Breast Cancer Research and Treatment (2024) 203:613-625
https://doi.org/10.1007/510549-023-07138-0

ORIGINAL LABORATORY INVESTIGATION q

Check for
updates

Palbociclib sensitizes ER-positive breast cancer cells to fulvestrant
by promoting the ubiquitin-mediated degradation of ER-a
via SNHG17/Hippo-YAP axis

Lei Lei'® - Yuan Huang" - Lei Shi' - Weiwu Ye' - Xianmei Lv2 - Lisha Ying'~® - Xingfei Yu® - Skye Hung-Chun Cheng*-
Yabing Zheng'

Received: 25 July 2023 / Accepted: 23 September 2023 / Published online: 4 November 2023
© The Author(s) 2023

Abstract

Purpose Endocrine therapy is the anti-tumor therapy for human breast cancer but endocrine resistance was a major bur-
den. It has been reported that Palbociclib and fulvestrant can be used in combination for the treatment of patients who are
experiencing endocrine resistance. However, the underlying mechanism is unclear. In this study, we aimed to investigate the
mechanism by which Palbocicilib affected ER-positive breast cancer, combined with fulvestrant.

Methods We first detected the effect of palbociclib on cell survival, growth and cycle distribution separately by MTT, colony
formation and flow cytometry. Then SNHG17 was screened as palbociclib-targeted LncRNA by LncRNA-seq, and the
SNHG17-targeted mRNAs were selected by mRNA-seq for further determination. Subsequently, the underlying mechanism
by which palbociclib promoted the cytotoxicity of fulvestrant was confirmed by qRT-PCR, western blot, and immunopre-
cipitation. Eventually, the xenograft model and immunohistochemistry experiments were used to validate the sensitization
effect of palbociclib on fulvestrant and its mechanism in vivo.

Results Palbociclib significantly enhanced the cytotoxicity of fulvestrant in fulvestrant-resistant breast cancer cell lines.
Interestingly, this might be related to the IncRNA SNHG17 and the Hippo signaling pathway. And our subsequent western
blotting experiments confirmed that overexpressing SNHG17 induced the down-regulation of LATS1 and up-regulated
YAP expression. Furthermore, we found that the increased sensitivity of breast cancer cells was closely associated with
the LATS 1-mediated degradation of ER-a. The following animal experiments also indicated that overexpressing SNHG17
obviously impaired the anti-cancer effect of co-treatment of palbociclib and fulvestrant accompanied by decreased LATS1
and increased ER-a levels.

Conclusion Palbociclib might sensitize the cytotoxicity of fulvestrant in ER-positive breast cancer cells by down-regulating
SNHG17 expression, and then resulted in the LATS 1-inactivated oncogene YAP and LATS1-mediated degradation of ER-a.
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disease-free and overall survival (DFS, OS) of the initial
phase of breast cancer patients in answer to these endo-
crine therapies, roughly 20% of patients taking these oral
anti-estrogen medications develop endocrine resistance
[8, 9]. Therefore, exploring novel therapeutic strategies to
enhance the efficacy of endocrine therapies by conquering
resistance in breast cancer is instantly required.

The development of cyclin-dependent kinase 4/6
(CDK4/6) inhibitors, including palbociclib, abemaciclib,
and ribociclib, was a substantive breakthrough in the treat-
ment of ER-positive, HER2-negative breast cancer [10,
11]. Palbociclib, approved by FDA in 2015, treated HR-
positive, HER2-negative advanced breast cancer combined
with an aromatase inhibitor (Al) as first-line treatment, or
combined with fulvestrant in females who have undergone
endocrine therapy (Al resistant-disease) [12]. However,
the effectiveness based on real-world OS of palbociclib
plus fulvestrant seems to be inferior to the efficacy pub-
lished in clinical trials on advanced breast cancer [5].
More importantly, the underlying mechanism remains to
be further elucidated. Thus, we need to find a more accu-
rate mechanism for the combined therapy.

Long non-coding RNAs (IncRNAs) are transcripts at
the lowest 200 nucleotides in length that have no or limited
protein-coding capability [13, 14]. Following the previ-
ous studies, a mountain of evidence has certificated that
the abnormal expression of IncRNAs is involved in the
development and progression of breast cancer [15-17].
Moreover, IncRNAs are the key multifunctional molecules
engaged in all kinds of malignant processes including
tumorigenesis, metastasis, and progression by interact-
ing with RNA, DNA, or proteins [18-21]. In this study,
we confirmed that SNHG17 was the key IncRNA, whose
suppression by palbociclib contributed to its’ sensitization
functions on fulvestrant. Mechanically, palbociclib down-
regulated SNHG17, and then induced LATS 1-inactivated
oncogene YAP and LATS1-mediated degradation of ER-a.

Materials and methods
Cells

The normal breast cancer cell lines T-47D and MCF-7
were purchased from ATCC and cultured in the medium of
DMEM supplemented with penicillin (100 U/mL), strepto-
mycin (100 pg/mL), and FBS (10%). The cells were cultured
at 37 °C in a humidified atmosphere incubator with a 5%
(v/v) CO,. All reagents for cell culture were obtained from
Gibco (Carlsbad, CA, USA). The construction of fulves-
trant-resistant breast cancer cell lines (hereafter, T-47D-F
and MCF-7-F) was constructed referring to the published
descriptions [22].
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MTT assay

Cell viabilities of T-47D-F and MCF-7-F were detected
in vitro by using MTT assays. In brief, 5000 cells for both
cell lines were seeded into each well of 96-well plates over-
night to allow cell attachment. After that, the T-47D-F and
MCF-7-F cells were treated with indicated concentrations
of tamoxifen, exemestane, fulvestrant, abemacicilib, and
palbociclib for 24 h. Then, 50 pl of 1 mg/ml MTT solution
(Sigma-Aldrich, St. Louis, MO, USA, M2128) in PBS was
added into each well and incubated at 37 °C for 3 h, and the
purple crystal was dissolved by DMSO. Finally, the absorb-
ance at 570 nm was read by a microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

Colony formation assay

Briefly, the 300 T-47D-F and MCF-7-F cells were placed in
a 6-well plate individually, and treated with indicated drugs.
After 10 days of culture, the cells were discarded culture
medium. After washing with PBS buffer twice, the colonies
were fixed with methanol for 10 min. After that, the colonies
were stained with crystal violet solution (aladdin, Shang-
hai, China, C110703). Finally, the colonies (> 50 cells) were
numbered under a microscope.

LncRNA and transcriptome sequencing

Human breast cancer cells MCF-7 were treated with Pal-
bociclib or DMSO for 24 h, and three replications for each
group were collected. Total RNA was extracted by Trizol
reagent (Invitrogen, Carlsbad, CA, USA, 15596026) and
subjected to LncRNA-seq by LC-Bio Technology CO. (Zhe-
jiang, China). For transcriptome sequencing, MCF-7 cells
were transfected with SNHG17 overexpression plasmid or
empty vector for 24 h, and total RNA was extracted by Trizol
reagent. Transcriptome sequencing and data analysis were
also performed by LC-Bio Technology CO.

Plasmid construction and transfection

The total sequence of IncRNA SNHG17 was synthesized
and then subcloned into the vector pCDH to construct the
SNHG17 overexpression plasmid. DNA sequencing was
used to confirm the integrity of the plasmid construction.
The Lipofectamine 2000 (Invitrogen, Waltham, MA, USA,
11668-019) was applied to perform the transfection accord-
ing to the manufacturer’s instructions. Briefly, the plasmid
and lipofectamine 2000 (Invitrogen) were mixed and the
complex was formed after incubation for 20 min at RT. The
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complex was then added to a cell culture medium drop by
drop and incubated for 24 h.

Lentivirus infection

The SNHG17 stably expressed MCF-7-F cell line was con-
structed using lentivirus. Shortly, we purchased SNHG17-
overexpressed lentivirus (Lenti-SNHG17) and correspond-
ing control lentivirus (Lenti-control) from GeneChem
(Shanghai, China), and then MCF-7-F cells were infected
with Lenti-SNHG17 and Lenti-control (MOI=200) over-
night, respectively. Finally, the SNHG17 stably expressed
MCF-7-F cells were screened using puromycin.

Quantitative real-time PCR

Trizol (Invitrogen) was used to extract the total RNA from
cell samples. The HiScript 1st Strand cDNA Synthesis Kit
(Vazyme Biotech, Nanjing, China) was used to synthe-
size cDNA. Realtime PCR was performed on ABI-7500
using SYBR Green master mixture reagent (Thermofisher,
Waltham, MA, USA, A46012). The PCR protocol was as
follows: initial denaturation at 95 °C for 10 min, denatura-
tion at 95 °C for 15 s for 40 cycles, and annealing and exten-
sion at 60 °C for 1 min. The 2744 method was used to
determine the relative expression of the target. B-actin is
used as an internal reference gene. The primers were listed
in the Table.1

Western blotting

The T-47D-F and MCF-7-F cells were lysed in RIPA lysis
buffer containing a 1% protease inhibitor cocktail (Sigma,
St. Louis, MO, USA, P8215) for protein extraction. After
electrophoresis on 10%, 12%, or 15% SDS-PAGE gels, pro-
teins were electroblotted onto PVDF membranes (Millipore,
Darmstadt, Germany, IPFL00010). After blocking with 5%
non-fat milk for 2 h at room temperature, the membranes
were then incubated with indicated primary antibodies at
4 °C overnight and secondary antibodies for 2 h at room
temperature. After reacting with the HRP substrate, the

chemiluminescence signals were visualized. The primary
antibodies used in this study were as follows: YAP (CST,
14,074; dilution rate:1:1000), p-YAP (CST, 13,619; dilu-
tion rate:1:500), LATS1 (CST, 14,074; dilution rate:1:1000),
p-LATS1 (CST, 9157; dilution rate:1:500), ER-a (CST,
8644, dilution rate: 1:1000), Ubiquitin (P4D1) (CST, 70,990,
dilution rate:1:1000), and B-actin (Proteintech, 20,536—1-ap;
dilution rate:1:5000).

Immunoprecipitation assays

The SNHG17-overexpressed MCF-7-F cells for immunopre-
cipitation assays were firstly lysed by IP lysis buffer (Thermo
Scientific, Massachusetts, USA, 87,787). Cell lysates (with
250-500 pg protein contained) were incubated at 4 °C with
1 pg anti-ER-a (CST, 8644; dilution rate: 1:50) and 4 pl
flag-beads (Sigma, St. Louis, MO, USA, M8823) overnight.
Then the protein-antibody-beats complexes was detected by
WB experiments.

Xenograft mouse model

Eighteen female Balb/c nude mice (4 weeks old, 20 g) were
obtained from Vital River Laboratories (Beijing, China) to
generate a xenograft mice model. Animal experiments were
performed in compliance with the regulations and guidelines
of institutional animal care of Zhejiang Cancer Hospital,
and conducted according to the AAALAC and the IACUC
guidelines. Xenografts were established by subcutaneously
injecting 5x 10® SNHG17 stably expressed MCF-7-F cells
into the right flank of nude mice. Tumor size was determined
using a micrometer caliper. Tumor volume (mm?®) was calcu-
lated using the following formula: V=(aX b X c)/2. After the
largest tumors reached a volume of about 50-80 mm?, mice
were randomly separated into three groups: (i) pCDH + con-
trol, (i) pCDH + fulvestrant and palbociclib, and (iii)
SNHG17 + fulvestrant and Palbociclib. 5 mg/kg fulvestrant
was administered subcutaneously once per week, 25 mg/kg
palbociclib was administered intraperitoneally daily, and
all drugs treatment continued for 4 weeks. In this process,
tumor size was measured every two days. After treatment,

Table 1 The sequence of

orimers Name F(5'-3") R(5"-3")
B-actin AGCGGGAAATCGTGCGTG CAGGGTACATGGTGGTGCC
TYMSOS GATTTCCAGGTCCCAGATG CTTAGAGGCTCAACAACCC
SNHG17 AGTGGTATCCCGTGGTTC GTGACGCTTCATGTGGTAG
TMPO-AS| GGTTGGGCTATTGAGTTTGG GAATGTAGACAAGAGGGATGG
TDRKH-AS1 GGACAGGAAGTCAAGGGAC CCAGGGAGTTGGAGGTT
DLEU1 TCCAGCAGACTTCTACCC CTCCCTTGAAAGACCACA
PPP1R26-AS1 TGACCATTCTGTCCTGTGGA CTGAGTTGCACATCCCCTTC
DHRS4-AS1 ATCTACCTTCCGCCTGACTG AGTGAAGGAACAGCACAGAC
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mice were euthanized and tumors were excised and weighed.
The tumors were subjected to IHC experiments.

IHC assays

For IHC experiments, 6 pM thick sections obtained from
xenografts tissues were de-paraffinized and rehydration in
graded ethanol. For antigen retrieval, slides were immersed
in 0.01 M citrate buffer, pH 6.0, using a steamer at 95 °C.
Subsequently, sections were incubated with primary anti-
bodies (ki67, LATS1, and ER-a, diluted at 1:500 or 250
respectively in PBS) at 4 °C overnight. After washing with
PBS, horseradish peroxidase-conjugated secondary antibod-
ies were incubated. Slides were incubated with diaminoben-
zidene substrate for color development and counterstained
with hematoxylin.

Statistical analysis

All data are collected as the means + S.D. from three inde-
pendent experiments. All statistical analysis was determined
by using GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA) and SPSS 13.0 (SPSS, Inc., Chicago, IL,
USA) software packages. Statistical significance was per-
formed using two-sided Student’s t-test for two groups and
using one-way ANOVA for multiple groups. P <0.05 (*)
was considered statistically significant.

Results

Palbociclib enhanced the cytotoxicity of fulvestrant
in T-47D-F and MCF-7-F cells

Fulvestrant, a selective ER down-regulator, is the typical
endocrine therapy agent prescribed for patients with ER-
positive breast cancer [23]. Here, we selected normal breast
cancer cell lines (T-47D and MCF-7) and constructed fulves-
trant-resistant cell sublines (hereafter, T-47D-F and MCF-
7-F) to investigate whether the fulvestrant could inhibit
human breast cancer cells or not. As shown in Fig. 1a, ful-
vestrant exhibited an apparent inhibitory effect on the cell
survival of T-47D and MCF-7, while fulvestrant mildly
suppressed cell survival even at a very high dose such as
1000 nM in MCEF-7-F cells (Fig. 1b). Therefore, T-47D-F
and MCF-7-F were used for the following exploration.

As CDK4/6 inhibitor is used as a combination agent for
endocrine therapy, we chose abemacicilib and palbociclib
to further confirm whether they could sensitize fulvestrant
in ER-positive breast cancer cells. Firstly, we treated T-47D
and MCF7 cells with various doses of CDK inhibitors abe-
macicilib and Palbociclib for 24 h, and MTT assay was
used to check the cytotoxicity of two drugs. As shown in
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Fig. 1c and d, both abemacicilib and palbociclib caused a
dose-dependent reduction in the cell viability in T-47D-F
and MCF-7-F cells. Next, we also further confirm whether
they could sensitize T-47D-F and MCF-7-F cells to fulves-
trant. The data of the MTT assay suggested that co-treated
with indicated concentrations of palbociclib can obviously
strengthen fulvestrant cytotoxicity in T-47D-F and MCF-
7-F cells (Fig. le), while no similar effect was observed in
abemacicilib (data were not shown). Concurrently, as shown
in Fig. 1f, co-treatment of palbociclib and fulvestrant appar-
ently decreased efficiency to form colonies compared with
control, palbociclib alone and fulvestrant alone groups in
both T-47D and MCF-7 cells. The clonogenic survival frac-
tion was numbered 206 +49 and 128 + 22 for the combined
group, 527 +97 and 364 + 72 for the control, 401 +91,
276+ 67 and 375+ 88, 292 + 58 for the fulvestrant alone,
and palbociclib alone groups on T-47D and MCF-7 cells
in the right histogram, respectively. Taken together, these
results certified that palbociclib strengthened the sensitiv-
ity of ER-positive human breast cancer cells to fulvestrant.

Palbociclib sensitized the cytotoxicity of fulvestrant
in ER-positive human breast cancer cells
by down-regulating IncRNA SNHG17

To identify the major mechanism involved in the sensitiza-
tion function of Palbociclib on fulvestrant, high-throughput
sequencing of LncRNA was performed in MCF-7-F cells
treated with Palbociclib. At first, the RNA of MCF-7-F cells
with palbociclib treated or untreated was isolated. Depend-
ing on the differentially expressed genes (DEGs) obtained
from the sequencing, Volcano plots, and heatmap were gen-
erated and shown in Fig. 2a and b respectively. Furthermore,
the enrichment analysis of Gene Ontology (GO, Fig. 2¢)
and Kyoto Encyclopedia of Genes and Genomes (KEGG,
Fig. 2d) were performed in DEGs. We also chose the top
7 significantly differently expressed targeted IncRNAs for
further identification in the palbociclib-treated MCF-7-F
cells by RT-qPCR assay. As shown in Fig. 2e, palbociclib
treatment remarkably reduced the expressions of IncRNA
TYMSOS, SNHG17, TMPO-AS1, and TDRKH-AS1 in
MCF-7-F cells. Although SNHG17 is not the most signifi-
cantly suppressed IncRNA, it is reported that this IncRNA
acts as an oncogene in multiple cancer types including breast
cancer [24, 25]. We constructed the overexpression plasmid
for SNHG17, and its transfection efficiency in both T-47D-F
and MCF-7-F cells was verified by RT-PCR (Fig. 3a). The
ectopic expression of SNHG17 alone obviously increased
the colony formation in T-47D-F and MCF7-F cells in
contrast to their control cells (Fig. 3b). More interestingly,
SNHG17 overexpression also attenuated the synergistic
effect of Palbociclib and fulvestrant in both two cell lines
(Fig. 3b). The clonogenic survival fraction was numbered
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Fig. 1 Palbociclib enhanced

the cytotoxicity of fulves-

trant in human breast cancer.
a—b normal breast cancer cell
lines (T-47D and MCF-7)

and fulvestrant-resistant cell
sublines (hereafter, T-47D-F
and MCF-7-F) were incubated
with the indicated concentra-
tions of Fulvestrant for 24 h.
Cell viability was determined
by the MTT assay. c—d T-47D-F
and MCF-7-F were incubated
with the indicated concentra-
tions of Abemaciclib (c¢), and
Palbociclib (d) for 24 h. Cell
viability was determined by

the MTT assay. e The T-47D-F
and MCF-7-F cells were treated
with indicated concentrations of
palbociclib alone and/or com-
bined with indicated concentra-
tions of fulvestrant for 24 h.
Cell viability was determined by
the MTT assay. f The T-47D-F
and MCF-7-F cells treated with
indicated concentrations of
Palbociclib (1 uM for T-47D-F,
and 0.5 pM for MCF-7-F) alone
and/or combined with fulves-
trant (100 nM for T-47D, and
500 nM for MCF-7) for 14 days.
After that, colony formation
was analyzed. Quantitative
analysis of cell colonies was
shown in the histogram. The
data are derived from one of
the three independent experi-
ments. *P <0.05 vs. control,
#kP <(0.01 vs. control

T-47D
b

T-47D-F

0
0 10 20 40 60 80 100 0 10 20 40 60 80 100

Fulvestrant (nM) Fulvestrant (nM)

MCE-7 MCF-7-F
150
= 100
s
t
E
3
0
0 200 400 600 800 1000 0 200 400 600 800 1000
Fulvestrant (nM) Fulvestrant (nM)
d T-47D-F e

%)

w 9
=3 S
o v W
S o o

Cell survival (%)
2
Cell survival (%)

w
=3

=}

0 2 1 6 8 10

Abemaciclib (LM) Palbociclib (1M)

Palbociclib (M)

W CK
Fulvestrant(500nM)
0 MCF-7-F _
= 120
< 90 g
3 = z :
O 3 5
0 5
01 2 4 6 8 10 I ©
Abemaciclib (uM) -
Palbociclib (;M)
T-47D-F

Control Fulvestrant Palbociclib Fulvestrant+Palbociclib

Colony number

MCF-7-F

Control Fulvestrant Fulvestrant+Palbociclib

R PR
AU

)

Colony number

@ Springer



618 Breast Cancer Research and Treatment (2024) 203:613-625

GO term Palbociclib_vs_Control

salivary gland morphogenesis< @
ocicts vs Conts regulation of fibroblast migration @
a b C protein palmitoylation: @
- cargo loading into vesicle: @
| e positive regulation of fibroblast migration - [ ]
_, pabocili_vs_Contol % =2 w colive reo . ° s
3 neural nucleus development: L]
—_— epithelial cell differentiation involved in salivary gland development+ [ ]
] negative regulation of epithelial cell proliferation involved in lung morphogenesis .
= lung ciliated cell differentiation .
15 — Count
h zonula adherens | [ J ® =
_ 4 flotillin complex [ ] ® =~
T _— centralspindiin complex ° ® -
= down — 13 cyclin/CDK positive transcription elongation factor complex [ ] @
a1 NOUDEG — = VCP-NPL4-UFD1 AAA ATPase complex- °
2 i o 2 transcriptional preinitiation complex+ ° ? pvalue
K] 1 8 caveolar macromolecular signaling complex- ° 100
cyclin K-CDK13 complex- . ™
s angiogenin-PRI complex: - ©
perinucleolar compartment: . oz
-
- palmitoyltransferase activity - @
| nucleotide receptor activity °
o1 peroxisome targeting sequence binding { °
Py 3 3 3 o = oxidized pyrimidine nucleobase lesion DNA N-glycosylase activity .
log2(fold change) G protein-coupled nucleotide receptor activity | °
Voltage-gated ion channel activity involved in regulation of postsynaptic membrane potential { °
& RNA polymerase l ranscription factor activity, estrogen-activated sequence-specific DNA binding-
< G protein-coupled pyrimidinergic nucleotide receptor activity- °
single-strand selective uracil DNA N-glycosylase activity | °
uridine nucleotide receptor activity{ .
d e 02 04 10
KEGG pathway Palbociclib_vs_Control all £
2 712
Bladder cancer | . | 12 El !
. £1.0 210
Transcription { [ ) g 8
%08 ~ 08 .
Base excision repair 1 [ ) | Z 06 B o6
Hedgehog signaling pathway | @ 04 ]
Count . ok o
Secretion system [ ) 02 =
® 200 =
Hedgehog signaling pathway - fly | z <
igehog signaling pathway - fly [ ] @ » K} 0 4 < 3 o 3
N 30 .
Steroid biosynthesis 1 [ ] | : palbociclib (1M) palbociclib (M) palbociclib (V) palbociclib (1M)
0
beta-Alanine metabolism [ ] .
50
RNA polymerase | (]
Histidine metabolism 1 ) | pvahligo -
Translation { L] | I 015 £
Lipid metabolism 1 [ ] 0.50 Lt
Z
General function prediction only- () 025 3
LR )
id and i i [ =
Sulfur metabolism { [ ] z
Cell motility | ) .
0 4 g 0 4 0 4
Others{ ® palbociclib (1iM) Z  palbociclib (M) 2 palbociclib (V)
0.0 0.1 0.2 0.3 0.4
Ratio

Fig.2 Palbociclib treatment resulted in the down-regulation of
SNHG17. a Volcano plots showed IncRNAs expression in the Pal-
bociclib compared to the control group in MCF-7-F cells. Red dots
showed IncRNAs with significantly higher levels of expression, while
the green dots represented lower ones. b The heatmap showed IncR-
NAs expression in the Palbociclib compared to the control group in
MCEF-7-F cells. The colors of the heatmap reflect log2-expression lev-

that 238 +25 and 255 + 13 for the control, 291 +22 and
322+ 14 for the SNHG17 alone groups, 80+ 15 and 108 +8
for the fulvestrant and palbociclib combined groups, and
206 +42 and 175 +20 for the three combined groups in
T-47D-F and MCF7-F cells in the right histogram, respec-
tively (Fig. 3c). Taken together, these results suggested that
Palbociclib enhanced the sensitivity of ER-positive breast
cancer cells to fulvestrant by targeting SNHG17, at least
partially.

The LATS1-mediated YAP phosphorylation

and ubiquitination of ER-a contributed

to the sensitization effects of palbociclib

on fulvestrant in ER-positive human breast cancer

To further elucidate the mechanism by which SNHG17
influences the sensitivity of fulvestrant in ER-positive breast

@ Springer

els of IncRNAs in MCF-7-F cells. ¢ Gene Ontology term enrichment
analysis on the DEGs. d The KEGG pathway analysis on the DEGs.
e The top 7 differentially expressed IncRNAs were subject to the fol-
lowing validation using qPCR. Data were presented by mean + SD for
three separate experiments. *P <0.05 vs. control, ¥**P <0.01 vs. con-
trol

cancer cells, mRNA sequencing was performed in MCF-7-F
cells with SNHG17 overexpressed. According to the dif-
ferentially expressed genes, the heatmap and Volcano plots
were shown in Fig. 4a and b respectively. GO and KEGG
pathway enrichment analyses were also performed, and the
data from KEGG revealed that cytokine-cytokine receptor
interaction, Hippo signaling pathway, and transcriptional
misregulation in cancer were significantly enriched (Fig. 4¢
and d). It has been reported that the dysregulation of the
Hippo-YAP signaling pathway has remarkable implications
for the development of tumors, the activated large tumor
suppressor 1 (LATS1) promoted the phosphorylation of
YAP and then resulted in the degradation of YAP [26]. Thus,
we next investigated whether the Hippo signaling pathway
was activated under SNHG17 overexpression in ER-positive
breast cancer cells. As shown in Fig. 4e, the inhibitory phos-
phorylation of YAP was inhibited and the YAP expression
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Fig.3 SNHG17 overexpression attenuated the role of Palbociclib
on fulvestrant in ER-positive human breast cancer cells. a RT-PCR
analysis detected the expression of SNHG17 in T-47D-F and MCF-
7-F cells transfected with pCDH vector or SNHG17 overexpression
plasmid. b The T-47D-F and MCF-7-F cells were transfected with
pCDH or SNHG17 overexpression plasmid alone, or in combination

was up-regulated. Moreover, the expression of LATS1 and
p-LATS1 were both suppressed, and the estrogen receptor-o
(ER-ar) expression level was significantly up-regulated.
LATSI1/LATS2 was reported to be related to the deg-
radation of ER-a, and this effect is independent on their
kinase activity or their downstream effectors YAP and
TAZ. LATS induces the ubiquitin-mediated degradation
of ER-a in a Ddb1—cullin4-associated-factor 1 (DCAF1)-
dependent manner [27]. Therefore, MCF-7-F cells were
transfected with LncRNA SNHG17 or not, and immuno-
precipitation (IP) and western blotting (WB) assays were
performed to explore the ubiquitination of ER-a. As shown
in Fig. 5a, palbociclib treatment promoted the ubiquitina-
tion of ER-a, while overexpressing SNHG17 attenuated
that result, indicating that the effect of palbociclib was
closely related to the ubiquitin-mediated degradation of
ER-a. For further validation, the MCF-7-F cells with
LncRNA SNHG17 transfected or not were co-treated
with or without palbociclib and fulvestrant. As shown in

T-47D-F

MCF-7-F

with co-treatment with palbociclib and fulvestrant for 14 days. The
doses for the two drugs were as same as in Fig. 1. After that, colony
formation was analyzed. ¢ Quantitative analysis of cell colonies was
shown in the histogram. The data are derived from one of the three
independent experiments. *P <0.05 vs. control, **P <(0.01 vs. control

Fig. 5b, overexpressing SNHG17 not only notably down-
regulated the protein level of LATS1 and up-regulated the
protein level of ER-a in MCF-7-F cells but also recovered
the promotional effect of the co-treatment of palbociclib
and fulvestrant on LATS1 level and the inhibitory effect
on ER-a level. Therefore, we could come to the conclusion
that palbociclib might sensitize the cytotoxicity of fulves-
trant to ER-positive breast cancer cells by inhibiting the
expression of SNHG17, then increasing the expression of
LATS]1, and eventually, promoting the ubiquitin-mediated
degradation of ER-a.

SNHG17 overexpression effectively reversed
the sensitization effects of Palbociclib on fulvestrant
in MCF-7 cells derived xenograft

To further determine the role of SNHG17 in fulvestrant

resistance in ER-positive breast cancer, SNHG17 stably
overexpressed MCF-7-F cell line was constructed using
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«Fig. 4 Overexpressing SNHG17 inhibited LATS1 expression and
the phosphorylation of YAP. a The heatmap showed gene expression
in the overexpression of SNHG17 compared to the control group in
MCEF-7-F cells. The colors of the heatmap reflect log2-expression lev-
els of genes in MCF-7-F cells. b Volcano plots showed gene expres-
sion in the overexpression of SNHG17 compared to the control group
in MCF-7-F cells. Red dots showed genes with significantly higher
levels of expression while the green dots represented lower ones. ¢
Gene Ontology term enrichment analysis on DEGs. d The KEGG
pathway analysis on DEGs. e Western blotting assay was performed
to determine the activation of Hippo-YAP signaling pathway and the
expression of ER-a in T-47D-F and MCF-7-F cells after overexpress-
ing SNHG17. Data were presented by mean+SD for three separate
experiments. *P <0.05 vs. control, **P <0.01 vs. control

lentivirus. After subcutaneously injected in nude mice,
MCEF-7-F cells-derived xenografts were obtained and fol-
lowed by co-treatment of palbociclib and fulvestrant. Our
data revealed that the combined administration of palbo-
ciclib and fulvestrant effectively suppressed tumor growth.
However, overexpression of SNHG17 significantly attenu-
ated the role of the two drugs (Fig. 6a and b). ki67 is a
classic biomarker for cell proliferation, and we next used
IHC assay to examine its expression in tumors. As shown in
Fig. 6¢c, co-treatment with palbociclib and fulvestrant obvi-
ously inhibited the ki67 expression compared with these in
the control, while SNHG17 effectively reversed this func-
tion. We also detected the expression of LATS1 and ER-a.
As shown in Fig. 6d and e, palbociclib, and fulvestrant
treatment markedly upregulated the LATS1 expression and
downregulated the ER-a expression, while overexpression
of SNHG17 reversed the above results.

Discussion

ER-positive breast cancer is the most ordinary subclass of
breast cancer, which is a therapeutic schedule that restrains
estrogen production and/or targets the ER signaling path-
way directly [8]. Although endocrine therapy has reason-
ably lessened recurrence and mortality in breast cancer,
acquired resistance to this treatment still limits the thera-
peutic efficiency, and new therapeutic strategies to overcome
this resistance are in urgent need. Fulvestrant, a selective
estrogen receptor degrader of endocrine therapy drugs, is
approved as the first- or second-line treatment for post-
menopausal female with ER-positive breast cancer who
has no response to tamoxifen [28—30]. Clinical studies have
demonstrated that fulvestrant dramatically improved the
progression-free survival of patients [6, 31-33]. However,
fulvestrant develops resistance duration of therapy remains

a clinical challenge. Therefore, it is of key importance to
authenticate the factors and/or mechanisms related to ful-
vestrant resistance in breast cancer. In the present study, we
selected two fulvestrant-resistant cell sublines (T-47D-F and
MCF-7-F), and we confirmed that palbociclib significantly
enhanced the cytotoxicity of fulvestrant in both two cell
lines.

To identify whether IncRNA was involved in the sensiti-
zation effect of Palbociclib on fulvestrant, IncRNA sequenc-
ing was performed in MCF-7-F cells treated with Palboci-
clib. And, the result indicated that Palbociclib suppressed
multiple IncRNAs including SNHG17, which functions as
a pro-tumor IncRNA in multiple cancer types. Therefore,
an overexpression plasmid for SNHG17 was constructed
and allowed to transfected T-47D-F and MCF-7-F cells to
verify whether SNHG17 was involved in the role of pal-
bociclib on fulvestrant in ER-positive human breast cancer
cells. The colony formation assay was performed and the
data indicated that SNHG17 overexpression not only pro-
moted the colony formation activities in two cell lines but
also significantly reversed the role of palbociclib on fulves-
trant. More importantly, similar results were also obtained
in the nude mice xenograft models derived from MCF-7-F
cells. Therefore, these data suggested that the down-reg-
ulation of SNHG17 contributed to the sensitization effect
of palbociclib on fulvestrant in ER-positive breast cancer
cells. However, little is known about how SNHG7 works in
this procedure. Subsequently, mRNA sequencing assay was
performed in MCF-7-F cells with SNHG17 overexpression.
And the KEGG analysis revealed that the Hippo signaling
pathway was enriched.

Mounting evidences indicate that the dysregulation of
the Hippo signaling pathway is normal and is associated
with the heterotypic expression of YAP/TAZ and the other
genes [34]. Moreover, previous studies have certificated
that YAP is associated with drug resistance, furnishing an
attractive therapeutic target [35-37]. LATS1 and LATS2
(Hereafter, LATS1/2) are the hippo pathway kinases, and
the inactivation (phosphorylation) of YAP/TAZ is regulated
by activated LATS1/2, but activated YAP/TAZ regulated
cell stemness and proliferation by translocated to nucleus
[38]. This procedure represents the implementation of the
main functions of the Hippo pathway. Interestingly, our
results demonstrated that overexpressing SNHG17 signifi-
cantly up-regulated the expression YAP and inhibited the
phosphorylation of YAP, indicating that the palbociclib-
promoted toxicity of fulvestrant in breast cancer may be
related to the down-regulation of YAP, at least partially.
Notably, it has been reported that LATS also mediates the
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Fig. 5 Palbociclib sensitized breast cancer cells to fulvestrant by pro-
moting LATS1-mediated degradation of ER-a. a Immunoprecipita-
tion assays and western blotting assays were combined to detect the
binding between LATS1 and ER-a in SNHG17-overexpressed MCF-
7-F cells, and then the expression of ER-a with ubiquitin was exam-
ined by western blotting in the immunoprecipitates. b The MCF-7-F
cells were transfected with pCDH vector or SNHG17 overexpression

interaction between Hippo and ER-a signaling. LATS can
induce the ubiquitin-mediated degradation of ER-« through
DCAFI in a YAP/TAZ-independent manner [27]. Unsur-
prisingly, our further western blotting experiments con-
firmed that palbociclib significantly promoted the ubiquit-
ination of ER-a but overexpressing SNHG17 abrogated that
outcome. Moreover, the xenograft model also showed that
overexpressing SNHG17 countervailed the inhibitory effect
of palbociclib plus fulvestrant treatment on tumor growth,
besides, the increased LATS1 level and decreased ER-a
level induced by palbociclib plus fulvestrant treatment in
xenograft tumor tissues were also reversed by overexpres-
sion of LATS1. Fulvestrant is regarded as an antagonist of
ER, the increased sensitivity of fulvestrant to ER-positive
breast cancer cells can be explained if palbociclib induces
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plasmid followed by treated with DMSO, or co-treatment of fulves-
trant and Palbociclib for 24 h, Proteins were extracted and subjected
to Western blotting assay to assess of LATS1 and ER-a expressions.
B-actin was used as a loading control. Quantitative analysis expres-
sion of proteins in the left showed in the right histogram. Data was
presented by mean=+SD for three separate experiments. *P <0.05;
**P<0.01

the LATS1-mediated degradation of ER-a via downregulat-
ing the SNHG17 expression.

Conclusion

In conclusion, our study demonstrated that Palbociclib
could sensitize ER-positive breast cancer cells to fulves-
trant by inactivating the YAP and promoting LATS1-
mediated degradation of ER-a via downregulating the
SNHG17 expression. Therefore, these findings support
that targeting SNHG17/LATS1 could supply a valuable
therapeutic strategy to alleviate acquired endocrine resist-
ance, especially fulvestrant resistance in ER-positive
breast cancer.
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Fig.6 Overexpressing SNHG17 attenuated the sensitization effect
of Palbociclib on fulvestrant in MCF-7 cells-derived xenografts by
up-regulating ER-« via LATS1. a 5% 10® SNHG17 overexpressed or
control MCF-7-F cells were subcutaneously injected into the right
flank of nude mice to obtain xenografts. After the largest tumors
reached a volume of about 50-80 mm?, mice were randomly sepa-
rated into three groups: (i) pCDH + control, (ii) pCDH + fulvestrant
and palbociclib, and (iii) SNHG17 + fulvestrant and palbociclib. N=6
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