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down-regulating the transcription of the

FOXO1-KLF5 axis

Most basal-like breast cancers (BLBCs) have a poor prog-
nosis and high crossover with triple-negative breast cancers
(TNBCs). However, approximately 50% of TNBC patients
develop chemoresistance.' Dexamethasone reportedly in-
duces Kriippel-like factor 5 (KLF5) and can cause docetaxel
and cisplatin resistance in TNBC. A super-enhancer can
maintain the transcription of KLF5.” Bromodomain-con-
taining 4 (BRD4) is a transcriptional coactivator in super-
enhancers, and the BRD4 inhibitor compound 870 could
strongly inhibit KLF5 transcription.? Forkhead box class O 1
(FOXO1) promotes chemoresistance to doxorubicin in
breast cancer.®> FOXO1 has been shown to promote SOX2
transcription, which plays a critical role in cancer
stemness.” In addition, FOXO1 promoted KLF5 transcription
in diabetic cardiomyopathy.® However, the roles of FOXO1
and KLF5 in chemotherapy remain exclusive. In the present
study, we examined the function of FOXO1 and the rela-
tionship between FOXO1 and KLF5 in BLBCs. We used epi-
rubicin (EPl) and cisplatin (DDP) to treat BLBCs. The
expression of FOXO1 and KLF5 was down-regulated,
whereas KLF5 overexpression decreased the sensitivity of
BLBCs to these drugs. FOXO1 regulated KLF5 in the BLBC
chemotherapy response, and a novel therapeutic strategy
targeting KLF5 and FOXO1 was proposed.

We analyzed breast cancer samples from public data-
bases and found no notable differences in KLF5 expression
between the residual disease (RD) and pathological com-
plete response (pCR) groups after neoadjuvant chemo-
therapy in all breast cancer samples (Fig. 1A). However,
KLF5 expression was higher in BLBC patients with RD than in
those with pCR after neoadjuvant chemotherapy (Fig. 1B).
Based on survival analysis, high KLF5 expression in patients
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receiving adjuvant chemotherapy was associated with poor
overall survival (Fig. 1C) and disease-free survival (Fig. 1D).

We treated the BLBC cell lines HCC1806 and HCC1937
with commonly used chemotherapeutic drugs DDP and EPI.
The viabilities of HCC1806 and HCC1937 cells decreased in a
dose-dependent manner (Fig. S1F, G). Given that both EPI
and DDP are DNA-damaging drugs, we examined the levels of
vH2AX, a biomarker of DNA damage. Both chemotherapeutic
drugs could induce the accumulation of yH2AX in HCC1806
and HCC1937 cells. We observed that protein levels of KLF5
and its downstream target gene FGF-BP1 were down-regu-
lated in a dose- and time-dependent manner (Fig. 1E; Fig.
S1A—C). Consistently, DDP and EPI significantly decreased
KLF5 and FGF-BP1 mRNA levels (Fig. 1F; Fig. S1D, E). Relative
primers and antibodies were shown in Table S1 and Table S2.
However, other chemotherapeutic agents, including irino-
tecan (CPT-11) and camptothecin (CPT), did not impact KLF5
or FGF-BP1 protein expression (Fig. STH—K). Y-box binding
protein 1 (YB-1) is a master transcription factor upstream of
KLF5. However, DDP and EPI did not alter YB-1 protein
expression levels in BLBC cells (Fig. 1E; Fig. S1B).

To determine whether KLF5 contributes to resistance to
chemotherapy, we stably overexpressed KLF5 in HCC1806
and HCC1937 cells. As shown in Figure 1G and Figure S2A and
B, KLF5 overexpression conferred resistance to chemother-
apeutic drugs in both cell lines. In vivo, this finding was
validated by injecting KLF5-overexpressing HCC1806 cells
into female nude mice (Fig. 1H). As expected, KLF5-over-
expressing grafts grew faster than control grafts (Fig. 11—K).
More importantly, EPlI and DDP showed no significant thera-
peutic effects on the KLF5-overexpressing tumors, whereas
both drugs significantly suppressed tumor growth in the
control group. The overexpression of KLF5 in tumor tissues
was validated by western blotting (Fig. S2C), and the body
weights of the mice were monitored (Fig. S2D). These results
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DNA-damaging drugs down-regulate KLF5 transcription by inhibiting FOXO1. (A) KLF5 expression in samples from all

kinds of patients with breast cancer presenting RD and pCR after adjuvant chemotherapy. No significant difference was observed
(P = 0.602). (B) In patients with triple-negative breast cancer receiving neoadjuvant chemotherapy, the level of KLF5 is signifi-
cantly higher in the RD group than that in the pCR group (P = 0.0156). BLBC, basal-like breast cancer. The overall survival (C) and
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suggested that KLF5 expression contributes to chemo-
resistance in BLBC cells.

According to our previous study,” the BRD4 inhibitor
compound 870 could efficiently down-regulate KLF5
expression in BLBC cells. We treated HCC1806 and
HCC1937 cells with compound 870 and found that these
breast cancer cells were more sensitive to EPI and DDP
(Fig. 1L; Fig. S3A—C). This finding was validated in vivo by
injecting HCC1806 cells into nude mice. Combination
treatment with compound 870 and EPI or DDP synergisti-
cally suppressed tumor growth (Fig. 1M—O0).

To characterize the mechanism through which chemo-
therapeutic drugs down-regulate KLF5 expression in BLBC, we
searched the literature and found that FOXO1 induces KLF5
transcription and causes oxidative stress in diabetic
cardiomyopathy.® In the Gene Expression Omnibus (GEO)
datasets, both KLF5 and FOXO1 expression levels increased in
lapatinib-resistant BT474 and EFM192A cells (GSE155341,
Fig. S2E), as well as in tamoxifen-resistant MCF7 cells
(GSE128460, Fig. S2F). In addition, FOXO1 and KLF5 expression
levels were positively correlated according to bioinformatics
analysis (Fig. S2G). TNBC samples exhibited higher FOXO1
expression than non-TNBC samples (Fig. S2H), and higher
FOXO1 levels were correlated with poor prognosis (Fig. S2I).

We found that EPI and DDP could down-regulate FOXO1
and KLF5 expression in BLBC cells (Fig. 1P; Fig. S4A).
Simultaneously, the mRNA level of FOXO1 was down-regu-
lated by EPI and DDP (Fig. S4B, C). To determine whether
FOXO1 positively regulates KLF5 transcription in BLBC cells,
we knocked down FOXO1 in HCC1806 and HCC1937 cells.
We found that both the protein and mRNA levels of KLF5
were down-regulated (Fig. 1Q, R; Fig. S4D, E). However,
immunoprecipitation (IP) revealed that KLF5 did not
interact with FOX01 (Fig. S4F, G).

We further predicted eight putative FOXO1 binding sites
in the promoter region of KLF5 according to the JASPAR

database (https://jaspar.genereg.net/) (Fig. 1S). We
confirmed the direct binding of FOXO1 to the KLF5 pro-
moter using chromatin-immunoprecipitation (ChIP)-PCR
(Fig. 1T). According to the luciferase assay, the binding site
was located in the region of —553 bp to ~ —542 bp
(Fig. 1U). According to the above results, FOXO1 could
promote KLF5 transcription by binding to the KLF5 pro-
moter. Therefore, we measured the sensitivity of HCC1806
and HCC1937 cells with down-regulated FOXO1 to chemo-
therapy (Fig. 1V; Fig. S5A, B). FOXO1 down-regulation
promotes EPI sensitivity in HCC1806 and HCC1937 cells.
CPT-11 and CPT did not inhibit the expression of KLF5/FGF-
BP-1, which could be explained by the failure of the
examined DNA-damaging chemotherapeutic drugs to down-
regulate the expression of FOXO1.

Furthermore, we measured the expression of FOXO1 and
KLF5 in different breast cancer cell lines and found that levels
of FOXO1 were comparable to those of KLF5 (Fig. 1TW). FOXO1
and KLF5 were correlated with each other, according to the
public database (Fig. 1X) (r = 0.28, P < 0.0001). Furthermore,
we measured the protein expression of FOXO1 and KLF5 in
clinical TNBC samples treated with neoadjuvant chemo-
therapy using immunohistochemistry (IHC) (Fig. 1Y). Relative
clinical information of these samples was shown in Table S3.
The expression levels of FOXO1 and KLF5 were positively
correlated in the TNBC samples (Table S4). Furthermore, we
measured the FOXO1 expression in patients who achieved RD
or pCR after neoadjuvant chemotherapy (Fig. 1Z). According
to the statistical analysis, the RD group had higher FOXO1
levels than the pCR group, indicating that high FOXO1 levels
could be correlated with TNBC patients who reached RD after
neoadjuvant chemotherapy (Table S5). However, there was
no correlation between KLF5 levels and TNBC patients who
developed RD after neoadjuvant chemotherapy.

Herein, we found that FOXO1 enhanced KLF5 transcrip-
tion by binding to the KLF5 gene promoter. KLF5

disease-free survival (D) in patients with high KLF5 expression are significantly worse than those in patients with low KLF5
expression. OS, overall survival; DS, disease-free survival. 0S: P = 0.00218, HR = 1.576; DS: P = 0.000878, HR = 1.647). (E, F)
HCC1806 and HCC1937 cells were treated with EPI for 24 h, and the expression of KLF5 and downstream genes of FGF-BP1 were
detected by western blotting and real-time PCR. (G) HCC1806 and HCC1937 cells overexpressing KLF5 were treated with DDP and
EPI for 24 h, and cell viability was detected by the SRB assay. (H) KLF5-overexpressing HCC1806 cells and control cells were
transplanted into BALB/c nude mice (female, 6—8 weeks old). n = 4 in each group. EPI or DDP was administered intraperitoneally
to tumors at day 6, every 4 days for 20 days. The tumor size (I), tumor weight (J), and tumor volume (K) were measured for each
group. (L) HCC1806 cells were treated with chemotherapeutic EPI in combination with drugs that down-regulate KLF5 (compound
870) for 24 h, and cell activity was detected using the SRB assay. (M—0) HCC1806 cells were transplanted into BALB/c nude mice,
female, 6—8 weeks old, n = 4 in each group. The tumors were treated with EPI or DDP, or combined with compound 870 on day 5
after injection, intraperitoneally, every 4 days for 20 days. The tumor size (M), tumor weight (N), and tumor volume (O) were
measured in each group. (P) HCC1806 cells were treated with EPI for 12 h, and the down-regulation of KLF5 and FOXO1 was
detected by western blotting. (Q, R) siRNA knockdown of FOXO1 decreases protein and mRNA levels of KLF5 in HCC1806 cells. (S)
JASPAR prediction of binding sites of FOXO1 on the KLF5 promoter at Homo sapiens chromosome 13, GRCh38.p13,
NC_000013.11:73052976-73054975. (T) HCC1806 cells were subjected to ChIP-PCR. (U) HEK293T cells transfected with pGL3-KLF5-
promoter A (—1500 bp), N (—1000 bp), and B (—700 bp) (—553 ~—542) were subjected to the dual luciferase assay. (V) siRNAs-
mediated FOXO1-down-regulated HCC1806 cells were treated with EPI for 24 h, and cell viability was detected using the SRB assay.
(W) The expression of FOXO1 and KLF5 in different breast cancer cell lines was measured using western blotting. (X) The co-
expression of KLF5 and FOXO1 was analyzed in the TCGA database. (Y) The expression of KLF5 and FOXO1 in TNBC samples. 12# and
37# are two representatives of positive samples, and 27# is a representative of negative sample. (Z) The FOXO1 expression in
samples developing RD or pCR after neoadjuvant chemotherapies. (AA) The working model of FOXO1 and KLF5 regulation in breast
cancer cells treated with DNA damage drugs. *P < 0.05, **P < 0.01, ***P < 0.001. ChIP-PCR, chromatin-immunoprecipitation-PCR;
DDP, cisplatin; EP, epirubicin; FOXO1, Forkhead box class O 1; KLF5, Kriippel-like factor 5; pCR, pathological complete response;
RD, residual disease; SRB, sulforhodamine B; TCGA, The Cancer Genome Atlas; TNBC, triple-negative breast cancer.
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overexpression increased tumor growth and chemothera-
peutic drug resistance. Therefore, we developed a novel
combination strategy to improve the standard therapeutic
regimen for BLBC by targeting KLF5 (Fig. 1AA).
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