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Abstract

KDMBG6A, an X chromosome-linked histone lysine demethylase, was reported to be frequently
mutated in many tumor types including breast and bladder cancer. However, the functional role of
KDMBGA is not fully understood. Using MCF10A as a model of non-tumorigenic epithelial breast
cells, we found that silencing KDM6A promoted cell migration and transformation demonstrated
by the formation of tumor-like acini in three-dimensional culture. KDMG6A loss reduced the
sensitivity of MCF10A cells to therapeutic agents commonly used to treat triple-negative breast
cancer patients and also induced TGF-B extracellular secretion leading to suppressed expression
of cytotoxic genes in normal human CD8+ T cells in vitro. Interestingly, when cells were treated
with TGF-B, ¢k novo synthesis of KDMBA protein was suppressed while 7GFBI1 transcription
was enhanced, indicating a TGF-p/KDMB6A negative regulatory axis. Furthermore, both KDM6A
deficiency and TGF-p treatment promoted disorganized acinar structures in three-dimensional
culture, as well as transcriptional profiles associated with epithelial to mesenchymal transition
and metastasis, suggesting KDMG6A depletion and TGF-f drive tumor progression. Implication:
Our study provides the preclinical rationale for evaluating KDM6A and TGF- in breast tumor
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samples as predictors for response to chemo and immunotherapy, informing personalized therapy
based on these findings.
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INTRODUCTION

Triple-negative breast cancer (TNBC) lacks expression of estrogen receptor (ER),
progesterone receptor (PR), and epidermal growth factor receptor 2 (ERBB2/HER2)1.
TNBC is commonly diagnosed in premenopausal women and accounts for 15%-20% of

all breast cancers®. This form of the disease is aggressive and often leads to metastasis and
a poor clinical outcome, even when the disease is diagnosed at an early stagel. Massive
parallel genomic and transcriptomic analysis on patients has shown that TNBC has a high
tumor mutation burden (TMB), is highly heterogeneous, and has few actionable driver
mutations or signaling pathways?2. This poses a significant challenge for selecting optimal
therapeutic strategies. Currently, agents under clinical investigation in TNBC include
inhibitors that target poly ADP ribose polymerase (PARP), phosphoinositide 3-kinase
(P13K), MEK, histone deacetylase (HDAC), androgen and heat shock protein 90 (HSP90)?.
PARP inhibitors have recently been approved by the U.S. Food and Drug Administration
(FDA) for HER2-negative metastatic breast cancer patients with germline BRCA 1/2
mutations, which occurs in 9.7% of TNBC patientsS. In addition, TNBC exhibits several key
characteristics that have been associated with improved response to immunotherapy such as
high levels of genomic instability4, TMB®, tumor-infiltrating lymphocytes (CD4+, CD8+,
and FOXP3+)8, and expression of programmed cell death 1 ligand (PD-L1). Immune
checkpoint inhibitors combined with chemotherapy have improved progression-free survival
and overall survival in patients with advanced or metastatic PD-L1-positive TNBC:8

and these combinations are FDA approved for this group. However, significant PD-L1
expression is only present in tumors of 20% of TNBC patients®, eliminating this therapeutic
option for most patients. The remaining patients are offered chemotherapy, which has a
moderate response rate and a high probability for relapsel®.

To provide novel mechanistic insights that translate to improved prognostic tools and
therapeutic options for TNBC patients, we set out to identify genes that impact
aggressiveness and/or drug response. To this end, we developed a novel CRISPR/Cas9
library based on frequently mutated, established, or potential tumor suppressor genes in
TNBC. This library was introduced into MCF10A mammary epithelial cells and these
cells were used to screen therapeutic agents. MCF10A is a mammary epithelial cell line
derived from the fibrocystic tissue of a 36-year-old woman with basal-like transcriptomic
and proteomic features of breast cancer and has been widely used in functional genomic
screening!-18, Our screen discovered that loss of KDMBA expression in MCF10A
conferred resistance to several anti-tumor agents and a tumor-like phenotype. Silencing of
KDMBG6A led to TGF-p secretion and impaired CD8+ T cell cytotoxicity /n vitro while TGF-
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B treatment of MCF10A cells decreased KDMB6A expression. These observations report for
the first time a negative feedback regulatory relationship between TGF-B and KDMG6A that
may contribute to breast cancer metastasis and resistance to various therapeutic options.

MATERIALS AND METHODS

Cell lines and culture

Plasmids

Hs578T, MDA-MB-231, and BT549 are TNBC subtype breast cancer cell lines and

MCF7 is luminal A subtype. MCF10A, Hs578T, and MCF7 cells were purchased from
American Type Culture Collection (ATCC). Short tandem repeat (STR) authentication
was performed at the Cancer Science Institute of Singapore for validation of cell identity
and cells were maintained for <10 passages. MDA-MB-231 and BT549 were purchased
from ATCC and generously donated from the lab of Dr. Xiaojiang Cui (Cedars-Sinai)®.
Mycoplasma was negative in all cell lines (LT07-118, Lonza). MCF10A cells were cultured
in DMEM/F12 medium (10565018, Thermo Fisher Scientific) supplemented with 10%
horse serum (S090H-500, Biowest), 20 ng/ml epidermal growth factor (EGF, PHG0311L,
Life technologies), 0.5 mg/ml hydrocortisone (H0888, Sigma), 100 ng/ml cholera toxin
(C8052, Sigma), 10 pg/ml insulin (12585-014, Invitrogen) and 10% Pen/Strep (15140163,
Gibco). MDA-MB-231, BT549, and MCF7 cells were cultured with DMEM (12430062,
Gibco) supplemented with 10% fetal bovine serum (FBS, 26140079, Gibco). Hs578T

was maintained in DMEM supplemented with 10% FBS and 1 pg/ml insulin. Cells were
maintained at 37 °C in a humidified incubator under 5% CO».

CRISPR plasmids containing single-guide RNA (sgRNA) were generated as previously
described?0 using plasmid lentiCRISPRV?2 (52961, Addgene). sgRNA sequences for
different genes are listed in Supplemental Table S1. ShRNA plasmids were generated as
described previously2l. shRNA targeting KDM6A coding region (CDS) (shKDM6A-1)
CCGGCCGCGCAAATAGAAATAATTTCTCGAGAAATTATTTCTATTTGCGCGGTTTT
TG was generated with lentiviral vector pLKO.1-TRC (10878, Addgene). The shRNA
targeting 3’-UTR of KDM6A (shKDM6A-2) was generated with pLKO.1-blast vector
(26655,
Addgene):CCGGGATTGCACATAGACTAAGAAACTCGAGTTTCTTAGTCTATGTGCA
ATCTTTTTG. Lentiviral particles were obtained using transfer plasmids including pRSV-
Rev, pMDLg/pRRE, and pMD2.G (12253, 12251, and 12259, Addgene) with HEK293FT
cells (R70007, Invitrogen).

3D tumor spheroid invasion assay

3D tumor invasion assay was performed as described previously with minor modifications?2.
Detached MCF10A cells (3,000 cells/200 pl culture medium) were seeded in ultra-low
attachment 96-well round-bottom plates (7007, Corning). After four days of incubation,
tumor spheroids were formed. After removing 150yl of culture medium, Matrigel was
dispensed in 1:1 ratio to the culture medium (50 ul) into the U-bottom well. Plates were
incubated at 37 °C for 2 hours followed by adding a complete culture medium. Images of
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tumor spheroids were taken as a starting point. Images of tumor cells invading Matrigel were
taken at 3 and 6 days. Area of invasion was measured using ImageJ software.

Breast acini 3D culture

3D culture for MCF10A acini was performed according to protocols?3 with MCF10A cells
growing on top of a thin layer of Matrigel with a diluted 2% Matrigel/medium solution.
Briefly, each well of the 8-well chamber slides (30108, SPL L.ife Science) was overlaid
with 50 pl of Matrigel (354234, BD Bioscience), and the slides were incubated at 37°C
for 30 minutes to solidify the Matrigel. MCF10A cells were resuspended at 6,250 cells/ml
in complete culture medium supplemented with 2% Matrigel. Each well of the pre-coated
chamber slide was plated with 400 pl of cells/Matrigel/medium mixture. The slides were
incubated in a CO5 incubator with a change of fresh media every 4 days until day 15. For
TGF- treatment, a complete culture medium with 5 ng/ml TGF-B24 recombinant protein
(CYT-716, Prospec) was added to the chamber slides on day 4 after plating the cells, and
fresh media containing 5 ng/ml TGF-p was added every 72 hours today 10. On day 10, the
TGF-B containing media was replaced with MCF10A complete medium, and the cultures
were incubated for 5 more days.

RNA extraction, qRT-PCR, and RNA-seq

Total RNAs from MCF10A cells were isolated and purified using the RNeasy mini
extraction kit (74106, Qiagen). Total RNAs were either sent for RNA-seq analysis or
reverse-transcribed to cDNA (K1642, ThermoScientific) and subjected to semi-quantitative
PCR reaction (Primers, Supplemental Table S2). Purified RNA was sequenced with the
standard Illumina-HiSeq4000 platform, and FASTQ files were analyzed with R (https://
www.r-project.org/). Paired-end reads (100 bp) were aligned to GRCh37/hg19. Gene
expression was quantified in FPKM units using the DESeq2::fpkm function.

TGF-p enzyme-linked immunosorbent assay (ELISA)

MCF10A cells were seeded to 12-well plates at 5 x 10° cells per well. After 24 hours

of culture, the complete culture medium was removed and replaced by 1 ml DMEM/F12
medium without either serum or growth hormone supplement. The serum-free supernatant
culture medium was collected at 24, 48, and 72 hours. The concentration of TGF- in

the medium supernatant was examined in triplicate using human TGF-beta 1 ELISA Kit
(NBP1-91252, Novus Biologicals) according to the manufacturer’s protocol and calculation
methods. TGF-B ELISA analysis was performed twice in independent replicates.

T cell activation and treatment

CD8 positive T cells were isolated from commercially available human peripheral blood
mononuclear cells (PBMCs) using MACs magnetic bead cell sorting (Miltenyi Biotec.) and
activated with 0.25 pg/ml antiCD3e human recombinant proteins (Prospec). The activated T
cells were cultured in the conditioned media (supernatant) from either non-targeted control
(sgCtrl) or KDM6A-silenced (sgKDM6A) MCF10A cells for 24 hours. For the collection of
conditioned media, one million MCF10A sgCtrl and sgKDM6A cells were seeded in 6-well
plates for one day before being cultured with 1.5 ml DMEM/F12 media without either
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serum or growth hormone supplements. Cells were maintained in culture for 72 hours, and
the conditioned media were collected and centrifuged to remove cell debris before treating
activated T cells. Twenty microliters of the conditioned media were used to perform the
ELISA assay. Activated T cells were also treated with 2.5 ng/ml TGF-g in DMEM/F12
without either serum or growth hormone supplement for 24 hours as described previouslyZ>.

Flow cytometry analysis

T cells cultured in different condition media were harvested and fixed with Fixation Buffer
(420801, BioLegend) and permeabilized with Permeabilization Wash Buffer (421002,
BiolLegend). Staining was performed with the following fluorochrome-conjugated antibodies
(1:50) for 30 minutes at 4 °C: FITC-conjugated anti-Granzyme B, PE-conjugated anti-IFN-y
or APC-conjugated anti-perforin (Miltenyi Biotec). A minimum of 10,000 live events was
collected in duplicate using BD LSR-II analyzer, and data were analyzed with FlowJo
software.

Metabolic labeling and de novo KDMG6A protein synthesis

MCF10A cells were incubated with or without 5 ng/ml TGF-p for 3 days. Cells were
washed twice with warm PBS and incubated in methionine-free DMEM (21013024, Gibco)
with 10% dialyzed fetal bovine serum (A3382001, Gibco) with or without TGF- for 1 hour.
For labeling, L-azidohomoalanine (Click-1T AHA, C10102, Thermo Fisher) was added to

a final concentration of 50 uM and incubated for 1 hour. Cells were washed twice with
chilled PBS, harvested, and lysed with lysis buffer [1% Sodium Dodecyl Sulfate (SDS),
10mM EDTA, and 50mM Tris, pH 8.1] supplemented with protease inhibitor (P178429,
Thermo Fisher) and phosphatase inhibitor (P178420, Thermo Fisher). After centrifugation at
14,000 RPM for 10 minutes, 1% Triton X-100 and 150 mM NaCl were added to the whole
cell lysate and protein concentration was determined using Pierce BCA Protein Assay Kit
(23225, Thermo Fisher). The same amount of bulk protein (3 mg) from lysate was used for
the detection of newly synthesized KDMB6A protein. Immunoprecipitation was carried out
with KDMB6A antibody (0.5 pg, A302-374A, Bethyl laboratory) for 16 hours. Click reaction
to conjugate biotin to immunoprecipitations and input whole-cell extract was performed
with biotin alkyne (B10185, Thermo Fisher) using Click-1T reaction buffer kit (C10276,
Thermo Fisher) according to manufacturer instructions. Metabolic labeling of AHA to

de novo KDMG6A protein and bulk protein was detected using NeutrAvidin horseradish
peroxidase conjugate kit (A2664, Thermo Fisher) and KDM6A antibody (sc-514859, Santa
Cruz).

Statistical analysis

Statistical analysis was performed in R statistical computing language (v3.6.3) and
GraphPad Prism version 8. Data were presented as mean + S.D. A two-side student #test
was performed for comparing two groups. Pearson correlation and Fisher’s exact test were
carried out for correlation of two RNA-seq data. A hypergeometric test was performed for
calculating the significance of the overlap of two RNA-seq data sets. Statistical significance
was defined as p-value < 0.05 for all statistical tests.
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Data availability

RESULTS

The raw RNA-Seq data were deposited in the NCBI Gene Expression Omnibus database
(GEO GSE131701).

Loss of KDM6A promotes MCF10A resistance to multiple anti-tumor agents

We developed a novel screening platform to study the interaction between the loss of
specific gene expression and response to a panel of small molecules (Figure 1A). To
establish a list of genes for the screening platform, we interrogated three large breast cancer
sequencing databases (TCGA26, MSK?27, and METABRIC?8), text-searched in the PubMed
database, and analyzed in-house MCF10A RNA-seq data?®. From this analysis, a list of

58 established/potential tumor suppressor genes in TNBC was selected (see Supplemental
Figure S1 for detailed gene list and selection details). We successfully knocked down 32

of these genes, each in an individual MFC10A cell line, as validated by Sanger sequencing
(Figure 1B, Supplemental Figure S2A, and Supplemental Table S3) and/or reduced gene
expression via immunoblot (Figure 1C and Supplemental Figure S2B). Immunaoblots
showed that protein expression was absent in some (CBFB, RUNX1, CDH1, SMARCB1,
and LNK), while in others it was reduced (KDM6A, ZFP36L1, CHD4, MED12, FANCA,
SMAD4, GATA3, ATRX, RB1, and EP300; Figure 1C and Supplemental Figure S2B).

To study the effect of CRISPR/Cas9-induced mutagenesis in response to anti-cancer agents,
the 32 cell lines were pooled in even ratios before drug treatment (Supplemental Figure
S2C) and exposed to various doses (10 nM to 3 uM) of 42 compounds which are frequently
used to treat TNBC and are in pre-clinical or clinical development (Phase I-111 trials) or
FDA approved (Figure. 1D and see also Supplemental Tables S4 and S5). These 42 consists
of chemotherapeutic agents and a wide range of targeted inhibitors, such as inhibitors

for a receptor tyrosine kinase (RTK), HDAC, PARP, AKT, and others (Figure 1E and
Supplemental Tables S4 and S5). Next, we compared the normalized frequency of each
sgRNA in drug-treated versus mock controls after 5 days of cell growth. This allowed

us to assess the enrichment or loss of specific SgRNA cell populations in response to

drug treatment. This in turn enabled us to predict the effect that loss of the probable

tumor suppressor genes has on tumor response to anti-tumor agents (Figure 1F). Silencing
these 32 probable tumor suppressors with targeted SgRNA had only minimal to moderate
effect on proliferation of MCF10A cells after 5 days treatment with DMSO, relative to

the corresponding starting-point control (control sgRNA, Supplemental Figure S2D). In
contrast, in the presence of multiple drugs, the sgRNA targeting KDM6A exhibited a
consistently increased frequency compared to the corresponding mock control (Figure 1F).
Thus, silencing KDMB6A led to increased resistance to multiple agents, an observation

that has not been previously reported. KDMB6A is an X-linked histone demethylase that
antagonizes the enzymatic activity of the methylase EZH2 by specifically demethylating di-
and tri-methylated H3 lysine 27 (repressive histone modifications to gene expression)30-32,
We validated the drug screen sensitivity by demonstrating that silencing of KDM6A
conferred MCF10A resistance to paclitaxel (cytotoxic chemotherapy), AZD2014 (mTOR
inhibitor), and dasatinib (RTK inhibitor) (Figure 1G and Supplemental Figure S2E).
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MCF10A cells acquire tumor-like characteristics with KDMG6A loss

KDMS6A is commonly mutated in multiple cancer types, including gastric33, urothelial34,
pancreatic3®, and breast36:37. KDMB6A is a tumor suppressor gene with most mutations
predicted or shown to be loss-of-function3:38, Since the functional impact of such changes
on cancer phenotypes such as growth, migration, invasion, and drug resistance are not
completely characterized3%-41, we sought to investigate KDMB6A using breast cancer as
amodel. MTT and BrdU incorporation assays showed that CRISPR-mediated silencing

of KDMB6A had little effect on cell proliferation of MCF10A (Figures 2A, and 2B,
supplemental Figure S2D). In contrast, the Boyden chamber transwell assay showed the
migratory ability of MCF10A cells significantly increased after KDMG6A silencing (Figure.
2C) consistent with the previous reports??. To measure the invasive capacity of MCF10A
cells after silencing of KDMG6A, a three-dimensional/3D-spheroid multicellular assay was
employed. Loss of KDMG6A allowed the multicellular spheroids of MCF10A to grow in the
Matrigel-embedded anchorage-independent setting, which was not observed in non-targeted
control cells (Figure. 2D). We also discovered that silencing of KDMG6A led to reduced E-
cadherin and higher expression of Vimentin (Figure. 2E), supporting that KDM6A loss leads
to a more mesenchymal, motile, and invasive phenotype. Next, we examined the impact of
KDMG6A depletion on the formation of acinar hollow structures seen in non-transformed
cells (Figure. 2F)*2 and found this to lead to luminal filling and progressive irregular
multiacinar enlargement (Figures 2G and 2H).

KDMBG6A loss promotes TGFB1/TGFB2 transcription and TGF-p signaling

To begin delineating the molecular mechanism underlying the above observations, RNA-seq
was carried out on cells with KDMB6A depletion (Figure. 3A). This identified significant
upregulation of 599 genes and downregulation of 547 genes (Figure. 3B). Gene ontology
(GO) and pathway analysis [KEGG, NetPath, Wikipathways, and Reactome (supplemental
Figure S3)] showed enrichment of cancer metastasis-related processes/pathways: focal
adhesion, cell migration, gap junction, and extracellular matrix organization (Figure 3C

and Supplemental Figure S3). Notably, TGF- receptor and signaling pathways were
enriched, which are major drivers of epithelial to mesenchymal transition (EMT) and cancer
metastasis*3, as well as regulators of PI3K/AKT/mTOR and IL-10 signaling** (Figure 3C).
Supporting our biological observations in cells with silenced KDM6A, gene set enrichment
analysis (GSEA) identified cohorts of genes involved in invasion, EMT, and response to
TGF-p stimulation (Figure 3D). In addition, we found a significant correlation between
luminal to mesenchymal transition, EZH2 targets, stem cells, and stromal stimulation
signatures that occurred with reduced KDMG6A expression (Figure 3D), as previously
noted#045, We also observed decreased expression of genes related to tight-junction,
upregulation of genes involving metastasis, inflammation, and TGF-f signaling (Figure
3E). Taken together, there is a strong correlation between loss of KDMG6A and increases in
signatures related to metastasis and TGF- signaling.

Loss of KDMG6A leads to the secretion of TGF-p and suppression of CD8+ T cell activity

Next, we used qRT-PCR to confirm the mRNA expression of key genes found in the
transcriptional profiling (Figure 4A). Since TGF-p is secreted into the extracellular matrix
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as an inactivated latent complex*® and activation of TGF- requires release from the latency
associated peptide*®, we used an ELISA assay to measure the mature TGF-B on conditioned
culture media collected from KDM6A-silenced and control cells. TGF-p levels increased
over time in conditioned media from KDM®6A-silenced MCF10A cells compared to control
cells (Figure 4B). Importantly, after 72 hours of incubation, the concentration of TGF-B was
high (1.1 ng/ml) and comparable to the elevated plasma levels (2.4 ng/ml) found in breast
cancer patients*48, which has been associated with disease progression and decreased
survival of metastatic breast cancer patients.

Activated TGF-B is known to repress specific genes in cytotoxic CD8+ T cells such as
perforin, granzyme B, and interferon-gamma (IFN--y), which ultimately leads to a reduced
capability of lymphocytes to kill tumor cells?®. To confirm TGF-B secreted from KDMG6A-
silenced MCF10A cells could suppress CD8+ T cell activity, peripheral blood mononuclear
cells from healthy individuals were treated with conditioned media from KDM6A-silenced
MCF10A cells, control cells, or recombinant TGF-f. Conditioned media from cells with
KDMG6A depletion was confirmed to contain elevated levels of TGF-B (Figure 4C) and
found to suppress perforin, granzyme B, and IFN-y expression in CD8+ T cells (Figures 4D
and 4E). This reduction was comparable to that seen with recombinant TGF-p (Figures 4D
and 4E) and consistent with levels previously shown to impair cytotoxic T cell functions?®.

To evaluate if our observations are generalizable, we examined the impact of KDM6A
depletion in other breast cancer cells. Loss of KDM6A in MDA-MB-231, Hs578T, BT549,
and MCF7 (Figure 4F) led to upregulation of both 7GFB1 and TGFBZ (Figure 4G). Of note,
all TNBC subtypes (MDA-MB-231, Hs578T, and BT549) and luminal A subtype MCF7
cells showed an increase in 7TGFB1and TGFBI mRNA (Figure 4G).

KDMB6A expression was reduced by TGF-p

MCF10A cells treated with TGF-B are a model for EMT /1 vitro studies?* and these cells
are resistant to the anti-proliferation effect of TGF-B24. A previous report noted that TGF-§
suppressed KDMG6A protein expression in MCF10A cells, and its expression was restored
after TGF-p*! withdrawal. Here we show that treating MCF10A, as well as MDA-MB-231,
Hs578T, BT549, and MCF7 cells, with 5ng/ml TGF-p for 3 days suppressed KDM6A
protein expression (Figures 5A and 5B). Supporting a possible mechanistic link between
these two molecules was our finding that TGF-p treatment resulted in the transformation

of tumor-like acini from MCF10A cells, which phenocopied downregulation of KDM6A
expression (Figures 2H and 5C).

Interestingly, mRNA levels of KDM6A were not altered after TGF-p treatment
(supplemental Figures S4A and S4B). mRNA stability analysis showed that the rate of
KDM6A mRNA decay was unaltered after 3 days of TGF-f treatment (Figure 5D), while
KDMG6A protein levels were significantly reduced (Figures 5A). This suggests that the
TGF-p-induced decrease of KDMG6A protein levels is post-transcriptional. To examine this
hypothesis, a short pulse metabolic labeling experiment with L-azidohomoalanine (AHA)
was carried out on MCF10A cells treated with either mock or TGF-p for 3 days. Total
KDMB6A protein was purified with KDM6A antibody from cell lysate of either control

or TGF-p-treated MCF10A cells and biotin-AHA immunoblotting revealed only de novo
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synthesized KDMB6A protein. This examination showed that TGF-p treatment strongly
suppressed nascent KDMB6A protein synthesis (Figure 5E), supporting our hypothesis that
the TGF-B-induced decrease in KDMB6A protein levels is post-transcriptional.

Our results are also supported by the breast cancer patient proteome data retrieved from

the Clinical Proteomic Tumor Analysis Consortium (CPTAC)*9 which showed a negative
correlation between protein levels of TGF-p and KDMB6A (Figure 5F). This correlation was
observed in all molecular subtypes of breast cancer patients (Figure 5F).

Gene expression signatures and pathway analysis from KDM6A-silenced MCF10A cells
mirror those of TGF-B treatment of MCF10A cells

Our results suggested TGF-B treatment triggers similar effects as those observed with
KDMG6A-loss. To test this hypothesis, we compared the transcriptional response of MCF10A
cells to TGF-B treatment [GSE89152, TGF-B (5 ng/ml) treatment 6-day vs. 0-day24] to our
RNA-seq data from cells loss of KDMG6A expression (Figure 3B). A positive correlation was
observed between the differentially expressed genes from the two transcriptional profiles
(Supplemental Figure S5A). Further analysis showed a significant number of differentially
expressed genes (1602 genes) were overlapping between the two data sets (Figure 6A).
Pathway analysis of those 1602 genes showed enriched pathways for focal adhesion,
extracellular matrix organization, and TGF-p signaling (Figure 6B). Evaluation of genes

as a function of KDM6A-silencing (group 1) and TGF-p-treatment (group 2) showed

that most pathways enriched in both groups were similar (supplemental Figures. S5B and
S5C). Analysis of TGF-B-treated MCF10A cells also showed gene signature enrichment

for invasion, EMT, TGF-p signaling, EZH2 targets, stem cells, and stromal stimulation
(Figure 6C). These were known gene signatures associated with TGF-p in breast cancer

and similar to what we observed in KDM6A-silenced MCF10A cells (Figures 3D and 6C).
Likewise, TGF-p treatment of MCF10A, MDA-MB-231, Hs578T, BT549, and MCF7 cells
also increased transcription levels of TGFB1and TGFBZ2 (Figures 6D and 6E). Our results
showed that TGF-B treatment resembled KDM6A-loss in regulating its gene transcription,
suggesting a TGF-p/KDMG6A negative feedback loop.

DISCUSSION

Malignant cellular transformation gives cells the capability to actively invade, metastasize
and evade immune surveillance, and these functions are often driven by different molecular
alterations®0. For example, in breast cancer models such as MCF10A, genes such as ERBB2
and SRC (SRC Proto-Oncogene) disrupt acinar structure by both inhibiting apoptosis and
filling the lumen structure, while genes like CCND1 and PIK3CAHI040R although potent
drivers of cell proliferation, are insufficient as a single factor to destroy the highly organized
acinar structure®1-53, Qur study found that while suppression of KDM6A expression did
not affect cell proliferation and tumor growth /n vivo, loss of KDMB6A did enable spheroids
of MCF10A cells to proliferate in anchorage-independent Matrigel and disrupt mammary
acinar structure with the filling of luminal space, indicating the acquisition of tumor-like
characteristics®*. These observations were in line with a report in mice with KDM6A
deletion in mammary epithelium®°. The absence of KDMBA protein in these mice led to the
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abnormal mammary epithelium, conversion of the mammary cell luminal lineage to basal
characteristics, and disrupted normal ducts and alveoli structure>®. These are commonly
observed preceding malignant transformation of luminal cells®®. In these KDM6A-deleted
mice, breast cancer was not reported®®. Collectively, these data do support the notion that
KDMBGA is an important suppressor of the sequence of events leading to breast malignant
transformation.

Reduced KDMG6A expression in MCF10A cells resulted in enriched gene signatures for
EMT/metastasis, cancer stem cells, and the TGF-p pathway. These are known to be
associated with resistance to anti-tumor therapies in breast cancer®’, which may account

for the broad spectrum of drug resistance observed in our drug screening results. In
addition, our findings relating to EMT and cancer stem cell signatures are consistent

with those of others using murine models where KDMB6A expression levels are lower

in poorly differentiated breast basal/mesenchymal cells than well-differentiated luminal
cells®. We observed that silencing of KDM6A in MCF10A cells resulted in upregulated
transcription of both 7TGFB1 and TGFB2, as well as secretion of TGF-B protein. TGF-p

is a pleiotropic cytokine signaling through SMAD-dependent and independent pathways

in cellular homeostasis®®. TGF-B can function as either a tumor-suppressor or oncogenic
driver and this is highly context-dependent during cancer progression. When acting as a
tumor suppressor, TGF-p induces cell-cycle arrest and apoptosis via upregulating expression
of P16, P21, and apoptotic death-associated protein kinase>8:59, However, with disease
progression and loss of tumor suppressor genes such as P16 and P21 in cancer cells,

TGF-p induces epithelial to mesenchymal transition (EMT), enriches cancer stem cells,

and drives cancer metastasis?6:°8:59, TGF-B is relevant in breast cancer as it is enriched in
the tumor microenvironment and it is a known contributor to breast cancer metastasist?,
breast cancer stem cell proliferation6, and chemotherapy resistance®2. Moreover, TGF-f
also contributes to epigenetic modifications in breast cancer. However, the regulatory effect
of TGF-B in epigenetic regulation is broad and unspecific. TGF-p has been reported to
increase both transcriptionally activating (H3R2me1/2%3, H3K4me2/3%4, and H3K27Ac5%)
and suppressing (H3K9me2/3% and H3K27me367:68) histone modifications, as well as
DNA methylations by regulating different epigenetic regulators. Based on these studies

and our results, secreted TGF-p because of KDMG6A silencing may be able to modify the
epigenome of MCF10A and breast cancer cells through autocrine and/or paracrine signaling.
Nonetheless, we observed that secreted TGF-f suppressed expression of cytotoxic genes

in CD8+ T cells in vitro, which have a negative impact on T cell surveillance?>:69, We

also demonstrated that TGF-P treatment suppressed de novo KDMG6A protein synthesis
post-transcriptionally and led to a transcriptomic profile associated with reduced KDM6A
expression. We generalized our findings by showing that TGF-p treatment suppressed
KDMBG6A protein expression in both TNBC (MDA-MB-231, BT549, and Hs578T) and
luminal A (MCF7) subtype breast cancer cell lines. In agreement with our cell line results,
we also showed that there was a strong negative correlation between protein levels of TGF-p
and KDMG6A in proteomic data of breast cancer patients. This negative correlation extended
beyond TNBC breast cancer patients to three other breast cancer molecular subtypes.

In summary, our observations suggest that KDM6A and TGF- are partners in a negative
feedback regulatory loop that may contribute to therapeutic resistance and escape of
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immunosurveillance. Our findings also suggest that suppressing TGF-p may functionally
“restore” KDMG6A and provide a rationale for exploring inhibition of TGF-B in combination
with other anti-tumor agents in breast cancer patients. For example, evaluation of KDM6A
and TGF-B in breast tumor samples could be used as predictors for response to chemo and
immunotherapy and such findings could subsequently drive personalized therapy.
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Figure 1. Loss of KDM6A renders M CF10A cellsresistant to multiple anti-tumor agents
(A). An overview on the design of a customized CRISPR library and establishment of

32 validated MCF10A isogenic cell lines for drug screening followed by next generation
sequencing [see also supplemental Figure S1 for detailed gene selection strategies for
picking potential tumor suppressor genes (TSGs) in TNBC]. (B). Tracings of Sanger
sequencing mutations produced by sgRNA-directed CRISPR/Cas9 at 7P53 (sgTP53) and
STK11 (sgSTK11). sgCtrl, non-targeted sgRNA control. (C). Western blot examining
silencing of CBFB (sgCBFB), RUNX1 (sgRUNX1), CDH1 (sgCDH1) and KDM6A
(sgKDMBA) expression after CRISPR-sgRNA. Band intensities were quantified and
normalized to GAPDH levels. (D). Pie chart showing the clinical status of the 42 compounds
used in this study which include pre-clinical, phase I, Il, and 111 as well as FDA-approved
drugs. (E). Distribution of the 42 drugs includes chemotherapeutic agents (chemo) and
specific inhibitors: receptor kinase inhibitors (RTKi); HDAC inhibitor (HDACI); PARP
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inhibitor (PARPI); AKT inhibitor (AKTi) and others. (F). Heatmap showing response of

32 validated MCF10A isogenic cell lines treated for 5 days with 42 individual anti-tumor
agents according to doses shown in Supplemental Table S3. Color bar shows the normalized
CRISPR guide enrichment score log,S9RNA_counts (drug treatment/mock control), \yhjch reflects
the population of cells carrying specific SgRNA treated with anti-tumor compounds in
comparison to cells treated with mock vehicle (blue, decreased; red, enriched). (G).
Long-termed proliferation of KDM6A-silenced and non-targeted control (sgCtrl) MCF10A
cells towards paclitaxel, AZD2014 and dasatinib. Cells were seeded in a 12-well plate

and treated with indicated dose for 10 days. Media containing indicated inhibitors were
replenished every 3 days. Mean + S.D.; n=3; *p<0.05, **p<0.01. Experiments were repeated
independently 2 times.
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Figure 2. Silencing of KDM6A increased migration and induced a tumor-like transfor mation of
MCF10A cells

(A). Cell growth (MTT assay) after CRISPR/Cas9 mediated silencing of KDM6A
(sgKDMBA). sgCtrl, non-targeted sgRNA control. Mean + S.D.; n=6. (B). BrdU assay
measuring cellular proliferation. Mean + S.D.; n=4; ns, statistical non-significance, student
ttest. (C). Left panel, representative image of migration of KDM6A-silenced and non-
targeted sgRNA MCF10A cells in Boyden chamber assay; Right panel, quantitative
measurement of migration. Mean + S.D.; n=4; **p<0.01, student #test. Migration assay
was repeated twice. (D). 3D spheroid assay measuring capacities of invasion after silencing
of KDMG6A in comparison to control cells. Small spheroids around multicellular spheroids
after incubation are indicated with red arrows. Mean £ S.D.; n=6; *p<0.05, ****p<0.0001,
student ftest. Scale bar=100 pm. Results are representative of three experiments. (E).
Expression of E-cadherin and Vimentin after silencing of KDM6A in MCF10A cells.
Normalized protein expression levels are shown under each band. (F) Cartoon displaying
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normal acinar structure (upper) and acini at different stages of breast malignancy (lower).
This cartoon was drawn in reference to previous publications’%-72, MCF10A cells have

the non-malignant feature of acinar structure. (G). Silencing of KDM6A expression

with two different ShRNAs (shKDMB6A-1 and shKDMG6A-2). shCtrl, non-targeted shRNA
control. (H). Acini of MCF10A cells after silencing of KDMG6A expression (sgKDM6A,
shKDMG6A-1 and shKDMG6A-2). Control, wild-type MCF10A cells. Basal membranes were
stained by Laminin-5 (pink), and nuclei were stained with DAPI (blue). Scale bar=100 pm.
Acini assay was independently repeated 5 times.
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Figure 3. Silencing of KDM6A islinked to enrichment of TGF-P signature and cell migration
and invasion pathwaysin M CF10A cells.

(A). Western blotting showing KDMG6A expression in a single clone. sgCtrl, non-targeted
SsgRNA control; sgKDM6A, sgRNA targeting KDM6A. (B). Volcano plot showing
significant upregulation of 599 genes and downregulation of 547 genes after silencing of

KDMBG6A in MCF10A cells. Cut-off value for expression at X-axis is log, Fold_change

(sgKDMBA vs. sgCtrl) < —0.58 or log, Fold_change (sgKDMB6A vs. sgCtrl) = 0.58.
For the Y-axis, the cut-off value is —log;oFPR >1. (C). Gene ontology (GO), KEGG,
Wikipathways and NetPath pathway analysis of the differentially expressed genes from

KDMBG6A-silenced vs. non-targeted control. (D). Gene set enrichment analysis (GSEA)

shows significantly enriched gene expression signatures in MCF10A cells after silencing

of KDM6A. NES, normalized enrichment score. Statistical significance is shown by p

value. (E). Expression levels of featuring genes involved in tight junction, ETS (erythroblast
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transformation-specific), TGF-B signaling, metastasis and inflammation. Expression level is
indicated with log, PKM(Fold_change) + 5 p - n=2.
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Figure 4. Extracellular secretion of TGF-B after silencing KDM6A and the effect on CD8+ T
cells.
(A). gRT-PCR validation of expression of a panel of genes after silencing KDM6A

expression, relative to non-targeted sgRNA control (Relative to sgCtrl). GAPDH served

as internal control. Mean + S.D.; n=3; *p<0.05, * *p<0.01, ** *p<0.001, *** *p<0.0001;
student ¢test. (B). TGF-p expression in the culture media of either KDM6A-silenced
(sgKDMB6A) or control (sgCtrl) MCF10A cells (5 x 10° cells). Supernatants were collected
after 24, 48 and 72 hours of incubation; Levels of TGF-p were examined by ELISA

assay. Mean £S.D.; n=3; * *p<0.01; student ftest. Experiments were independently repeated
twice. (C). Summary of ELISA assays performed on secreted TGF-p with 1 million cells
over 72 hours of incubation in serum free media. Mean £S.D.; n=3; **p<0.01; student ¢
test. (D). Purified CD8+ T cells were treated with conditioned media from sgCtrl cells or
sgKDMBA cells examined in (C), or 2.5 ng/ml TGF-B in serum-free medium. Expression
of cytotoxic genes granzyme B, perforin and IFN-y in CD8+ T cells was analyzed after
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24 hours of incubation. Cells were stained by specific antibodies versus control 1gG and
then analyzed by flow cytometry. (E). Mean (3 times) expression for granzyme B, perforin
and IFN-y as examined in (D). Mean = S.D.; n=3; *p<0.05, **p<0.01. (F). Silencing of
KDMBG6A expression in breast cancer cells with either CRISPR sgRNA targeting KDM6A
[MDA-MB-231 (231) and Hs578T cells] or shRNA targeting KDM6A (BT549 and MCF7
cells). Levels of ShRNA downregulation on KDM6A were quantified and normalized with
GAPDH. sgCtrl, non-targeted sgRNA; sgKDMBA, sgRNA targeting KDM6A; shCtrl, non-
targeted ShRNA; shKDM6A-1 and shkKkDMB6A-2, two different ShRNA targeting KDMG6A.
(G) mRNA expression levels of TGFB1and TGFBZin breast cancer cells after reducing
KDMBG6A expression. Mean +S.D.; n=3; *p<0.05, **p<0.01, ****<0.0001.
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Figure5. KDM6A trandation is suppressed by TGF-p
(A). KDMBA expression in MCF10A cells after TGF-B (5 ng/ml) treatment for 1 and

3 days. (B). Reduced KDMB6A expression was noted in MDA-MB-231 (231), Hs578T,
BT549 and MCF7 breast cancer cells after treatment with TGF-B (5 ng/ml) for 3 days.

(C) Acini of MCF10A cells in 3D culture showing tumor-like transformation after TGF-p
treatment or CRISPR/Cas9-mediated silencing of KDM6A (sgKDMB6A). Laminin-5 (pink)
was stained for the basal membrane and nuclei were stained by DAPI (blue). Scale
bar=100 pm. (D) KDM6A mRNA stability analysis. MCF10A cells were treated with

1.25 ug/ml Actinomycin-D (Act. D) after incubation with or without TGF- for 72 hours.
Levels of KDM6A mRNA are presented as % relative to the initial amount at time 0

when Actinomycin-D treatment began. (E) Analysis on de novo protein synthesis showed
decreased KDMB6A protein after TGF-f treatment. MCF10A cells were treated with or
without 5 ng/ml TGF-B for 72 hours and cells were pulse-labeled with L-azidohomoalanine
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(Biotin-AHA). KDMG6A synthesis was examined by Biotin-AHA immunoblot of anti-
KDMG6A immunoprecipitations (lanes 1 and 2). Nascent synthesized KDM6A levels
were quantified and normalized with total immunoprecipitated KDM6A. Examining bulk
protein biosynthesis from whole cell extract (WCE) showed equal L-azidohomoalanine
incorporation (lanes 3 and 4). (F). A strong negative correlation was noted between the
protein expression level of TGF-B and KDMG6A in breast cancer patient proteome data.
Correlation of protein expression of TGF- and KDM6A was also analyzed according

to different molecular subtypes of breast cancer patients. Protein levels (z-scores) were
measured with mass spectrometry by the Clinical Proteomic Tumor Analysis Consortium
(CPTAC). Pearson’s correlation, Fisher exact test.
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Figure 6. Signaling pathways wer e highly correlated between KDM 6A-silenced and TGF-B-
treated MCF10A cells.

(A). Venn diagram showing overlap of differentially expressed genes from RNA-seq data
between KDM6A-silenced vs. non-target control (sgKDMB6A vs. sgCtrl) and TGF-p-treated
vs. untreated (GSE89152, 5 ng/ml TGF-B treatment Day_6 vs. Day_0) MCF10A cells.
Cut-off value was set at log,(fold_change)>0 45 or log,(fold_change)<—0 45, Significance of the
overlap of differentially expressed genes from two RNA-seq datasets was calculated with
hypergeometric tests. Group 1 indicates non-overlapping genes presented only in sgKDM6A
vs. sgCtrl. Group 2 indicates genes presented only in TGF-B-treated vs. untreated data set.
(B). Pathway analysis of 1,602 common differentially expressed genes from (A). (C). GSEA
plots showing the enrichment of gene expression signatures of TGF-p-treated MCF10A
cells. (D). TGF-p treatment (5 ng/ml) of MCF10A cells induced 7GFB1 and TGFBZ mRNA
expression in MCF10A cells. Mean + S.D.; GSE89152, n=2; qRT-PCR, n=3; *p<0.05,
*#p<0.01, ** #p<0.001; student ftest. (E). After TGF-B (5 ng/ml) treatment for 3 days,
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MRNA expression levels of TGFB1and TGFBZ2were also increased in MDA-MB-231,
Hs578T, BT549 and MCF7 breast cancer cells, compared to untreated control cells (day 0).
Mean +S.D.; n=3; *p<0.05, **p<0.01, ***p<0.001; student ¢test.
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