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Introduction: Breast tumor development is regulated by a sub-population of
breast cancer cells, termed cancer stem-like cells (CSC), which are capable of
self-renewing and differentiating, and are involved in promoting breast cancer
invasion, metastasis, drug resistance and relapse. CSCs are highly adaptable,
capable of reprogramming their own metabolism and signaling activity in
response to stimuli within the tumor microenvironment. Recently, the nutrient
sensor O-GlcNAc transferase (OGT) and O-GlcNAcylation was shown to be
enriched in CSC populations, where it promotes the stemness and tumorigenesis
of breast cancer cells in vitro and in vivo. This enrichment was associated with
upregulation of the transcription factor Kruppel-like-factor 8 (KLF8) suggesting a
potential role of KLF8 in regulating CSCs properties.

Methods: Triple-negative breast cancer cells were genetically modified to
generate KLF8 overexpressing or KLF8 knock-down cells. Cancer cells, control
or with altered KLF8 expression were analyzed to assess mammosphere
formation efficiency, CSCs frequency and expression of CSCs factors. Tumor
growth in vivo of control or KLF8 knock-down cells was assessed by fat-pad
injection of these cell in immunocompromised mice.

Results: Here, we show that KLF8 is required and sufficient for regulating CSC
phenotypes and regulating transcription factors SOX2, NANOG, OCT4 and c-
MYC. KLF8 levels are associated with chemoresistance in triple negative breast
cancer patients and overexpression in breast cancer cells increased paclitaxel
resistance. KLF8 and OGT co-regulate each other to form a feed-forward loop to
promote CSCs phenotype and mammosphere formation of breast cancer cells.

Discussion: These results suggest a critical role of KLF8 and OGT in promoting
CSCs and cancer progression, that may serve as potential targets for developing
strategy to target CSCs specifically.
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Introduction

Breast cancer is a major burden for women world-wide, being
the most common cancer and the leading cause of cancer-related
death in women (1). Breast cancer is classified into several sub-types
based on expression of hormone and growth factor receptors (2).
Among them, the triple-negative breast cancer (TNBC) is the most
aggressive breast cancer form with no current targeted treatment,
poor survival rate, high risk of metastatic spread and short
recurrence-free interval (3, 4). The growth of breast tumor cells,
metastasis and recurrence are highly influenced by a population of
breast cancer cells, the cancer stem-like cells (CSCs) (5). Unlike
other tumor cells, CSCs are capable of self-renewing and
differentiating (6) to promote and maintain tumor growth, as well
as the intra-tumor heterogeneity (7). Importantly, CSCs are highly
resistant to chemotherapy, resulting in chemoresistance and tumor
relapse (8). Therefore, targeting CSCs in combination with
conventional chemotherapy is of interest in finding new approach
to treat breast cancer.

The enzyme O-GlcNAc transferase (OGT) (9), which is
responsible for adding GlcNAc moiety from UDP-GIcNAc on
serine/threonine residues of target nuclear/cytoplasmic proteins
(10) is a key metabolic sensor, linking alteration in nutrient status
and signaling pathways in cancer. This protein modification is
termed O-GlcNAcylation (11). O-GlcNAcylation, along with OGT
are found to be highly elevated in a variety of cancers including
breast cancer (12). OGT and O-GlcNAcylation can regulate many
hallmarks of tumor progression (9). Recent studies have linked
OGT/O-GlcNAc signaling to CSCs properties in various cancers
(13-18). Specifically, elevated OGT/O-GlcNAcylation is sufficient
to drive CSCs properties of breast cancer cells (18), as well as lung
and colon cancer cells (13, 14, 18).

Kruppel-like factor 8 (KLF8) is a transcription factor belonging to
the Kruppel-like transcription factor family (19). KLF8 has been
shown to directly bind and suppress expression of epithelial cell
marker E-Cadherin (20), thus promoting the epithelial-mesenchymal
transition (21, 22). Importantly, KLF8 expression is elevated in
various cancers, and is associated with increased invasiveness and
metastasis (22-24). However, the role of KLF8 in CSCs and tumor
initiation remains unknown. Recently, we observed increased levels of
KLF8 in CSCs-enriched mammospheres, and increased OGT/O-
GlcNAcylation upregulated KLEF8 level in breast cancer cells, both
in vitro and in vivo (18), suggesting a potential role of KLF8 in
regulating CSCs properties in breast cancer cells.

Here, we show that overexpression of KLF8 in TNBC cells
increased mammosphere formation and CSC population, while
genetic targeting of KLF8 expression reduced mammosphere
formation and CSC population. KLF8 regulated mRNA and
protein levels of CSCs markers, including OCT4, SOX2, MYC
and NANOG in breast cancer cells. Moreover, increased KLF8
expression increased resistance of TNBC cells to paclitaxel-induced
apoptosis. Interestingly, KLF8 and OGT coregulate each other and
may form a feed-forward loop in breast cancer cells. Lastly,
reducing KLF8 expression also blocked TNBC cell growth in vivo.
Together, our data suggests a potential role of KLF8 in a feed-
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forward loop with OGT to regulate CSCs properties, as well as
resistance to chemotherapeutic agents. KLF8 and OGT may serve as
promising targets to overcome challenges in treating breast cancer.

Materials and methods
Cell lines

Human TNBC cell line MDA-MB-231 was purchased from the
ATCC (American Type Culture Collection, Manassas, VA, USA),
and was cultured in humidified condition with 5% CO, in complete
medium Dulbecco’s Modification Eagle’s Medium with 4.5g/L
glucose (DMEM, Genesee), supplemented with 10% fetal bovine
serum (FBS, Gemini), 1% L-Glutamine (Gibco/Life-Technologies),
1% penicillin/streptomycin (Invitrogen). Human TNBC patient-
derived xenograft cells HCI-10 were received as a kind gift from Dr.
Seagroves (University of Tennessee), and were cultured in a
humidified atmosphere with 5% CO2 in DMEM/F12
supplemented with 2% endotoxin-low FBS (Gibco), 1x insulin-
transferrin-selenium (ITS) (Corning), 1x penicillin-streptomycin
(Gibco), human epidermal growth factor (5 ng/mL), hydrocortisone
(0.3 ng/ml), cholera toxin (0.5 ng/mL) 3,3’,5-triiodo-L-thyronine (5
nM), isoproterenol hydrochloride (5 uM), ethanolamine (50 nM),
O-phosphorylethanolamine (50 nM) and HEPES (10 mM). TNBC
cell line SUM159 was received as a kind gift from Dr. Seagroves
(University of Tennessee) and was cultured in the same condition as
described above, in DMEM/F12 medium supplemented with 10%
fetal bovine serum (FBS, Gemini), 1% L-Glutamine (Gibco/Life-
Technologies), 1% penicillin/streptomycin (Invitrogen), 0.1%
Insulin and 0.05% Hydrocortisone. TNBC cells stably
overexpressing KLF8 (GeneCopoiea, EX-T1091-Lv181-KLF8) or
OGT (GeneCopoeia, EX-73428-M13-10-OGT), were generated
through lentiviral transduction. All cells were regularly tested for
mycoplasma contamination.

RNA interference

KLF8 knockdown was performed using two different lentiviral
constructs, purchased from Sigma-Aldrich (TRCN0000015881,
TRCN0000015878). The sequences of shRNA encoded in these
constructs are: CCGGCCTCAGTCAGTCTGCCAAATACT
CGAGTATTTGGCA-GACTGACTGAGGTTTTT (KLF8 shRNA-
1) and CCGGCGCTGCTTTATTCTTTCCAA-
TCTCGAGATTGGAAAGAATAAAGCAGCGTTTTT (KLE8
shRNA-2). OGT knockdown was generated using two different
lentiviral constructs from Sigma-Aldrich. The sequence of shRNA
encoded in these constructs are: GCCCTAAGTT
TGAGTCCAAATCTCGAGAT-TTGGACTCAAACTTAGGGC
(OGT shRNA-1) and GCTGAGCAGTATTCCGAG-
AAACTCGAGTTTCTCGGAATACTGCTCAGC (OGT shRNA-
2). Control shRNA was acquired through Addgene (plasmid 1864),
from Dr. Sabatini (Whitehead Institute for Biomedical Research,
MIT) and the sequence used was: CCTAAGGTTAAGTCGCC-
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CTCGCTCGAGCGAGGGCGACTTAACCTTAGG. pLKO-Puro
vectors carrying control (scramble sequence) shRNA, and KLF8
shRNA sequences (KLF8-1 or KLF8-2) shRNA were packaged into
VSVG-pseudotyped lentiviruses, through co-transfection of HEK-
293T packaging cells with 10 pg of vector DNA and appropriate
packaging vectors. Stable cell lines for shRNA knockdowns were
generated as previously described (25).

Mammosphere formation assay

In mammosphere formation assay, a predetermined amount of
cells (200 cells for MDA-MB-231 and HCI-10, or 800 cells for
SUM159) were cultured in 96-well plate, precoated with 1.2%
polyHEMA in absolute ethanol to prevent cells adherence to plate
surface. Cells were cultured in DMEM/F12 (Gibco), 20ng/ml EGF
(Sigma), 20ng/ml bFGF (Invitrogen: PHGO0024), B27 50x
(Invitrogen; 17504-044), and 1mg/ml Pen/Strep (Gibco) for 5-7
days. Mammosphere greater than 50um were counted and
mammosphere formation efficiency (MFE) was calculated using
the following formula: (number of mammospheres/number of cells
plated) * 100%. For secondary mammospheres, mammospheres
cultured in conditions described above were collected and
resuspended to make single cell suspensions. A predetermined
number of cells from retrieved suspensions (200 cells for MDA-
MB-231 and HCI-10, or 800 cells for SUM159) were cultured in
poly-HEMA precoated 96-well plates in mammosphere culture
conditions as described above. After 5-7 days, mammosphere
greater than 50pum were counted and mammosphere formation
efficiency for secondary mammosphere were determined using the
formula described above.

Flow cytometry

In NANOG-GFP reporting assay, cells were stably infected with
lentivirus containing construct coding for eGFP under control of
NANOG promoter (Addgene). Cells were then collected by treating
with 0.25% Trypsin with EDTA, followed by PBS washing. Collected
cells were counted and resuspended in PBS to cell concentration of
4x10°/mL. 500uL of cells suspension were then analyzed by flow
cytometry system Guava-easyCyte (Millipore). Control cells without
NANOG-GFP infection were used as negative control to determine
the basal fluorescent signal. Cells were gated by Forward-scatter and
Side-scatter, followed by green fluorescence emission. All data were
collected and analyzed using Guava EasyCyte Plus System and
CytoSoft (version 5.3) software (Millipore). The ALDEFLOUR
assay kit (ALDH assay) was obtained from STEMCELL
Technologies. ALDH assay was performed following the provided
instructions. In brief, cells were trypsinized and counted. 2x10° cells
were washed twice with PBS and resuspended in 1mL of provided
ALDEFLOUR assay buffer. 5uL of activated BAAA-DA was added to
cell suspension. Immediately after adding BAAA-DA, 500uL of the
mixture were quickly transferred to another tube, containing 5uL of
DEAB reagent, an inhibitor of ALDH. All samples were incubated for
30 minutes at 37°C. After incubation, cells were pelleted and
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resuspended in 500UL of provided assay buffer. Green fluorescence
signal was detected and analyzed using flow cytometry system Guava-
easyCyte (Millipore) as per manufacturer’s instructions. In brief, the
control sample with DEAB inhibiting ALDH activity was used to
determine the basal fluorescence emission. The higher %ALDH+
signifies the percentage of cells that have high ALDH activity.

Western blotting

Cells were collected and washed three-times with ice-cold PBS
to remove residue media. Then cell pellets were resuspended in cold
RIPA lysis buffer (150mM NaCl, 1% NP40, 0.5% DOC, 50mM Tris-
HCl at pH 8, 0.1% SDS, 10% glycerol, 5mM EDTA, 20mM NaF and
1mM Na3VO4), supplemented with protease inhibitors. Cell debris
was removed by centrifugation at 15000 rpm for 20 minutes at 4°C
using benchtop centrifuge. Protein concentration was determined
flowing Bradford assay. 50 ug of protein from each sample was
separated by SDS-PAGE and transferred to PVDF membrane.
Target proteins were detected using indicated specific antibodies:
Anti-OGT (Cell-Signaling, cat #20438), Anti-O-GlcNAc (Sigma, cat
#MABS1254), Anti-c-MYC (Novus, cat #NB600-335), Anti-Actin
(Santa Cruz, cat #sc-47778), Anti-NANOG (Cell-Signaling, cat
#3580), Anti-SOX2 (Cell-Signaling, cat #3579), Anti-OCT4 (Cell-
Signaling, cat #2750), Anti-KLF8 (Sigma, cat #AV32859).

Quantitative RT-PCR

Total RNA from TNBC cells was extracted using Trizol reagent
(Invitrogen) following manufacturer’s instructions. In brief, cells in
monolayer were lysed and collected in Trizol reagent. Total RNA
was fractionated by chloroform extraction. RNA samples were then
precipitated using isopropanol and washed extensively with 70%
ethanol. After ethanol wash, RNA was air-dried and re-dissolve in
nuclease-free water. mRNA level of target genes was determined
using Brilliant II qRT-PCR Master Mix Kit (Agilent) following
manufacturer’s instruction using qRT-PCR Applied Biosystems
7500 (Applied Biosystem). Following Taqman probes (Applied
biosystem) were used to determine target gene expression: KLF8
(Hs06664122_s1), PPIA (Hs04194521_s1), OCT4 (Hs04260367),
SOX2 (Hs04234836_s1), c-MYC (Hs00905030_m1), Nanog
(Hs02387400_g1) and OGT (Hs00269228_m]1).

Apoptosis assay

TNBC cells in monolayer were treated with increasing dose of
paclitaxel for 48h. DMSO was used as control. After 48h, cells were
collected, counted and washed with PBS. Cell apoptosis was
assessed using Annexin V-FITC Apoptosis detection kit
(Biolegend) following manufacturer’s instructions. In brief, 10°
cells were resuspended in ImL of 1X provided binding buffer.
100uL cells suspension were then incubated with 5uL Annexin-V
and 5uL Propidium ITodide for 15 minutes in the dark, following by
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flow cytometry analysis. Unstained and single stained cells were
used as controls for determining basal fluorescence signal.

Clonogenic survival assay

TNBC cells growing in monolayer were treated with increasing
dose of paclitaxel as described above. After 48h, cells were collected
and counted. 1000 cells from each condition were plated into a 6-
well plate with fresh media and resuspended to avoid cell clusters.
Cells were allowed to grow for 10-14 days before staining with
crystal violet (Sigma). Colonies were counted and normalized
against control without paclitaxel treatment.

Animal studies

SUMI59 cells stably expressing luciferase were generated by
transducing with pWZL-Hygro-luciferase (kindly provided by Dr.
Maureen Murphy, Wistar Institute). KLF8 knockdown were
generated using lentivirus containing KLF8 shRNA, non-target
shRNA was used as control. Cells were injected to fat pad of nude
mice as described before (26). In brief, cells were collected and
counted. 1.5x10° cells in 200uL PBS with 20% Matrigel (Corning)
were injected to fat pad of 6-8 weeks old female nude mice. Mice
were imaged weekly for bioluminescence via intraperitoneal
injection of D-Luciferin 10uL/g of body weight (30mg/ml in
DPBS: Perkin Elmer) on the IVIS 200. At 8 weeks post-injection,
mice were euthanized by CO2 and tumors were taken out and
weighted, as well as measured using digital calipers. Tumor volume
was calculated using the formula (LxW?)/2. Mouse experiments
were performed with the approval of Institutional Animal Care and
Use Committee.

Database analysis

Kaplan-Meier plots were generated using available online
database Kaplan-Meier plotter (https://kmplot.com/analysis) (27).
Relevance KLF8 mRNA expression in total breast cancer (auto
select best cutoff, overall survival) and in basal-type breast cancer
(auto select best cutoff, overall survival, StGallen subtype: basal)
were plotted against the overall survival of breast cancer patients.

Relative gene expression of KLF8 and relevant ROC plot in
breast cancer patients with different relapse-free five years survival
toward taxane (relapse-free survival at 5 years, taxane) was plotted
using available database ROC plotter (https://www.rocplot.org/site/
treatment) (28).

Statistical analysis
Results shown are from at least three independent experiments

presented as mean + SEM. Represents statistical significance with p-
value <0.05, p<0.01 and p<0.001 as indicated.
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Results

KLF8 levels regulate breast cancer cells
stem cell properties

We previously identified a critical role of OGT and O-GIcNAc
in promoting CSCs phenotype and tumor initiation, potentially via
upregulating KLF8 expression (18). Since the role of KLF8 on breast
cancer stem cells has not been examined, we tested the role of KLE8
in regulating stem cells properties in breast cancer cells. We utilized
shRNA targeting KLFS8 to reduce KLF8 expression in TNBC cells,
MDA-MB-231, and assessed mammosphere formation efficiency.
Mammosphere formation is highly influenced by the abundance of
CSCs in the initial breast cancer cell population (29). Knockdown of
KLF8 expression significantly impaired primary mammopshere
formation in MDA-MB-231 cells (Figure 1A). We also tested
secondary mammosphere formation by dissociating primary
mammospheres generated in the presence of control or KLF8
RNAi into single cells and placed in secondary mammosphere
assays. KLF8 RNAi expressing cells did not form secondary
mammospheres as efficiently as cells from control mammospheres
(Figure 1A), suggesting KLF8 may play a role in self-renewal.
Similarly, the primary and secondary mammosphere formation
efficiency in TNBC cells SUM159 (Supplemental Figure 1A) and
patient-derived xenograft (PDX) cells HCI-10 (30) (Supplemental
Figure 1B) with KLF8 knockdown was significantly reduced
compared to control shRNA. To further evaluate the role of KLF8
in regulating CSCs population, we used two well established
methods of detecting CSC population by measuring activity of
aldehyde dehydrogenase (ALDH) (31), or by using NANOG-GFP
reporter (32). Knockdown of KLF8 expression significantly reduced
level of ALDH+ cells in MDA-MB-231, SUM159 and HCI-10 cells
compared to control cells (Figure 1B). Consistent with this data, we
also detected a significant decrease in NANOG-GFP+ cells in breast
cancer cells MDA-MB-231 and SUM159 stably expressing KLF8
RNAi compared to control cells (Figure 1C). This data suggests that
KLF8 is necessary in regulating CSCs phenotypes in TNBC cells.

To test whether KLF8 expression is sufficient to increase
stemness in breast cancer cells, we stably overexpressed KLF8 in
TNBC cells MDA-MB-231 and SUMI159 using lentiviral vectors.
Overexpression of KLF8 significantly enhanced the mammosphere
formation efficiency in both MDA-MB-231 (Figure 2A) and
SUM159 cells (Figure 2B). Similarly, the population of ALDH+
(Figure 2C) and NANOG-GFP+ (Figure 2D) CSCs in KLF8
overexpressing cancer cells was significantly increased compared
to control cells. Together, these data suggest that in triple negative
breast cancer cells, KLF8 expression is necessary and sufficient to
promote CSCs-phenotypes in vitro.

KLF8 regulates cancer stem cell factors
Because CSCs population in breast cancer cells were enriched by

KLF8 overexpression, and reduced by KLF8 knockdown, we
hypothesized that KLF8 may regulate expression of components of
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FIGURE 1

KLF8 inhibition reduced mammosphere formation and CSCs population in TNBC cells. (A) Lysates from MDA-MB-231 cells stably expressing control
or KLF8 shRNA was collected for immunoblot analysis using antibodies against indicated proteins (top-left). MDA-MB-231 cells transduced with
control or KLF8 shRNA were grown in mammosphere formation assay for 5-7 days. Representative images of mammosphere were taken (top-right)
(scale bar 400 um), and mammosphere larger than 50um were counted and primary mammosphere formation efficiency was quantified by
fractionating counted mammosphere number from total cells plated at the beginning of the assay. Primary mammosphere were then collected and
culture again in mammosphere culture condition for 5-7 days to form secondary mammosphere (bottom). (B) Quantified graph of ALDH+ CSCs
population detected by flow cytometry from MDA-MB-231, SUM159 and PDX cells HCI-10 stably expressing control or KLF8 shRNA. (C) Quantified
graph showing NANOG-GFP+ CSCs population detected by flow-cytometry from MDA-MB-231 and SUM159 cells stably expressing control or KLF8
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FIGURE 2
Elevated KLF8 expression increased mammosphere formation and CSCs population in TNBC cells. (A) Lysates from MDA-MB-231 cells stably
overexpressing control or KLF8 were collected for immunoblot analysis using antibodies against indicated antibodies (left). MDA-MB-231 cells
overexpressing control or KLF8 was grown in mammospheres formation assay for 5-7 days. Representative images of mammosphere were taken
(middle) (scale bar 400 um) and mammosphere larger than 50pm were counted and mammosphere formation efficiency was quantified and
graphed (right). (B) Lysates from SUM159 cells overexpressing control or KLF8 were collected for immunoblot analysis using indicated antibodies
(left). SUM159 cells overexpressing control or KLF8 was grown in mammospheres formation assay for 5-7 days. Representative images of
mammosphere were taken (middle) (scale bar 400 um) and mammosphere larger than 50pum were counted and mammosphere formation efficiency
was quantified and graphed (right). (C) Quantified graph of ALDH+ CSCs population detected by flow cytometry from MDA-MB-231 and SUM159
cells overexpressing control or KLF8. (D) Quantified graph of NANOG-GFP+ CSCs population detected by flow cytometry from MDA-MB-231 and
SUM159 cells overexpressing control or KLF8. Student t test reported as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001.

the pluripotency network that are associated with breast cancer stem
cells. To test this idea, we overexpressed or reduced KLF8 expression
in MDA-MB-231 and SUM159 cells and assessed mRNA and protein
expression of major stem cell factors that are associated with breast
tumor development and include OCT4, SOX2, NANOG and c-MYC
(33-35). KLF8 overexpression in MDA-MB-231 (Figure 3A) and
SUMI159 (Supplemental Figure 2A) cells significantly increased
protein levels of stem cell factors OCT4, SOX2, NANOG and c-
MYC and significantly increased RNA levels of stem cell factors
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OCT4, SOX2 and NANOG in MDA-MB-231 (Figure 3B) and
SUMI159 cells (Supplemental Figure 2B). Conversely, KLF8
knockdown in MDA-MB-231 (Figure 3C) and SUMI159
(Supplemental Figure 2C) cells significantly reduced protein levels
and mRNA levels of OCT4, SOX2, NANOG and ¢-MYC in MDA-
MB-231 (Figure 3D) and SUM159 (Supplemental Figure 2D) cells
compared to controls. Together, these data suggested that KLF8
regulates RNA and protein levels of the pluripotency transcription
factors in triple negative breast cancer cells.
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FIGURE 3

KLF8 regulates expression of stem cell markers in breast cancer cells. (A) Lysates from MDA-MB-231 cells stably overexpressing control or KLF8 were
collected for immunoblot analysis of CSCs markers using indicated antibodies (left), and quantified graph of relative level of CSCs detected by immunoblot
from MDA-MB-231 cells control or with KLF8 overexpression (right). (B) Quantified graph showing relative mRNA level of CSCs markers as detected by gRT-
PCR using probes against genes in MDA-MB-231 cells stably overexpressing control or KLF8. (C) Lysates from MDA-MB-231 cells stably expressing control or
KLF8 shRNA were collected for immunoblot analysis of CSCs markers using indicated antibodies (left), and quantified graph of relative level of CSCs levels
(right). (D) Quantified graph showing relative mRNA level of CSCs markers as detected by qRT-PCR using probes against indicated targets in MDA-MB-231
cells stably expressing control or KLF8 shRNA. Student t test reported as mean + SEM, *p<0.05.

KLF8 regulates chemoresistance in breast
cancer cells

An important characteristic of CSCs is the ability of avoiding
cells death induced by chemotherapeutic agents (36). Therefore, we
hypothesized that KLF8 may also promote resistance to
chemotherapy in breast cancer cells (37). We examined whether
KLF8 expression correlated with patients’ response to

chemotherapy, we used ROC plotter (28) to assess the potential
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correlation between KLF8 expression and patient response to
taxane, a first-line treatment for treating breast cancer patients
(28). In TNBC patients we found that KLF8 levels are higher in
non-responders to taxane compared to patients that responded to
taxane (Figure 4A). Moreover, the area under the curve was greater
than 0.6 (28), indicating that KLF8 may be a marker for taxane
resistance in breast cancer patients (Figure 4B). To test whether
KLF8 can regulate chemoresistance in breast cancer cells, we
overexpressed KLF8 in MDA-MB-231 and SUMI159 cells,
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followed by treatment with increasing doses of paclitaxel for 48h.
Cells survival were then assessed by clonogenic growth and
Annexin-V/Propidium Iodide staining. Paclitaxel treatment
reduced the number of colonies in a dose-dependent manner in
both MDA-MB-231 (Figure 4C) and SUMI159 (Supplemental
Figure 3A) cells. Importantly, the number of colonies formed in
KLF8 overexpressing MDA-MB-231 (Figure 4C) and SUM159
(Supplemental Figure 3A) cells was significantly higher compared
to control cells. Consistent with this data, the fraction of apoptotic
cells induced by paclitaxel was significantly reduced in KLF8
overexpression cells compared to control cells (Figure 4D). In
addition, we tested whether KLF8 overexpression increased
mammosphere formation in paclitaxel treated cells compared to
control cells. We detect a significant increase in KLF8
overexpressing cells in mammosphere formation efficiency in
paclitaxel treated mammospheres compared to control cells
(Supplemental Figure 3B). We also detect increased expression of
CSC factors in KLF8 overexpressing cells treated with PTX
compared to controls (Supplemental Figure 3C). Together, these
data suggest an important role of KLF8 in promoting resistance
against paclitaxel treatment, and KLF8 may serve as predictive
marker for taxane resistance in TNBC patients.

KLF8 regulates OGT and forms feedback
loop to regulate CSCs

A previous study identified a critical role of OGT in promoting
CSCs phenotype, and tumor initiation, potentially via upregulating
cancer stem cell factors and upregulation of KLE8 levels (18). To test
whether KLF8 is a downstream effector of OGT in CSCs, we stably
overexpressed OGT in MDA-MB-231 cells and reduced KLF8
expression using shRNA (Figure 5A). As previously reported,
overexpressing OGT significantly increased mammosphere
formation efficiency in MDA-MB-231 cells (Figure 5B). However,
knockdown of KLF8 in OGT overexpressing cells reduced
mammosphere formation back to the basal level (Figure 5B).
Immunoblot analysis of MDA-MB-231 cells overexpressing KLF8
(Figure 5C) showed both OGT and O-GIcNAc was elevated
suggesting a potential feedback loop between KLF8 and OGT in
breast cancer cells. Indeed, we found cells overexpressing KLF8 had
significant increase in OGT protein levels and O-GlcNAc compared
to controls (Figure 5C; Supplemental Figure 4A). Since KLFS8 is a
transcription factor, we hypothesized that KLF8 regulates OGT at the
mRNA level. To test this idea, we assessed OGT mRNA levels using
qRT-PCR in MDA-MB-231 cells overexpressing KLF8. Increased
KFL8 expression led to significant increase in OGT mRNA level
(Figure 5C). Conversely, we found in KLF8 knockdown MDA-MB-
231 cells contained reduced OGT and O-GlcNAc protein levels
(Figure 5D; Supplemental Figure 4B) and significant reduction of
OGT mRNA (Figure 5D) levels compared to controls. To confirm
that OGT and KLF8 co-regulate each other to promote stem cell
properties in breast cancer, we overexpressed KLE8 in TNBC cells
and transduced the cells with either control or shRNA targeting OGT,
followed by assessing mammosphere formation efficiency. As
expected, overexpression of KLF8 increased OGT and O-GlcNAc
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levels (Figure 5E) in breast cancer cells. Knockdown of OGT in
MDA-MB-231 cells significantly reduced mammosphere formation,
while KLF8 overexpression increased the mammosphere formation
efficiency. Importantly, knockdown of OGT in KLF8 overexpression
reduced mammosphere formation in MDA-MB-231 cells
(Figure 5E), suggesting both OGT and KLF8 are needed to
promote mammosphere formation and stem cell properties of
breast cancer cells.

KLF8 regulates breast cancer tumor
growth in vivo

A key characteristic of CSCs is the ability to promote and
maintain long-term tumor growth. To test whether KLF8 is
required for breast tumor growth, we injected luciferase
expressing SUM159 cells stably expressing control or KLF8
shRNA into the mammary fat pad of immunodeficient mice. At
the end point, tumors were surgically removed, and tumor weight
and volume were assessed. Knockdown of KLF8 in SUM159 cell
significantly reduced bioluminescent signal (Figure 6A), tumor
volume (Figure 6B) and tumor weight (Figure 6B) compared to
controls. Consistent with this data, poor outcome of all breast
cancer patients (Supplemental Figure 5A) and basal-type breast
cancer patients (Supplemental Figure 5B) is associated with high
expression of KLF8 RNA. Thus, our data suggests that KFL8 plays a
key role in regulating CSCs phenotypes in vitro, forms a feed-
forward regulation with OGT, regulates triple negative breast tumor
growth in vivo and associates with poor clinical outcome in breast
cancer patients.

Discussion

Breast cancer remains a major burden for woman worldwide,
ranking as the second-leading cause of cancer-related death (1).
Poor outcome of breast cancer usually associates with metastasis,
drug resistance and tumor relapse. All these processes are proposed
to be regulated by a small population of CSCs (5, 7, 8). By targeting
CSCs in combination with conventional chemotherapy, efficiency of
breast cancer treatment may be improved (38, 39). Therefore, it is
important to understand regulation mechanism of CSCs to identify
potential target for CSCs specific treatment. Our previous study
identified OGT and O-GIcNAc as a key driver of tumor initiation
and stemness of breast cancer cells (18). We also identified KLFS8 as
a potential target of OGT in regulating CSCs. Here, we showed that
KLF8 is necessary and sufficient to promote mammosphere
formation and CSCs population in TNBC cells. Importantly, we
also confirmed the role of KLF8 downstream of OGT in TNBC.
Interestingly, KLF8 and OGT work together and form a feed-
forward loop to regulate CSCs. KLF8 also regulates expression of
major stem cell markers at both protein and mRNA level in TNBC
cells. Importantly, overexpression of KLF8 induced resistance
against paclitaxel in vitro suggesting a potential role of KLF8 in
regulating chemoresistance in triple negative breast cancer cells.
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KLF8 promotes resistance to paclitaxel in breast cancer cells in vitro. (A) Data-based analysis showing KLF8 expression in breast cancer patients with
differential response to taxane treatment. (B) Data-based analysis showing ROC-plot of KLF8 expression in different groups of breast cancer patients
treated with taxane. (C) Lysates of MDA-MB-231 cells stably overexpressing control or with KLF8 were collected for immunoblot using indicated
antibodies (top-left). MDA-MB-231 cells stably overexpressing control or KLF8, treated with increasing dose of paclitaxel for 48h, were grown in
clonogenic assay for 10-14 days. Colonies were stained, counted. Representative images show stained colonies formed in the clonogenic assay after
10-14 days from MDA-MB-231 cells overexpressing control or KLF8, treated with increasing dose of paclitaxel for 48h (top-right). Quantified graph
of counted colonies after 10-14 days from MDA-MB-231 cells overexpressing control or KLF8, treated with increasing dose of paclitaxel for 48h, in
clonogenic assay (bottom). (D) Quantified graph showing fraction of apoptotic cells from MDA-MB-231 cells overexpressing control or KLF8, treated
with increasing dose of paclitaxel for 48h. Two-way ANOVA with Holm-Sidak test reported as mean + SEM, *p<0.05, and **p<0.01.

KLF8 is one member of the Kruppel-like transcription (KLF)
factor family, which is involved in a wide range of cellular activity.
Many members of KLF family are involved in regulating
proliferation, self-renewal, and differentiation. KLF2, KLF4 and
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KLF5 were reported to be essential to maintain the pluripotent
state of embryonic stem cells (40). Importantly, high expression of
KLF members associates with poor survival of patients with cancer
(41-43). Similarly, poor outcome of breast cancer also associates
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KLF8 and OGT/O-GlcNAc formed a potential feed-forward loop in breast cancer cells. (A) Lysates of MDA-MB-231 cells overexpressing control or
OGT, transduced with control or KLF8 shRNA, were collected for immunoblot analysis using antibodies against indicated targets (B) Quantified graph
showing mammaosphere formation efficiency of MDA-MB-231 cells overexpressing control or OGT, transduced with control or KLF8 shRNA, after 5-
7 days. (C) Lysates of MDA-MB-231 cells overexpressing control or OGT were collected for immunoblot analysis using indicated antibodies (top).
Quantified graph showing relative mRNA level, detected by qRT-PCR, of KLF8 and OGT from MDA-MB-231 cells overexpressing control or OGT in
mammosphere formation assay. (D) Lysates of MDA-MB-231 cells stably expressing control or KLF8 shRNA were collected for immunoblot analysis
using indicated antibodies (top). Quantified graph showing relative mRNA level, detected by qRT-PCR, of KLF8 and OGT from MDA-MB-231 cells
stably expressing control or KLF8 shRNA. (E) Lysates of MDA-MB-231 cells stably overexpressing control or KLF8, transduced with control of OGT
shRNA, were collected for immunoblot analysis using indicated antibodies. (B) Quantified graph showing mammosphere formation efficiency of
MDA-MB-231 cells overexpressing control or KLF8, transduced with control of OGT shRNA, after 5-7 days in mammosphere formation assay.

Student t test reported as mean + SEM, *p<0.05.

with high mRNA level of KLF8 (Supplemental Figure 3), suggesting
a potential role of KLF8 in the breast tumor development. Indeed,
KLF8 directly represses expression of E-Cadherin, a key epithelial
cell marker, inducing epithelial-mesenchymal transition (20). In
breast cancer cells, KLF8 also induces expression of MMP9, an
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enzyme critical for breaking through the extracellular matrix during
cancer cell invasion and migration (24). Altogether, KLF8 is
believed to play an important role during metastasis. In this
study, we showed that KLF8 knockdown in TNBC cells
significantly reduced mammosphere formation and BCSCs
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FIGURE 6

Reduced KLF8 expression impaired breast tumor growth in vivo. (A) Representative images of tumors in immune-compromised mice, formed from
MDA-MB-231 cells stably expressing luciferase, transduced with control or KLF8 shRNA 1 day and 6 weeks after injection (left). Quantified graph
showing bioluminescence signal from tumors formed from MDA-MB-231 cells stably expressing luciferase, transduced with control (n=4) or KLF8
(n=4) shRNA, 6 weeks after injection (right). (B) Representative images of tumors formed from MDA-MB-231 cells stably expressing luciferase,
transduced with control or KLF8 shRNA, taken from mammary fat pad of immune-compromised mice 6 weeks after injection (left). Quantified graph
showing weight of tumors formed from MDA-MB-231 cells stably expressing luciferase, transduced with control (n=4) or KLF8 (n=4) shRNA (middle).
Quantified graph showing volume of tumors formed from TNBC cells MDA-MB-231 stably expressing luciferase, transduced with control (n=4) or

KLF8 (n=4) shRNA (right). Student t test reported as mean + SEM, *p<0.0

population, while overexpression of KLF8 increased the
mammosphere formation capacity and BCSCs population. We
also provide evidence that KLF8 can regulate expression of key
stem cell factors, including OCT4, SOX2, c-MYC and NANOG, at
both protein and mRNA level. By upregulating expression of these
stem cell factors, KLF8 promotes the acquisition of stem-like cell
phenotype in breast cancer cells. KLF8 has also been shown to
regulate breast cancer proliferation (44) thus it’s possible that KLF8
regulates proliferation of both non-cancer stem cells and cancer
stem cells. Our results show a potential role of KLF8 in regulating
CSCs in breast cancer cells.

One notable characteristics of CSCs is the resistance to
chemotherapy. High levels of KLF8 expression were associated
with breast cancer patients not-responding to taxanes compared
to patients that responded (Figure 4A). This data along with the
ROC plot analysis (Figure 4B) suggests KLF8 may serve as a
predictive marker for chemoresistance in breast cancer.
Consistent with the database analysis, overexpression of KLF8 in
TNBC cells significantly reduced paclitaxel-induced apoptosis and
increased resistance to the drug (Figure 4). These results identify
KLF8 as a potential driver of chemoresistance in breast cancer cells,
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which may serve as a potential predictive marker for chemotherapy
outcome in breast cancer.

KLF8 was found to be among the most upregulated genes
caused by OGT overexpression in breast cancer cells, suggesting a
potential regulation of KLF8 by OGT. The regulation was
confirmed by increased KLF8 level in TNBC cells with OGT
overexpression (18). Depletion of KLF8 was able to abolish the
effect of OGT overexpression in regulating mammosphere
formation in TNBC cells, confirming the role of KLF8
downstream of OGT in breast cancer cells. Interestingly, our
study also showed a co-regulation between OGT and KLF8, as
KLF8 regulates OGT RNA and protein levels and KLF8 requires
OGT for mammosphere formation, suggesting a potential feed-
forward loop of OGT and KLF8 to regulate CSCs in breast cancer.
OGT expression has been shown to be upregulated by c-MYC in
breast cancer cells (45). Our study showed a positive regulation of c-
MYC by KLF8, suggesting a possible regulation of OGT by KLF8 via
upregulation of c-MYC. Since cancer stem cells are associated with
increases metastasis and both OGT (46) and KLF8 (24) have been
linked to regulation of metastasis in breast cancer, it will be of
interest to study whether the OGT and KLF8 feed forward loop
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plays a role in metastasis. Together, these data confirm the role of
KLF8 and the KLF8/OGT loop in promoting stemness and
chemoresistance of triple negative breast cancer cell, which may
be used to develop strategy in BCSCs-specific treatment.
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SUPPLEMENTARY FIGURE 1

Reduced KLF8 expression impaired mammosphere formation of TNBC cells. (A)
Lysates from SUM159 cells stably expressing control or KLF8 shRNA was
collected for immunoblot analysis using indicated antibodies (top-left).
SUM159 cells stably expressing control or KLF8 shRNA were grown in
mammosphere formation assay for 5-7 days. Representative images of
mammosphere were taken (top-right) (scale bar 400 um), and
mammosphere larger than 50um were counted and mammosphere
formation efficiency was quantified. Quantified graph showing primary
mammosphere formation efficiency of SUM159 cells stably expressing control
or KLF8 shRNA. Primary mammosphere were collected and culture again in
mammosphere culture condition for 5-7 days to form secondary
mammosphere (bottom). (B) Lysates from PDX cells HCI-10 stably expressing
control or KLF8 shRNA was collected for immunoblot analysis using indicated
antibodies (top-left). HCI-10 cells stably expressing control or KLF8 shRNA were
grown in mammosphere formation assay for 5-7 days. Representative images
of mammosphere were taken (top-right) (scale bar 400 um), and
mammosphere larger than 50um were counted and mammosphere
formation efficiency was quantified. Quantified graph showing primary
mammosphere formation efficiency of HCI-10 cells stably expressing control
or KLF8 shRNA. Primary mammosphere were collected and cultured again in
mammosphere culture condition for 5- days to form secondary mammosphere
(bottom). (Student t test reported as mean + SEM, *p<0.05, and **p<0.01.

SUPPLEMENTARY FIGURE 2

KLF8 regulates expression of stem cell markers in breast cancer cells. (A)
Lysates from SUM159 cells stably overexpressing control or KLF8 were
collected for immunoblot analysis of CSCs markers using indicated
antibodies (left), and quantified graph of relative level of CSCs detected by
immunoblot from SUM159 cells control or with KLF8 overexpression (right).
(B) Quantified graph showing relative mRNA level of CSCs markers as
detected by qRT-PCR using probes against genes in SUM159 cells stably
overexpressing control or KLF8. (C) Lysates from SUM159 cells stably
expressing control or KLF8 shRNA were collected for immunoblot analysis
of CSCs markers using indicated antibodies (left), and quantified graph of
relative level of CSCs levels (right). (D) Quantified graph showing relative
mMRNA level of CSCs markers as detected by qRT-PCR using probes against
indicated targets in SUM159 cells stably expressing control or KLF8 shRNA.
Student t test reported as mean + SEM, *p<0.05.

SUPPLEMENTARY FIGURE 3

KLF8 promotes resistance to paclitaxel in breast cancer cells in vitro. (A)
Lysates of SUM159 cells overexpressing control or KLF8 were collected for
immunoblot using indicated antibodies (top-left). SUM159 cells
overexpressing control or KLF8, treated with increasing dose of paclitaxel
for 48h, were grown in clonogenic assay for 10-14 days. Colonies were
stained, counted. Representative images show stained colonies formed in the
clonogenic assay after 10-14 days from SUM159 cells control or with KLF8
overexpression, treated with increasing dose of paclitaxel for 48h (top-right).
Quantified graph of counted colonies after 10-14 days from SUM159 cells
control or with KLF8 overexpression, treated with increasing dose of
paclitaxel for 48h, in clonogenic assay (bottom). Two-way ANOVA with
Holm-Sidak test reported as mean + SEM, **p<0.01. ***p<0.001. (B) MDA-
MB-231 cells control or stably overexpressing KLF8 were treated with 2nM
final concentration of Paclitaxel for 48h and cells were cultured in
mammosphere formation assay for 5-7 days. Mammosphere larger than 50
um were counted. (C) MDA-MB-231 cells control or stably overexpressing
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KLF8 were treated with 2nM final concentration of Paclitaxel for 48h and cell
lysates were collected for immunoblot analysis using indicated antibodies.

SUPPLEMENTARY FIGURE 4

(A) Quantified graph showing relative protein level of KLF8, OGT, and O-
GlcNAc in MDA-MB-231 cells control or overexpressing KLF8 as detected by
immunoblot using indicated antibodies (corresponding to ). Student t test
reported as mean + SEM, *p<0.05. (B) Quantified graph showing relative
protein level of KLF8, OGT, and O-GIcNAc in MDA-MB-231 cells expressing
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