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HER3 promotes triple-negative breast cancer progression by
upregulating PHF8 via miR-34b-5p-dependent mechanism
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Triple-negative breast cancer (TNBC) is one of the most aggressive subtypes of breast cancer, with limited targeted treatment
options and poor clinical outcomes. HER3 has recently emerged as a promising therapeutic target, with HER3-directed
antibody-drug conjugates advancing to Phase Il clinical trials for non-small cell lung cancer. However, the downstream molecular
mechanisms by which HER3 promotes TNBC progression remain poorly defined. In this study, we uncovered a previously
unrecognized HER3/miR-34b-5p/PHF8 signaling axis that drives TNBC cell proliferation and tumor growth. Mechanistically, HER3
activation suppresses the tumor-suppressive microRNA miR-34b-5p, resulting in the upregulation of the histone demethylase PHF8
(KDM7B), which in turn represses the expression of the CDK inhibitor p27X"*! and facilitates G1-S cell cycle progression. Functional
studies using shRNA-mediated knockdown and overexpression systems demonstrate that PHF8 is a critical downstream effector of
HER3. PHF8 depletion phenocopied HER3 knockdown, inducing G1 arrest and suppressing colony formation and proliferation in
multiple TNBC cell lines, while PHF8 overexpression rescued the inhibitory effects of HER3 loss. Furthermore, orthotopic xenograft
models revealed that enforced PHF8 expression restored tumor growth suppressed by HER3 silencing in vivo. Clinically, HER3 and
PHF8 expression levels were positively correlated in TNBC tissue specimens, and TCGA dataset analyses indicated that the HER3/
miR-34b-5p/PHF8 axis is significantly associated with poor survival outcomes in breast cancer patients. Collectively, our findings
establish a novel epigenetic regulatory circuit through which HER3 drives TNBC progression and lay the groundwork for future
therapeutic strategies aimed at disrupting HER3-epigenetic crosstalk in TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a highly aggressive and
heterogeneous malignancy characterized by the absence of
estrogen receptor (ER)and progesterone receptor (PR), and the
lack of amplification/overexpression of human epidermal growth
factor receptor 2 (HER2). TNBC comprises ~10-15% of all breast
cancers and is associated with poor prognosis due to its high
metastatic potential and limited therapies [1-4]. Conventional
treatments, including chemotherapy and radiotherapy, remain the
primary therapeutic options; however, resistance to the treat-
ments frequently occurs, contributing to the high recurrence rates
and poor overall survival in TNBC patients [5-7]. Although
immune checkpoint inhibitors, such as pembrolizumab and
atezolizumab, have shown promising results against TNBC,
especially in TNBC patients with high expression of PD-L1 or
elevated tumor mutational burden [8-10], their therapeutic
efficacy is hindered by challenges such as tumor heterogeneity,
the complex immune microenvironment, and the development of
resistance [10, 11]. In addition, PARP inhibitors, including olaparib
and talazoparib, have demonstrated effectiveness in TNBC tumors
with BRCA mutations by inhibiting DNA repair mechanisms

[12-14]. Nevertheless, their application is limited to patients
harboring specific genetic alterations, and resistance to the PARP
inhibitors can develop through secondary mutations in BRCA that
restore DNA repair capacity. Thus, current treatment options for
TNBC remain inadequate, particularly for the patients without
BRCA mutations or high expression of PD-L1. These data under-
score the urgent need to elucidate the molecular mechanisms
driving TNBC progression, identify new therapeutic targets, and
develop effective treatments for TNBC patients.

Human epidermal growth factor receptor 3 (HER3), a member of
the epidermal growth factor receptor (EGFR) family, has been
associated with poor clinical outcomes and resistance to targeted
therapies in various cancers, including breast cancer [15-19]. While
its role in other breast cancer subtypes is well-documented [20-22],
the biological function of HER3 in TNBC remains less understood.
Recent studies from our lab and others have identified HER3-initiated
signaling as a key driver of TNBC progression [23-25]. However, the
precise mechanisms through which HER3 promotes TNBC tumor
growth remain elusive. Understanding the underlying mechanisms is
crucial for the development of novel therapeutic approaches against
HER3-driven TNBC.
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In this study, we aimed to define the molecular basis of HER3-
driven TNBC progression, with a particular focus on HER3
signaling-mediated regulation of the epigenetic modifying
enzyme PHF8 (PHD finger protein 8, also known as KDM7B or
ZNF422), which is an important histone lysine demethylase
[26-28]. Analysis of TCGA data and TNBC specimens demon-
strated a positive correlation between HER3 and PHF8 expression.
We investigated how HER3 signaling promoted TNBC cell
proliferation in vitro and in vivo via a miRNA-dependent
upregulation of PHF8. Our studies uncovered a previously
unrecognized mechanism of HER3-driven TNBC growth and
highlight the HER3/miR-34b-5p/PHF8 axis as a promising ther-
apeutic target for TNBC.

METHODS

Cell culture and reagents

Human triple-negative breast cancer (TNBC) cell lines HCC1806, MDA-MB-
231, MDA-MB-468, HCC1937, and HCC70 were obtained from the American
Type Culture Collection (ATCC). All cell lines were cultured in DMEM/F-12
(1:1) supplemented with 10% fetal bovine serum (FBS) and maintained in a
humidified incubator at 37°C with 5% CO2. Cells were confirmed to be free
of mycoplasma contamination with the MycoAlert™ Mycoplasma Detection
Kit (Lonza Group Ltd. Basel, Switzerland). Primary antibodies used in
western blot assays included HER3 (cat#12708, 1:1000), p-HER3 (Y1289)
(cat#4791, 1:1000), p-Akt (S473) (cat#9271, 1:1000), Akt (cat#9272, 1:1000),
PHF8 (cat#93801, 1:1000), p27k'p1 (cat#3686, 1:1000), p21 (cat#2947,
1:1000), Cyclin D1 (cat# 2922, 1:1000), E2F1 (cat# 3742, 1:1000) from Cell
Signaling Technology (Beverly, MA, USA), and (-actin (A3853, 1:10,000)
from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies used in IHC
analysis included HER3 (cat#12708, 1:100), Ki67 (cat#9027, 1:400), Cleaved-
Caspase-3 (cat#9661, 1:400) from Cell Signaling Technology. PHF8
(ab84779, 1:200) from Abcam (Cambridge, United Kingdom). Heregulin
(HRG-B1) was purchased from Roche (Basel, Switzerland) and used at a
concentration of 25 ng/ml to activate HER3 signaling. All other reagents
were obtained from Fisher Scientific (Hampton, NH, USA) unless otherwise
stated.

Lentivirus production and transduction

Lentiviruses containing shRNAs targeting HER3 were employed for specific
knockdown of HER3, as previously described [24]. Two PHF8-specific
shRNAs (TRCN0000118321 and TRCN0000358845) were purchased from
Sigma-Aldrich and validated for specificity and efficiency. Lentiviral
production and transduction of control or specific shRNAs targeting
HER3 or PHF8 were conducted following standard procedures.

RNA sequencing and gene expression analysis

Total RNA was extracted from HCC1806 cells transduced with control or
HER3-specific shRNA using the RNeasy kit (Qiagen). Raw sequence data
were assessed for quality using FastQC (version 0.11.9) and aggregated
with MultiQC. Reads were aligned to the reference genome using HISAT2,
and mapped reads were further sorted, indexed, and compressed using
Samtools. Gene counts were generated with the featureCounts tool.
Differentially expressed genes (DEGs) were identified using DESeq2 in R
(version 4.0.4). Gene ontology (GO) enrichment analysis of DEGs was
performed using the “clusterProfiler” R package. Volcano plots and bubble
charts for significant pathways were generated using the “ggplot2” R
package. Gene expression changes were further validated by quantitative
real-time PCR (qRT-PCR).

Cell cycle analysis

Flow cytometric analysis was performed to assess cell cycle distribution in
treated and untreated cells as described previously [24]. Cells were
harvested and fixed with 70% ethanol and then stained with propidium
iodide (50 pg/ml) and RNase A (100 pg/ml) for 30 min at 37 °C. Cell cycle
distribution was analyzed using a FACScan flow cytometer (BD Biosciences,
San Jose, CA) and FlowJo software.

Western blot assays
Western blot assays were performed to examine protein expression and
activation as described previously [29]. Briefly, cells were lysed in RIPA
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buffer and sonicated at 4 °C. Protein concentrations in the lysates were
determined using the Bradford assay. Equal amount of the protein lysates
was separated by SDS-PAGE and transferred onto PVDF membranes (Bio-
Rad Laboratories, Hercules, CA). Membranes were incubated with primary
antibodies as specified in the figure legends.

In vivo orthotopic tumor xenograft models

Orthotopic tumor xenograft models were established following the
procedures as we described previously [24]. Six-week-old female athymic
nu/nu mice (Charles River Laboratories, Wilmington, MA) were maintained
in accordance with Institutional Animal Care and Use Committee (IACUC)
guidelines. HCC1806-luc cells (5 x 10A5) transduced with HER3 shRNA or
PHF8 cDNA expression vectors were injected into the mammary fat pads of
nude mice (n =5 per group). Tumor growth was monitored through tumor
volume measurements and bioluminescent imaging (IVIS System). At the
conclusion of the study, mice were euthanized following the approved
IACUC protocol, and tumor samples were collected for immunohisto-
chemical (IHC) analysis.

Immunohistochemistry (IHC)

IHC assays were performed as previously described [29]. Briefly, paraffin-
embedded tissue sections were subjected to antigen retrieval, blocking,
incubation with primary and HRP-conjugated secondary antibodies, DAB
staining, hematoxylin counterstaining, dehydration, and mounting. Images
were acquired using a Nikon microscope. Staining intensity was evaluated
semi-quantitatively based on both intensity and distribution: - (no
staining), + (weak), ++ (moderate), and +++ (strong).

Luciferase reporter assays

Luciferase reporter assays were performed to examine miR-34b-5p-
mediated regulation of the 3’ UTR of PHF8. HEK293T cells were co-
transfected with miR-34b-5p mimics or inhibitors and a construct
containing either the wide type or mutant 3’ UTR of PHF8. Luciferase
activity was measured 24 h after transfection according to the manufac-
turer’s instructions.

Statistical analysis

All data were presented as mean + standard deviation (SD) from at least
three independent experiments. Statistical analyses were performed using
the unpaired two-tailed Student’s t-test, one-way ANOVA, log-rank test,
and Spearman’s rank correlation test, as appropriate, using GraphPad
Prism software. A p-value of <0.05 was considered statistically significant.

RESULTS

Specific knockdown of HER3 significantly inhibits TNBC cell
proliferation by modulating cell cycle progression, potentially
through the regulation of epigenetic mechanisms

To identify crucial downstream mediators of HER3 signaling in
TNBC, we silenced HER3 expression by a specific shRNA in
HCC1806 cells and performed RNA-sequencing (RNA-Seq) analysis
of HCC1806-conshRNA vs HCC1806-HER3shRNA cells. Compared
to the control shRNA group, specific knockdown of HER3 led to
significant upregulation of 1384 genes and downregulation of
1860 genes (Fig. 1A). Gene Ontology (GO) enrichment analysis of
the differentially expressed genes (DEGs) revealed key biological
processes, including cell cycle progression and chromatin
remodeling, that were significantly altered upon HER3 knockdown
(Fig. 1B). KEGG pathway analysis also identified several pathways
related to cell cycle, apoptosis, and gene transcriptional regulation
that were affected by HER3 knockdown (Fig. 1C). We therefore
hypothesized that regulation of cell cycle progression and gene
transcription associated with chromatin remodeling might be
critical for HER3 promotion of TNBC cell proliferation. To test this
hypothesis, we utilized specific shRNA to downregulate HER3
expression in three TNBC cell lines (HCC1806, MDA-MB-231 and
MDA-MB-468). Colony formation assays showed a significant
reduction in colony formation ability upon HER3 knockdown,
indicating a substantial impairment in proliferative capacity
(Supplementary Fig. STA). Specific knockdown of HER3 potently
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induced cell cycle G1 arrest in all three cell lines tested (Fig. 1D).
This was accompanied by reduced expression of Cyclin D1 and
E2F1, and a marked increase in p27"P", a critical CDK inhibitor in
G1-S transition. Additionally, depletion of HER3 markedly reduced
the levels of phosphorylated Akt (p-Akt), a key downstream
molecule of HER3 signaling (Fig. 1E). This data suggests that HER3
plays a critical role in regulating cell cycle progression of TNBC
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cells. Next, we examined whether HER3 played a role in epigenetic
regulation via chromatin remodeling. Further analysis of our RNA-
Seq data discovered that specific knockdown of HER3 dramatically
inhibited expression of several epigenetic modifiers, with PHF8 as
one of the most downregulated ones (Fig. 1F). PHF8 has been
shown to be highly expressed in BC tumors compared to normal
breast tissues and other tumor types (Supplementary Fig. S1B, C).
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Fig. 1 Specific knockdown of HER3 significantly inhibits cell cycle progression and alters epigenetic regulation in TNBC cells. A Volcano
plot for RNA-Seq analyses of differentially expressed genes (DEGs) in HCC1806 cells with or without HER3 depletion. Each point represented
the average value of one transcript in three replicates. The difference was considered significant for adjusted p < 0.05 (red for upregulated
genes, blue for downregulated genes, and gray for non-significant genes). The indicated genes were involved in chromatin organization and
histone modification. B Gene Ontology (GO) enrichment analysis of the DEGs. Top GO terms were represented by gene count >50, with
FDR < 0.05 in Molecular Function (MF), Cellular Component (CC) and Biological Process (BP). C KEGG pathway analysis of the DEGs.
D, E HCC1806, MDA-MB-231 (MDA-231), and MDA-MB-468 (MDA-468) cells were infected with lentivirus containing either control shRNA
(shControl) or specific ShRNA against HER3 (shHER3) for 48 h. Cell cycle distribution was analyzed with flow cytometry assays (D). Western blot
analyses were performed to examine p-HER3, HER3, p-Akt, Akt, E2F1, Cyclin D1, p27<P!, p21*2!, and p-actin (E). F The heat map showed the
top ten (down- or up-regulated) genes involved in chromatin organization and histone modification. Analysis of TCGA (G) and CCLE (H)
datasets revealed a significantly positive correlation between HER3 and PHF8 expression in breast cancer specimens and cell lines, respectively.

It is a key histone lysine demethylase that plays a pivotal role in
epigenetic regulation by modifying chromatin structure to alter
gene transcription. PHF8 has been implicated in various types of
human cancers, including BC, where it contributes to tumor
progression by regulating cell cycle progression, DNA damage
response, and oncogenic expression. Moreover, bioinformatics
analysis of TCGA (Fig. 1G) and CCLE (Fig. 1H) datasets showed a
significantly positive correlation between HER3 and PHF8 expres-
sions in BC clinical samples and cell lines, respectively. Thus, our
studies support that PHF8 may serve as a key downstream
mediator of HER3 signaling in the regulation of cell cycle
progression of TNBC cells.

PHF8 plays a critical role in HER3-driven TNBC cell cycle
progression via modulation of p27'P’

Our identification of PHF8 as a potential key downstream
mediator of HER3 signaling in TNBC suggests that PHF8
expression critically contributes to HER3-driven TNBC cell pro-
liferation and cell cycle progression. Thus, we first assessed the
impact of silencing PHF8 on cell proliferation and found that
specific knockdown of PHF8 significantly impaired cell prolifera-
tive capacity, as evidenced by a marked reduction of colony
numbers in all TNBC cell lines tested (Fig. 2A).

Next, we examined the role of PHF8 in the regulation of cell
cycle progression. MDA-MB-468 and HCC1937 cells were infected
with lentivirus containing either scramble control shRNA or PHF8-
targeting shRNA. Like the effects observed with downregulation of
HER3 (Fig. 1D), specific knockdown of PHF8 led to a significant
accumulation of cells in the G1 phase (Fig. 2B), indicating that
PHF8 depletion potently inhibited TNBC cell cycle progression.
PHF8 depletion increased the expression of p27<P! but decreased
the expression levels of both Cyclin D1 and E2F1 (Fig. 2C). RT-gPCR
confirmed a significant reduction in PHF8 mRNA levels upon
shRNA transduction. Interestingly, we also found that specific
knockdown of PHF8 resulted in a dramatic increase in the mRNA
expression of p27<%! (Fig. 2D). These findings suggest that PHF8
plays a role in promoting TNBC cell cycle progression likely
through regulation of p27%" expression.

To determine whether PHF8 plays a critical role in HER3-driven
TNBC cell cycle progression, HER3 was transiently knocked down
in HCC1806 and HCC1937 cells. HER3 silencing markedly reduced
PHF8 protein levels and increased p27""" expression (Fig. 2E). RT-
gPCR confirmed that HER3 knockdown significantly decreased
PHF8 mRNA and upregulated p27""*" transcripts across all TNBC
cell lines tested (Fig. 2F). Conversely, overexpression of HER3 in
HCC1806 and HCC1937 cells upregulated PHF8 expression and
downregulated p27“P' levels (Fig. 2G). Moreover, stimulation of
TNBC cells with HRG-B1, which is a ligand for HER3 and can
activate HER3 signaling, increased PHF8 expression but decreased
the protein levels of p27"%*" in a dose-dependent manner (Fig. 2H
and Supplementary Fig. S2). However, PHF8 depletion effectively
blocked the effects of HRG-B1 on PHF8 and p27YP' (Fig. 2H).
Collectively, our data strongly support PHF8 critically contributes
to HER3-driven TNBC cell proliferation and cell cycle progression
via modulation of p27+P’.

SPRINGER NATURE

The expression of PHF8 is required for HER3-driven TNBC cell
proliferation and cell cycle progression

To determine whether PHF8 played an essential role in HER3-
induced cell proliferation, we conducted colony formation assays
in TNBC cells following PHF8 depletion. TNBC cells transduced with
PHF8-targeting shRNA (sh1/sh2) or control shRNA (sc) were seeded
into six-well plates and cultured in the presence or absence of
HRG-B1. As shown in Fig. 3A, specific knockdown of PHF8
abolished the stimulative effects of HRG-B1 on colony formation
in both MDA-MB-468 and HCC1937 cells, suggesting that the
expression of PHF8 was required for HER3 signaling-mediated
promotion of TNBC cell proliferation. In addition, HRG-31-induced
TNBC cell growth was significantly reduced upon silencing of PHF8
(Supplementary Fig. S3A). Moreover, specific knockdown of PHF8
completely inhibited HRG-B1-promotted cell cycle G1-S transition
in all TNBC cells tested (Fig. 3B), supporting that PHF8 played an
essential role in HER3-driven TNBC cell cycle progression. Stimula-
tion of TNBC cells with HRG-B1 increased PHF8 expression but led
to an obvious reduction in the expression of p27<P'. However,
PHF8 depletion markedly attenuated the effects of HRG-B1 on
P27, rather resulting in upregulation of p27"*' (Fig. 3C and
Supplementary Fig. S3B). Activation of HER3 signaling by HRG-f1
was evidenced by the increased levels of p-HER3 and p-Akt. On the
contrary, ectopic expression of PHF8 partially rescues the inhibitory
effects of HER3 depletion on cell cycle progression and colony
formation. Flow cytometry assays showed that specific knockdown
of HER3 potently induced cell cycle G1 arrest, whereas over-
expression of PHF8 seemed to partially rescue the G1 arrest-caused
by silencing of HER3 in MDA-MB-468 and HCC1937 cells, but not in
HCC1806 cells (Fig. 3D and Supplementary Fig. S4A). Ectopic
expression of PHF8 effectively counteracted HER3 depletion-
induced upregulation of p27<*' protein expression in the TNBC
cells (Fig. 3E). We also found that overexpression of PHF8 partially
reversed the reduction of colony formation-caused by HER3
depletion (Fig. 3F and Supplementary Fig. S4B). These results
collectively indicate that the expression of PHF8 is required for
HER3-driven TNBC cell cycle progression and proliferation.

Ectopic expression of PHF8 abrogates the inhibitory effects of
HER3 depletion on TNBC tumor growth in vivo

To evaluate the functional significance of PHF8 in HER3-driven TNBC
tumor growth in vivo, we conducted experiments with orthotopic
tumor xenograft models. HCC1806 cells labelled with luciferase
(HCC1806-Luc) were transduced with lentivirus carrying either
control shRNA (sc) or HER3-targeting shRNA (shHER3), along with
an empty vector (vec) or a PHF8 cDNA expression vector (PHF8). The
resulting cells were divided into four experimental groups: sc+vec,
shHER3+vec, sc+PHF8, and shHER3 + PHFS8. The cells of each group
were orthotopically injected into the mammary fat pads of nude
mice (n=15). Tumor growth was monitored over time. We
discovered that specific knockdown of HER3 significantly suppressed
TNBC tumor growth. However, ectopic expression of PHF8 at least
partially rescued tumor growth-inhibited by HER3 depletion (Fig. 4A).
These data indicate that PHF8 plays a critical role in promoting HER3-
driven TNBC tumor growth in vivo. Consistently, measurements of
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tumor weight and bioluminescence imaging of the tumors
confirmed that overexpression of PHF8 restored tumor growth in
HER3-depleted TNBC cells (Fig. 4B-D). Moreover, IHC analysis of
tumor sections revealed a marked reduction of PHF8 expression in
HER3-depleted tumors, accompanied by a significant decrease of
Ki67 and increase of cleaved caspase-3, indicative of reduced
proliferation and enhanced apoptosis, respectively. Importantly,
overexpression of PHF8 significantly reversed the effects of HER3
depletion on cleaved caspase-3 and Ki67 expression, suggesting that
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HCC1806 HCC1937

elevated expression of PHF8 effectively rescued TNBC cell prolifera-
tion and blocked apoptosis-induced by HER3 depletion (Fig. 4E).
These findings highlight PHF8 as a key downstream effector of
HER3 signaling in promoting TNBC tumor growth in vivo.

HER3 signaling upregulates PHF8 via suppression of miR-34b-
5p in TNBC cells

HER3-initiated signaling is known to activate multiple oncogenic
pathways, including those involved in epigenetic modifications
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Fig. 2 Specific knockdown of PHF8 not only exhibits similar effects as HER3 depletion to induce cell cycle G1 arrest and
upregulatep27"*?, but also abrogates activation of HER3-mediated downregulation of p27*P" in TNBC cells. TNBC cell lines (HCC1806,
HCC70, HCC1937, and MDA-MB-468) were transiently infected with lentivirus containing either control shRNA (sc) or specific shRNAs targeting
PHF8 (sh1 and sh2). A Cells were seeded onto 6-well plates for colony formation assays. Representative images of the cell colonies were
captured using a digital camera after crystal violet staining (left panel), and the colony numbers were quantified using ImageJ software (right
panel). Error bars represent the standard deviation (SD). *, p < 0.05; **, p <0.01; #, p < 0.005. B Cell cycle progression was examined by flow
cytometry analysis. C Western blot was assays were conducted to detect PHF8, E2F1, Cyclin D1, p27"", p21*37, and p-actin. D, RT-qgPCR was
performed to measure PHF8 and p27?" mRNA expression. E, F HCC1806 and HCC1937 cells were infected with lentivirus containing either
control shRNA (-) or HER3-specific shRNA (+). After 48 h, cells were collected and subjected to western blot analysis of HER3, PHF8, p27"*", and
B-actin (E). RT-qPCR analysis was performed to quantify the mRNA expression levels of HER3, PHF8, and p27k’p (F). G HCC1806 and HCC1937
cells with ectopic expression of HER3 were subjected to western blot analysis of HER3, PHF8, p27 ", and p-actin. H TNBC cells infected with
lentivirus containing either control shRNA (-) or PHF8-specific shRNA (+) were stimulated with HRG-1 (25 ng/ml) for 24 h. Cells were collected

and examined by western blot analysis of p-HER3, PHF8, p27"', and B-actin.

and/or post-transcriptional regulation of gene expression [30, 31].
Given the emerging role of microRNAs (miRNAs) as key
modulators of oncogenic signaling [32-36], we hypothesized that
HER3 signaling may upregulate PHF8 in TNBC via a miRNA-
dependent mechanism. TargetScan analysis identified several
miRNAs, including Let-7a-5p, miR-34b-5p, and miR-22-3p as
potential regulators of PHF8 expression since they all have
predicted binding sites on the 3'UTR of PHF8 mRNA (Fig. 5A).
Specific knockdown of HER3 in HCC1806 cells resulted in a
significant increase in the expression of miR-34b-5p, miR-22-3p,
and let-7a-5p, whereas the expression levels of miR-29, a negative
control miRNA, which was not predicted to bind to the 3'UTR of
PHF8 mRNA, remained unchanged (Fig. 5B). Conversely, over-
expression of HER3 or HRG-f31 stimulation markedly decreased the
expression levels of miR-34b-5p and let-7a-5p in both HCC1806
and HCC1937 cells (Fig. 5C). During the subsequent examinations
with additional TNBC cell lines, we observed miR-34b-5p as the
most consistently regulated miRNA following HER3 activation or
depletion (data not shown).

In addition, numerous studies have established miR-34b-5p as a
crucial tumor-suppressive miRNA regulating proliferation, apop-
tosis, and metastasis in various human cancers [37-39]. Hence, we
selected miR-34b-5p for further investigation. To determine if miR-
34b-5p could directly bind to the 3'UTR of PHF8 mRNA, we
constructed luciferase reporter vectors-driven by PHF8 3'UTR
containing either miR-34b-5p wild-type or mutant binding site.
Our results showed that miR-34b-5p mimics significantly reduced
the luciferase activity-induced by the wild-type, but not mutant
PHF8 3’ UTR(Fig. 5D), suggesting that miR-34b-5p downregulates
PHF8 in TNBC cells likely via targeting its 3’ UTR. Furthermore,
repression of miR-34b-5p with a specific inhibitor elevated the
protein levels of PHF8 in HCC1806 cells, mimicking the effect of
ectopic expression of HER3. In contrast, increased expression of
miR-34b-5p via mimic transfection completely reversed HER3
overexpression-mediated upregulation of PHF8 (Fig. 5E). Taken
together, these findings demonstrate that HER3 signaling
enhances PHF8 expression via suppression of miR-34b-5p in TNBC
cells. A proposed mechanistic model (Fig. 5F) illustrates that
activation of HER3 signaling results in upregulation of PHF8 via
suppression of miR-34b-5p, which in turn inhibits p27<F
expression, ultimately promoting TNBC cell proliferation and cell
cycle progression.

To further investigate the clinical relevance of the HER3/miR-
34b-5p/PHF8 axis, we analyzed the expression correlations
between miR-34b-5p and PHF8 or HER3 using the TCGA pan-
cancer dataset. A significant negative correlation between miR-
34b-5p and PHF8 was observed in several cancer types,
suggesting that PHF8 may be a potential target of miR-34b-5p
(Supplementary Fig. S5A). However, this correlation was not
observed in the overall breast cancer cohort. We plan to conduct
future studies to assess the miR-34b-5p expression profile in our
TNBC specimens and evaluate its correlation with PHF8. Analysis
of miR-34b-5p and HER3 across multiple cancer types revealed
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predominantly negative correlations in several malignancies, with
weaker positive associations in a subset of tumor types, indicating
cancer-specific regulatory patterns (Supplementary Fig. S5B). In
breast cancer, we observed a very weak positive correlation
between miR-34b-5p and HER3 expression (R=0.062, p = 0.04).
As noted previously, future investigations should prioritize
subtype-stratified analyses, with particular focus on TNBC.

Positive correlation of HER3 and PHF8 is observed in TNBC
specimens and the HER3/miR-34b-5p/PHF8 axis is clinically
relevant in the survival outcomes of breast cancer patients
To investigate the clinical relevance of our findings, we examined
the expressions of HER3 and PHF8 in a cohort of 91 TNBC
specimens. Immunohistochemical analysis of tumor samples
revealed that 352% (32/91) of them exhibited high HER3
expression, while 45.1% (41/91) of them showed high PHF8
expression. Pearson’s Chi-squared correction analysis demon-
strated a significant positive correlation between HER3 and PHF8
expression (p =6.134e-05), further supporting their functional
interaction in TNBC progression. Representative images illustrating
varying expression levels of HER3 and PHF8 were shown in Fig. 6A
and Supplementary Fig. S6. Additionally, Kaplan-Meier survival
analysis of TCGA datasets indicated that elevated mRNA expres-
sion of both HER3 and PHF8 was significantly associated with poor
overall survival in breast cancer patients (Fig. 6B). Moreover, the
expression of miR-34b-5p was much lower in TNBC samples than
that in non-TNBC samples (Fig. 6C) and the reduced miR-34b-5p
levels were significantly associated with poor overall survival in
breast cancer patients (Fig. 6D). Our data strongly supports that
the HER3/miR-34b-5p/PHF8 axis potentially serves as relevant
biomarkers predictive for the survival outcomes of breast cancer
patients.

DISCUSSION

HER3 emerges as a compelling therapeutic target in various
human cancers, including TNBC, due to its role in activating
multiple oncogenic signaling pathways [21, 24, 40, 41]. Unlike
other HER family members, HER3 lacks intrinsic kinase activity and
exerts its oncogenic effects through heterodimerization with other
receptor tyrosine kinases, most notably EGFR and HER2, leading to
potent activation of the PI3K/Akt pathway [42, 43]. Despite its
relatively lower expression in TNBC compared to HER2-psitive and
luminal breast cancers, accumulating evidence suggests that HER3
remains functionally relevant in TNBC tumorigenesis, especially in
the presence of its ligand, HRG-B1 [22, 23, 44-46]. Interestingly,
our analysis of TCGA datasets reveals that HRG-B1 is highly
expressed in TNBC compared to other breast cancer subtypes
(Supplementary Fig. S7), consistent with recent studies high-
lighting the important role of HRG-31 in TNBC [47, 48]. These
findings strongly support a critical role for HER3 signaling in the
promotion of TNBC progression. Notably, we previously showed
that targeting HER3 with our newly developed monoclonal
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antibody 4A7 significantly enhanced the efficacy of chemotherapy

patritumab deruxtecan

(HER3-DXd),

have shown promising

in the preclinical models of TNBC, suggesting the therapeutic
potential of HER3 inhibition in this aggressive subtype of breast
cancer [24, 25]. Furthermore, recent advancements in antibody-
drug conjugates (ADCs) have reinforced the significance of HER3
as a viable therapeutic target. Several HER3-directed ADCs, such as
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preclinical and clinical activity in a variety of human malignancies,
including TNBC [49, 50]. These ADCs leverage HER3's tumor-
specific expression to deliver cytotoxic agents directly to cancer
cells, thereby minimizing systemic toxicity. Given these advance-
ments, identification of novel HER3-targeted strategies, either as
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Fig. 3 PHF8 is required for activation of HER3 signaling-mediated promotion of colony formation, cell cycle progression, and
downregulation of B27'“"1, whereas ectopic expression of PHF8 partially reverses HER3 depletion-induced cell cycle G1 arrest,
upregulation of p27"P', and inhibition of colony formation in TNBC cells. A MDA-MB-468 and HCC1937 cells infected with lentivirus
containing either control shRNA (sc) or PHF8-specific ShRNA (sh1 and sh2) was seeded into 6-well plates for colony formation assays. Cells
were stimulated with or without HRG-$1 (25 ng/ml). Representative images of cell colonies were captured, and the colony numbers were
quantified using Image) software. Error bars represent the standard deviation (SD) from three independent experiments. *, p < 0.05; **,
p <0.01; *** p < 0.001. B, C TNBC cells were seeded into 6-well plates and transduced with lentivirus containing either control shRNA (sc) or
PHF8-specific ShRNA (sh1 and sh2) for 24 h. Subsequently, the cells were stimulated with or without HRG-B1 (25 ng/ml) for additional 24 h.
Cells were harvested for flow cytometry analysis of cell cycle distribution (B). Cells were collected for western blot analysis of p-HER3, HER3,
PHF8, p-Akt, Akt, p27k'p1, and p-actin (C). D-F TNBC cells were infected with lentivirus containing either control shRNA (sc) or HER3-specific
shRNA (shHER3) to achieve knockdown of HER3. The cells were then transfected with either a control vector (vec) or PHF8 cDNA expression
vector (PHF8). The resulting cells were analyzed by flow cytometry to assess cell cycle distribution (D), by western blot assays to examine HER3,
PHF8, p27XP', and B-actin (E), and by colony formation assays. Representative images of the colonies were captured, and the colony numbers
were quantified using ImageJ software (F). Error bars represent the standard deviation (SD) from three independent experiments. Statistically

significant differences were assessed, with *, p < 0.05 compared to the control.

monotherapies or in combination with existing treatment
modalities, warrants further investigation in TNBC [51].

Beyond directly targeting HER3, blocking its key downstream
signaling or mediators represents an alternative complementary
strategy. In the current study, we identified PHF8 as a novel and
significant mediator of HER3 signaling in TNBC. Interestingly, an
early study demonstrated a synergy between PHF8 and
HER2 signaling in the development HER2-positive breast cancer,
revealing significant therapeutic implications for targeting PHF8 in
HER2-positive breast cancer to overcome therapy resistance [52].
Given the well-established role of HER3 in HER2-positive breast
cancer progression and therapeutic resistance, it is conceivable to
hypothesize that PHF8 potentially acts as a key downstream
mediator of HER3 signaling as well. Indeed, we observed that
specific knockdown of HER3 markedly decreased PHF8 expression
in TNBC and non-small cell lung cancer cells (data not shown). As a
critical histone lysine demethylase, PHF8 has been implicated in
multiple oncogenic processes, including cell cycle regulation,
transcriptional activation, and chromatin remodeling [53-58]. It
contains a plant homeodomain (PHD) finger domain, which is a
common motif for recognizing methylated lysine residues on
histones and other proteins. PHF8 also contains a Jumoniji C (JmjC)
domain, which is known for its demethylase activity. These
structural features enable PHF8 to interact with histones and other
chromatin-associated factors to regulate gene transcription
[58-60]. PHF8 has been widely recognized as a transcriptional
activator due to its histone demethylase activity, which primarily
targets repressive histone marks such as H3K9me1/me2 and
H4K20me1. By removing these epigenetic modifications, PHF8
facilitates an open chromatin state, allowing transcription factors
and RNA polymerase Il to access promoter regions and drive gene
expression [27, 61-63]. While PHF8 is well characterized as a
transcriptional activator, our current studies suggest that PHF8
may also contribute to transcriptional repression, thereby
promoting cancer progression. Our data is supported by a recent
report showing that PHF8 interacts with the transcription factor
YY1, functioning as a co-repressor to inhibit a significant subset of
nuclear-encoded electron transport chain (ETC) genes. This
repression in turn drives mitochondrial reactive oxygen species
(mROS) production, contributing to cancer development [64]. We
discovered that PHF8 functioned as a transcriptional repressor to
suppress p27"P! expression in TNBC, thereby promoting cell cycle
progression and cell proliferation. This dual functionality high-
lights the complexity of PHF8 as an epigenetic regulator.
Currently, the interplay between PHF8 and oncogenic transcrip-
tion factors remains an area of active investigation. Because c-Myc
is highly expressed in TNBC and is well-known for its role in the
regulation of p27<P' expression [65-71], we propose that PHF8
may cooperate with c-Myc to repress p27k'p1 expression. We are
investigating whether PHF8 directly interacts with c-Myc or other
transcriptional regulators to modulate p27<P" expression in TNBC.
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We are also exploring PHF8’s broader impact on transcriptional
regulation in human cancers. In addition to its histone demethy-
lase activity, PHF8 has been reported to target non-histone
proteins, including transcription factors and chromatin remode-
lers. PHF8 interacts with DNA topoisomerase 2-binding protein 1
(TopBP1), leading to the suppression of DNA damage repair
initiation. The dissociation of PHF8 from TopBP1 presents a
potential strategy for developing novel cancer therapies targeting
TopBP1 [72]. Thus, elucidating the underlying mechanisms of
histone-dependent and -independent may reveal novel therapeu-
tic targets and strategies aimed at disrupting PHF8-mediated
oncogenic signaling pathways in TNBC.

During our investigations of the influence of HER3 signaling on
PHF8, we noticed that the changes in PHF8 protein levels were
more pronounced than that at the mRNA level. This discrepancy is
likely because PHF8 expression is regulated through both post-
transcriptional and post-translational mechanisms. Numerous
studies have shown the non-transcriptional regulation of PHF8
[54, 73, 74]. For instance, miR-22 directly targets and suppresses
PHF8 expression [55, 75]. Our studies discovered several miRNAs,
including miR-22, Let-7-5p, and miR-34b-5p downregulated by
HER3 signaling in TNBC cells. Further studies identified miR-34b-
5p as a novel miRNA inhibiting PHF8 expression in TNBC. It has
been shown that miR-34b-5p acts as a key modulator of multiple
oncogenic pathways, particularly in cancers with compromised
p53 activity [76, 77]. Since TNBC is frequently characterized by p53
mutations and dysregulated cell cycle control, we believe miR-
34b-5p plays a critical role in this context. The precise mechanism
by which HER3 signaling suppresses miR-34b-5p requires further
investigation. Current literature suggests three potential regula-
tory pathways: (1) transcriptional repression through PI3K/AKT-
mediated FOXO3a or p53 inhibition [78, 79], (2) post-
transcriptional modulation via IncRNA sponging effects (e.g.,
LINC02418) [80], or (3) epigenetic silence involving DNA methyl-
transferase recruitment [81]. While our current data in TNBC
models most strongly supports the transcriptional regulation
hypothesis, particularly through the HER3/PI3K/AKT/FOXO3a axis,
though other mechanisms may contribute. Further studies are
needed to fully elucidate the underlying molecular pathways
specific to the TNBC context. The miR-34 family, including miR-
34b-5p, has been extensively studied for its tumor-suppressive
properties. Restoring miR-34b-5p expression through miRNA
replacement therapy may present a compelling strategy for TNBC
treatment. Notably, MRX34, a miR-34a mimic, was the first tumor-
targeted microRNA drug to enter a phase | clinical trial
(NCT01829971), highlighting the therapeutic potential of miR-34
family members. Unfortunately, this clinical trial was terminated
due to systemic toxicity towards the immune system [82].
Nonetheless, more detailed analysis is required to evaluate the
feasibility and safety of miRNA-based therapies for cancer
treatment.
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CONCLUSION plays an essential role in HER3-driven TNBC cell proliferation and cell

Our studies establish a novel HER3/miR-34b-5p/PHF8 signaling axis
that drives TNBC progression. We demonstrate that elevated
expression of HER3 or activation of HER3 signaling suppresses miR-
34b-5p expression to upregulate PHF8 in TNBC cells. Increased PHF8
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cycle progression via downregulation of p274P! a key inhibitor of
CDKs in G1-S transition. Moreover, our study reveals a significantly
positive correlation between HER3 and PHF8 in TNBC specimens and
clinic relevance of the HER3/miR-34b-5p/PHF8 axis in association
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Fig. 4 Ectopic expression of PHF8 significantly attenuates the inhibitory effects of HER3 depletion on TNBC tumor growth in orthotopic
tumor models. HCC1806-luc cells (5 x 10°) were transiently transduced with either control shRNA (sc) or HER3-specific ShRNA (shHER3). The
cells were then transfected with either a control vector (vec) or PHF8 cDNA expression vector (PHF8). The resulting cells were orthotopically
inoculated into the mammary fat pads of nude mice to establish tumor xenografts (n = 5). A Tumor growth curves were plotted using average
tumor volumes within each group at the indicated time points. A two-tailed student’s t-test was used for statistical analysis. Bars, SEM. **,
p <0.01. B, C The mammary tumors were dissected, imaged as indicated and measured for weight. Bars, SD. ¥, p < 0.05. D Bioluminescent
imaging of the mammary tumors was performed with IVIS Spectrum system. The luciferase signal intensity from the tumors was quantified
and plotted. Error bars represent the standard deviation (SD)*, p < 0.05. E Formalin-fixed paraffin-embedded sections of the tumors were
analyzed by H&E staining and IHC for HER3, PHF8, Ki67, and Cleaved Caspase-3 (C-Caspase-3). Scale bar, 70 pm. Quantification of IHC assays
was performed using ImageJ, with statistical analysis conducted using two-way ANOVA (¥, p < 0.05; **, p <0.01; ***, p <0.001). Error bars
represent SD.
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Fig. 5 HERS3 signaling upregulates PHF8 via suppression of miR-34b-5p in TNBC cells. A Schematic representation of the predicted miRNAs
binding sites within 3’-UTR of PHF8 mRNA. B HCC1806 cells with specific knockdown of HER3 were analyzed by RT-qPCR to measure the
expression levels of indicated miRNAs. C HCC1806 and HCC1937 cells with ectopic expression of HER3 or stimulated with HRG-1(25 ng/ml)
for 24 h. RT-gqPCR was performed to measure miRNA expressions levels. D luciferase activity was detected using HEK 293 T cells, which were
co-transfected with a miRNA mimic control(Negative Control) or miR-34b-5p mimic along with a luciferase reporter construct containing
either the wild-type (WT) or mutated (MUT) miR-34b-5p binding site of the 3"-UTR of PHF8 mRNA. E HCC1806-pLEX (vec) cells were transfected
with either miRNA inhibitor control (NC) or specific inhibitor for miR-34b-5p. The HER3-overexpressing HCC1806 cells (HER3) were transfected
with either a miRNA mimic control (NC) or miR-34b-5p mimic. The resulting cells were analyzed by western blot assays to examine PHF8 and
B-actin. F Proposed model of the mechanism by which HER3 signaling upregulates PHF8 via suppression of miR-34b-5p to promote
proliferation and inhibit p27<P" expression in TNBC cells.
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Fig. 6 HER3 and PHF8 expressions are positively correlated in TNBC specimens and the HER3/miR-34b-5p/PHF8 signaling axis
significantly associates with survival outcomes in breast cancer patients. A Representative images of IHC staining for HER3 and PHF8 in
TNBC specimens. A significantly positive correlation between HER3 and PHF8 was observed in TNBC specimens. B Kaplan-Meier survival
curves showed that breast cancer patients with tumors expressing high mRNA levels of HER3 or PHF8 exhibited much worse overall survival
than those patients with tumors expressing low mRNA levels of HER3 or PHF8, respectively. C The expression level of miR-34b-5p was
significantly lower in TNBC tumors (orange, n = 254) than that in non-TNBC tumors (blue, n = 3777). Data was acquired from Breast Cancer
Gene-Expression Miner v5.2 website. D Kaplan-Meier survival curves of overall survival of breast cancer patients from TCGA datasets. The log-
rank tests were used to compare overall survival of breast cancer patients with tumors expressing high versus low expression levels of miR-

34b-5p.

with the survival outcomes of breast cancer patients. Taken together,
our findings not only improve our understanding of the molecular
basis of HER3-driven TNBC progression, but they also support the
notion that targeting HER3 with a blocking Ab or ADC, inhibition of
PHF8, and/or leveraging miRNA replacement therapy may represent
promising therapeutic strategies for patients with HER3-driven TNBC.
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