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CANCER

LncRNA EILA promotes CDK4/6 inhibitor resistance in
breast cancer by stabilizing cyclin E1 protein

Zijie Cai"?t, Qianfeng Shi''*f, Yudong Li*%t, Liang Jin"?, Shunying Li'? Lok Lam Wong'?,
Jingru Wang'?, Xiaoting Jiang"?, Mengdi Zhu'?, Jinna Lin"?, Qi Wang"?, Wang Yang'?,
Yujie Liu"?, Jun Zhang? Chang Gong"?, Herui Yao"?, Yandan Yao

CDK4/6 inhibitors (CDK4/6i) plus endocrine therapy are now standard first-line therapy for advanced HR*/HER2™
breast cancer, but developing resistance is just a matter of time in these patients. Here, we report that a cyclin
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E1-interacting IncRNA (EILA) is up-regulated in CDK4/6i-resistant breast cancer cells and contributes to CDK4/6i
resistance by stabilizing cyclin E1 protein. EILA overexpression correlates with accelerated cell cycle progression
and poor prognosis in breast cancer. Silencing EILA reduces cyclin E1 protein and restores CDK4/6i sensitivity
both in vitro and in vivo. Mechanistically, hairpin A of EILA binds to the carboxyl terminus of cyclin E1 protein
and hinders its binding to FBXW?7, thereby blocking its ubiquitination and degradation. EILA is transcriptionally
regulated by CTCF/CDK8/TFII-l complexes and can be inhibited by CDK8 inhibitors. This study unveils the role of
EILA in regulating cyclin E1 stability and CDK4/6i resistance, which may serve as a biomarker to predict therapy
response and a potential therapeutic target to overcome resistance.

INTRODUCTION

Uncontrolled cell proliferation driven by aberrant cell cycle progres-
sion is one of the most important hallmarks of cancer, and thus,
seeking agents to arrest cell cycle and halt cell proliferation is a ra-
tional way for cancer treatment (I). The cell cycle is under precise
regulation of cyclin-dependent kinases (CDKs) and its partner
cyclins (2). CDK4 and CDKG6 are two major kinases that promote
G;-S phase transition by phosphorylating and inactivating retino-
blastoma (Rb), thereby enabling the S phase entry and DNA dupli-
cation. Targeting CDK4 and CDKé6 with CDK4/6 inhibitors
(CDK4/6i) arrests cell cycle at G; phase and impedes cell prolifer-
ation (3, 4). Three CDK4/6 inhibitors (palbociclib, ribociclib, and
abemaciclib) prolong progression-free survival (PFS) and overall
survival (OS) of patients with advanced hormone receptor (HR)-
positive and human epidermal growth factor receptor 2 (HER2)—
negative breast cancer (5-7). As a result, CDK4/6 inhibitors in com-
bination with endocrine therapy have become the standard treat-
ment regimen for this type of breast cancer (8). Nevertheless,
resistance to CDK4/6 inhibitors is inevitable and over 70% of pa-
tients undergo disease progression within 12 to 36 months, which
presents a huge clinical challenge (9).

The major mechanisms of CDK4/6i resistance include aberrant
activation of upstream oncogenic signaling and alterations in key
cell cycle regulators (8). Cyclin E1, encoded by CCNEI gene, acti-
vates CDK2 and promotes cell cycle progression. High expression of
cyclin E1 not only predicts poor prognosis in breast cancer patient
(10) but also promotes resistance to endocrine therapy and CDK4/6
inhibitors in preclinical models (11-13). Moreover, a large-scale
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gene expression analysis of tumor samples from the PALOMA-3
clinical trial showed that high cyclin E1 mRNA expression was as-
sociated with attenuated palbociclib efficacy, which was further val-
idated in the preoperative-palbociclib (POP) trial (9, 14).
Furthermore, the cytoplasmic low—molecular weight cyclin E1l
also confers resistance to CDK4/6 inhibitors, indicating that the lo-
calization and proteostasis of cyclin E1 may also play a crucial role
(15). On the contrary, biomarker analyses of MONALEESA-2 and
PALOMA-2 trials showed that cyclin E1 mRNA expression was not
predictive of palbociclib benefit (16, 17). These findings suggest that
cyclin E1 protein, but not its mRNA, may play a key role in CDK4/6i
resistance, and targeting cyclin E1 protein directly may be an effec-
tive way to overcome the resistance.

Long noncoding RNAs (IncRNAs) are transcripts (>200 nucle-
otides) without protein-coding potential, which are associated with
various processes of malignant progressions in cancer, like prolifer-
ation, metastasis, and therapy resistance (18, 19). Our previous re-
search has found that IncRNA DILAl promotes tamoxifen
resistance in breast cancer by stabilizing cyclin D1 protein, which
reveals the role of IncRNAs in cell cycle regulation (20). However,
the role of IncRNAs in CDK4/6i resistance remains largely
unknown. Here, we investigate the potential role of IncRNAs in
the maintenance of CDK4/6i resistance and elucidate the underly-
ing mechanisms involved. First, we identify EILA as a cyclin E1-in-
teracting IncRNA that facilitates CDK4/6i resistance by enhancing
cyclin E1 stability. We also demonstrate that EILA is transcription-
ally regulated by CTCF/CDKS8/TFII-I complexes, which can be in-
hibited by CDKS inhibitors. Furthermore, EILA is up-regulated in
the CDK4/6i-resistant tumors and higher EILA expression is corre-
lated with worse prognosis and less benefit from CDK4/6 inhibition
in breast cancer. These findings indicate that EILA may serve as a
biomarker to predict CDK4/6i response and as a therapeutic target
to overcome CDK4/6i resistance.
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RESULTS

Cyclin E1 dysregulation promotes CDK4/6 inhibitor
resistance in breast cancer cells

CDXK4/6i-resistant breast cancer cells (MCF7-palR and T47D-palR
cells) were established as previously described (fig. S1, A and B)
(21). To explore the role of cyclin El in the CDK4/6i-resistant
cells, we first evaluated its mRNA and protein levels in the resistant
cells and their parental cells. We found that the protein level of
cyclin E1 was up-regulated in MCF7-palR and T47D-palR cells,
while its mRNA level remained unchanged (Fig. 1A and fig. S1C).
In addition, the cyclin E1 protein is more stable in the resistant cells
than in their parental cells (Fig. 1B and fig. S1, D and E). These
results suggest that cyclin E1 is dysregulated in posttranslational
level. To determine whether the increased cyclin E1 expression con-
tributes to CDK4/6i resistance, we silenced cyclin E1 using specific
small interfering RNAs (siRNAs) in the resistant breast cancer cells
and evaluated their palbociclib sensitivity with methylthiazolyldi-
phenyl-tetrazolium bromide (MTT) assays (fig. S1F). As expected,
we found that the cyclin E1 knockdown restored palbociclib sensi-
tivity in MCF7-palR and T47D-palR cells (Fig. 1C and fig. S1G).
These results indicate that dysregulation of cyclin E1 protein is re-
sponsible for CDK4/6i resistance.

EILA is identified as a cyclin E1-interacting IncRNA

Recently, we have reported that IncRNA DILA1 promoted tamoxi-
fen resistance by blocking cyclin D1 degradation, suggesting a crit-
ical role for IncRNAs in cell cycle regulation and drug resistance
(20). To identify IncRNAs that may interact with cyclin El
protein and promote CDK4/6i resistance, we carried out two
high-throughput IncRNA sequencings. RNA immunoprecipitation
(RIP) assays were performed with hemagglutinin (HA) antibody to
pull down RNAs in MCF7-pa cells stably expressing HA-tagged
cyclin E1 for sequencing. Fifty-two cyclin El-interacting
IncRNAs were identified (data S1), using immunoglobulin G
(IgG) as a control. Additionally, we extracted RNAs from MCF7-
pa and MCF7-palR cells for IncRNA sequencing. In total, 829
IncRNAs (data S2) up-regulated in MCF7-palR cells were identified,
which potentially play a role in promoting CDK4/6i resistance.
Among these IncRNAs, five IncRNAs (AC093297, LINC00664,
PVTI1, NRSN2-AS1, and SNHG17) were enriched in both sequenc-
ings, making them candidates for further study (Fig. 1D). To vali-
date the sequence data, we performed real-time quantitative reverse
transcription polymerase chain reaction (QRT-PCR) assay and
found that MCF7-palR cells expressed significantly higher levels
of AC093297, LINC00664, and SNHG17 than their parental cells
(Fig. 1E). To determine whether these IncRNAs contribute to
CDK4/6i resistance, we silenced them in MCF7-palR cells with spe-
cific siRNAs or antisense oligonucleotides (ASOs) and evaluated
their palbociclib sensitivity. We found that only LINC00664 knock-
down significantly restored CDK4/6i sensitivity (fig. S1, H to J).
Therefore, LINC00664 is identified as a cyclin El-interacting
IncRNA (EILA) responsible for CDK4/6i resistance. According to
the UCSC database and Ensemble database, EILA is a 3029-nucle-
otide (nt)-long ncRNA with 14 exons. The results of ORF Finder
(https://www.ncbi.nlm.nih.gov/orffinder/) showed that EILA has
no representative protein-coding open reading frame longer than
300 nt, indicating that its protein-coding ability is extremely low.
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To further investigate the biological feature of EILA, we first
measured its RNA level in the resistant cells and their parental
cells. The copy number of EILA was much higher in the resistant
cells than in their parental cells (fig. S1K). In addition, Northern
blot also confirmed that EILA was up-regulated in the resistant
cells (fig. S1L). We then explored the subcellular localization of
EILA by qRT-PCR analysis of cytoplasmic and nuclear fractions,
and found that it was mostly located in the nucleus (over 70%),
with minor localization (about 20%) in the cytoplasm (Fig. 1F).
Consistent with these results, RNAscope in situ hybridization
(ISH) also confirmed that EILA was predominantly localized in
nucleus and was up-regulated in the resistant cells (Fig. 1G). RIP
followed by qRT-PCR and RNA pull-down assays followed by
Western blot showed that EILA can directly interact with cyclin
El (Fig. 1, H and I). This finding was further verified using the
tagged recombinant cyclin E1 protein (Fig. 1]). In addition, the
RNA fluorescence in situ hybridization (FISH) assays of EILA fol-
lowed by the immunofluorescence (IF) of cyclin E1 confirmed their
colocalization in the nucleus of MCF7-palR and T47d-palR cells
(Fig. 1K). In conclusion, these results indicate that EILA directly in-
teracts with cyclin E1 in the nucleus of the resistant cells, which may
play an important role in the resistance to CDK4/6 inhibitors.

EILA is clinically relevant in cell cycle regulation and
associated with poor prognosis in breast cancer

To evaluate the clinical significance of EILA in breast cancer, we
analyzed the RNA sequencing data of 109 paired normal and
tumor tissues from The Cancer Genome Atlas Breast Invasive Car-
cinoma (TCGA-BRCA) database (Fig. 2A). The results showed that
the expression of EILA in the tumor tissues was significantly higher
than that in the normal tissues (P < 0.0001). Consistently, QRT-PCR
analysis of 47 paired normal and tumor tissues from Sun Yat-Sen
Memorial Hospital (SYSMH cohort 1, n = 47) also revealed that
EILA was up-regulated in the tumor tissues (P = 0.0027)
(Fig. 2B). These findings were further confirmed by RNA ISH, in-
dicating aberrant expression of EILA in breast cancer (Fig. 2C). To
assess the prognostic values of EILA, we analyzed the breast cancer
transcriptomic data from bc-GenExMiner v4.7 database (http://
begenex.ico.unicancer.fr/) (22). We found that higher expression
of EILA was associated with shorter disease-free survival (DFS) in
breast cancer patients [P = 0.030; hazard ratio (HR), 1.18] (Fig. 2D).
In the subgroup analysis, higher expression of EILA predicted worse
prognosis in estrogen receptor—positive (ER") breast cancer patients
(P < 0.011; HR, 1.26), but not in estrogen receptor—negative (ER")
breast cancer patients (P = 0.283; HR, 1.15), suggesting its potential
as a biomarker in ER" breast cancer (Fig. 2D). Consistent with the
results of the online database, we confirmed that higher expression
of EILA was associated with worse clinical outcome in ER"/HER2™
breast cancer patient in an independent cohort (SYSMH cohort 2, n
= 215) (Fig. 2E).

Similarly, higher cyclin E1 expression also correlated with
shorter DFS in ER" breast cancer patients (fig. S2A). However,
the RNA levels of EILA and cyclin E1 showed weak correlation
(fig. S2B). To explore the correlation between EILA and cyclin E1
protein, we evaluated the protein level of cyclin E1 via immunohis-
tochemical (IHC) staining. We found that EILA colocalized with
cyclin E1 protein in breast cancer, and EILA expression is positively
correlated with the protein level of cyclin E1 (r = 0.620, P < 0.0001)
(Fig. 2, F and G). Moreover, higher expression of cyclin E1 protein
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Fig. 1. CDK4/6i-resistant breast
cancer cells express higher levels
of cyclin E1 protein and cyclin E1-
interacting IncRNA EILA. (A)
Western blot showing cyclin E1
protein levels in the parental (MCF7-
pa and T47D-pa) and palbociclib-
resistant (MCF7-palR and T47D-palR)
breast cancer cells. (B) Western blot
showing the protein degradation
kinetics of cyclin E1 in MCF7-pa and
MCF7-palR cells treated with cyclo-
heximide (CHX; 20 uM) for the indi-
cated time. (C) Cell viability assays of
MCF7-palR cells treated with palbo-
ciclib when cyclin E1 was silenced.
(D) Schematic overview for identify-
ing candidate IncRNAs interacting
with cyclin E1 and up-regulated in
MCF7-palR cells. (E) gqRT-PCR analysis
of the five candidate IncRNAs in
MCF7-pa and MCF7-palR cells. (F)
gRT-PCR analysis of EILA expression
in the cytoplasmic and nuclear frac-
tions of resistant cells. (G) RNAscope
ISH assays showing the subcellular
localization of EILA in resistant cells.
Scale bar, 10 um. (H) RNA immuno-
precipitation (RIP) assays followed
by qRT-PCR assays showing the
binding of EILA and cyclin E1. IgG
was used as a negative control. (1
and J) Western blot after RNA pull-
down assay showing the binding of
EILA and cyclin E1. Endogenous
cyclin E1 protein in cell lysates of
resistant cells (I) or recombinant
human cyclin E1 protein (J) was
used. S, sense; AS, antisense. (K)
Representative images showing the
colocalization of EILA and cyclin E1
in resistant cells. EILA and cyclin E1
were detected by fluorescence in
situ hybridization (FISH) assay and
immunofluorescence staining, re-
spectively. Scale bars, 10 um. In (G)
and (K), representative images from
three independent experiments are
shown. In (B), (C), (E), (F), and (H),
data are shown as means + SD (n =
3). The P values were calculated by
Student's t test for two-group com-
parison and one-way ANOVAs for
multiple-group comparison. ***pP <

0.001, **P < 0.01, and N.S. for P > 0.05.

also predicted worse prognosis (fig. S2C). Univariate and multivar-
iate Cox proportional hazards regression analyses revealed that only
the expressions of EILA and cyclin E1 were independent predictors
of prognosis in ER"/HER2™ breast cancer (table S1). In conclusion,
these results suggest that EILA and cyclin E1 protein are both po-
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Rb is a tumor suppressor that is phosphorylated during the tran-
sition from G; to S phase of the cell cycle, while Ki67 is a prolifer-
ation marker for cancer cells (23, 24). To determine whether EILA
correlates with cell cycle progression and cell proliferation, we as-
sessed the expressions of phosphorylated Rb (pRb) and Ki67 via

IHC staining. We found that tumors in the EILA-high group ex-
pressed higher levels of pRb and Ki67 than those in the EILA-low
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Fig. 2. EILA predicts poor prognosis
in breast cancer patients. (A) EILA
expression in breast tumors compared
to their paired normal tissues (TCGA-
BRCA database, n = 109, Student's t
test). (B) qRT-PCR detection of EILA
expression in paired breast tumors and
normal tissues from SYSMH cohort 1 (n
= 47, Student's t test). ****P < 0.0001,
**P < 0.01. (C) Representative images
of EILA expression detected by in situ
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group, suggesting that EILA overexpression is positively associated
with cell cycle progression and cell proliferation (Fig. 2, Hand I, and
table S2). Similarly, cyclin E1-high group also expressed higher
levels of pRb and Ki67 than did the cyclin El1-low group (fig. S2,
D and E). In univariate and multivariate Cox proportional
hazards regression model, higher EILA expression was significantly
associated with Ki67 expression, but not with age, tumor size,
lymph node metastasis, or clinical stage (table S3). However, none
of the analyzed factors was found to have a significant association
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Fold enrichment

EILA-low

with cyclin E1 expression (table S4). To further explore the role of
EILA in cell cycle regulation, we analyzed the transcriptomic data of
breast cancer patients from TCGA-BRCA database. Patients were
classified as EILA-high group (n = 554, >median) or EILA-low
group (n = 537, <median) according to the expression level of
EILA. The results of Gene Set Enrichment Analysis (GSEA)
showed that the HALLMARK_E2F_TARGETS gene set and the
GOBP_MEIOTIC_CELL_CYCLE_PROCESS gene set were signifi-
cantly enriched in the EILA-high group than in the EILA-low group
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(Fig. 2J). We also analyzed the cyclin E1-high and cyclin E1-low
groups and found similar results (fig. S2F). Additionally, Gene On-
tology (GO) analysis on 500 genes most positively correlated with
EILA expression showed high enrichment of positive regulation of
cell cycle pathways (Fig. 2K). Collectively, these findings suggest
that EILA is a prognostic biomarker for survival and is correlated
with positive regulation of cell cycle progression in breast cancer.

EILA promotes cell proliferation and CDK4/6 inhibitor
resistance in vitro

EILA is identified as a cyclin El-interacting IncRNA that plays an
important role in CDK4/6i resistance, and is tightly associated with
cell cycle progression and unfavorable prognosis. To further explore
the mechanism of EILA in CDK4/6i resistance, we silenced EILA
with specific ASOs in the CDK4/6i-resistant cells (fig. S3A). EILA
knockdown reduced cell proliferation and restored palbociclib sen-
sitivity in both MCF7-palR and T47D-palR cells (Fig. 3, A and B,
and fig. S4, A and B). In addition, 5-ethynyl-2'-deoxyuridine
(EdU) incorporation assay and cell cycle analysis by flow cytometry
demonstrated that EILA knockdown reduced DNA synthesis and
caused G;-S phase arrest, and the reduction was in a greater
degree with palbociclib treatment (Fig. 3, C and D, and fig. $4, C
and D). Senescence-associated P-galactosidas (SA-(-gal) activity
assays showed that EILA knockdown induced senescence in the re-
sistant cells, which was further enhanced by palbociclib (Fig. 3E and
fig. S4E). Together, these results indicate that EILA is necessary for
drug resistance in the CDK4/6i-resistant cells.

In addition, we performed the gain-of-function assays by over-
expressing EILA in MCF-7 and T47D parental (MCF7-pa and
T47D-pa) cells (fig. S3B). As the results showed, EILA overexpres-
sion rendered resistance to palbociclib (Fig. 3, F and G, and fig. S4, F
and G). Moreover, the enforced expression of EILA in both MCF7-
pa and T47D-pa cells increased DNA synthesis and promoted G,-S
transition in the presence of palbociclib treatment (Fig. 3, H and I,
and fig. S4, H and I). The ectopically expressed EILA also reduced
palbociclib-induced cell senescence (Fig. 3] and fig. S4]). In conclu-
sion, these results suggest that EILA is able to promote CDK4/6i
resistance in breast cancer cells.

Hairpin A of EILA stabilizes cyclin E1 protein by interacting
with its C-terminal domain

To explore how EILA interacts with and regulates cyclin E1, we si-
lenced EILA in MCF7-palR and T47D-palR cells and examined
cyclin E1 expression with qRT-PCR and Western blot assays, re-
spectively. We found that EILA knockdown reduced the protein
level of cyclin E1 but had little influence on its mRNA level
(Fig. 4, A and B). In addition, silencing EILA significantly shortened
the half-life of cyclin E1 protein (Fig. 4C and fig. S5, A and B), in-
dicating that EILA knockdown facilitates the degradation of cyclin
El. On the other hand, enforced expression of EILA up-regulated
the protein level of cyclin E1 and prolonged its half-life but did
not affect its mRNA level (Fig. 4, D to F, and fig. S5, C and D).
These results reveal that EILA upregulates cyclin E1 expression by
protecting it from degradation.

Recent studies have shown that specific IncRNAs may have well-
defined secondary structures, which could play a crucial role in their
interactions with proteins (25, 26). To determine the nucleotide se-
quence of EILA that interacts with cyclin E1, we performed RNA
pull-down assays using a series of EILA deletion mutation, followed
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by Western blot of the products. As shown in the results, EILA
mutants that contained nucleotides 1 to 180 bound to cyclin E1l
protein as efficiently as the full-length EILA, while mutants with
the nucleotide 1 to 180 deletion lose the ability of binding to
cyclin E1 protein (Fig. 4, G and H). According to the RNAfold soft-
ware, there is a stable hairpin structure within nucleotides 1 to 180,
termed hairpin A (fig. S5E). We found that enforced expression of
hairpin A increased cyclin E1 protein expression and prolonged its
half-life without influencing its mRNA level (Fig. 4I and fig. S5, F to
H). To investigate the importance of EILA binding for increasing
cyclin E1 stability, we created a mutant form of EILA with impaired
interaction by mutating hairpin A (EILA™*). We then evaluated the
effects of EILA™ on cyclin E1 protein expression and found that
EILA™" was unable to bind to cyclin E1 or increase its expression in
MCEF7-palR cells (fig. S5, I and J). Furthermore, EILA™ failed to
prolong cyclin E1’s half-life compared to full-length EILA (fig.
S5K). These results indicated that hairpin A of EILA is necessary
and responsible for the interaction with cyclin E1 protein to regulate
its stability.

To determine the precise interacting domain of cyclin E1 with
EILA, we constructed HA-tagged full-length and truncated cyclin
El overexpression vectors. As the results of RNA pull-down
assays demonstrated, only the F2 truncated mutant could be
pulled down by biotin-labeled EILA, which indicates that the C ter-
minus is the interacting region of cyclin E1 with EILA (Fig. 4, ] and
K). As expected, the RIP-qPCR assays also revealed that EILA was
enriched by F2 truncated mutant (Fig. 4L). These results indicate
that EILA interacts with cyclin E1 protein at its C terminus.

EILA hinders the binding of cyclin E1 and FBXW?7

It has been well established that the protein stability of cyclin E1 is
under precise control of ubiquitination-mediated proteasomal deg-
radation, and the phosphorylation sites of cyclin E1 (like T62, T380,
and S$384) regulate its ubiquitination (27). Since EILA interacts with
the C terminus of cyclin E1 and stabilizes the protein, we then hy-
pothesize that EILA may influence its C-terminal phosphorylation
sites and ubiquitination-mediated degradation. Therefore, we ex-
amined the C-terminal phosphorylation sites (T380 and S384) of
cyclin E1 in the resistant and parental cells. We found that the re-
sistant cells expressed lower levels of S384-phosphorylated cyclin E1
than did the parental cells (Fig. 5A). The phosphorylation sites of
cyclin E1 are also regulated by CDK2 and glycogen synthase kinase
3B (GSK3p) (27). To exclude the effects of CDK2 and GSK3p on
cyclin E1 phosphorylation, we detected their expression in the resis-
tant and parental cells and found that both cells expressed similar
levels of CDK2 and GSK3p (Fig. 5A). Moreover, we performed the
coimmunoprecipitation and ubiquitination assay with specific
cyclin E1 antibody to detect the levels of ubiquitinated cyclin E1
in MCF7-pa and MCF7-palR cells. In line with our hypothesis,
the ubiquitination-mediated degradation level of cyclin E1 is
reduced in the resistant cells rather than in the parental cells
(Fig. 5B). These findings suggest that the reduced S384-phosphor-
ylated cyclin E1 in the resistant cells may inhibit its ubiquitination-
mediated degradation. To determine the role of EILA in regulating
S384-phosphorylated cyclin E1 and the ubiquitination-mediated
degradation of cyclin E1, we silenced EILA with specific ASOs
and found that EILA knockdown markedly increased the level of
S384-phosphorylated cyclin E1 and ubiquitinated cyclin E1
(Fig. 5, C and D). On the other hand, EILA overexpression
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Fig. 3. EILA is required for CDK4/6 inhibitor resistance. (A to E) MCF7-palR cells were transfected with negative control antisense oligonucleotides (NC) or specific
antisense oligonucleotides for EILA (ASO#1 and ASO#2). (A and B) Cell proliferation assays (A) and colony formation (B) assays revealing the growth of transfected cells
under palbociclib treatment. (C) EdU incorporation assays displaying the portion of DNA-replicating cells. The incorporated EdU was labeled with Azide Alexa Fluor 555
(red color), and the cell nucleus was stained with DAPI (blue color). Scale bar, 100 um. (D) Cell cycle distribution of the transfected cells under palbociclib treatment. The
cells were stained with propidium iodide (PI) and analyzed by flow cytometry. (E) Representative images of SA-B-gal staining of the cells. Scale bar, 100 pm. (F to J) MCF7-
pa cells were transfected with empty vector (EV) or EILA overexpression vector (EILA) under palbociclib treatment. Cell proliferation assays (F), colony formation assays (G),
EdU incorporation assays (H), cell cycle distribution (I), and SA-B-gal staining assays (J) were performed. For (A) to (J), data from three independent experiments were
expressed as means + SD and the P values were calculated by Student's t test for two-group comparison and one-way ANOVAs for multiple-group comparison. ****p <
0.0001, ***P < 0.001, **P < 0.01, and N.S. for P > 0.05.
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Fig. 4. Hairpin A of EILA stabilizes cyclin E1 protein by interacting with its C-terminal domain. (A and B) gRT-PCR detection (A) and Western blot (B) of cyclin E1 in
MCF7-palR and T47D-palR cells after EILA knockdown. (C) Western blot showing the degradation kinetics of cyclin E1 protein in MCF7-palR cells transfected with NC or
EILA ASOs followed by cycloheximide treatment for indicated time. The degradation rate of cyclin E1 protein was quantified by band intensity. (D and E) gRT-PCR de-
tection (D) and Western blot (E) of the cyclin E1 expression in MCF7-pa and T47D-pa cells transfected with empty vector (EV) or EILA overexpression vector (EILA). (F)
Western blot showing the degradation kinetics of cyclin E1 protein in MCF7-pa cells expressing EV or EILA. (G and H) RNA pull-down assays followed by Western blot
showing the interaction between sequential truncated EILA fragments and endogenous cyclin ET in MCF7-palR cell lysates. (I) Western blot of cyclin E1 protein in MCF7-
pa cells transfected with empty EV or hairpin A overexpression vector (hairpin A). (J) Overview of cyclin E1 truncated mutants and its domain. NLS, nuclear localization
signal. (K) RNA pull-down followed by Western blot showing the interaction of cyclin E1 truncated mutants and EILA. (L) RIP followed by qRT-PCR assays revealing the
binding of EILA and cyclin E1 truncated mutants. For (A), (C), (D), (F), and (L), data from three independent experiments were expressed as means + SD and the P values
were calculated by Student'’s t test for two-group comparison and one-way ANOVAs for multiple-group comparison. ****P < 0.0001, ***P < 0.001, and N.S. for P > 0.05.
7 of 17

Cai et al., Sci. Adv. 9, eadi3821 (2023) 6 October 2023



SCIENCE ADVANCES | RESEARCH ARTICLE

Igc  IP:Cyclin E1 MCF7-palR
A B : - yn: c D 19G ::I;'C clin E1
& & ¢ & s 58 % MCF7-palR 9 :Cy
A AR A oL L X & b z g
Q] J V ! o oW W G S (—,o o (@} @] @]
g 2 £ ¢ > % ki 2 22 2 2
pEl S384)L‘ u pE1(S384)_ - I
0.4
o1 (1350 A R |
Cyclin E1 | s - IB: Ub 1.0 03 04 IB: Ub
1.0 4.9 1.0 4.2
CDK2 [ ] | e |
1.0 1.2 1.0 1.1

1.0 3.0

3.2
1.0 0.2 1.0 0.9 0.9 A
- IB: CyclinE1
1.0 0.9 0.9 - % % | Input: CyclinE1
apoH S ] LIWDJ E input: Cycling s P
1.0 1.0 R

GSK3p

04 03 09 03 03
[ @ e e e e o= | Input: GAPDH

Elnput GAPDH 0 10 09 09 10 09
MCF7-pa MCF7-pa
E _Y* F 19G IP: Cyclin E1 G IgG IP: Cyclin E1
¢ S S &
pE1(s384) [ S| T 5 & & SN &£
SEE&E
1.0 04 Q7 QY QD
Cyeline e ) Cyclin 1
T — — 0 36
| i -
1.0 1.2 l e E] ! 1.00,2 ¥
GSK3B - 10 41 09
0 10 1004 INput: GAPDH | e S a— - |
IE 1B: CyclinE1 0 10 09 1.1
GAPOH | )
1.0 3.6 1.1 4.3
[SSSS &= &= nput: GarDH
1.0 1.0 0.9 09
MCF7-palR
H 19G IP: Cyclin E1 | J g 3 v 5 3 g
N Y MCF7-palR SRR R S
¢ PE ¢ P . - MG132 - ¥ & &
S SR S S < ASO#1 + +
10 05 04 Cyclin ET | mees u'\'_ 1003 03 09 10 09
xw/ [ TS 10 04 47 42 < | GAPDH |- - b D -|

0 75 57
- FBXW7 E 0 o o 14 12 e
Input: Cyclin E1 ™ - .ﬂ

10 03 02 09 03 03 GAPDH 0 02 Ol Ll % Cyclin E1 I I
INput: GAPDH | ae s s e e o | \M‘ “3.1 10 03 04 19 17 20
10 10 11 10 10 10 1.0 141 0.9 07 5 GAPDH‘-- ---‘

i -

1.0 1.0 09 1.1 1.0 0.9

Fig. 5. EILA hinders the ubiquitination-mediated proteasomal degradation of cyclin E1. (A) Western blot analysis of phospho-cyclin E1 (5384), phospho-cyclin E1
(T380), cyclin E1, CDK2, and GSK3p expression levels in the parental cells (MCF7-pa and T47D-pa) and palbociclib-resistant cells (MCF7-palR and T47D-palR). (B) Coim-
munoprecipitation (Co-IP) analysis of ubiquitinated cyclin E1 protein in MCF7-pa and MCF7-palR cells. (C) Western blot analysis of phospho-cyclin E1 (S384), cyclin E1,
CDK2, and GSK3 expression levels in MCF7-palR cells after EILA knockdown. (D) Co-IP analysis of ubiquitinated cyclin E1 protein in MCF7-palR cells after EILA knockdown.
(E) Western blot showing the expression levels of phospho-cyclin E1 (5384), cyclin E1, CDK2, and GSK3[3 in MCF7-pa cells transfected with empty vector (EV) or EILA
overexpression vector (EILA). (F) Co-IP analysis of ubiquitinated cyclin E1 protein in MCF7-pa cells transfected with EV or EILA. (G) Co-IP and Western blot analysis showing
the association of FBXW7 and cyclin ET in MCF7-pa and MCF7-palR cells. (H) Co-IP and Western blot analysis revealing the association of FBXW7 and cyclin E1 in MCF7-
palR cells with EILA knockdown. (I) Western blot analysis of cyclin E1 and Fxbw7 in MCF7-palR cells transfected with NC or FBXW?7 siRNAs for 24 hours and with/without
EILA knockdown. (J) Western blot analysis of cyclin E1 expression in MCF7-palR and T47D-palR cells with EILA knockdown and with DMSO or ubiquitination inhibitor MG-
132 treatment for 24 hours.
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decreased phosphorylated cyclin E1 and the ubiquitination-mediat-
ed degradation of cyclin E1 (Fig. 5, E and F). These results indicate
that EILA regulates the phosphorylation of cyclin E1 on $384 and its
ubiquitination, and therefore increases its stability.

The phosphorylated cyclin E1 is recognized and ubiquitinated
by FBXW?7, an E3 ubiquitin ligase, followed by ubiquitination-me-
diated proteasomal degradation (27, 28). To examine whether
FBXW?7 regulates cyclin E1 stability in the CDK4/6i-resistant
cells, we detected the binding between cyclin E1 and FBXW?7, and
found that less cyclin E1 was bound to FBXW?7 in MCF7-palR cells
than in MCF7-pa cells (Fig. 5G). To determine whether FBXW7
plays a role in the regulation of cyclin E1 stability mediated by
EILA, we silenced EILA in MCF7-palR cells and detected the
binding between cyclin E1 and FBXW?7 by coimmunoprecipitation
assay. We found that EILA knockdown rendered more cyclin E1
bound to FBXW?7 (Fig. 5H), which indicates that EILA hinders
the binding between cyclin E1 and FBXW?7. Moreover, silencing
EILA expression was unable to reduce cyclin E1 in MCF7-palR
cells with FBXW7 knockdown, suggesting that FBXW?7 participates
in the regulation of cyclin E1 stability mediated by EILA (Fig. 5I).
We further explored the role of ubiquitination-mediated proteaso-
mal degradation in the regulation of cyclin E1 stability mediated by
EILA, and found that EILA knockdown was unable to reduce cyclin
E1 in MCF7-palR cells treated with the proteasome inhibitor MG-
132 (Fig. 5]). Together, these results reveal that EILA stabilizes
cyclin E1 by impairing its binding with FBXW?7 and inhibiting its
ubiquitination-mediated proteasomal degradation.

CTCF/CDKB8/TFII-l complexes regulate EILA expression

To determine the transcription factor that modulates EILA expres-
sion, we performed luciferase reporter assays with various truncated
mutants of its promoter region [1.5 kb upstream and 0.4 kb down-
stream of the transcription start site (TSS)]. We found that the
—500- to 0-bp (base pair) region is essential for the luciferase activ-
ity, which indicates that the transcription factor of EILA may bind
to this region (Fig. 6A). Next, we used the JASPAR database to
predict the previously unknown transcription factor of EILA, and
found that CTCF ranked first in the binding score (Fig. 6B). More-
over, CTCF knockdown significantly reduced EILA expression and
its luciferase promoter activity (Fig. 6, C and D). There are two pre-
dicted binding sites in the —500- to 0-bp region for CTCF transcrip-
tion factor, named P1 (—422 to —404) and P2 (—389 to —371) site.
Mutation of P1, but not P2, site significantly reduced the luciferase
promoter activity of EILA, indicating that the P1 site is the major
binding site of CTCF (Fig. 6, E and F). In addition, the chromatin
immunoprecipitation (ChIP)-PCR assay also confirmed that the
EILA promoter region contained CTCF-binding site (Fig. 6G).
These findings were further confirmed by the ChIP-sequencing
(ChIP-seq) data on Cistrome Data Browser (http://cistrome.org/
db/#/) (29-31), which showed that the EILA promoter contains
CTCEF-binding sites (Fig. 6H).

CTCF is a multifunctional regulator in chromatin structure and
gene expression, including transcriptional activation and repression
(32). It recruits and binds to protein partners to regulate gene ex-
pression, like TFII-I and CDK8 (33). According to the Cistrome
Data Browser (34), the general transcriptional factor TFII-I can
also bind to the promoter region of EILA (fig. S6A). In addition,
ChIP-PCR assay also showed that the EILA promoter region con-
tained CDK8-binding site (Fig. 6I). We also observed more robust
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interaction of TFII-I, CDKS8, and CTCF in the resistant cells than in
their parental cells (Fig. 6]), which indicates that CTCF may coop-
erate with TFII-I and CDKS8 to promote EILA expression. To
explore the roles of CDK8 and TFII-I in the regulation of EILA ex-
pression, we silenced CDK8 and TFII-I in the resistant cells and
found that knockdown of CDK8 and TFII-I significantly reduced
EILA expression (Fig. 6K and fig. S6B). To determine whether
CDKS8 and TFII-I play roles in CDK4/6i resistance, we evaluated
the palbociclib sensitivity after CDK8 and TFII-1 knockdown,
and found that both CDK8 and TFII-I knockdown restored
CDK4/6i sensitivity in the resistant cells (Fig. 6, L and M, and fig.
S6, C to E). These results suggest that CTCF/CDKS8/TFII-I complex-
es regulate EILA expression by binding to its promoter region and
maintain resistance to CDK4/6 inhibitors.

CDKa8 plays an oncogenic role in various kinds of cancers (35). It
regulates gene expression by associating with mediator complex or
by phosphorylating transcription factors (36). CDK8 inhibitors
have shown promising efficacy in acute melanoma leukemia
(AML), breast cancer, and colon cancer, which indicates that
CDKS8 is a potential therapeutic target for cancer treatment (30).
To determine whether CDKS8 inhibition reduces EILA expression
and restores CDK4/6 inhibitor sensitivity, we treated the resistant
cells with two CDKS8 inhibitors [SEL120 and Senexin A (SENA)]
and then measured the EILA expression and their sensitivity to pal-
bociclib. We found that both CDKS inhibitors significantly reduced
EILA expression in the resistant cells, suggesting that CDK8 is re-
sponsible for EILA expression (fig. S6F). In addition, the two CDK8
inhibitors also markedly resensitized the resistant cells to palboci-
clib treatment (fig. S6, G to I). The parental cells showed less sensi-
tivity to the CDKS8 inhibitors, possibly due to their lower expression
of EILA (fig. S6, ] and K). Together, these results reveal that target-
ing EILA expression by CDKS inhibitors may be a promising strat-
egy in post-CDK4/6 inhibitor setting.

EILA promotes CDK4/6 inhibitor resistance in vivo

To further determine whether EILA promotes CDK4/6i resistance
of breast cancer cells in vivo, we inoculated MCF7-palR cells into
the mammary fat pads of nonobese diabetic/severe combined im-
munodeficient (NOD/SCID) mice. After tumors were palpable,
they were randomly assigned into six groups and treated with
control solution, palbociclib, EILA-specific ASOs, control ASOs,
and their combinations. Consistent with the previous findings in
vitro, EILA-specific ASOs significantly reduced tumor growth
and the combinations of palbociclib and EILA-specific ASOs
further shrank the tumors (Fig. 7, A and B), indicating that EILA-
specific ASOs resensitizes the resistant tumors to CDK4/6 inhibi-
tors. Moreover, the combinations of palbociclib and EILA-specific
ASOs had little influence on mouse weight (Fig. 7C), suggesting that
these combinations are tolerable.

EILA-specific ASOs markedly reduced EILA expression and the
protein level of cyclin E1 (Fig. 7, D and E). In addition, EILA knock-
down also significantly lowered the expressions of Ki67 and pRb,
and the combinations of palbociclib and EILA-specific ASOs
reduced their expressions in a greater degree (Fig. 7, D and E). Col-
lectively, these results suggest that targeting EILA expression with
specific ASOs overcomes CDK4/6i resistance in vivo.

9 of 17


http://cistrome.org/db/#/
http://cistrome.org/db/#/

SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 6. EILA expression is regu-
lated by CTCF/CDK8/TFII-I com-
plexes. (A) Luciferase reporter
assays showing the transcriptional
activity in MCF7-palR cells trans-
fected with truncated fragments of
the EILA promoter region. (B) Pre-
dicted transcriptional factors of
EILA in the JASPAR online software
based on the —500- to 0-bp se-
quence. (C) gRT-PCR analysis of
CTCF and EILA expression in MCF7-
palR cells after CTCF knockdown.
(D) Luciferase reporter assays
showing the EILA transcriptional
activity in MCF7-palR cells after
CTCF knockdown. (E) Luciferase
reporter assays performed in
MCF7-palR cells transfected with
mutated fragments of the EILA
promoter region (—500 to 0 bp). (F)
Predicted CTCF-binding site in the
EILA promoter region. (G) ChIP-
qPCR analysis revealing the locali-
zation of CTCF at EILA promoter in
MCF7-palR cells. (H) Analysis of
ChlIP-seq binding peaks in the
Cistrome Database and UCSC
Genome Browser. (I) ChIP-qPCR
analysis showing the localization
of CDK8 at EILA promoter in MCF7-
palR cells. (J) Co-IP assays and
Western blot analysis showing the
interaction between CTCF and
CDK8/TFII-l in MCF7-palR cells. In
(K to M), CDK8 was silenced in
MCF7-palR cells. (K) qRT-PCR de-
tection of CTCF and EILA in MCF7-
palR cells after CTCF knockdown.
(L and M) Cell proliferation assays
(L) and EdU incorporation (M)
assays showing the growth of
transfected cells under palbociclib
treatment. For (A), (C) to (E), (G), (1),
and (K) to (M), data from three in-
dependent experiments were ex-
pressed as means + SD and the P
values were calculated by Stu-
dent'’s t test for two-group com-
parison and one-way ANOVAs for
multiple-group comparison. ****p
< 0.0001, ***P < 0.001, **P < 0.01,
and N.S. for P > 0.05.

EILA predicts CDK4/6 inhibitor response and is up-
regulated after progression on CDK4/6 inhibitors

To further demonstrate the clinical significance of EILA in CDK4/6i
resistance, we detected the EILA expression in 37 ER" advanced
breast cancer patients treated with CDK4/6 inhibitors (SYSMH
cohort 3). These patients were divided into two groups (EILA-
high and EILA-low) according to the ISH score of EILA. Analyses
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of Kaplan-Meier plot revealed that high EILA expression predicted

shortened PFS in these patients (Fig. 8A). Similarly, high cyclin E1

protein expression was also associated with poor clinical outcome in
these patients (Fig. 8B). Moreover, seven paired biopsies were taken
from these patients before treatment and after progression on
CDK4/6 inhibitors. Analysis of these paired biopsies showed that
the resistant tumors expressed higher levels of EILA than the
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Fig. 7. EILA promotes CDK4/6 inhibitor resistance in vivo. The xenografts (n = 6 per group) of MCF7-palR cells were intratumorally injected with NC or EILA-ASOs and
then treated with control or palbociclib. (A to C) The harvested tumors (A) and the tumor volume (B) and mouse weight (C) were measured. (D) Representative images
showing the expression of Ki67, pRb, and cyclin E1 analyzed by immunohistochemistry (IHC) staining and the EILA expression analyzed by ISH staining. (E) IHC score for
Ki67, pRb, and cyclin E1 and ISH score for EILA. For (B), (C), and (E), data were shown as means + SD and the P values were calculated by Student's t test for two-group
comparison and one-way ANOVAs for multiple-group comparison. ****P < 0.0001, ***P < 0.001, **P < 0.01, and N.S. for P > 0.05. Scale bar, 50 pm.
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Fig. 8. EILA predicts poor response to CDK4/6i treatment and is up-regulated in CDK4/6i-resistant breast cancers. (A) Kaplan-Meier survival curve of breast cancer
patients with high (ISH staining score > 4) and low (ISH staining score < 4) expression of EILA in SYSMH cohort 3 (n = 37, log-rank test, two-sided). (B) Kaplan-Meier survival
curve of breast cancer patients with high (IHC staining score > 4) and low (IHC staining score < 4) expression of cyclin E1 in SYSMH cohort 3 (n = 37, log-rank test, two-
sided). (C and D) ISH for EILA and IHC for cyclin E1 in breast cancer patients before CDK4/6i treatment and after progression (n = 7). Representative images were shown.
Scale bars, 50 um. Paired Wilcoxon signed-rank test determines the P values. *P < 0.05.

naive tumors, with up-regulation of cyclin E1 protein (Fig. 8, C and
D). These results indicate that EILA expression is associated with
CDK4/6 inhibitor response and is up-regulated after progression,
which may serve as a biomarker for CDK4/6i resistance and as a
therapeutic target to overcome the resistance.

DISCUSSION

Here, we prove that the dysregulation of cyclin E1 protein contrib-
utes to CDK4/6i resistance in breast cancer cells. We identify EILA
as a cyclin El-interacting IncRNA that stabilizes cyclin E1 and
induces CDK4/6i resistance in breast cancer cells. Bioinformatics
analysis reveals that high expression of EILA is associated with
cell cycle progression and predicts poor prognosis in breast
cancer, which is further verified by IHC and ISH analysis. In addi-
tion, targeting EILA expression with specific ASOs restores CDK4/
6i sensitivity both in vitro and in vivo. We also investigate the

Cai et al., Sci. Adv. 9, eadi3821 (2023) 6 October 2023

regulation of EILA expression and find that the CTCF/CDK8/
TFII-I complexes bind to the promoter region of EILA and facilitate
its expression. CDKS inhibitors reduce EILA expression and over-
come CDK4/6i resistance. In patients receiving CDK4/6 inhibitor
treatment, higher expression of EILA is associated with shorter
PES. Furthermore, the expression of EILA is increased after progres-
sion on CDK4/6 inhibitors.

CDK4/6 inhibitors plus endocrine therapy are now the standard
treatment for advanced HR*/HER?2 breast cancer (8). However, re-
sistance to CDK4/6 inhibitors is inevitable and therapeutic strate-
gies to override the resistance attract great attention. CCNEI
amplification and cyclin E1 overexpression are commonly seen in
many malignancies, including ovarian, endometrial, esophagogas-
tric, and breast cancer (37). Mechanistically, cyclin E1 cooperates
with CDK2 to promote Rb phosphorylation and facilitates G;-S
transition of the cell cycle (27). In breast cancer, cyclin E1 overex-
pression not only predicts poor prognosis (10) but also correlates
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with resistance to endocrine therapy, anti-HER2 therapy, and
CDK4/6 inhibitors (13, 15, 38). Apart from binding to CDK2 to
form cyclin E1-CDK2 complexes, cyclin E1 also promotes cell
cycle progression in a CDK2-independent manner (39). These find-
ings indicate that cyclin E1 may serve as a potential target to reduce
cell proliferation and overcome drug resistance. However, by now,
there are no drugs targeting cyclin E1 directly. Although CDK2 in-
hibitors suppress the function of cyclin EI-CDK2 complexes and
arrest cell cycle progression, most of them are not specific to
CDK2. Meanwhile, they inhibit CDK1 or CDK9 and bring unex-
pected off-target effects, which restrict their application (40).

Here, we report that targeting EILA with specific ASOs facilitates
the ubiquitination-mediated degradation of cyclin E1 protein,
which provides a possible solution to reduce cyclin E1. The perfor-
mance of ASOs represents a potential technology for therapeutic
application, with high specificity and manageable adverse events
(41). So far, multiple clinical trials have validated the safety and ac-
tivity of ASOs in a broad range of diseases, including amyotrophic
lateral sclerosis, and chronic hepatitis B and atherosclerosis (42-44).
Besides, ASOs also showed potential antitumor activity in many
malignancies (45). Here, we prove that targeting EILA with ASOs
overcomes CDK4/6i resistance in vitro and in vivo, which shows
the antitumor activity of EILA-ASOs in preclinical models.
However, as a systematic disease, the intratumoral drug administra-
tion of EILA-ASOs limits its application in cancer treatment. We
are going to optimize the delivery of EILA-ASOs and its structure
in the future.

Up to day, there are few biomarkers to predict CDK4/6i response
beside ER status (16, 46). Biomarker analyses of 302 patients from
the PALOMA-3 trial showed that higher cyclin E1 mRNA expres-
sion was associated with resistance to CDK4/6 inhibitors in the
PALOMA-3 trial, which was further confirmed by the POP trial
(9, 14). However, biomarker analyses of the MONALEESA-2 and
PALOMA-2 trials did not show such association between cyclin
E1 mRNA level and PFS from CDK4/6 inhibition (16, 17). These
contradictory findings suggest that the role of cyclin E1 in CDK4/
61 resistance remains to be elucidated. In addition to cyclin E1
mRNA, mRNAs of other cell cycle regulators, like cyclin D1,
CDK4, CKD6, and Rb, failed to predict CDK4/6i treatment re-
sponse in these clinical trials (16, 17). Therefore, it is of great clinical
significance and translational value to seek biomarkers to distin-
guish those who can benefit from CDK4/6 inhibition. No previous
research has focused on the predictive value of IncRNA in CDK4/6i
response. We report that overexpression of EILA predicts poor
prognosis in breast cancer patients with CDK4/6i treatment. Mean-
while, we found that the EILA expression is positively correlated
with the expression of cyclin E1 protein. Moreover, the overexpres-
sion of cyclin E1 protein is associated with shortened DFS, which
indicates the necessity to detect the expression of cyclin E1 protein
with ITHC in patients receiving CDK4/6i treatment.

CDKS is reported as an oncogene in many malignancies, which
regulates gene expression by binding to mediator complexes or
phosphorylating transcription factors (36). CDKS8 inhibitors show
promising anticancer activity in acute myeloid leukemia (AML),
breast cancer, and colon cancer, indicating that CDKS is a potential
therapeutic target for cancer treatment (35). We demonstrate that
CDK8 cooperates with CTCF to promote EILA expression, which
can be blocked by CDK8 inhibitors. Both CDKS8 inhibitors,
SEL120 and SENA, reduce EILA expression and resensitize the
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resistant cells to CDK4/6 inhibition, suggesting the application of
CDKS inhibitors in post-CDK4/6i settings.

In conclusion, our study reveals that the cyclin El-interacting
IncRNA EILA plays an important role in regulating cyclin E1 stabil-
ity and maintaining the resistance to CDK4/6 inhibitors. We report
that EILA is a predictive biomarker for CDK4/6i treatment, and it is
also a potential therapeutic target for post-CDK4/6i progression.

MATERIALS AND METHODS

Cell culture, reagents, transfection, and transduction

The parental cell lines (MCF7-pa and T47D-pa) were obtained from
the American Type Culture Collection (ATCC; Rockville, MD,
USA), and the palbociclib-resistant cell lines (MCF7-palR and
T47D-palR) were established as previously described (21). MCF7-
pa, MCF7-palR, and human embryonic kidney (HEK) 293T cell
lines were cultured in Dulbecco’'s modified Eagle’s medium
(DMEM) (Gibco, USA) with 10% fetal bovine serum (FBS)
(HyClone, USA). T47D-pa and T47D-palR cell lines were cultured
in RPMI 1640 medium (Gibco, USA). All the cell lines were iden-
tified with short tandem repeat profiling and were free of mycoplas-
ma. The cell lines were maintained at 37°C and in 5% CO,.

Palbociclib was provided by Pfizer Inc., and SEL120 and SENA
were purchased from Selleck (Houston, TX). These reagents were
dissolved with dimethyl sulfoxide (DMSO) for in vitro experiments.

For siRNA or ASO transfection, cells (1 x 10°) were seeded in the
six-well plate and then transfected with specific siRNAs or ASOs
using RNAiMax (13778150, Invitrogen). The sequence of siRNA
and ASO was listed in table S5.

For lentivirus production, the full-length sequence of EILA, HA-
tagged cyclin E1, and its truncated mutations were cloned into the
pCDH-puro plasmids and then were cotransfected with pMD2.G
and pSPAX2 plasmids into the HEK293T cells to generate lentivi-
rus. The lentivirus-containing supernatant was collected and fil-
tered with a 0.25-um filter (SLGP033RB, Millipore). We then
transduced the cells with the indicated lentivirus and polybrene
(5 pg/ml). After 72 hours, we selected the transduced cells with pu-
romycin (5 ug/ml).

RNA immunoprecipitation

The RIP assays were conducted following the manufacturer’s in-
structions of the Magna RIP kit (17-700, Millipore). In brief, the
cultured cells were harvested and lysed with RIP lysis buffer. After
centrifugation, the supernatant of the lysates was incubated with an-
tibody-conjugated magnetic beads at 4°C overnight. The beads were
washed, and the coprecipitated RNAs were extracted for qRT-PCR
or sequencing. Negative control IgG and human anti-HA antibody
[1:100, Cell Signaling Technology (CST), 3724] were used in the
research.

RIP sequencing and IncRNA sequencing

For RIP sequencing, MCF7-pa cells stably expressing HA-tagged
cyclin E1 were harvested to perform RIP assay with IgG or HA an-
tibody. After the coprecipitated RNAs were extracted, ribosomal
RNAs (rRNAs) were removed. The retained mRNA and ncRNAs
were fragmented into short fragments with fragmentation buffer
and then reverse-transcribed into cDNA library for sequencing.
The RIP sequencing was performed using Illumina HiSeq6000 plat-
form in Gene Denovo Biotechnology Co. (Guangzhou, China).
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For IncRNA sequencing, the total RNAs from MCF7-pa and
MCF7-palR cells were extracted with TRIzol reagent (15596026, In-
vitrogen) according to the manufacturer’s instructions. The RNA
quality was checked by the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Palo Alto, CA, USA) and by the ribonuclease (RNase)—free
agarose gel electrophoresis. After removal of rRNAs, the enriched
mRNAs and ncRNAs were fragmented into short fragments and
then reverse-transcribed into cDNA library for sequencing. The
IncRNA sequencing was performed using Illumina HiSeq6000 plat-
form in Gene Denovo Biotechnology Co. (Guangzhou, China).

RNA ISH and IHC

For RNA ISH, the digoxin-conjugated oligonucleotide probe
(/5DiGN/AAGAAATCGGCCAGAGCCTCA/3DiG_N/) for EILA
detection was designed and synthesized by Exiqon (306584156,
QIAGEN). EILA expression was measured in the sections from par-
affin-embedded tissue samples. Briefly, the sections were digested
with proteinase K (20 pug/ml) at 37°C for 10 min and hybridized
with the probe (200 nM) at 54°C overnight. After hybridization,
these sections were washed using 2x SSC added with 25% deionized
formamide at 54°C for 10 min and 2x SSC at 54°C for 10 min. After
washing, these sections were incubated with peroxidase (POD)-
conjugated anti-digoxin monoclonal antibody (200-032-156,
Jackson ImmunoResearch, 1:400) at 4°C overnight and subse-
quently dyed with diaminobenzidine (DAB) (GK500710, Dako)
and hematoxylin according to the manufacturer's instructions.

For THC, the sections were dewaxed, rehydrated, and boiled in
sodium citrate buffer (P0083, Beyotime) for antigens retrieval. After
incubation in H,0O, (3%) and blocking with bovine serum albumin
(1%), the sections were incubated with primary antibodies against
pRb (8516, CST, 1:200), Ki67 (ZM0166, ZSGB-BIO, ready to use),
and cyclin E1 (A301-566A, Bethyl Laboratories, 1:100) at 4°C over-
night and then stained with DAB (GK500710, Dako) and hematox-
ylin according to the manufacturer’s instructions.

The ISH and THC score were evaluated by two independent ob-
servers based on both the proportion and intensity of positively
stained tumor cells in 10 random fields under a 40x objective.
The proportion of positively stained tumor cells were divided into
four levels: 0 (no positive cells), 1 (<10%), 2 (10% to 50%), and 3
(>50%). The staining intensity of positive signal was graded as
follows: 0 (no staining), 1 (light brown), 2 (brown), and 3 (dark
brown). The staining score was calculated as follows: staining
score = proportion of positively stained tumor cells x staining inten-
sity. Using this method, the expression of indicated markers was
scored as 0, 1, 2, 3, 4, 6, 8, 9, or 12, with their median values as
the cutoff points to divide patients into high or low expres-
sion group.

RNA FISH and IF

Cells (5 x 10* per dish) seeded on the confocal dishes were washed
with phosphate-buffered saline (PBS) and fixed with 4% formalde-
hyde at room temperature for 15 min. Then, the cells were digested
with 0.4% trypsin at room temperature for 5 min and permeabilized
with PBS containing 0.5% Triton X-100 on ice for 5 min. The hy-
bridization was performed by incubating the cells with EILA probes
at 54°C overnight. After washing off the probes, the cells were co-
incubated with the fluorescein-conjugated antibody against digoxin
(Roche) and the primary antibody against cyclin E1 (A301-566A,
Bethyl Laboratories, 1:100) at 4°C overnight. Then, the cells were
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incubated with Alexa Fluor 647 secondary antibodies (A32733, In-
vitrogen, 1:200) for 1 hour and stained with DAPI (4',6-diamidino-
2-phenylindole) at room temperature for 10 min. The images were
taken with a confocal microscope (LSM800, Zeiss) to analyze the
colocalization of EILA and cyclin E1.

RNAscope

The seven ZZ probes (Hs-EILA-O1) targeting 2 to 842 nt of EILA
were designed and synthesized by Advanced Cell Diagnostics
(ACD; CA, USA). The RNAscope assay was performed to detect
the expression and location of EILA in the parental and resistant
cells using an RNAscope 2.5 High Definition (HD)—RED Assay
kit (322350, ACD) according to the manufacturer’s instruction.
Briefly, the cells seeded on the confocal dishes were rinsed with
PBS and fixed with 10% neutral formalin at room temperature for
30 min. After fixation, cells were dehydrated, rehydrated, incubated
with H,O, at room temperature for 10 min, and digested with pro-
teinase IIT at room temperature for 10 min. Hybridization was per-
formed with the probes at 40°C for 2 hours, and the probes were
furthered labeled with TSA Plus Cy3 fluorescence and blocked
with the horseradish peroxidase (HRP) blocking solution. The
cells were dyed with DAPI and analyzed with a confocal
microscope.

Western blot

The cells were harvested and lysed in radioimmunoprecipitation
assay lysis buffer (P0013B, Beyotime) containing 1% protease and
phosphatase inhibitors (78442, Thermo Fisher Scientific). Sample
proteins were separated by SDS—polyacrylamide gel electrophoresis
and transferred onto the polyvinylidene difluoride membranes
(Merck Millipore). The membranes were blocked with 5% nonfat
milk and incubated with primary antibodies against cyclin E1 (sc-
247, Santa Cruz Biotechnology, 1:1000), HA (3724, CST, 1:1000), p-
E1(S384) (PA5-106061, Thermo Fisher Scientific, 1:1000), p-
E1(T380) (PA5-36636, Thermo Fisher Scientific, 1:1000), CDK2
(sc-6248, Santa Cruz Biotechnology, 1:1000), GSK3p (12456, CST,
1:1000), ubiquitin (3936, CST, 1:1000), FBXW7 (MA5-26563,
Thermo Fisher Scientific, 1:1000), TFII-I (610942, BD Biosciences,
1:1000), CDK8 (sc-1521, Santa Cruz Biotechnology, 1:1000), and
CTCF (3418, CST, 1:1000). After washing, the membranes were
further incubated with HRP-conjugated secondary antibodies at
room temperature for 1 hour. The blots were then detected with en-
hanced chemiluminescence (34095, Pierce). All the results of
Western blot were quantified by Image] (version 1.54d), and the
band intensity was labeled below every blot, with the first lane as
a control.

Coimmunoprecipitation and ubiquitination assay

The cells were harvested and lysed in IP lysis buffer (87788, Thermo
Fisher Scientific) containing 1% protease and phosphatase inhibi-
tors (78442, Thermo Fisher Scientific). The lysates were incubated
with antibodies against cyclin E1 (A301-566A, Bethyl Laboratories,
1:50), CTCF (3418, CST, 1:50), or rabbit IgG (negative control) at
4°C overnight. Then, the Dynabeads protein G (10004D, Invitro-
gen) was added into the lysates and incubated at room temperature
for 1 hour. After washing, the precipitated proteins were boiled in
lithium dodecyl sulfate (LDS) buffer (NP0007, Invitrogen) and de-
tected by Western blot. For ubiquitination assay, the cells were
treated with 20 uM MG-132 (C2211, Sigma-Aldrich) for 12 hours
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before harvesting. The treated cells were then lysed and subjected to
coimmunoprecipitation assays, and the precipitated proteins were
detected with Western blot.

Quantitative real-time PCR

RNAs were reverse-transcribed into cDNA using the PrimeScript
RT Master Mix (RR036A, Takara) according to the manufacturer’s
instruction. QRT-PCR assays were performed by using TB Green
Premix ExTaq II (RR820A, Takara) according to the manufacturer'’s
recommendations. All the primers used in this article were listed in
table S6.

Chromatin immunoprecipitation

ChIP assays were performed using the EZ-Magna ChIP A/G Chro-
matin Immunoprecipitation Kit (17-10086, Merck Millipore) ac-
cording to the manufacturer’s recommendations. In brief, the
harvested MCF7-palR cells were cross-linked with 1% formalde-
hyde at 37°C for 20 min, lysed, and sonicated to generate ~200 to
1000 bp DNA fragments. Antibodies against CTCF (3418, CST,
1:50), CDK8 (sc-1521, Santa Cruz Biotechnology, 1:50), and
rabbit/mouse IgG were used for immunoprecipitation, and the pre-
cipitated DNA fragments were subjected to qPCR amplification.
The primers used were listed in table S6.

Subcellular fractionation of RNAs

The RNAs were isolated from nuclear and cytoplasmic extracts by a
protein and RNA isolation system kit (AM1921, Invitrogen) accord-
ing to the manufacturer’s instructions. The expression of EILA in
the nuclear and cytoplasmic fractionations was detected by
qRT-PCR.

Northern blot

The Northern blot assay was performed using a NorthernMax kit
(AM1940, Invitrogen) according to the manufacturer’s recommen-
dations. In brief, the RNAs mixed with RNA loading buffer were
heated at 65°C for 10 min and cooled on ice. The RNAs were
then separated on agarose gels, transferred to the positively
charged nylon membrane, and crosslinked with ultraviolet. The
membrane was incubated with the digoxin-conjugated oligonucle-
otide probe at 54°C overnight for detection of EILA and ACTB.
After washing, the membrane was further incubated with alkaline
phosphatase (AP)—conjugated antibody (11093274910, Roche,
1:5000) against digoxin for 30 min at room temperature and detect-
ed with the chemiluminescent substrate for alkaline phosphatase
detection (CSPD) substrate.

RNA pull-down

The biotin-labeled RNAs were transcribed using a TranscriptAid T7
High Yield Transcription kit (K0441, Thermo Fisher Scientific) and
biotinylated using a Magnetic RNA-Protein Pull-Down kit (20164,
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. After purifying using a GeneJET RNA Purification kit
(K0731, Thermo Fisher Scientific), the biotin-labeled RNAs were
heated at 95°C for 2 min, cooled on ice for 3 min, and then kept
at room temperature for 30 min to form secondary structure.
Then, the folded biotin-labeled RNAs were captured with streptavi-
din magnetic beads at room temperature for 1 hour and incubated
with cell lysates or recombinant cyclin E1 protein (ab119719,
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Abcam) at room temperature for 2 hours. After washing, the
eluted proteins were subjected to Western blot.

Luciferase reporter assay

A series of truncated DNA fragments of the EILA promoter region
were cloned into the pGL3 reporter plasmid. The resistant cells were
transfected with these pGL3 reporter plasmids together with pRL-
TK plasmids at 50:1. Forty-eight hours after transfection, these cells
were harvested and the Firefly and Renilla luciferase activity was
measured using a Dual-Luciferase Reporter Gene Assay kit
(RG027, Beyotime). The pGL3-basic plasmid was used as a
control, and the Firefly luciferase activity was normalized to
Renilla activity luciferase activity.

Tumor xenograft formation in mice

The animal experiments were approved by the Sun Yat-Sen Univer-
sity laboratory animal care and use committee. Female NOD/SCID
mice aged 4 weeks were housed under standard condition (25°C,
50% humidity) at the specific pathogen—free (SPF) animal facility.
The mice were subcutaneously implanted with 17B-estrogen pellets
(0.72 mg, 60-day release, Innovative Research of America), and 5
days later, MCF7-palR cells (1 x 107/0.1 ml of PBS) were injected
into the mammary fat pad of the mice. When the tumors were pal-
pable, the mice were randomly assigned into indicated groups (n =6
per group). For palbociclib and EILA ASOs combinational treat-
ment assay, the xenograft mice were randomized to six groups
and treated with the following: (i) negative control ASOs (intratu-
moral injection, 5 nmol per injection, every 2 days, RiboBio, China)
+ control lactate buffer, (ii) negative control ASOs + palbociclib
(oral gavage, 100 mg/kg, every day, 50 mM, lactate buffer at pH
4.0), (iii) EILA-ASO#1 + lactate buffer, (iv) EILA-ASO#1 + palbo-
ciclib, (v) EILA-ASO#2 + lactate buffer, (vi) EILA-ASO#2 + palbo-
ciclib. The mouse weights and xenograft sizes were monitored every
7 days. Tumor volumes (mm?) were calculated by the following
formula: volume (mm?) = length x width® x 0.5. At the endpoints,
the mice were euthanized and the tumors were harvested for IHC
staining and RNA ISH assay.

Determination of EILA copy numbers

The total RNAs were extracted from parental and resistant cells and
detected by qRT-PCR. To establish the standard curve, in vitro tran-
scribed EILA RNAs were diluted into a series of dilution and detect-
ed by qRT-PCR. According to the threshold cycle (CT) value and
copy number of the standard curve, EILA copy numbers per cell
were calculated.

Colony formation unit assay and EdU incorporation assay
For colony formation unit assay, cells were seeded in six-well plates
(1000 cells per well) followed by the indicated treatment. The
medium was replenished every 3 days. After 15 days, the cells
were fixed with 4% paraformaldehyde and incubated with crystal
violet for staining. For EQU incorporation assay, cells were seeded
in the 96-well plates (4000 cells per well) and treated with indicated
agents. The cells were further incubated with EdU (10 mM, C0075L,
Beyotime, China) for 2 hours before harvest. These cells were fixed
with 4% paraformaldehyde and dyed with Azide Alexa Fluor 555
(C0075L, Beyotime, China) and DAPI following the manufacturer'’s
protocol.
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Flow cytometry for cell cycle

For cell cycle analysis, cells were seeded in six-well plates (3 x 10
per well) and treated with indicated agents. After harvest, the cells
were fixed with 70% cold ethanol and dyed with propidium iodide
(PI; Sigma-Aldrich, Germany). The samples were analyzed with a
flow cytometer (Becton Dickinson, USA), and the data were pro-
cessed with DNA modeling software.

Patients and tumor specimens

Fresh paired breast cancer and normal breast tissue were obtained
from 47 early-stage breast cancer patients (SYSMH cohort 1) diag-
nosed between 1 January 2020 and 30 December 2020. In SYSMH
cohort 2, paraffin-embedded primary tumor samples were obtained
from 215 ER"/HER2™ positive female breast cancer patients (age 32
to 92 years, median 58 years) at the Breast Tumor Center of Sun Yat-
Sen Memorial Hospital between 1 January 2012 and 30 December
2018. These patients were confirmed to have ER" breast cancer by
postoperative pathological diagnosis and received adjuvant endo-
crine treatment and regular follow-up (median DFS, 53.8
months). Detailed clinicopathological information is provided in
tables S4 to S6. In SYSMH cohort 3, paraffin-embedded recurrent
tumors were obtained from 37 advanced ER"/HER2™ positive
female breast cancer patients (age 36 to 72 years, median 49
years) who received CDK4/6 inhibitors and regular follow-up
(median PFS, 7.5 months). All samples were collected with signed
informed consent and ethics approval from Sun Yat-Sen Memorial
Hospital.

Statistics and reproducibility

All in vitro experiments and statistical analyses were performed
using GraphPad Prism version 8.0 or Excel software. Unless other-
wise noted, results were expressed as means + SD [****P < 0.0001,
*P < 0.001, **P < 0.01, *P < 0.05 and N.S. (not significant) for P >
0.05], and the P values were calculated by Student's ¢ test for two-
group comparison and one-way analyses of variance (ANOVAs) for
multiple-group comparison.

Supplementary Materials
This PDF file includes:

Figs. S1 to S6

Tables S1 to S6

Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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