related developmental 7 Up 132.6 556.0 4.19 0.04
regulator 1
14 RND3 RND3 390 Rho family GTPase 3 2 Up 232.6 931.8 401 0.001
15 SERTAD4-AS1 CIORF133 574036 SERTAD4 antisense RNA 1 1 Up 93.1 3623 389 002
16  LOC143666 LOC143666 143666 Uncharacterized LOC143666 11 Up 54.1 208.9 386 003
17  RNUI12-2P RNUI12 26823 RNA, U12 small nuclear 2, pseudogene X Up 9.6 36.2 3.79 0.04
18 ZNF814 LOC730051 730051 Zinc finger protein 814 19 Up 7.1 264 3.71 001
19 HERC2PI10 LOC390561 390561  Hect domain and RLD 2 pseudogene 10 15 Up 7.0 253 3.61 0.01
20 CIDECP CIDECP 152302 Cell death-inducing DFFA-like 3 Up 31.7 114.1 360 001
effector ¢ pseudogene
21 GTPBP2 GTPBP2 54676 GTP binding protein 2 6 Up 29.6 106.1 359 005
22 NFIL3 NFIL3 4783 Nuclear factor, interleukin 3 regulated 9 Up 90.6 3227 3.56 0.01
23 CSRP2 CSRP2 1466 Cysteine and glycine-rich protein 2 12 Up 162.6 5624 346 0.02
24 SPRR2D SPRR2D 6703 Small proline-rich protein 2D 1 Up 11.7 400 340 0.001
25 AEN AEN 64782 Apoptosis enhancing nuclease 15 Up 287.5 9522 331 0.04
26 MUSS81 MUSS81 80198 MUSS81 endonuclease homolog 11 Up 265.0 859.2 324  0.008
(S. cerevisiae)
27 RFPL4B RFPL4B 442247 Ret finger protein-like 4B 6 Up 32 104 324 0.002
28 SLMO1 SLMO1 10650 Slowmo homolog 1 (Drosophila) 18 Up 56.7 183.7 324  0.006
29 Cllorf9 C110RF9 745 Chromosome 11 open reading frame 9 11 Up 52 16.3 3.12 0.02
30 ANKRD20A7P  LOC653436 653436 Ankyrin repeat domain 20 family, 9 Up 53 16.5 3.10 0.0006
member A7, pseudogene
31 FRG2B FRG2B 441581 FSHD region gene 2 family, member B 10 Up 50 153 306 003
32 STX1A STX1A 6804 Syntaxin 1A (brain) 7 Up 1263 366.0 290 003
33 BCL2A1 BCL2A1 597 BCL2-related protein Al 15 Up 4.7 13.6 288 004
34 SPRR2F SPRR2F 6705 Small proline-rich protein 2F 1 Up 6.9 19.7 288 001
35 ZNF671 ZNF671 79891 Zinc finger protein 671 19 Up 5.1 14.6 288 001
36 LOC643634 LOC643634 643634 Tropomyosin 1 (alpha) pseudogene 3 Up 8.6 24.6 2.85 0.02
37 VPS53 VPS53 55275 Vacuolar protein sorting 53 17 Up 5.6 15.8 2.85 0.03
homolog (S. cerevisiae)
38 RIMKLB FAMS80B 57494 Ribosomal modification protein 12 Up 36.0 101.4 2.82  0.0002
rimK-like family member B
39 TUBB2A TUBB2A 7280 Tubulin, beta 2A class Ila 6 Up 269.6 758.9 282 001
40 KLF4 KLF4 9314 Kruppel-like factor 4 (gut) 9 Up 109.8 3084 2.81 0.05
41 BIRC3 BIRC3 330 Baculoviral IAP repeat containing 3 11 Up 106.8 298.8 2.80 0.05
42 APOOL APOOL 139322 Apolipoprotein O-like X Up 105.6 295.1 2.80 0.03
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Table IV. List of differentially expressed genes in ER+ cells.

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status (ER+ (ER+ change r-test
control)  SHO03)
43 TAF1D TAFID 79101 TATA box binding protein (TBP)- 11 Up 26.5 734 277 002
associated factor, RNA polymerase I,
D, 41kDa
44 BTBD17 BTBD17 388419 BTB (POZ) domain containing 17 17 Up 70 19.2 274 003
45 SNX8 SNX8 29886 Sorting nexin 8 7 Up 206.1 558.8 2.71 0.04
46 RAB3ILI RAB3ILI 5866 RAB3A interacting protein 11 Up 207.6 562.6 271 0.007
(rabin3)-like 1
47 MAFG MAFG 4097 V-maf musculoaponeurotic fibrosarcoma 17 Up 712 188.2 2.65 0.04
oncogene homolog G (avian)
48 POLR3C POLR3C 10623 Polymerase (RNA) III (DNA directed) 1 Up 547.8 14439 264 005
polypeptide C (62kD)
49 ALOXE3 ALOXE3 59344 Arachidonate lipoxygenase 3 17 Up 20.4 53.7 2.64 0.05
50 SOX11 SOX11 6664 SRY (sex determining region Y)-box 11 2 Up 4.7 12.5 2.63 0.02
51 TPCN1 TPCN1 53373 Two pore segment channel 1 12 Up 8.0 21.0 2.62 0.04
52 TXNL4B TXNL4B 54957 Thioredoxin-like 4B 16 Up 28.7 752 262 001
53  LOC649133 LOC649133 649133 Uncharacterized LOC649133 11 Up 7.5 195 259 004
54 SLC30A1 SLC30A1 7779 Solute carrier family 30 1 Up 99.3 2519 254 004
(zinc transporter), member 1
55 FAM167A FAM167A 83648 Family with sequence 8 Up 38.6 96.8 2.51 0.02
similarity 167, member A
56 NAPSB NAPSB 256236 Napsin B aspartic peptidase, pseudogene 19 Up 6.1 152 2.51 0.04
57  LOC440900 LOC440900 440900 Uncharacterized LOC440900 2 Up 213 533 251 0.02
58 FAM13B C50RF5 51306 Family with sequence similarity 13, 5 Up 105.3 262.8 250  0.04
member B
59 TTC21A TTC21A 199223 Tetratricopeptide repeat domain 21A 3 Up 143 355 248 0.04
60 C6orf52 C60RF52 347744 Chromosome 6 open reading frame 52 6 Up 289 71.3 247 0.05
61  LOC155060 LOC155060 155060 AI894139 pseudogene 7 Up 12.6 309 245 003
62 TMCC2 TMCC2 9911 Transmembrane and coiled-coil 2 1 Up 54 13.1 245  0.0009
domain family
63 HISTIH3D HISTIH3D 8351 Histone cluster 1, H3d 6 Up 30.8 752 244 0.02
64  ZFAND2A ZFAND2A 90637 Zinc finger, AN1-type domain 2A 7 Up 4682 1120.8 239 0.001
65  SLC7ASP1 SLC7ASP1 81893 Solute carrier family 7 (amino acid 16 Up 132 31.5 2.39 0.05
transporter light chain, L system),
member 5 pseudogene 1
66 LOC727751 LOC727751 727751 Uncharacterized LOC727751 15 Up 209 493 236 0.0004
67 KLC3 KLC3 147700 Kinesin light chain 3 19 Up 11.8 27.8 236 0.008
68 RFESD RFESD 317671 Rieske (Fe-S) domain containing 5 Up 454 106.1 234 0.04
69 MIR22HG C170RF91 84981 MIR22 host gene (non-protein coding) 17 Up 529 123.1 233 0.005
70 PQLC2 PQLC2 54896 PQ loop repeat containing 2 1 Up 14.7 34.0 2.31 0.02
71  LOC286135 LOC286135 286135 Uncharacterized LOC286135 8 Up 109 252 230 005
72 RSPH3 RSPH3 83861 Radial spoke 3 homolog (Chlamydomonas) 6 Up 70.2 160.7 2.29 0.04
73 RRNADI C10RF66 51093 Ribosomal RNA adenine dimethylase 1 Up 160.8 363.2 2.26 0.03
domain containing 1
74 DUSPI10 DUSPI10 11221 Dual specificity phosphatase 10 1 Up 259 57.8 2.23 0.04
75 PIGA PIGA 5277 Phosphatidylinositol glycan anchor X Up 1224 272.6 223 0.003
biosynthesis, class A
76 LOC643219 LOC643219 643219  Glycerol-3-phosphate acyltransferase 2, 2 Up 59 13.1 221  0.003
mitochondrial pseudogene
77 TFE3 TFE3 7030 Transcription factor binding X Up 62.5 136.3 2.18  0.006
to IGHM enhancer 3
78 GPS2 GPS2 2874 G protein pathway suppressor 2 17 Up 152.8 332.8 2.18 0.05
79 TGIF1 TGIF1 7050 TGFB-induced factor homeobox 1 18 Up 142.8 308.4 2.16 0.02
80 SLC3A2 SLC3A2 6520 Solute carrier family 3 (activators 11 Up 944.8 2032.7 2.15 002

of dibasic and neutral amino acid
transport), member 2
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Table IV. Continued

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status (ER+ (ER+ change t-test
control)  SH003)
81 MCL1 MCL1 4170 Myeloid cell leukemia sequence 1 1 Up 250.4 5323 2.13 0.03
(BCL2-related)
82 TPM4 TPM4 7171 Tropomyosin 4 19 Up 168.3 3556 2.11 0.01
83 PHLDB3 LOC653583 653583 Pleckstrin homology-like domain, 19 Up 60.3 126.7 2.10 0.04
family B, member 3
84 CCDC50 CCDC50 152137 Coiled-coil domain containing 50 3 Up 179.6 376.4 210 005
85 IGSF21 IGSF21 84966 Immunoglobin superfamily, member 21 1 Up 22 4.7 2.09 0.03
86 PTCHD2 PTCHD2 57540 Patched domain containing 2 1 Up 15.7 32.8 2.09 0.01
87 CHGA CHGA 1113 Chromogranin A (parathyroid 14 Up 16.8 35.1 2.09 0.03
secretory protein 1)
88 ISL2 ISL2 64843 ISL LIM homeobox 2 15 Up 192 399 208 003
89 PMMI1 PMMI1 5372 Phosphomannomutase 1 22 Up 234.8 487.1 207 002
90 ABL2 ABL2 27 V-abl Abelson murine leukemia viral 1 Up 16.1 334 207 0.03
oncogene homolog 2
91 ARSK ARSK 153642 Arylsulfatase family, member K 5 Up 18.7 38.6 206  0.004
92 IQCAI1P1 LOC392843 392843 1Q motif containing with AAA 7 Up 6.2 12.8 206 001
domain 1 pseudogene 1
93 HES4 HES4 57801 Hairy and enhancer of split 4 1 Up 16133 32716 2.03 0.03
(Drosophila)
94 Cl18orf21 CI180RF21 83608 Chromosome 18 open reading frame 21 18 Up 195.2 3959 2.03 0.02
95 DYRK4 DYRK4 8798 Dual-specificity tyrosine-(Y)- 12 Up 272.5 551.6 202 004
phosphorylation regulated kinase 4
96 STYXL1 STYXL1 51657 Serine/threonine/tyrosine 7 Up 588.0 1186.7 2.02 0.02
interacting-like 1
97 NGLY1 NGLY1 55768 N-glycanase 1 3 Up 2389 481.2 201 001
98 SNHG7 SNHG7 84973 Small nucleolar RNA host gene 7 9 Up 507.6 10184 201 0.04
(non-protein coding)
99 RTN4IP1 RTN41IP1 84816 Reticulon 4 interacting protein 1 6  Down 184.4 92.1 -2.00 0.04
100  TMEMI123 TMEM123 114908 Transmembrane protein 123 11 Down  731.7 365.0 -2.00 0.04
101 IMPADI1 IMPADI1 54928 Inositol monophosphatase 8 Down 2334 116.2 201 0.04
domain containing 1
102 LSMI14A LSM14A 26065 LSM14A, SCD6 homolog A 19 Down 4272 212.6 201 002
(S. cerevisiae)
103 KDELRI1 KDELR1 10945 KDEL (Lys-Asp-Glu-Leu) 19 Down 1,6889 839.6 -201 002
endoplasmic reticulum protein
retention receptor 1
104 PCMTD2 PCMTD2 55251 Protein-L-isoaspartate (D-aspartate) 20  Down 1735 86.1 -201 0.04
O-methyltransferase domain containing 2
105 CHD4 CHD4 1108 Chromodomain helicase DNA 12 Down  750.7 372.7 -201 003
binding protein 4
106 TTF2 TTF2 8458 Transcription termination factor, 1 Down 418.3 206.5 -203 002
RNA polymerase 11
107 SNRPD1 SNRPD1 6632 Small nuclear ribonucleoprotein 18  Down 143.6 70.7 -2.03 0.002
D1 polypeptide 16kDa
108 STAU2 STAU2 27067 Staufen, RNA binding protein, 8 Down 1334 654 204 002
homolog 2 (Drosophila)
109 INSLS INSLS 10022 Insulin-like 5 1 Down 337 16.5 205 003
110  LINCO00085 NCRNAO0085 147650 Long intergenic non-protein 19  Down 148.3 725 -205 0.03
coding RNA 85
111 MTCH2 MTCH2 23788 Mitochondrial carrier 2 11 Down 825 40.2 205 005
112 RBMX RBMX 27316 RNA binding motif protein, X-linked X  Down  609.7 297.0 205 004
113 EPSTI1 EPSTI1 94240 Epithelial stromal interaction 1 (breast) 13 Down 22.3 10.8 -2.06 0.04
114  DHCR24 DHCR24 1718 24-dehydrocholesterol reductase 1 Down  553.1 266.1 -2.08 0.009
115 PIK3CB PIK3CB 5291 Phosphatidylinositol-4,5-bisphosphate 3 Down 83.0 39.8 -2.09 0.03

3-kinase, catalytic subunit beta
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Table IV. Continued

N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status (ER+ (ER+ change r-test
control)  SHO03)
116 HNRNPULLI HNRPULI1 11100 Heterogeneous nuclear 19 Down 9745 464.5 -2.10 0.02
ribonucleoprotein U-like 1
117 KLF9 KLF9 687 Kruppel-like factor 9 9 Down  168.1 79.8 -2.11 002
118 CFP CFP 5199 Complement factor properdin X  Down 16.0 7.6 -2.12  0.02
119 LRRCI6A LRRC16 55604 Leucine rich repeat containing 16A 6  Down 64.5 30.2 -2.14 0.04
120 VOPP1 ECOP 81552 Vesicular, overexpressed in cancer, 7 Down 150.8 70.6 -2.14  0.009
prosurvival protein 1
121 HPSE HPSE 10855 Heparanase 4 Down 36.5 171 -2.14  0.003
122 FAM20B FAM20B 9917 Family with sequence similarity 20, 1 Down  997.0 464.6 -2.15 001
member B
123 ARF3 ARF3 377 ADP-ribosylation factor 3 12 Down 9349 4352 -2.15 0.04
124 LOC100131735 LOC100131735 100131735 RNA-binding motif protein, 9 Down 5134 238.1 -2.16 004
X chromosome-like
125 SUMO2P3 LOC652489 652489 SMT3 suppressor of mif two 3 7 Down 8224 380.5 -2.16  0.04
homolog 2 (8. cerevisiae) pseudogene 3
126 GPDIL GPDIL 23171 Glycerol-3-phosphate dehydrogenase 3  Down 10198 471.7 -2.16  0.05
1-like
127 ICMT ICMT 23463 Isoprenylcysteine carboxyl 1 Down  363.7 167.9 -2.17 0.04
methyltransferase
128  NUP210 NUP210 23225 Nucleoporin 210kDa 3 Down 2647 122.1 217 0.04
129 PTBP3 RODI 9991 Polypyrimidine tract binding 9  Down 7598 3499 217  0.02
protein 3
130 LINC00094 NCRNAO00094 266655 Long intergenic non-protein coding 9  Down 96.2 442 -2.18 0.04
RNA 94
131 VMA21 LOC203547 203547 VMAZ21 vacuolar H+-ATPase X Down 3923 180.1 -2.18 0.02
homolog (S. cerevisiae)
132 REXS RFXS 5993 Regulatory factor X, 5 (influences 1 Down  407.8 187.1 -2.18  0.009
HLA class II expression)
133 LDLRADI LDLRADI 388633 Low density lipoprotein receptor 1 Down 154 7.1 -2.18 0.02
class A domain containing 1
134 ELOVL6 ELOVL6 79071 ELOVL fatty acid elongase 6 4  Down 1694 774 -2.19 0.02
135 MANEA MANEA 79694 Mannosidase, endo-alpha 6 Down 17.3 79 220 0.04
136 TSPYL4 TSPYL4 23270 TSPY-like 4 6  Down 39.1 17.7 221 005
137 ADCY9 ADCY9 115 Adenylate cyclase 9 16  Down 112.6 50.9 -221 0.005
138 CDHR2 PCDH24 54825 Cadherin-related family member 2 5  Down 31.1 14.0 -223  0.02
139 SUMF1 SUMF1 285362 Sulfatase modifying factor 1 3 Down 4839 215.8 224 004
140 KBTBD4 KBTBD4 55709 Kelch repeat and BTB (POZ) 11 Down 2399 106.6 -225 0.001
domain containing 4
141 MAST3 MAST3 23031 Microtubule associated 3 19  Down 71.5 31.7 225 002
serine/threonine kinase
142 KITLG KITLG 4254 KIT ligand 12 Down 57.1 253 226  0.02
143 CTXNI1 CTXNI 404217 Cortexin 1 19  Down 1,581.1 697.6 227 004
144 LPHNI1 LPHNI1 22859 Latrophilin 1 19 Down 106.6 46.5 229 004
145 KIAAL161 KIAAL1161 57462 KIAAL161 9  Down 545 234 -233  0.02
146 HCFC1 HCFC1 3054 Host cell factor C1 X  Down 7735 3319 -233 004
(VP16-accessory protein)
147 PRDX3 PRDX3 10935 Peroxiredoxin 3 10  Down 19599 840.2 -233 001
148 FASN FASN 2194 Fatty acid synthase 17  Down 6552.1 27441 239 0.007
149  SRD5A3 SRD5A3 79644 Steroid 5 alpha-reductase 3 4 Down 219 9.1 -240 0.006
150 PTMAP8 LOC728873 728873 Prothymosin, alpha pseudogene 8 3 Down 41775 17282 242 004
151 BAGI1 BAGI1 573 BCL2-associated athanogene 9  Down 51.1 21.1 -243  0.001
152 TUBB TUBB 203068 Tubulin, beta class I 6 Down 20544 8428 244 002
153 SHROOM3 SHROOM3 57619 Shroom family member 3 4 Down 76.6 31.0 247 001
154 LOC730246 LOC730246 730246 Heterogeneous nuclear 1 Down 45040 18062 -249 0.002

ribonucleoprotein Al pseudogene
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N Gene Illumina gene LLID Full name Chr Exp_ Average Average Fold Paired
name name status (ER+ (ER+ change t-test
control)  SH003)
155 XRCC5 XRCC5 7520 X-ray repair complementing defective 2 Down  436.1 174.8 -2.50 0.008
repair in Chinese hamster cells 5
(double-strand-break rejoining)
156 RIMS3 RIMS3 9783 Regulating synaptic membrane 1 Down 53.6 214 -250 001
exocytosis 3
157 SCARNA23 SCARNA23 677773 Small Cajal body-specific RNA 23 X  Down 10.7 42 -2.54  0.005
158 ESX1 ESX1 80712 ESX homeobox 1 X  Down 14.0 55 -2.54  0.006
159 ATP6VOAL ATP6VOAL 535 ATPase, H+ transporting, lysosomal 17  Down  537.6 2114 -254  0.04
VO subunit al
160 TMEM30A TMEM30A 55754 Transmembrane protein 30A 6  Down 122.7 478 -257 001
161 SCD SCD 6319 Stearoyl-CoA desaturase 10 Down 3,882.1 1438.5 270 0.04
(delta-9-desaturase)
162  NUDT21 NUDT21 11051 Nudix (nucleoside diphosphate linked 16  Down 128.2 474 -2.70  0.04
moiety X)-type motif 21
163  EFCAB3 EFCAB3 146779 EF-hand calcium binding domain 3 17 Down 13.2 49 =272 0.02
164 SEFXN1 SEXN1 94081 Sideroflexin 1 5 Down 1583 56.7 279 005
165 SUOX SUOX 6821 Sulfite oxidase 12 Down  150.7 52.6 -2.87 001
166 RAB40B RAB40B 10966 RAB40B, member RAS 17 Down 3228 1123 -2.87 001
oncogene family
167 CELSR2 CELSR2 1952 Cadherin, EGF LAG seven-pass 1 Down 208 4 69.0 -3.02 0.03
G-type receptor 2 (flamingo homolog,
Drosophila)
168 SCDP1 LOC645313 645313 Stearoyl-CoA desaturase 17 Down 57.1 18.8 -3.03 0.003
(delta-9-desaturase) pseudogene 1
169 LOC645691 LOC645691 645691 Heterogeneous nuclear 2 Down  280.2 92.1 -3.04 005
ribonucleoprotein Al pseudogene
170  FAMI122B FAM122B 159090 Family with sequence similarity 122B X  Down 167.7 514 -3.27 0.008
171 DARS2 DARS2 55157 Aspartyl-tRNA synthetase 2, 1 Down 2583 790 -3.27 0.005
mitochondrial
172 LOC728643 LOC728643 728643 Heterogeneous nuclear 10 Down 1443.6 388.1 -3.72 0.03
ribonucleoprotein Al pseudogene
173  SNORAS6 SNORAS56 677835 Small nucleolar RNA, H/ACA box 56 X  Down 200 54 -3.73  0.005
174 RAB26 RAB26 25837 RAB26, member RAS 16 Down  386.1 929 —4.16  0.009

oncogene family

Cut-off: fold change>2, p-value <0.5. LLID: Locus link ID.

stress. Therefore, we further examined this possibility. We found
that SHOO3 increased the protein expression levels of BIP and
CHOP, and phosphorylation levels of PERK, elF2a., IRE1a and
JNK, independently of the subtype of breast cancer cells (Figure
3A). To confirm that SHOO3 causes ER stress-induced apoptosis,
HCC-1419 (HER2-positive), MCF-7 (ER-positive) and MDA-
MB-231 (triple-negative) breast cancer cells were pretreated with
an inhibitor of ER stress pathway (4-PBA) for 2 h, and then
treated with SHOO3 for another 24 h. 4-PBA reduced levels of
BIP, CHOP, cleaved Caspase-7 and cleaved PARP increased by
SHO003 (Figure 3B), suggesting that SHO03 could cause
apoptosis of breast cancer cells via ER stress. Consistently, 4-
PBA reduced SHOO3-increased apoptotic cell number (Figure
3C). Therefore, SHOO3 causes apoptosis via ER stress,
independently of the subtype of breast cancer cells.

104

SHOO03 causes ER stress via the increase of intracellular ROS
level in breast cancer cell lines. Increase of intracellular
reactive oxygen species (ROS) level results in ER stress
followed by apoptosis and vice versa (33, 34). Moreover, we
recently found that SHOO03 induces intracellular ROS
production in MDA-MB-231 cells (11). Therefore, we
examined whether SHOO3 commonly causes an increase of
intracellular ROS level in breast cancer cell lines. HCC-1419,
MCF-7 and MDA-MB-231 breast cancer cells were
pretreated with NAC, an inhibitor of ROS production, for 30
min followed by SHOO3 treatment for another 4 h. SHO03
significantly increased intracellular ROS level independently
of breast cancer subtype, and NAC failed to reduce SHO03-
induced intracellular ROS production (Figure 4A), suggesting
that SHOO3 might overcome NAC inhibition of ROS
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Figure 3. SHOO3 causes apoptosis of breast cancer cells through ER stress. (A) SHOO3 induces ER stress in breast cancer cells. The cells were
treated with SHO03 at 500 ug/ml for 24 h. Protein levels of binding immunoglobulin protein (BIP), p-PKR-like endoplasmic reticulum kinase (PERK),
PKR-like endoplasmic reticulum kinase (PERK), p-eukaryotic translation initiation factor 2A (elF2a), eukaryotic translation initiation factor 2A
(elF2a), p-inositol-requiring enzyme la (IREla), inositol-requiring enzyme la (IREIa.), p-c-Jun n-terminal kinase (JNK), c-Jun n-terminal kinase
(JNK) and C/EBP homologous protein (CHOP) were examined by western blot. Actin was detected as the internal loading control. (B) SH003-
induced endoplasmic reticulum (ER) stress results in apoptotic cell death. The cells were pretreated with 4-PBA at 1 mM for 2 h and then treated
with SHO03 at 500 ug/ml for another 24 h. Protein levels of BIP, CHOP, cleaved Caspase-7 and cleaved PARP were examined by western blot. (C)
Apoptotic cell death was confirmed by Annexin V-FITC and 7-AAD double-staining assay. The cells were pretreated with 4-Phenylbutyric acid (4-
PBA) at 1 mM for 2 h and then treated with SHOO3 at 500 ug/ml for another 24 h. Bar graphs presented as mean and standard deviation indicate
apoptotic cell numbers. *p<0.05. One-way ANOVA followed by the Bonferroni post hoc test.
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Figure 4. SHO03-induced ROS production results in ER stress. (A) SHOO3 increases intracellular reactive oxygen species (ROS) production. Breast
cancer cells were pretreated with N-acetyl cysteine (NAC) at 5 mM for 30 min and then treated with SHO03 at 500 ug/ml for 4 h. Intracellular
ROS levels were measured by DCF-DA staining assay. Bar graphs indicating mean and standard deviation from three independent experiments
show intracellular ROS levels. (B) SHO03-increased ROS levels are accumulated by blocking ER stress. Breast cancer cells were pretreated with
4-PBA at 1 mM for 2 h and then treated with SHOO3 at 500 ug/ml for 4 h. Intracellular ROS levels were measured by DCF-DA staining assay.
Bar graphs indicating mean and standard deviation from three independent experiments show intracellular ROS levels. (C) Inhibition of
intracellular ROS production ameliorates SHO03-induced ER stress. Protein levels of p-elF2a, elF2a and CHOP were examined by western blot.
(D) Relative levels of p-elF2a, elF2a and CHOP. Bar graphs indicate mean and standard deviation. *p<0.05. One-way ANOVA followed by the

Bonferroni post hoc test.

production. However, 4-PBA rather slightly increased
intracellular ROS production even under SHOO3 treatment
(Figure 4B). Those data suggested that the intracellular ROS
production by SHO03 might induce ER stress. Thus, we next
investigated whether SHOO3-induced ROS production causes
ER stress. When we examined ER stress markers, NAC
reduced SHO03-induced elF2a. phosphorylation and CHOP
expression (Figure 4C and D). Therefore, it is plausible that
SHO03 causes ER stress-mediated apoptosis via intracellular
ROS production in breast cancer cells, subtype-independently.
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CHOP is required for SHOO3-induced apoptosis. CHOP is a key
player for ER stress-induced apoptosis (35, 36). SH003
increased CHOP protein expression levels (Figure 3A), which
was blocked by 4-PBA (Figure 3B). As SHO03 induces ER
stress (Figure 3), we assumed that SHOO3 might increase CHOP
gene expression. As expected, SHOO3 increased CHOP mRNA
levels (Figure 5A), which is consistent with the SHOO3 increase
of CHOP protein levels (Figure 3A). Therefore, we further
examined whether SHOO3-induced apoptosis requires CHOP.
When CHOP gene expression was silenced with CHOP



Lee et al: SHOO3-produced ROS Induces ER Stress-mediated Apoptosis

A HCC-1419 MCF-7 MDA-MB-231
()
) 8 . 815 g8
& 6 S 10 * S 6 *
& - i =
O 4 3] O 4
k-] T 5 k3
S 2 ° S 2
o ™0 * 0
Control  SH003 Control  SH003 Control  SH003
B C HCC-1419 MCF-7
HCC-1419 MCF-7 MDA-MB-231 5 5
£ g 1.0 x = £ g 2.0 * *
i [} [}
siCON & o = + o+ - - + o+ - - 8 50-8 . s g1.5
siCHOP - -+ o+ .-+ 4 ..+ o+ 53 g-i E%10
SHO03 - + - + -+ - 4+ - 4+ - 4 2202 |l| 2205
©540 © 240l
= =
25 25
Cleaved 8310 * * 8520 * e
Caspase 7 2008 T 2845
2 206 s g
[- oo
PARP § 20.2 g 205
5300 = &g 0.0
Actin ) 3]
£5 £§
2915 s 2925 . *
D °3 2820
HCC-1419 MCF-7 MDA-MB-231 2 210 el
o X a x15
< = . x o x o 1.0
e = 2 < 0 0.5 <L o I
m e .2 g 205
o] e . ] S $go
siControl |° S 0.0 o rol $0.0 = "
] © %] o&‘o ®°e c;boq e‘?’@ o&@ .39°° o")‘oq 5 &
- " - & & X L &S
3 2 s <& & e & &
2 & & & &
% . . % S L & o >
100 10 102 103 10t 109 10! 102 103 10t & >
siControl | . N;
+SH003 £ = by
o’w‘? W0 102 108 10% E 100 l|7:‘ 0 100 0t
® ® HCC-1419 MCF-7
siCHOP = 5 =
% % * B Lo, — x
% % 3 B 60
E o
o 1LY o1 = = 40
. 00 BT TR e 0 o e 0f Q20 ]
® % % g 10 g 20
icCHOP | % . 2 <o 2o
Si " ® ° o Q ) 3 o Q o
~ & O N O N N
+SH003 | ® M & & L L
< EC Y o &P T g
23 2 ° © Y O Y
i & O & O
o L E— < 3 L 9 o S
T100 o' 102 103 10t % W Th 4 C &

7AAD

Annexin V-FITC

CHOP protein

relative expression relative expression

Cle-PARP protein Cle-caspase7 protein

relative exrpession

Apoptotic cell (%)

cocooo0o0 =

o000 0=

MDA-MB-231

ohvbhomo

ohvbho®o

MDA-MB-231

*

Figure 5. SHOO3 requires CHOP for apoptosis of breast cancer cells. (A) SHOO3 induces CHOP mRNA expression. The cells were treated with
SHO003 at 500 ug/ml for 48 h and then CHOP mRNA levels were measured by quantitative real-time PCR. (B) CHOP gene silencing inhibits SHO03-
induced apoptosis. The cells transfected with either control siRNAs (siControl) or CHOP siRNAs (siCHOP) were treated with SHO03 for 48 h, and
then protein levels of CHOP, cleaved Caspase-7 and cleaved PARP were detected by western blot. (C) Relative protein levels of CHOP, cleaved
Caspase-7 and cleaved PARP were measured. Bars indicate mean and standard deviation. (D) SHO03-induced apoptosis requires CHOP. The cells
transfected with either control siRNAs or CHOP siRNAs were treated with SHOO3 for 48 h, and then subjected to Annexin V-FITC and 7-AAD
staining assays. Bar graphs shown as mean and standard deviation indicate apoptotic cell numbers. *p<0.05, one-way ANOVA followed by the

Bonferroni post hoc test.

siRNAs, CHOP gene silencing inhibited SHO003-induced
apoptosis (Figure 5B-D). CHOP knockdown also repressed
SHO03-mediated increase of cleaved PARP and cleaved

1

Caspase-7 (Figure 5B and C). Accordingly, CHOP knockdown
rescued SHO03-induced apoptosis (Figure 5D). Therefore,
SHO003 requires CHOP to cause apoptosis of breast cancer cells.
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Figure 6. Schematic image representing a mechanism of SH0O03-induced apoptosis of breast cancer cells. SHOO3 induces intracellular ROS
production followed by ER stress, which results in apoptotic cell death independently of breast cancer subtype.

Discussion

Herbal medicine named SHO03 was originally developed for
targeting highly metastatic triple-negative breast cancer cells
based on the theory of the traditional Korean medicine (7).
Our previous works revealed that SHOO3 causes apoptosis of
triple-negative breast cancer cells (7, 8, 11). However, our
first report showed that SHOO03 subtype-independently
reduces a viability of breast cancer cells, although it mainly
focused on triple-negative breast cancer cells (7). Moreover,
our serial works revealed that SHOO3 causes apoptosis in
various cancer cell types including breast, lung, gastric,
prostate, and cervical cancer cells (7-15). However, we still
need to clearly draw its mode of action in biochemical and
cell biological views, although clinical studies for SHOO3 is
ongoing and preclinical good laboratory practice toxicity
tests have shown its safety (11, 18-20). Herein, we revealed
that SHOO3 causes apoptosis of breast cancer cells through
intracellular ROS production and ER stress in a breast cancer
subtype-independent manner.

In our gene expression analysis, SHOO3 altered the
expression pattern of 138 genes independently of the subtype
of breast cancer cell lines. Interestingly, SHOO3 differentially
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altered the expression patterns of genes in different subtypes
of breast cancer cells, although we statistically found
common genes altered by SHO03. This indicates that SHO03
as a bundle of natural products targets multiple genes in
breast cancer subtype-specific manner. Nevertheless, our
previous and present data indicate that SHOO3 can be used
to treat breast cancer independently of breast cancer subtypes
and applied together with classical anti-cancer agents (7-9,
11, 15, 16). Therefore, understanding general modules for
SHO03 effect on cancer will improve our knowledge to
convince SHOO03 effect in clinics.

Our gene expression data further showed that SHO03 might
alter genes involved in ER stress in a breast subtype-
independent manner. ER stress is triggered by oxidative stress
and vice versa (37). Our data showed that SHOO3 increases the
level of ROS production independently of breast cancer
subtype. Moreover, SHO03 overcomes NAC inhibition of ROS
generation, but 4-PBA rather increased SHO03-triggered ROS
production. In addition, NAC inhibited SHOO3-induced CHOP
gene expression and elF2a phosphorylation. Those data indicate
that SHOO3-induced ROS production is located upstream of ER
stress. Moreover, we found that CHOP gene silencing rescued
SHO003-induced apoptotic cell death. Thus, our data show that
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SHO03 causes apoptosis through the increased ROS production
and ER stress in breast cancer cells (Figure 6).

Meanwhile, our previous studies show that SHOO3 inhibits
EGFR phosphorylation in breast cancer and lung cancer cells
and VEGFR phosphorylation in endothelial cells (7, 11, 14).
Thus, SHOO03 is likely to inhibit the activation of receptor
tyrosine kinases (RTKs). It has been known that RTKSs
activate ROS production and vice versa (38-40). Thus, we
could image that SHOO3 may target RTKs, which is followed
by the increase of intracellular ROS production and ER stress.
Meanwhile, although SHOO03 is known to target STAT3 (7, 11,
16), it is unknown whether STAT3 is directly linked to ER
stress in SHOO3-stimulated cancer cells. However, ER stress-
related pathway inhibits STAT3-involved pathway and vice
versa (41-44). ROS is also known to block STAT3 activation
(45, 46). As the present study revealed that SHOO3 induces
ROS production, it is plausible that SHOO03-induced ROS
inhibits STAT3 activation and activates ER stress. Our
ongoing study will reveal relations between ROS, STAT3 and
ER stress in SHOO3-treated cancer cells.

We also need to consider multiple components in SHO03.
It is very plausible that each compound in SHOO3 may target
various molecules within the cells. Although we still need
more data to clearly understand the molecular functions of
SHO003, this study first answers how SHO03 causes apoptosis
of breast cancer cells independently of their subtype. This is
important for understanding the SHOO3 function in the clinic,
as breast cancer is highly heterogeneous (47-50). Our ongoing
works will gather actions of all components in SHOO3 in the
cells to draw a mode of action of SHOO3 holistically.

Conclusion

SHO03 as herbal medicine was developed to treat cancer.
Although its anti-cancer effects have been confirmed in
various cancer cells, the underlying mechanisms are not yet
clearly defined. This study shows that SHOO3 causes
apoptotic cell death in various types of breast cancer cell
lines by promoting intracellular ROS production and ER
stress. Therefore, we suggest that SHOO3 may be a promising
agent against breast cancer.
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