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Inhibition of PFKFB3 in HER2-positive gastric cancer improves
sensitivity to trastuzumab by inducing tumour vessel

normalisation
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BACKGROUND: Multiple mechanisms have been proposed that lead to reduced effectiveness of trastuzumab in HER2-positive
gastric cancer (GC), yet resistance to trastuzumab remains a challenge in clinics.

METHODS: We established trastuzumab-resistant cells and patient-derived xenografts models to measure metabolic levels and
vascular density and shape. The HER2-positive GC patient samples were used to determine clinical significance. We also measured

protein expression and phosphorylation modifications to determine those alterations related to resistance. In vivo studies
combining inhibitor of PFKFB3 with trastuzumab corroborated the in vitro findings.

RESULTS: The 6-phosphofructo-2-kinase (PFKFB3)-mediated trastuzumab resistance pathways in HER2-positive GC by activating
the glycolytic pathway. We also found vessels are chaotic and destabilised in the tumour during the trastuzumab resistance
process. Inhibition of PFKFB3 significantly diminished tumour proliferation and promoted vessel normalisation in the patient-
derived xenograft model. Mechanistically, PFKFB3 promoted the secretion of CXCL8 into the tumour microenvironment, and
phosphorylated Ser1151 of ERBB2, enhancing the transcription of CXCL8 by activating the PI3K/AKT/NFkB p65 pathway.
CONCLUSIONS: Our current findings discover that PFKFB3 inhibitors might be effective tools to overcome adjuvant therapy
resistance in HER2-positive GC and reshaping the microenvironment by normalising tumour vessels is a novel strategy to overcome

trastuzumab resistance.
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BACKGROUND

Gastric cancer (GQ) is the fifth most common cancer and one of
the leading causes of cancer-related deaths worldwide [1].
Amplification of the human epidermal growth factor receptor-2
(HER2, also known as ERBB2) oncogene and overexpression of the
HER2 protein occur in ~ 6.1-23.0% of patients with advanced GC
[2]. In the era of precision medicine, the results of the ToGA study
opened a new front in the war against HER2-positive GC [3].
Integration of trastuzumab into the first-line treatment of HER2-
positive advanced GC has shown clear improvement in overall
survival (OS) [4]. However, due to resistance, this approach’s
clinical benefit is limited [5]. Although new drugs delay the
emergence of resistance, resistance or adverse effects limit the
duration of response to trastuzumab [6]. Moreover, the efficacy of
immune checkpoint blockade remained unclear in advanced
therapy lines, and no other anti-HER2 drugs have demonstrated
relevance in first-line treatment or beyond progression [7].

Therefore, there is an urgent need to characterise the mechanism
of trastuzumab resistance to provide alternatives for patients who
inevitably develop resistance.

The acquisition and maintenance of the drug resistance
depend, to various degrees, on the contributions from the tumour
microenvironment [8], referring to the environment where cancer
cells live, composed of the cancer cells themselves, vascular
endothelial cells that form blood vessels, the connective tissue of
the extracellular matrix and its various molecular components, and
immune system (inflammatory cells and leucocytes) [9]. Metabolic
reprogramming is one of the hallmarks of cancer. Intratumoral
metabolic interactions in the tumour microenvironment are
known to symbiotically support tumour metabolism, maintenance,
growth, or competitively weaken anti-tumour immunity [10]. In
normal cells, almost all ATP derives from mitochondria’s oxidative
activity and is used in ATP-dependent reactions. By contrast, in
tumour cells, the content of ATP produced by oxidative
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phosphorylation is low, whereas there is substantial phosphoryla-
tion of glycolytic glucose [11]. Cancer cells reprogramme
glycolysis metabolism to meet their bioenergetic and biosynthetic
requirements, thereby reducing drug-induced apoptosis and
conferring resistance to treatment [12].

6-phosphofructo-2-kinase (PFKFB3) is an isoenzyme of the
PFKFB family responsible for controlling the steady-state levels
of fructose-2,6-bisphosphate, which allosterically activates 6-
phosphofructo-1-kinase, the enzyme catalysing the first com-
mitted rate-limiting step of glycolysis [13]. With the highest
kinase activity, PFKFB3 shunts glucose to glycolysis and provides
enough glucose metabolism to meet cancer cells’ demands in
terms of bioenergetics and redox steady state [14]. Various
reversible post-translational modifications of PFKFB3 enable
cancer cells to adapt flexibly to glucose metabolism to cope with
various stress conditions [15]. In addition to glucose metabolism
in tumour cells, PFKFB3 also participates in various biological
processes in a non-glycolysis-dependent manner, including cell
cycle regulation, autophagy and transcription regulation [16].
Therefore, selective inhibition of PFKFB3 has attracted wide-
spread attention as a notable strategy for cancer treatment.
Studies showed that increased glycolysis contributed to
trastuzumab resistance and inhibition of PFKFB3 suppressed
the growth of HER2-positive breast cancer [17, 18]. However, the
HER2 expression pattern in GC is usually more heterogeneous
than that in breast cancer [19]. Therefore, there is a need for
independent consideration of the mechanism of resistance to
trastuzumab in GC [20].

Recent findings have suggested that metabolite communica-
tion’s intra-tumour mechanism symbiotically supports tumour
metabolism, maintenance, and growth, or competitively weakens
anti-tumour immunity [21]. Under these conditions, tumour cells
flood their microenvironment with rich pro-angiogenic factors,
thereby supporting continuous proliferation signal transduction in
tumour cells and promoting metastasis [22]. The imbalance
between pro-angiogenic and anti-angiogenic signals in the
tumour forms an abnormal vascular network, characterised by
highly disordered, tortuous and dilated blood vessels with varying
diameters, excessive branching, and shunting [23]. The tumour
microenvironment is hypoxic and acidic, and it endures high
interstitial pressure. This resistance prevents the tumour from
penetrating the immune system and creates obstacles to
delivering anticancer drugs to these areas [24]. Besides, there is
crosstalk between HER2 and vascular endothelial growth factor
(VEGF). HER2 signalling induces expression of the angiogenic
factor; in this manner, trastuzumab dampens VEGF production,
normalising tumour vasculature [25]. In vivo hyperspectral
imaging of the breast cancer xenografts has suggested that
tumour microvessel density and haemoglobin oxygenation might
help to distinguish trastuzumab-responsive from trastuzumab-
resistant tumours, demonstrating the effect of trastuzumab
resistance on tumour vasculature [26]. The heterogeneity of
cancer requires substantial effort to clarify the relationship
between resistance to trastuzumab and the nature of tumour
microvasculature.

The purposes of this study were to determine the mechanisms
that induce PFKFB3-mediated resistance to trastuzumab in HER2-
positive GC, focusing on its glycolytic reprogramming functions,
and aiming to elucidate the molecular connections between
PFKFB3 and pathological angiogenesis regulators.

METHODS

Cells

The human umbilical vein endothelial cell line (HUVEC-C), human gastric
cancer cell lines NCI-N87 and MKN45 were obtained from the American
Type Culture Collection (ATCC). MKN45-trastuzumab-resistant cells
(MKN45-TR) and NCI-N87-TR have been established in previous work

[27]. Cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% foetal bovine serum (Gibco), 100 units/ml
penicillin, and 100 Ig/ml streptomycin (Invitrogen) at 37 °C with 5% CO,.
Plasmid transfection was accomplished by using Lipofectamine 3000
according to the manufacturer’s instructions. After 24-48 h, the transfected
cells and culture medium were harvested for further analysis. All human
cell lines have been authenticated using STR profiling within the last three
years. All experiments were performed with mycoplasma-free cells.

Co-culture of HUVEC and GC cells

Co-cultivation of HUVECs and gastric cancer cells was performed in 24-well
transwell chambers (Corning, cat. no. 3413). The gastric cancer cells were
seeded on the 0.4 uM inserts, which are permeable to supernatants but not
to cellular components. HUVECs were seeded in the lower chambers and
grown for the indicated periods of time. After 24 h, HUVECs were used for
phalloidin staining.

Immunohistochemistry and immunofluorescence

As previously described, immunohistochemistry (IHC) and immune-
fluorescence (IF) were performed to investigate protein expression in
tissue or cells. Tumour samples were obtained from clinical patients, nude
mice and the PDX model. Cells were fixed with 4% paraformaldehyde
solution and permeabilized with 1% Triton X-100-PBS. The sections of IHC
or IF were then incubated with antibodies against PFKFB3 (Proteintech,
13763, 1:200), Her2 (Cell Signal Tech, 21653, 1:1000), PGK1, HK2, ENO1,
LDHA, SLC16A1 (Affinity, 1:250), CXCL8 (RD, 6217, 1:500), VE-Cadherin
(Abcam,AB33168, 1:250), Collagen type IV (Abcam, AB19808, 1:250), a-SMA
(Abcam, AB32575, 1:250), PDGFRP (Proteintech, 13449-1-AP, 1:500),
p-ERBB2 S1151 (Acepea, AP3781, 1:200), p-PI3K, p-AKT, p-NFkB p65 (Cell
Signal Tech, 1:500) overnight. Subsequently, cells were labelled with
secondary antibodies, Rhodamine Red-x Goat anti-mouse IgG1 and Alexa
Fluor-488 goat anti-rabbit 1gG (CST). Nuclei were counterstained using
DAPI(Beyotime). Confocal microscopy was used to document the
expression and the co-localisation of the two proteins. IHC was scored as
follows: 0 (no staining), 1 (weakly staining, light yellow), 2 (moderately
staining, yellowish-brown), 3 (strongly staining, brown). An intensity score
of > =2 was considered as overexpression, whereas <2 in the intensity
score was regarded as low expression. The discrepancies (<5%) were
resolved by simultaneous reevaluation.

Nude mouse tumour transplantation model

The mice were purchased from the Experimental Animal Centre of
Southern Medical University. Nude nu/nu mice were maintained in a
barrier facility in racks filtered with a high-efficiency particulate air filter.
The animals were fed an autoclaved laboratory rodent diet. For all the
treatment studies mice were randomly assigned to different treatment
group. No statistical method was used to determine the sample size. The
investigators recording tumour growth were blinded to mouse allocation.
Tumours were measured using calipers twice per week. The longest
diameter (A) and the shortest diameter (B) of every tumour were recorded
to calculate the tumour volumes as follows: 11/6 x A x B2 The mice were
then sacrificed, and the subcutaneous tumours were resected and
weighed collected after 1 month.

Establishment of the PDX model

PDX model was established to simulate the conditions of gastric cancer
evolution in vivo as described [27]. A block of the tissue sample was
sectioned into small pieces of ~1 cubic millimetre to be subcutaneously
transplanted into the rear leg of NOD-SCID(Non-obeseDiabetes-scid)
mouse, after deep anaesthesia was induced by inhalation of isoflurane.
Patients with HER2-positive gastric signet-ring cell carcinoma without
preoperative chemo-radiotherapy were selected to establish HER2-positive
PDX model.

Functional enrichment
Proteins were classified by GO annotation into three categories: biological
process, cellular compartment and molecular function. For each category, a
two-tailed Fisher's exact test was employed to test the enrichment of the
differentially expressed protein against all identified proteins. The GO with
a corrected P value <0.05 is considered significant.

A complete description of methods is available under Supplementary
Methods.
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Statistical analysis

For comparisons, Student’s t test (two-sided) or one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple comparisons test was
used for continuous variables where appropriate. Analysis of the
correlation was made by Spearman’s correlation. Log-rank test to compare
survival between two groups, with a two-tailed P value < .05 considered
statistically significant.

RESULTS

Increased glucose metabolism fuels trastuzumab resistance in
HER2-positive trastuzumab-resistant gastric cancer

To elucidate the potential mechanism responsible for trastuzumab
resistance, we used HER2-amplified GC cell line (MKN45 and NCI-
N87 WTs) models with TRs (trastuzumab-resistant cells) generated
in our previous study [27]. MKN45-TR and NCI-N87-TR cells (TRs)
displayed significantly enhanced 2-NBDG uptake, less residual
glucose and increased lactate release, contributing to microenvir-
onment acidification under both normoxic and hypoxic conditions
(Fig. 1a, b). Compared with the wild type MKN45 and NCI-N87 cells
(WTs), TRs demonstrated increased extracellular acidification rates
and decreased oxygen consumption rates (Fig. 1c). Specifically, we
observed increased metabolites upstream of glyceraldehyde-3-
phosphate, as well as increased intracellular pyruvate/lactate
levels in TRs. There was significant induction in the levels of
nucleotide synthesis metabolites in TRs (Fig. 1d). Subsequent RT-
PCR and western blot analysis revealed that transcripts and
translation of genes involved in glucose metabolism were
upregulated in TRs, including PFKFB3, the glucose transporter
GLUTS3, hexokinase 2 and the lactate export MCT4 (Supplementary
Fig. 1A and Fig. 1e), representing four key nodes which control
glycolytic flux [28]. Furthermore, TRs were ineffective for
trastuzumab treatment; however, the survival period was sig-
nificantly shorter under low glucose conditions, suggesting that
trastuzumab-resistant phenotypes depend on glucose metabolism
(Fig. 1f).

We previously established trastuzumab-resistant patient-
derived xenografts (PDX) of GC using tissues from HER2-positive
patients after trastuzumab treatment [27]. There was a significant
increase in glycolysis enzyme expression and glucose uptake in
lesions derived from trastuzumab-resistant PDX groups, compared
with those of the trastuzumab-sensitive groups (Fig. 1g, h).
Collectively, those findings suggest that trastuzumab-resistant
tumours have increased dependence on glucose metabolism.

Upregulation of PFKFB3 contributes to the resistance of GC
cells to trastuzumab

By performing an exploratory RNA sequencing, we observed
numerous metabolic genes enriched in TRs, suggesting the
development of a common metabolic alteration induced by
continuous exposure to trastuzumab (Supplementary Fig. 1B).
Among the metabolic genes, we focused on 6-phosphofructo-2-
kinase/fructose-2, 6-biphosphatase 3 (PFKFB3), one of the most
significantly  differentially  overexpressed genes in the
trastuzumab-resistant groups. Once the tumour acquires resis-
tance, PFKFB3 expresses in higher amounts, demonstrating that
PFKFB3 might participate in trastuzumab resistance in HER2-
positive GC (Fig. 2a and Supplementary Fig. 1C). Therefore, we
subsequently examined a potential impact of PFKFB3 expression
in HER2-positive GC patients. To determine whether increased
glucose requirements is dependent on PFKFB3, we knocked down
PFKFB3 in TRs. Silencing PFKFB3 restrained glycolytic phenotype,
characterised by decreased glucose uptake and lactate produc-
tion, and resulted in the expression of other representative targets
in the glycolysis pathway (Fig. 2b—d). In addition, PFKFB3 ablation
inhibited proliferation, migration, and cell survival under trastu-
zumab treatment (Supplementary Fig. 1D, E and Fig. 2d). We next
determined whether PFKFB3 inhibition would abrogate
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trastuzumab resistance in vivo. The results showed that a
combination of trastuzumab with PFKFB3 knockdown significantly
diminished tumour volume and proliferation (Fig. 2e). Taken
together, these data support the notion of PFKFB3 involvement in
resistance to trastuzumab.

PFKFB3 inhibition promotes tumour vessel normalisation and
inhibits trastuzumab resistance

Cancer cells change the chemical composition in the extracellular
environment, thereby having a pleiotropic effect on the pheno-
type of the extracellular matrix residing near the tumour and re-
regulating the shape of blood vessels [29]. To understand whether
tumour vessels’ structure and function were associated with
trastuzumab resistance, we first analysed the structural difference
of blood vessels in tumour core regions of patients receiving
trastuzumab. Vessel density and average vessel area were
comparable in tumours from both trastuzumab-sensitive (Tra-S)
and -resistant (Tra-R) patients; nevertheless, there was a shift
toward smaller vessels in resistant patients (Fig. 3a). Scanning
electron microscopy revealed that the tumour endothelial cells
(ECs) of the trastuzumab-resistant nude mice model exhibited
overactive, non-quiescent endothelial signs, and fewer vessels
contained abnormally variable and isolated ECs with multiple
protrusions, thereby partially blocking the lumen (Fig. 3b).

Given that the endothelium’s barrier function requires the
adhesion activity of VE-cadherin, which is a critical component of
adherents and tight endothelial connections [30], we double-stained
for CD31 and VE-cadherin, and observed decreased distribution of
endothelial adherent junctions in the tumour from Tra-R patients.
The vascular basement membrane (BM) is a crucial structural
component of the vasculature [31]. Labelling both ECs and collagen
IV, the BM’s significant components, showed a more severe
breakage of BM with decreased collagen type IV + basement
membrane coverage in Tra-R patients. Also, we observed a decrease
in tumour vascular pericyte coverage in Tra-R patients compared
with Tra-S by double-staining CD31 and pericyte marker a-SMA,
whose covering can improve blood vessel maturation. These results
collectively indicate that tumour vessels are unstable and remodel
continuously in Tra-R; because of the hypermotility of tumour ECs,
new naked vessels without endothelial adherent junctions, base-
ment membrane and pericyte coverage are formed, which may lead
to a markedly denuded and regress of existing vessels (Fig. 3c).

Indeed, the architecture of the tumour microvascular network
was disorganised and irregular in trastuzumab-resistant groups.
Trastuzumab treatment or PFKFB3 knockdown alone changed the
vessel structure slightly. However, knockdown of PFKFB3 together
with trastuzumab treatment changed the EC lining, which was
delineated with clear boundaries, resulting in a more regular
vessel shape. This was unexpected given that trastuzumab
resistance abrogation was in line with vessel normalisation
through PFKFB3 inhibition. Further characterisation of the tumour
vasculature in NCI-N87-TR tumours confirmed that the abrogation
of trastuzumab resistance by PFKFB3 suppression was consistent
with vessel normalisation improving endothelial junctions, peri-
cyte coverage, and basement membrane coverage (Fig. 3d). In
essence, vascular structural abnormalities contribute to poorly
functioning tumour blood flow [32]. Therefore, we used DyLight
594-labelled lectin, which binds to the surface of EC lining along
the blood flow to measure perfusion, and rhodamine-conjugated
dextran which measures leaks, to quantify/depict vessel function.
Knockdown of PFKFB3, together with trastuzumab treatment,
recovered 30% of vessel perfusion and reduced dextran leakage
by 200% (Fig. 3e). The combination of trastuzumab and PFKFB3
inhibition strongly reduced hypoxia in the core area of the
tumour, attesting to our claim that inhibition of PFKFB3 promotes
the normalisation of tumour blood vessels and improves perfusion
into the core area of the tumour (Fig. 3f). We then studied the
response of ECs to TRs. ECs formed extensive lamellipodia and
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filopodia with a polarised reorganisation of the actin cytoskeleton
after being cultured with PFKFB3-knockdown TRs, while ECs
cocultured with TRs failed to do so (Fig. 3g). These results indicate
normalisation was an essential

that hindered tumour vessel

trigger for trastuzumab resistance while PFKFB3 suppression
effectively strengthened trastuzumab sensitivity by improving
tumour vessel normalisation.

PFKFB3 mediates tumour vessel normalisation by promoting
CXCLS8 transcription and secretion in HER2-positive gastric
cancer

To clarify the mechanism of PFKFB3 in tumour-associated
angiogenesis, we processed the gene expression set obtained
by gene-set enrichment analysis. The chemokine signalling
pathway was significantly enriched (Fig. 4a). RT-PCR analysis
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b Relative glucose consumption and lactate release in cultural supernatant of MKN45-TRs and NCI-N87-TRs (NC vs. siPFKFB3) after culturing
under normoxia (20% oxygen) or hypoxia (1% oxygen) for 48 h. ¢ Western blot analysis for glycolytic genes in siPFKFB3 transfected TRs relative
to the negative control (NC). d The MKN45-TRs and NCI-N87-TRs (NC vs. siPFKFB3) were cultured in normal or low glucose conditions (0.5 mM
glucose) for a short period (48 h), followed by MTT assays. e Stable NCI-N87-WT cells transfected with either shNC or shPFKFB3 were
subcutaneously inoculated in athymic nude mice (n = 3/group). Macroscopic appearance of subcutaneous tumour of mice (Upper). Tumour
volume at sacrifice (lower left). Tumour weight at sacrifice (lower right). Each experiment was performed at least triplicately and results are
presented as mean + SEM. Student’s t test, one-way ANOVA or two-way ANOVA was used to analyse the data (*P <0.05, **P <0.01, ***P <
0.001).
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(x20). g Phalloidin staining revealing the comparable actin cytoskeleton of EC cultured with TRs knockdown PFKFB3 or NC. Scale bar, 5 pm
(x200).
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showed various cytokine genes that were expressed differentially
with the expression of PFKFB3 (Supplementary Fig. 2A). To look for
potential chemokine in the microenvironment changes, we used a
proteome profiler antibody arrays assay, and found high activation
of CXCL8 and slight inhibition of CCL5 (Fig. 4b). The Cancer
Genome Atlas dataset highlighted the fact that mRNA expression
levels of PFKFB3 positively correlated with CXCL8 expression (P <
0.0001) but showed no consistent link with CCL5 (P =0.166)
(Supplementary Fig. 2B). RT-PCR and Western blot assays also
exhibited upregulation of CXCL8 induced by PFKFB3 in WTs
(Fig. 4c, d). In addition, the secretion of CXCL8 was also
significantly increased after resistance (Fig. 4e). CXCL8 increases
endothelial permeability during the early stages of angiogenesis
[33]. Hence we choose CXCL8 as the downstream target of PFKFB3
for further study. IHC-P staining revealed that higher expression of
PFKFB3 was correlated with higher CXCL8 expression in HER2-
positive gastric cancer patients’ samples (Fig. 4f, P<0.0001, R =
0.5788). Besides, survival analysis indicated a positive association
between higher expression of CXCL8 with worse OS and PFS by
investigation into HER2-positive GC tissues from our centre (P <
0.05 for both; Supplementary Fig. 2C). We further studied the
relation between PFKFB3 and CXCL8 in TRs. With PFKFB3 knocked
down in TR cells, lower expression of CXCL8 than in NC groups
was observed (Supplementary Fig. 2D). Co-immunoprecipitation
revealed that PFKFB3 interacted with CXCL8 (Supplementary
Fig. 2E). Intriguingly, we found that they both not only colocalized
in the cytosol but also appeared in the nucleus in tissues from
treatment-resistant patients and TRs, suggesting the prevalence of
their high intracellular expression among resistant cells (Supple-
mentary Fig. 2F, G).

To characterise how tumour expressing PFKFB3 regulates EC
phenotypes, we analysed the expression of a set of genes that
regulate vessel branching, maturation, and quiescence in ECs.
Interestingly, other than the angiogenic signal, VEGF receptor-2
(VEGFR-2), the primary signal transducer for both physiological
and pathological angiogenesis, was upregulated. The level of
VEGFR3, which appears on angiogenic blood vascular endothe-
lium in tumours, was much higher in EC cultured with PFKFB3-
overexpressed WTs. The effect reversed when PFKFB3 was
knocked down in TRs (Fig. 4g). In vitro, RT-PCR and tube-
formation assay confirmed that recombination protein of
CXCL8 could promote the abnormalisation of ECs, while CXCL8
receptor antagonist SB225002 could reverse the impact (Fig. 4h, i).
The evidence confirmed the link between PFKFB3 and
CXCL8, demonstrating that PFKFB3 might mediate tumour
vessel normalisation by regulating CXCL8 transcription and
secretion.

PFKFB3 promotes transcription and secretion of CXCL8 by
phosphorylating the Ser1151 site of ERBB2

PFKFB3 is a member of the PFK2 metabolic enzymes family, which
has no transcription regulation function. However, PFKFB3 has the
highest kinase activity among PFK2 isoenzymes: phosphatase ratio
(710:1) [16]. Thus, we hypothesised that PFKFB3 promotes the
transcription of CXCL8 by kinase function. To verify this
hypothesis, we performed high-throughput phosphorylation
profiling and discovered that 352 unique sites were significantly
up- or downregulated (Fig. 5a and Supplementary Fig. 3A). Then
the gene ontology enrichment analysis was performed to obtain
an overview of differentially expressed proteins’ functions, which
were presented as a network (Fig. 5b). Furthermore, we identified
a spectrum of ERBB2 proteins whose phosphorylation levels
increased significantly, and they were the only points that could
communicate branches between PFKFB3 and CXCL8 proteins
(Fig. 5c and Supplementary Fig. 3B). Particularly, we captured the
phosphate group-containing y3*-y2 ion in the spectrum with a
single phosphopeptide PQPPSpPR, which strongly suggested that
Ser1151 (S1151) is a genuine phosphorylation site in ERBB2 of TRs
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(Fig. 5d and Supplementary Fig. 3C). Then the upregulation of
p-ERBB2 S1151 was detected in precipitates from cell extracts of
MKN45 and NCI-N87 cells overexpressing PFKFB3 using an anti-
phosphorylated antibody, specifically recognising phosphorylated
Ser1151 of ERBB2 (Fig. 5e). Co-IP and immunofluorescence
showed that p-ERBB2 S1151 could interact PFKFB3 and co-
localise on the surfaces of cells (Fig. 5f, g). We used the
phosphorylation-deficient ERBB2 S1151 (ERBB2 S1151A) and the
phosphorylation-mimic ERBB2 S1151 (ERBB2 S1151D) mutant and
measured changes of expression levels of CXCL8 accompanied by
phosphorylation levels of ERBB2 S1151 (Supplementary Fig. 4A).
RT-PCR and ELISA assays confirmed that PFKFB3 promoted the
transcription and secretion of CXCL8 by phosphorylating ERBB2 at
S1151 (Fig. 6a, b). These results demonstrate that S1151 of ERBB2
is a downstream phosphorylation target of PFKFB3.

PFKFB3 promotes the CXCL8 expression by activating the
phosphorylation of the ERBB2 S1151/PI3K/AKT/ NFkB

p65 signal axis

We next explored whether the phosphorylation of ERBB2 at S1151
is required for PFKFB3 to induce CXCL8 induction and the linking
signal pathway. High-throughput phosphorylation profiling indi-
cated that PI3K/AKT/NFkB signal pathway was enriched after
PFKFB3 was overexpressed (Supplementary Fig. 4B). NFkB, as a
transcription factor, may regulate the transcriptional changes of
CXCL8. Besides, the western blot revealed that PI3K/AKT/NFkB
p65 signal axis was activated by phosphorylating ERBB2 S1151
(Fig. 6¢). OSU-T315, inhibition of PI3K/AKT, significantly decreased
levels of CXCL8 expression and the phosphorylation of PI3K/AKT/
NFkB p65 signal pathway (Fig. 6d). S1151D rescued the down-
regulation of CXCL8 and dependent signalling resulting from
PFKFB3 knockdown (Fig. 6e). To determine the transcriptional
regulatory mechanism of CXCL8 expression, we used the JASPAR
database (https://jaspar.genereg.net) to identify potential binding
sites between transcriptional factor NFKB p65 and CXCL8. A ChIP
assay confirmed that NFkB p65 directly bound to the promoter
region of CXCL8 at TGGCATTCCCC. Further Q-PCR assay was
verified that PFKFB3-overexpressed group showed higher CXCL8
transcriptional level (Supplementary Fig. 4C). We then designed
and constructed the functional domain of PFKFB3, including the
kinase domain and phosphatase domain. Immunoprecipitation
confirmed that the kinase domain of PFKFB3 could interact with
the p-ERBB2 S1151 (Supplementary Fig. 4D). Collectively, these
findings indicate that PFKFB3 promotes the transcription and
secretion of CXCL8 by activating ERBB2 S1151, the PI3K/AKT/NFkB
p65 axis, with the kinase domain of PFKFB3 involved.

To confirm our results regarding the role of PFKFB3 in anti-HER2
therapy resistance, we introduced PFKFB3 knockdown and control
recombinant AAV-green fluorescence protein vectors into sub-
cutaneous xenograft (PDX) models. As expected, there was a slight
difference in tumour growth between the control and the
trastuzumab group, whereas the addition of PFKFB3-AAV (AAV-
PFKFB3-KD) significantly reduced tumour growth (Fig. 6f). This
finding attests to the role of PFKFB3-AAV in mediating the
therapeutic effects of trastuzumab. As reported in in vitro
experiments, PFKFB3 and CXCL8 were expressed in tumour tissues
of xenografts treated with PBS or trastuzumab, suggesting their
potential role in drug resistance, whereas PFKFB3 and CXCL8 were
no longer detected when PFKFB3-AAV was administrated. We also
observed a significant decrease in phosphorylation of ERBB2
S1151/PI3K/AKT/NFkB p65 when we administered the combina-
tion (Supplementary Fig. 4E). These results highlight the relation-
ship between PFKFB3 and CXCL8, namely, the fact that CXCL8
expression decreases when PFKFB3 is inhibited. Moreover,
PFKFB3 suppression along with trastuzumab treatment-induced
vessel normalisation with improved endothelial junctions, pericyte
coverage, and basement membrane coverage (Fig. 6g). Collec-
tively, these data demonstrate that PFKFB3 promotes GC cell
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Fig. 4 PFKFB3 mediates tumour vessel normalisation by promoting CXCL8 transcription and secretion in HER2" gastric cancer. a Gene-
set enrichment analysis (GSEA) of the protein profiles in between PFKFB3™9" tumours and PFKFB3'°" tumours with normalised P values < 0.05,
false discovery rate g values < 0.1, and normalized enrichment scores > 1. b Analysis of proteome profiler antibody in culture supernatant of
WTs and TRs. Hotspots of proteins are highlighted. ¢, d RT-PCR and Western blot were used to evaluate the function of PFKFB3 in regulating
CXCL8 expression. e The secretion level of CXCL8 was analysed by ELISA assays between sensitive and resistant cells. f Representative images
of PFKFB3 and CXCL8 IHC staining of PFKFB3™9" tumours and PFKFB3'°" tumours (Left). Association between PFKFB3 and CXCL8 expression
score (Right). g-i RT-PCR and tube-formation analysis to evaluate vessel branching, maturation and quiescence in EC cocultured with (NC vs.
shPFKFB3), (Vector vs. PFKFB3) and the function of CXCL8 recombination protein and inhibitor SB225002. Values are mean + SEM. *P < 0.05,
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Fig. 5 PFKFB3 promotes the transcription and secretion of CXCL8 by phosphorylating the S1151 site of ERBB2. a High-throughput
phosphorylation profiling with 3057 site-specific antibodies from 10351 phosphorylation sites. 352 unique sites were up-/downregulated
significantly (107 sites up, 145 sites down) according to P value < 0.05 (fold change >1.5, CV<.1). b The gene ontology (GO) enrichment
analyses the function of differentially expressed proteins and presented as a network. ¢ The proteomic analysis identified a spectrum of ERBB2
proteins to communicate with PFKFB3 and CXCL8 protein and presented as a network. d Representative MS/MS fragmentation spectra of
phosphopeptide depicting ERBB2 Ser1151 phosphorylation enriched from PFKFB3-overexpressed cells. e Western blot was used to evaluate
the phosphorylation level of ERBB2 in S1151 site after PFKFB3 transfected. f Endogenous interaction between PFKFB3 with p-ERBB2 S1151 in
TRs by Co-IP assays. g The location of PFKFB3 and p-ERBB2 S1151 in PFKFB3-overexpressed cells was assessed by IF staining.

proliferation by accelerating glycolysis programming and DISCUSSION

increases the secretion of CXCL8 by phosphorylating the ERBB2 HER2 is a promising target in cancer therapy because of its crucial
at Ser1151 and activating the PI3K/AKT/NFkB p65 signal pathway, role in cell migration, proliferation, survival, angiogenesis, and
ultimately contributing to vascular abnormalisation. metastasis through various intracellular signalling cascades [34].
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With no other HER2-targeting molecules showing survival benefits
in large phase Il studies, trastuzumab is the only clinically
approved targeted therapy for GC with HER2 gene amplification
[35]. The inevitable development of resistance to trastuzumab
remains a problem because of GC's significant heterogeneity [36].
Our previous study demonstrated that HER2 entailed the loss of

P-ERBB2 s1151|— - .- -

c NC  + - - - + - - -
WT - + - - - + - -
S1151D - - + - - - + -
SHBIA - - — 4 - - - 4
T-NFKB p65| l | == = |65 kDa

- T

AKT(Pan)I ----J | —— . c— |60kDa

p.AKTl—---H— ---|60kDa
e EEEE || BB

cxc|_s|- - -.~||‘.—-._|11k0a
reors [ | [ 590 89 |
||~ -..'-|138kDa

B-Actin |—-—.. | |-... |43 kDa

| 80 kDa

MKN45 NCI-N87
e NC + - - - - + - - - -
WT - + - - - -+ - - =
S1151D - - + - - -+ -+
siPFKFB3 - - - + - - - + +

.
.

P-AKT -!u -4 ! : 60 kDa

CXCLE | g wm oo - 11 kDa

P-ERBB2 S1151 [ I I H| L‘-._ |138kDa

PFKFB3 -.! - ..- . |58kDa

B-Actin i..' ™= - ._| |—.—.. | 43 kDa
NCI-N87 MKN45

VE-cadherin
CD31

o-SMA
CD31

Collagen type IV
CD31

Tras+ PBS+
Control AAV Control AAV

PBS+
PFKFB3-AAV

Tras+
PFKFB3-AAV

protein expression in response to continuous trastuzumab
treatment, leading to decreased sensitivity to trastuzumab [27].
In this study, we demonstrated that phosphorylation of HER2 at
S1151 increased in trastuzumab-resistant cells. As it has been
previously reported that ERBB2 pS1151 was high in breast
tumours [37], S1151 may be a promising target in GC.
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Fig. 6 PFKFB3 promotes the CXCL8 expression by activating the phosphorylation of ERBB2 S1151/PI3K/AKT/ NFkB p65 signal axis.
a, b The transcription and secretion level of CXCL8 was analysed by RT-PCR and ELISA assays after transfected with PFKFB3 and S1151A
plasmid. ¢ The expression of indicated proteins in TRs transfected by recombinant WT or phosphorylation-deficient ERBB2 S1151 (ERBB2
S1151A) or the phosphorylation-mimic ERBB2 S1151 (ERBB2 S1151D) mutant. d Effect of OSU-T315, inhibition of PI3K/AKT, in cells transfected
with WT or ERBB2 S1151D. e Effect of PFKFB3 knockdown or WT or ERBB2 1151D on protein expression in diverse WTs. Data are shown as fold
enrichment relative to input, *P < 0.5, mean + SEM (n =3), based on Student’s t test. f Photographic images of PDX models (n = 3/group)
bearing tissues from HER2" patients treated with PBS/Control-AAV, trastuzumab/PFKFB3-AAV, PBS/PFKFB3-AAV or trastuzumab/PFKFB3-AAV
for 8 weeks (upper). Tumour volume of PDX models at sacrifice (lower). g IF images and comparisons of VE-cadherin distribution, collagen type
IV 4+ basement membrane (BM) coverage and aSMA + pericyte coverage were presented as a percentage of length that lied along the CD31 +

vascular endothelium in subcutaneously tumours. Scale bar, 50 pm.

Aerobic glycolysis is an essential feature of tumours, which are
different from normal tissue, as demonstrated by the widespread
use of positron emission tomography scanning to diagnose cancer
cells with active glucose uptake [38]. Elevated glycolysis metabo-
lism leads to chemoresistance or treatment failure, making it
difficult to cure the disease with a single drug [39]. Subsequent
experiments confirmed that PFKFB3 increased aerobic glycolysis in
trastuzumab-resistant cells and consequently facilitated tumour
proliferation. Recent studies have initially found that trastuzumab-
resistant cells exhibited increased glycolysis in GC [40, 41]. In this
study, we found that PFKFB3 induced this metabolic process and
promoted CXCL8 secretion, which suggested that the remodelling
of the tumour microenvironment leads to pathophysiological
interactions of metabolic influence.

Increased cytokine secretion and acid production from upregula-
tion of glycolysis lead to acidosis in the microenvironment, altering
the environment by destroying the extracellular matrix and
promoting angiogenesis [42]. Studies showed that ineffective
vascular perfusion appears to contribute to the persistence of areas
of HER2-positive tissue without binding trastuzumab [43]. This means
that, structurally and functionally, the normalisation of vessels is
essential for the efficacy of trastuzumab treatment. Previous studies
mentioned that overexpression of PFKFB3 in the vascular endothelial
cell was correlated with pathological angiogenesis [44]. In our study,
vessels in the tumour were chaotic and destabilised during the
trastuzumab resistance process. The in vivo study indicated that
inhibition of PFKFB3 enhanced the treatment of trastuzumab, not
only depending on suppressing the tumour progression but also
promoting the normalisation of blood vessels, perfusion and
oxygenation. Considering trastuzumab could induce normalisation
of the vasculature by downregulation of angiogenic factors and
upregulating the anti-angiogenic factor [45], we hypothesised that
long-term uneven trastuzumab stimulation promotes drug tolerance
of tumour cells themselves and co-mediates drug resistance by
worsening the tumour microvessels in the microenvironment. Our
findings also suggest that trastuzumab’s ability to regulate the
vasculature was ineffective when resistance occurred, and this ability
recovered when resistance was in remission.

A noteworthy finding in this study was those changes in PFKFB3
expression were accompanied by CXCL8 secretion during trastuzu-
mab treatment. A substantial body of evidence suggests that CXCL8
promotes angiogenesis by endothelial cells, enhances cancer cells’
survival rate, and activates the immune response at tumour sites.
These activities appear to be adaptive responses of cancer cells to
adapt to the environment or chemical stress [46]. A study showed
that PFKFB3 controlled TNF-o-induced endothelial inflammation,
such as CXCLS, related to the NBC pathway in endothelial cells [47].
Nevertheless, the mechanism of PFKFB3 and CXCLS8 signalling in GC
cells remains unknown. Indeed, CXCLS8 is activated downstream of
PI3K signalling in HER2-positive breast cancer [48]. Increased
signalling through the PI3K/Akt pathway may lead to trastuzumab
resistance because several receptor pathways, including HER2-
related receptors or non-HER receptors, are activated, which
appears to relate to the crosstalk of HER2 [49]. We found that
PFKFB3 was an essential metabolic enzyme and it also regulated
CXCL8 by phosphorylating the PI3K/AKT/NFkB p65 pathway.
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Several genetic and epigenetic changes were found in many
cancer types. Designing strategies that combine clinically used
drugs with potential targeted inhibitors may be a promising
strategy to overcome drug resistance. A Phase | clinical trial
demonstrated that PFKFB3 inhibitor displays broad safety and
anticancer activity in several human and syngeneic preclinical
models [15]. Considering this notion, our findings indicate that
blocking PFKFB3 is a promising method of adjuvant anti-
resistance approach which maximises trastuzumab’s therapeutic
effect by restoring vascular normalisation in the tumour micro-
environment. Further studies need to be done to prove its safety
and effectiveness in the clinical context.

In this work, we found that GLUT3 was upregulated in
trastuzumab-resistant cells which may be due to activation of
glycolysis. The SLC2 family glucose transporters (GLUTSs) catalyse
facilitative diffusion of glucose and other monosaccharides across
biomembranes [50]. GLUT3 is the third glucose transporter to be
cloned which is detectable in a few normal cell type spermatids in
testis with active spermatogenesis, placental trophoblast mem-
branes, and neurons in the brain [51]. More recently, studies
revealed that GLUT3 acts as a transporter with a high affinity for
glucose and a high calculated glucose turnover rate in several
malignant tumour tissues [52]. It was reported that cytochalasin B
bound to multidrug resistance-associated protein and directly or
indirectly lowered vincristine efflux and/or cytochalasin B bound
GLUT3 proteins, which indicates a rather high complexity in the
regulation not only of glucose homoeostasis but also for
homoeostasis of other isoform-specific substrates [53]. Studies
have shown that trastuzumab-resistant human cells increased
glucose uptake and lactate production, indicative of increased
glycolysis [17], but whether GLUT3 proteins affect trastuzumab
efflux remains to be defined.
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