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摘   要：【目的】微孢子虫是一种营专性细胞内寄生的微生物，它可以感染几乎所有动物种类，

包括人类和重要的经济动物。本研究对家蚕微粒子虫分泌蛋白己糖激酶 (Nosema bombycis 
hexokinase, NbHK)在家蚕胚胎细胞中表达特征、亚细胞定位、调控作用和宿主互作蛋白质进行了

系统分析，为阐明该蛋白在侵染中的作用与机理提供参考。【方法】利用原核表达蛋白免疫小鼠，

制备 NbHK 的多克隆抗体，并利用 Western blotting 和间接免疫荧光法分析家蚕微粒子虫在感染的

家蚕胚胎细胞(Bombyx mori embryo, BmE)中的表达和定位；通过过表达和 RNA 干扰实验，分析

NbHK 对病原增殖的作用；利用 RNA-seq 分析 NbHK 调控的家蚕基因表达和通路；利用生物素-
链霉亲和素系统和质谱技术，从 NbHK::APEX2 转基因细胞中分离鉴定 NbHK 的互作蛋白。【结果】

在感染家蚕微粒子虫的 BmE 中，NbHK 持续上调表达，主要被定位于宿主细胞核内。过表达 NbHK
显著促进了病原增殖，而敲低 NbHK 则明显抑制了病原增殖，说明在 NbHK 感染过程中发挥关键

作用。利用 RNA-seq 分析鉴定了 94 个差异表达基因(differentially expressed genes, DEGs)，其中

58 个基因上调，36 个基因下调。DEGs 的富集分析显示，细胞寿命和内质网蛋白加工通路受到显

著激活，而线粒体自噬途径受到明显抑制。互作蛋白鉴定分析发现，NbHK 可能与宿主细胞核内
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的核蛋白易位启动子区(nucleoprotein translocated promoter region, NTPR)等蛋白间存在相互作用。

【结论】NbHK 主要被定位至家蚕细胞核中，调控家蚕细胞寿命等多个重要通路的基因表达，以

利于病原增殖。本研究为深入解析 NbHK 在感染过程中的功能及其调控机理提供了新的参考。 

关键词：微孢子虫；家蚕微粒子虫；己糖激酶；分泌蛋白；功能 
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Abstract: [Objective] Microsporidia are obligate intracellular parasites capable of infecting a 
wide range of animal species, including both humans and animals of economic interests. We 
explored Nosema bombycis hexokinase (NbHK) in terms of the expression, subcellular 
localization, regulatory functions, and interacting proteins in Bombyx mori embryo cells, 
aiming to provide insights into the function and mechanism of this protein during infection. 
[Methods] We prepared a polyclonal antibody against NbHK to analyze the expression and 
localization of NbHK in N. bombycis-infected BmE cells by using Western blotting and the 
indirect immunofluorescent assay. Overexpression and RNA interference experiments were 
performed to assess the impact of NbHK on pathogen proliferation. RNA-seq was employed to 
analyze the transcriptional responses of the NbHK-transgenic BmE cells. A biotin-streptavidin 
system and mass spectrometry were employed to identify the interacting proteins of NbHK 
from NbHK::APEX2-transgenic BmE cells. [Results] NbHK was predominantly localized in 
the nucleus of infected cells, with consistently upregulated expression during infection. The 
overexpression of NbHK significantly increased the pathogen load, while the knock-down of 
NbHK suppressed pathogen proliferation, which indicated the crucial roles of NbHK during 
infection. RNA-seq analysis identified 94 differentially expressed genes (DEGs) responsive to 
infection, comprising 58 up-regulated genes and 36 down-regulated genes. The enrichment 
analysis of DEGs revealed significant activation of pathways related to cell lifespan regulation 
and protein processing in the endoplasmic reticulum while significant inhibition of the 
mitophagy pathway. Additionally, we identified host proteins including nucleoprotein 
translocated promoter region (NTPR) in the nucleus that potentially interacted with NbHK. 
[Conclusion] NbHK is secreted into silkworm nucleus to modulate the expression of genes 
involved in multiple pathways for promoting pathogen proliferation. Our study offers novel 
insights into the roles of NbHK in the infection of N. bombycis. 
Keywords: microsporidia; Nosema bombycis; hexokinase; secretory protein; function 
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Microsporidia constitute a vast assemblage of 
obligatory intracellular parasites that have the 
ability to infect a wide range of vertebrates and 
invertebrates, encompassing humans and 
economically significant animals[1]. Microsporidia 
do not harbor a canonical mitochondrion but retain 
a mitochondrial remnant, the mitosome[2]. 
Therefore, microsporidia greatly depend on host 
metabolism for nutrients. 

Microsporidia have evolved genes encoding 
nucleotide transport proteins (NTTs) to steal ATP 
from its eukaryotic host[3]. In the early stage of 
human microsporidian Encephalitozoon hellem 
infection, the spore surface protein EhSSP1 
interacted with the host mitochondria 
voltage-dependent channel (VDAC), which might 
be a key factor for the absorption of ATP[4]. 
Genomic and proteomic studies have identified a 
secretory hexokinase (HK) in microsporidia[5-6]. 
HK orthologs have been found in all examined 
microsporidia, but show amino acid variations 
among species[7].  

HK is a multi-functional protein that not only 
acts as an innate immune receptor of bacterial 
peptidoglycan[8] but also inhibits apoptosis 
mediated by the death receptor[9]. In 2012, the 
secretion of microsporidian HK was firstly 
reported and characterized in Nematocida parisii, 
a natural pathogen of Caenorhabditis 
nematocides[10]. Subsequently, this secretory HK 
was confirmed in multiple microsporidian 
species[11-12]. In Nosema bombycis-infected 
Spodoptera frugiperda Sf9 cells, HK was secreted 
into the host cytosol and nucleus[13]. Besides, 
Trachipleistophora hominis HK localized on the 
surface of parasitic vesicles and was speculated to 
increase glycolytic capacity and ATP generation 
close to the parasite surface[14]. Proteomic analysis 
showed that HK increased after the spore 
germination of N. bombycis[15]. Moreover, the 
heterogeneous overexpression of HK from N. 
bombycis and N. ceranae showed ability to 
phosphorylate host glucose[16]. Furthermore, 
overexpression of antibody fragment against N. 
ceranae HK in Sf9 cell inhibited microsporidia 

proliferation[17]. Therefore, microsporidian HK 
likely plays vital roles during infection. However, 
the functions and regulatory mechanisms of 
microsporidian HK are yet to be elucidated. 

In this study, we have conducted a novel and 
comprehensive characterization of N. bombycis 
HK (NbHK) in its natural host, the silkworm 
Bombyx mori, including its expression profile, 
subcellular localization, impact on infection and 
regulatory functions. As a result, we found that 
NbHK was secreted into host nucleus to modulate 
expression of genes involved in multiple pathways 
like cell longevity regulation and protein 
processing in the endoplasmic reticulum. Our 
findings provide insights into the roles and 
mechanisms of NbHK during the infection. 

1  Materials and Methods  
1.1  Preparation of polyclonal antibody 
against NbHK 

The coding sequence of NbHK (GenBank 
accession number KB910227.1) was downloaded 
from the SilkPathDB[18], and amplified from 
genomic DNA of N. bombycis by PCR. The 
amplification reaction consisted of 30 cycles at 
98 ℃ for 15 s, 55 ℃ for 15 s, and 72 ℃ for 20 s 
using the forward primer 5′-CGCGGATCCATGAT 
AATTTTCTATTGT-3′, containing a BamH I 
restriction site (GGATCC), and the reverse primer 
5′-CCGCTCGAGATAAATAATTCGATGTAAAG-
3′, containing a Xho I restriction site (CTCGAG). 
The PCR product was recovered with Gel Extract 
Kit (Omega) and integrated into pET32a vector. 
Then, the recombinant vector was transformed into 
Escherichia coli Trans5α competent cells and 
verified by sequencing. The pET32a-NbHK-His 
vector was transformed into E. coli Rosetta 
competent cells for protein expression. After 
cultivation in 37 ℃, the bacteria were induced for 
20 h at 16 ℃ with 0.1 mmol/L IPTG in LB 
medium. The recombinant protein was purified 
using nickel chelating affinity chromatography. 
KM mice were inoculated using the rNbHK-His, 
which was fixed with Freund’s adjuvant (V/V=1:1, 
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Sigma-Aldrich) for four times. Complete Freund’s 
adjuvant was used at first immunization and 
incomplete adjuvant was used other three times. 
1.2  Protein preparation and Western 
blotting 

Protein samples of infected, uninfected and 
transfected B. mori embryo (BmE) cells were 
prepared as described in our previous work[13].  

Protein samples of mature spores were 
prepared via glass bead breaking in RIPA lysis 
buffer. The samples were shocked for 5 min using 
a homogenizer, lysed for 5 min at 4 ℃, and then 
centrifuged at 13 000 r/min for 5 min, and the 
supernatants were collected. 

The protein samples were separated using 10% 
SDS-PAGE and transferred to a polyvinylidene 
fluoride (PVDF) membrane (03010040001, 
Roche). After blocking for 1 h in blocking buffer 
(5% skimmed milk dissolved in TBST buffer), the 
membrane was incubated with NbHK antiserum 
diluted at 1:1 000 for 2 h. The membrane was then 
washed and incubated with HRP-goat anti-mouse 
IgG (Biosharp) diluted at 1:8 000 for 1 h. The 
protein was detected using ECL Plus Western 
blotting Detection Reagents (Bioground). 
1.3  Indirect immunofluorescence assay 
(IFA) 

BmE cells (approximate 1×105 cells in 1.5 mL 
medium) were inoculated with 1×105 N. bombycis 
spores. The uninfected and infected BmE cells 
(approximate 3×105 cells 48 h post transfection) 
were fixed on a glass plate with 4% 
paraformaldehyde (BL539A, Biosharp) for 10 min 
and treated with 0.5% Triton X-100 (1139ML100, 
BioFroxx) for 15 min at room temperature. The 
samples were washed, blocked with blocking 
buffer (5% bovine serum and 10% goat serum) for 
1 h, and then incubated with NbHK antiserum 
diluted at 1:500 for 2 h at room temperature. After 
washing with PBST buffer three times, Alexa 
Fluor 488 (A-11001, ThermoFisher Scientific) 
diluted at 1:1 000 was incubated to detect the HK 
antibody for 1 h. The nucleus was stained with 
DAPI (D1306, ThermoFisher Scientific) for 30 
min. The treated samples were observed and 

imaged with an Olympus FV1200 (Olympus). 
1.4  Transfection of BmE cells with 
NbHK::EGFP 

The coding sequence of NbHK was amplified 
using the forward primer 5′-TAAAGCTTGGTAC 
CGAGCTCGGATCCATGATAATTTTCTATTGT
CTACTC-3′ and the reverse primer 5′-CAGAGCC 
ACCTCCGCCAGAGCCGCCTCCGCCATAAAT
AATTCGATGTAAAGT-3′. The EGFP, a green 
fluorescent protein, was amplified using the forward 
primer 5′-TGGCGGAGGTGGCTCTGGGGGCGG 
CGGATCGGTGAGCAAGGGCGAGGAGCTG-3′ 
and the reverse primer 5′-CCGCGGGCCCGCTCT 
AGAGCCTTGTACAGCTCGTCCATGC-3′. Then, 
NbHK and EGFP were linked with a (G4S1)3 linker 
peptide using overlapping PCR. The overlapped 
product was integrated into pEHI/V5-His vectors 
which were digested using BamH I with a 
homologous recombinant method. Before 
transfection, 1×105 BmE cells in 1.5 mL medium 
contained in a 12-well plate were inoculated with 
N. bombycis spores (spore:cell=1:30). After 24 h,  
2 µg recombinant vector DNA and 3 µL 
X-tremeGENETM HP DNA Transfection Reagent 
(XTG360-RO, Roche) were transiently transfected 
into the BmE cells. After 48 h, the cell samples 
were observed with confocal microscopy 
(Olympus). 
1.5  RNA interference (RNAi) 

The coding sequence of NbHK was submitted 
to the BLOCK-IT RNAi Designer (https:// 
rnaidesigner.thermofisher.com), and a 308 bp 
fragment containing five potential interfering 
fragments was designed. The entire fragment was 
amplified using the forward primer F-Ri-NbHK 
(5′-TAATACGACTCACTATAGGGAGAAGGAA
TATACTTGTCTGGGA-3′) and reverse primer 
R-Ri-NbHK (5′-TAATACGACTCACTATAGGGA 
GATTGACAGGTCTCTCAAATGC-3′). The 
amplified product served as a template for 
synthesizing dsRNA using the RiboMAX Large 
Scale System-T7 Kit (A54989, ThermoFisher 
Scientific). The dsRNA of EGFP was used as the 
control group and prepared with forward primer 
F-Ri-EGFP (5′-TAATACGACTCACTATAGGGA 
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GAACGGCAAGCTGACCCTGAA-3′) and reverse 
primer R-Ri-EGFP (5′-TAATACGACTCACTATA 
GGGAGATGTTGTAGTTGTACTCCAG-3′). Prior 
to dsRNA transfection, 5×105 BmE cells were 
inoculated with N. bombycis spores at a ratio of 
1:30 in 2 mL medium contained in a 6-well plate.  
24 h after infection, the BmE cells were transfected 
with dsRNA using X-tremeGENE HP DNA 
Transfection Reagent (XTG360-RO, Roche). The 
BmE cells were then collected 24 h post-transfection. 
1.6  Extraction of RNA and cDNA from 
infected BmE cells 

The N. bombycis spores were isolated from 
infected Sf9-III cells, treated with 0.1 mmol/L 
KOH, and added to the BmE cells at a ratio of 1:10 
(cells:spores). Following infection, the BmE cells 
in a six-well plate were transfected separately with 
2 µg of EGFP and NbHK dsRNA. The samples 
were collected at 1, 3, and 5 days post-infection 
and stored either in PBS buffer or TRIzol 
(Invitrogen) at −80 ℃. Genomic DNA was 
extracted from the infected cells using a DNA 
Extraction Kit (Omega), while total RNA was 
extracted using a Total RNA Kit (Omega) followed 
by cDNA synthesis using an cDNA Synthesis Kit 
(Yeasen).  
1.7  Real-time quantitative PCR analysis 
of NbHK expression and infection 

The detection of transcription was performed 
using RT-qPCR, with the template obtained from  
1 µg of RNA. RT-qPCR amplification was 
conducted using the forward primer qF-NbHK 
(5′-CAAAATGTGATTATTATGGGAGATG-3′) 
and the reverse primer qR-NbHK 
(5′-CGATGTAAAGTATAAAGGGCTGAT-3′). The 
RT-qPCR program consisted of pre-denaturation at 
95 ℃ for 5 min, followed by 40 cycles of 
denaturation at 95 ℃ for 10 s and 
annealing/extension at 60 ℃ for 30 s. Nbβ-tubulin 
was used as the reference gene of N. bombycis, and 
GAPDH was used as the reference gene of BmE 
cells. 

Nbβ-tubulin copies were analyzed through 
qPCR, utilizing a reaction system containing 1 µL 
(about 150 ng/µL) of genomic DNA sample 

extracted from infected cells and the forward 
primer qF-Nbβ-tubulin (5′-AGAACCAGGAACA 
ATGGACG-3′) along with the reverse primer 
qR-Nbβ-tubulin (5′-AGCCCAATTATTACCAGCA 
CC-3′). The standard plasmid constructed by 
Nbβ-tubulin was diluted to 107, 106, 105, 104, 103, 
102, 10 copies/μL by gradient to establish a 
standard curve, to analyze the copy number of N. 
bombycis. 
1.8  RNA-seq analysis of NbHK-transfected 
BmE cells 

The transcriptional response of BmE cells 
transfected with EGFP and NbHK::EGFP was 
analyzed using RNA-seq. Three independent 
replicates were performed for each group, and 
RNA samples were extracted and sequenced on the 
Illumina NovaSeq platform. The clean reads were 
mapped to the silkworm genome (http://silkbase. 
ab.a.u-tokyo.ac.jp/pub/)[19] using HISAT2[20]. 
Fragments per kilobase per million (FPKM) values 
were calculated using FeatureCounts software to 
compare gene transcriptomic levels. differentially 
expressed genes (DEGs) between EGFP- and 
NbHK::EGFP-transfected BmE cells were 
analyzed using DESeq2[21], filtered by a standard P 
value<0.05 and fold change≥1. KEGG enrichment 
analysis[22] of DEGs was performed using Fisher’s 
exact test, considering pathways enriched in at 
least two genes with P<0.05 as significant. 
1.9  Isolation and identification of NbHK 
interacting proteins 

NbHK::APEX2 transgenic BmE cells were 
cultured with Grace Insect Medium (ThermoFisher 
Scientific), which contained biotin-phenol (Iris 
BIOTECH) and incubated 30 min at 28 ℃. Then, 
150 μL of 100 mmol/L H2O2 was added into the 
medium for 1 min, the liquid in the cell flask was 
discarded, and the reaction termination buffer was 
added and incubated for 5 min. The cell samples 
were collected, and the total proteins were 
extracted with RIPA lysis buffer and centrifuged at 
13 000 r/min for 5 min, and the supernatant was 
collected. Furthermore, using 500 μL of 
streptavidin magnetic beads (ThermoFisher 
Scientific) per 4 mg total protein, we extracted an 
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appropriate amount of total protein and incubated 
it with the magnetic beads at room temperature for 
2 h. After incubation, the magnetic beads were 
washed with RIPA, KCl, Na2CO3, and urea buffer, 
respectively. Finally, the proteins combined 
with the magnetic beads were eluted with 80 μL 
SDT lysis buffer and incubated in boiling water 
for 10 min. The supernatant was collected and 
stored at −80 ℃.  

The identification of NbHK interacting 
proteins was performed using mass spectrometry, 
with three independent replicates for each group. 
The protein samples were separated and analyzed 
using a Q-Exactive Mass Spectrometry device. 
The raw data were mapped to the UniProt 
(https://www.uniprot.org) database[23] and 
quantitatively analyzed using MaxQuant software 
(v1.5.3.17)[24]. The candidate interacting proteins 
were filtered with strict standards including unique 
peptide number≥2 and peptide only determined in 
the NbHK::APEX-transfected cells. KEGG and 
GO enrichment analyses[22] of the candidates were 

performed using Fisher’s exact test with a standard 
P value<0.05. 

2  Results and analyses 
2.1  The expression and subcellular 
localization of NbHK 

The NbHK gene was successfully cloned 
(Figure 1A), followed by expression and 
purification of the protein (Figure 1B). 
Subsequently, a polyclonal antibody against NbHK 
(anti-NbHK) was generated and its specificity 
confirmed through Western blotting analysis 
(Figure 1C). Western blotting analysis of the 
temporal expression profile revealed a consistent 
increase in NbHK levels from 12 to 96 h 
post-infection (Figure 2A), indicating its crucial 
role during infection. Furthermore, IFA performed 
on N. bombycis-infected BmE cells demonstrated 
that NbHK is secreted into host cells and 
predominantly localizes within the nucleus of 
infected cells (Figure 2B). 

 

 
 

Figure 1  Preparation of polyclonal antibody using recombinant NbHK (rNbHK). A: Diagram of the 
pET32a-NbHK-His expression vector. The pET32a contains a T7 promoter and double 6×His tags. B: 
Purification of rNbHK expressed in Escherichia coli. The rNbHK was eluted with elution buffer containing a 
different concentration of imidazole and analyzed via SDS-PAGE. The arrow indicates the size of NbHK::His. 
C: Western blotting analysis of the polyclonal antibody against NbHK (anti-NbHK). Proteins were extracted 
and purified from the transformed and untransformed (control) E. coli.  
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Figure 2  Expression profile and subcellular localization of NbHK in Nosema bombycis-infected BmE cells. A: 
Western blotting analysis of NbHK expression. Protein contents were homogenized referring to the Nbβ-tubulin 
(internal reference). The NbHK and Nbβ-tubulin were determined with relative antibodies, respectively. B: IFA 
analysis of the subcellular localization of NbHK in infected BmE cells. Arrowhead indicates the N. bombycis 
spore. Green fluorescence shows the localizations of NbHK labeled with the anti-NbHK. The nucleus of the 
host cells and N. bombycis were labeled with DAPI (blue). N: Nucleus.  
 
2.2  NbHK played important roles in 
Nosema bombycis infection 

To investigate the functions of NbHK during 
infection, we generated pEHI-NbHK::EGFP vectors 
for transfection into BmE cells (Figure 3A). As 
depicted in Figure 3B, NbHK::EGFP was 
successfully expressed in the transfected cells and 
localized within both the cytosol and nucleus (Figure 
3B). Subsequently, these transfected cells were 
infected with N. bombycis, and the pathogen load 
was determined by quantifying the copy number of 
Nbβ-tubulin using quantitative PCR. The results 
demonstrated a significant increase in pathogen load 
within the NbHK::EGFP- transfected cells compared 
to those transfected with EGFP alone (Figure 3C). 

Moreover, the expression of NbHK was 
downregulated using RNAi, and this was 
confirmed by both RT-qPCR and Western blotting 
analysis. Consequently, there was a significant 
reduction in both the transcriptional level (Figure 
4A) and protein abundance (Figure 4B) of NbHK 
on the third day after infection. Subsequently, 
pathogen load was assessed by qPCR, revealing 

substantial decreases on the third- and fifth-days 
post-infection, respectively (Figure 4C). 
2.3  Transcriptomic responses of BmE cells 
to NbHK 

The secretion of NbHK into the host nucleus 
implies its potential role in regulating host gene 
expression. Therefore, NbHK-transgenic BmE cells 
were generated (Figure 5A) to investigate their 
transcriptomic responses using RNA-seq. The 
transfected cells were verified using Western 
blotting (Figure 5B) and counted for an over 50% 
transfection-positive rate (Figure 5C). 
Differentially expressed genes (DEGs) were 
identified based on the following criteria: (1) Only 
one difference between the control and 
experimental groups in three biological replicates; 
and (2) A P value<0.05 and absolute log fold 
change>1; (3) FPKM>1. The analysis revealed a 
total of 94 DEGs in the RNA-seq data, comprising 
of 58 upregulated genes and 36 downregulated 
genes (Figure 6A, supplementary file 1). KEGG 
enrichment analysis demonstrated significant 
regulation of multiple pathways including longevity 
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Figure 3  Effect of NbHK overexpression on Nosema bombycis infection. A: Diagram of pEHI-NbHK::EGFP 
expression vector. The vector contained an opIE2 promoter, a (G4S1)3 linker, and a EGFP tag. B: Subcellular 
localization of NbHK::EGFP in transfected BmE cells. The nucleus was labeled with DAPI (the blue signal). 
The green fluorescence of NbHK::EGFP was directly observed in the cells. C: Comparison of pathogen load in 
the BmE cells infected by N. bombycis after RNAi NbHK. 1×105 BmE cells were firstly infected (spore: 
cell=1:30) for 24 h, and then transfected for 24 h. Total genomic DNA of the infected and transfected BmE cells 
was extracted to determine the copy number of Nbβ-tubulin (copies/µL) by qPCR, which indicated the change 
of pathogen load. Statistically significant differences are represented with asterisks (**: P<0.01). Bars represent 
the standard deviations of 3 independent replicates.  
 

 
 

Figure 4  The effect of NbHK on Nosema bombycis infection. A: Suppression of NbHK expression by RNAi. 
Transcripts of NbHK were determined using RT-qPCR after BmE cells were transfected with dsRNA-EGFP 
and dsRNA-NbHK. B: Western blotting analysis of the protein content of NbHK after RNAi. The sample loads 
were homogenized referring to the content of Nbβ-tubulin. The NbHK contents were then determined using 
anti-NbHK. C: Detection of the pathogen load after RNAi of NbHK. 5×105 BmE cells were firstly infected 
(spore:cell=1:30) for 24 h, and then transfected with dsRNA. Total genomic DNA of the infected and 
transfected BmE cells was extracted to determine the copy number of Nbβ-tubulin (copies/µL) by qPCR, which 
indicated the change of pathogen load. *: P<0.05, **: P<0.01.  
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Figure 5  Preparation of cell samples for RNA-seq. A: Observation of RNA-seq samples. Transfected BmE 
cells were observed using a fluorescence microscope. The mock (EGFP) and experimental (NbHK::EGFP) 
groups included three independent replicates, respectively. B: Detection of NbHK::EGFP in RNA-seq samples 
via Western blotting. NbHK::EGFP was detected using a mouse monoclonal antibody against the EGFP. The 
arrow indicates the theoretical size of NbHK::EGFP. C: Transfection rate of BmE cells for the RNA-seq 
analysis.  
 
 
regulation, protein processing in the endoplasmic 
reticulum (ER), and mitophagy (Figure 6B). 
Moreover, three upregulated genes associated with 
longevity and protein processing in the ER were 
identified: heat shock protein 19.9 (HSP19.9), heat 
shock protein family A member 1 (HSPA1), and 
small heat shock protein 19.3 (sHSP19.3) (Figure 
6C), which were validated by RT-qPCR (Figure 
6D).  
2.4  Interacting proteins of NbHK 

In order to further analyze how NbHK 
upregulated gene expressions involved in cell 
longevity and protein processing in the ER, a 
pEHI-NbHK::APEX2::HA expression vector was 
constructed (Figure 7A), and the potential 
interacting proteins of NbHK were isolated and 
identified using a biotin streptavidin system and 
mass spectrometry. The catalytic activity of 
APEX2 was detected using IFA, which showed 
that the NbHK::APEX2::HA (green fluorescence) 
was located in the cytoplasm and nucleus and 
co-localized with biotin labeled proteins (red 
fluorescence) (Figure 7B). In addition, the protein 
biotinylation was confirmed using Western 
blotting (Figure 7C). Finally, the isolation and 
enrichment of the biotinylated proteins were 

detected using Western blotting. As a result, 
abundant biotin-labeled proteins were obtained 
after enrichment (Figure 7D). 

The mass spectrometry data showed that a 
total of 49 proteins were specifically identified in 
the NbHK::APEX-transfected BmE cells 
(supplementary file 2). These proteins were mainly 
isolated from the nucleus and cytoplasm (Figure 
7E). Considering the predominant localization of 
NbHK in the host nucleus, we firstly focused on 
the 8 nucleus-localized and well annotated proteins, 
which UniProt accession numbers are Q1HQ86, 
Q2F5X7, H9JQ89, H9J002, Q0ZAL8, Q2F5K2, 
H9JJY3, and H9J682. Among these candidates, we 
found that only H9JQ89 (nucleoprotein TPR, 
NTPR) was reported to regulate HSP expression[25]. 
The NTPR is a component of the nuclear pore 
complex, which is mainly involved in transport 
between the nucleus and the cytoplasm and can 
also regulate gene expression as a transcription 
factor[26-28]. Therefore, we speculated that NbHK 
might interact with NTPR to regulate the 
expression of HSP19.9, HSPA1, and sHSP19.3, as 
identified via RNA-seq, thus regulating protein 
processing in the endoplasmic reticulum and cell 
longevity. 
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Figure 6  RNA-seq analysis of the BmE cells transfected with NbHK::EGFP and EGFP. A: DEGs of BmE 
cells transfected with NbHK::EGFP, including 58 upregulated and 36 downregulated genes. B: KEGG 
enrichment of the DEGs. C: KEGG enrichment analysis of the upregulated genes. D: Verification of the 
significantly upregulated genes via RT-qPCR. ***: P<0.001. Bars represent the standard deviations of 3 
independent replicates.  
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Figure 7  Isolation and identification of NbHK interacting proteins. A: Diagram of NbHK::APEX2 expression 
vector. The reconstructed pEHI vector contains an opIE2 promoter, a NbHK, a linker (G4S1)3, an APEX2 and a 
HA tag. B: Subcellular localization of biotin-labeled proteins. The nucleus was labeled with DAPI (blue). The 
green fluorescence represents NbHK::APEX2 labeled with the antibody against HA. The red fluorescence 
indicates the biotin-labeled proteins labeled with streptavidin 568 (ThermoFisher Scientific). C: Detection of 
the catalytic activity of APEX2. Protein biotinylation was detected via Western blotting using streptavidin-HRP. 
D: Detection on the enrichment of biotinylated proteins via Western blotting using streptavidin-HRP. E: Predicted 
subcellular localizations of the 49 proteins specifically identified in the NbHK::APEX2-transfected BmE cells.  
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3  Discussion and conclusion 
Generally, HK serves as the initial and 

rate-limiting enzyme in glycolysis[29] or modulates 
glucose metabolism through the regulation of 
GAPDH[30]. However, extensive research has 
demonstrated that HK possesses multifunctional 
properties. Apart from its metabolic role as a 
glucose kinase, hexokinase 2 (ScHxk2) in 
Saccharomyces cerevisiae is also implicated in 
regulatory functions[31]. Under high-glucose 
conditions, ScHxk2 translocated from the 
cytoplasm to the nucleus to exert transcriptional 
control over glucose-repressible genes[32]. 
Similarly, Candida albicans hexokinase 2 
(CaHxk2) localizes within the nucleus during 
glucose presence and contributes to signaling 
pathways involved in glucose repression while 
playing a crucial role in C. albicans virulence by 
promoting metabolic flexibility, stress response, 
and morphogenesis[33]. Therefore, the subcellular 
localization of NbHK varies in different host cells 
and infection stages[13], indicating its diverse 
functions during the infection process. NbHK is 
likely involved in promoting glucose metabolism 
in the host cytosol[16], while also potentially 
modulating gene expressions related to multiple 
pathways within the host nucleus. Thereby, it is 
intriguing to investigate the factors that determine 
the sorting of NbHK within host cells. In 
comparison to secreted NbHK in infected BmE 
cells, transfected NbHK::EGFP localizes both in 
the nucleus and cytosol, rather than predominantly 
aggregating in the nucleus. This suggests that 
translocation of NbHK may depend on other 
co-factors from either the host or parasite. 
However, these co-factors are likely absent 
without an infection present. Additionally, it is 
possible that fusion with EGFP peptides disrupts 
interactions between NbHK and translocating 
factors. 

HSPs are pivotal molecular chaperones that 
play crucial roles in various cellular pathways. For 
instance, HSP27 and HSP70 directly safeguard 
cells against damage-induced cell death 

pathways[34]. Activation of heat shock factor 1 
(HSF1) impedes cellular aging[35]. RNAi HSP83 
expression of Acyrthosiphon pisum resulted in 
reduced longevity and fecundity, indicating the 
evolutionarily conserved function of this 
chaperone in insects[36]. Examination of longevity 
in two ecotypes of Daphnia revealed that D. 
pulicaria, the long-lived ecotype, exhibits robust 
induction of HSP70 compared to the short-lived 
ecotype, D. pulex[37]. The small heat shock protein 
subfamily members (sHSP12s), with a size of 12 
kDa, appear to exert critical physiological roles in 
Caenorhabditis elegans by suppressing dauer 
formation while promoting both longevity and 
reproduction[38]. The four cytosolic yeast HSP70s, 
namely Ssa1−4, are considered functional; 
however, the absence of Ssa1 and Ssa2 leads to a 
severe reduction in cellular reproduction and 
accelerates replicative aging[39]. The findings of 
this study demonstrate that NbHK can activate 
host HSPs, suggesting that N. bombycis may 
regulate the lifespan of host cells through this 
protein. Additionally, previous research has 
indicated that microsporidia can induce alterations 
in host protein processing within the endoplasmic 
reticulum (ER) via secreted proteins[40]. Therefore, 
it is plausible to suggest that NbHK might also 
play a role in modulating host protein processing 
in the ER. However, further investigations are 
required to validate the protein contents and 
functions attributed to these HSPs during N. 
bombycis infection. 

Our study revealed that NbHK potentially 
interacts with NTPR within the host nucleus. 
NTPR is a crucial component of the nuclear pore 
complex (NPC), which plays a vital role in 
genome organization and gene expression[41]. It 
has been reported that NPC indirectly regulates 
gene expression by facilitating the nuclear import 
of gene regulators through the nuclear envelope[42]. 
Furthermore, NTPR can associate with 
transcription factors to enhance HSP mRNA 
production[25]. These findings suggest that NbHK 
may modulate HSP expression through its 
interaction with NTPR. Actually, the infection 
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caused by N. bombycis significantly induces host 
gene expressions involved in pathways such as 
immune response, biosynthesis, mRNA and 
protein processing[43], wherein the pathogen 
secreted proteins as the NbHK likely play crucial 
roles. 

In summary, our work revealed new possible 
functions of NbHK, providing an underlying 
model (Figure 8) for further investigation of its 
microsporidian pathogenesis, such as the control 
of host protein processing in the ER, mitophagy, 
and cell death. 

 

 
 
Figure 8  A model of Nosema bombycis secretion of NbHK to modulate host gene expression. N. bombycis 
secretes NbHK into the host nucleus, probably to interact with the nuclear pore complex component NTPR to 
regulate the expressions of HSP19.9, HSPA1, and sHSP19.3, thus modulating host cell longevity and promoting 
pathogen proliferation. 
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