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Abstract
CD147 is involved in various physiological processes and plays important roles for tumor metastasis. Glycosylation of the
protein determines numerous functions of CD147. Up to now, hardly any sensor has been developed for detecting glycosylation
of CD147 in live cells. There is a pressing requirement of development of a selective and continuous biosensor for cell imaging.
The emergence of gene-encoded fluorescence resonance energy transfer (FRET) sensor provides a new way to develop the
sensors to analysts. We designed and constructed novel gene-encoded FRET proteins sensing glycosylation of CD147 by
measuring FRET ratio of two intermolecular motifs. With the decrease of CD147 glycosylation level in cells, the FRET ratio
increased significantly. The specificity of the sensor targeting to CD147 was also determined by siRNA interference experiment.
Finally, continuous living cell image of deglycosylation process of CD147 using the newly developed sensor has been performed
successfully. The work not only provides useful tools for analyzing glycosylation of CD147 in living cells, but also implicates
alternative strategy for detecting other glycosylated proteins.
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Introduction

CD147, also known as an extracellular matrix metalloproteinase-
inducing factor or Basigin, is a type 1 transmembrane glycopro-
tein that belongs to the immunoglobulin superfamily [1], and is
distributed on the cytoplasm and cell membrane [2]. It is in-
volved in various physiological processes such as embryonic
development, wound healing, inflammation, atherosclerosis,
and arthritis [3, 4]. In addition, CD147 also promotes basement

membrane degradation, matrix penetration, and cell migration
during tumor metastasis by activating the matrix metalloprotein-
ases (MMPs) [5].

Human CD147 is an N-linked glycoprotein that could be
classified into the HG-CD147 (40–60 kDa) and LG-CD147
(32 kDa) forms according to different molecular weight caused
by glycosylation. The molecular weight of unglycosylated core
CD147 is 27 kDa [6]. Studies show that glycosylation of CD147
influences its physiological functions significantly. The deglyco-
sylated CD147 purified from tunicamycin-treated tumor cells
could not be able to stimulate the production of MMP-1 and
MMP-2 [7]. Furthermore, glycosylated eukaryotic CD147 can
activate MMPs more effectively than non-glycosylated prokary-
otic CD147, which underscores the role of glycosylation in
CD147 function [8]. Toole et al. showed that if the sugar chain
of CD147 is abnormal, CD147 cannot induce the production of
MMP2 normally [9]. Jia et al. found that liver cancer cell lines
with stronger lymphatic metastasis ability have a higher HG-
CD147/LG-CD147 ratio compared to cells lacking the ability
to metastasize [10].

Therefore, monitoring the CD147 glycosylation level can
indirectly reflect its biological function and tumor-related
physiological characteristics. The presence of sugar chains in
glycosylated proteins is mainly detected by enzymatic
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methods [11], lectin blotting [12], mass spectrometry [13], etc.
None of these techniques can detect the glycosylation level in
live cells continuously and specifically. Therefore, to further
study the mechanism of CD147 glycosylation and its promo-
tion of tumor metastasis, it is necessary to develop a probe that
can specifically target the CD147 glycosylation modification
level at the level of living cells. This can also fill the gap in the
visual detection of glycosylation. According to the principle
of fluorescence resonance energy transfer (FRET), non-
radiative transfer of electron excitation from donor
fluorophore to acceptor is mediated by electron dipole-
dipole coupling. The transfer rate and final readout depend
non-linearly on the distance between donor and acceptor
[14]. We designed a FRET-based sensor for detecting glyco-
sylation level of CD147 in live cells using CFP-S100A9 and
YFP-E-selectin as the donor and acceptor. S100A9 binds to
the CD147 core protein under physiological conditions spe-
cifically. Toshihiko et al. showed that S100A9 mediates in-
flammation and metastasis of tumor cells by interacting with
the CD147 protein [15]. E-selectin interacts with the CD147
sugar chain [16]. Noritoshi et al. found that the E-selectin/
CD147 could directly interact with each other during renal
inflammation process [16]. Furthermore, the unglycosylated
CD147 in wild-type leukocytes cannot effectively bind to E-
selectin, indicating that the sugar chain structure of CD147
plays a key role for E-selectin interaction [16]. The minimum
binding domain of E-selectin consists of a terminal glycan
structure that contains sialic acid and fucose residues, namely
tetrasaccharide sialylated-LewisX (sLeX) and sialylated-
Lewis A (sLeA). Both terminal glycans are often present on
the surface of various cancer cells [17]. Yang et al. showed
that CD147 is one of the sialylated proteins associated with
metastasis, indicating that the sialylated-LewisX structure ex-
ists at the end of the CD147 sugar chain. Thus, E-selectin is
likely to interact with the sugar chain of CD147 [16, 18, 19].

In order to further study the relationship between the func-
tion of CD147 and its glycosylation. For making up for the
gap in the visual detection of glycosylation, it is necessary to
develop sensors that can specifically target the modification
level of CD147 glycosylation. Here, we present a novel
genetic-encoded FRET sensor for detecting CD147 glycosyl-
ation in live cells.

Materials and methods

Construction and transfection of plasmids

Full-length cDNAs for human CD147, S100A9, and E-
selectin were synthesized by Tongyong company and cloned
into the pcDNA3.1 vector using Phanta Max Super-Fidelity
DNA Polymerase with mCherry, CFP, and YFP tags respec-
tively. All plasmids were verified by DNA sequencing and the

plasmid sequences are available on request. HeLa cells were
transiently transfected with the different constructs using
Lipofectamine 3000 (Invitrogen) according to the manufac-
turer’s instructions. Briefly, the cells were seeded in a 6-well
plate at the density of 5 × 104 cells per well, and transfected
with 2.4 μg plasmid. The medium was changed 6 h after
transfection.

Cell culture

The HeLa cell line was obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; BI company) supplemented with 10% (vol/vol) fetal
bovine serum (FBS; BI company) and 1% (vol/vol) antibiotics
(penicillin and streptomycin) at 37 °C under 5% CO2.

Western blotting

The suitably treated HeLa cells were lysed with RIPA lysis
buffer (Beyotime) for 30min on ice, and the protein content in
the lysates was determined by BCA assay (Biosharp). Equal
amounts of protein per sample were denatured by boiling and
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a PVDF
membrane (Immobilon-P, Millipore) using transfer buffer
(200 mM glycine, 25 mM Tris, 20% absolute ethanol). The
membranes were blocked with 5% skimmed milk in 1× Tris-
buffered saline Tween 20 (TBST; 20 mM Tris-HCl pH 8,
150 mMNaCl, 0.05% Tween 20) for 2 h at room temperature,
followed by overnight incubation with anti-CD147
(Proteintech, 66443-1-lg, 1:10000), anti-GFP (Proteintech,
66002-1-lg, 1:5000), and anti-GAPDH (Proteintech, 60004-
1-lg, 1:2000) primary antibodies at 4 °C. After washing thrice
with TBST for 30 min each, the membranes were incubated
with peroxidase-conjugated goat anti-mouse (Proteintech,
1:5000) secondary antibodies at room temperature for 2 h.
The membranes were washed thrice with TBST and visual-
ized with ECL chemiluminescence.

Co-immunoprecipitation assay

HeLa cells transfected with pcDNA3.1-YFP-E-selectin or
pcDNA3.1-YFP were lysed as described above, and the crude
lysates were centrifuged at 14,000g for 15 min at 4 °C. After
removing non-specific proteins with protein G-conjugated
magnetic beads (Santa Cruz) for 1 h at 4 °C, the lysates were
centrifuged at 14,000×g for 10 min at 4 °C. The supernatants
were aspirated and incubated with anti-GFP antibody
(Proteintech, 50430-2-AP) for 12 h at 4 °C with constant
shaking, followed by protein G magnetic beads (Santa Cruz)
for 5 h at 4 °C. The beads were washed thrice with lysis buffer,
and the proteins were eluted by boiling in 1× SDS loading
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buffer and analyzed by immunoblotting as described. The
interaction between S100A9 and CD147 was similarly
evaluated.

ShRNA knock down

shCD147-pLKO.1-TRC vector was synthesized by Addgene
(Hunan, China). And the shRNA sequence of human CD147
was 5′-GTACAAGATCACTGACTCT-3′ [20]. Then the
shCD147-pLKO.1-TRC cloning vector system was used to
produce the lentiviruses in 293 T cells. Viral supernatant frac-
tions were collected 48 h after transfection, filtered, and cen-
trifuged to remove cell debris. HeLa cells were transduced
with the viral supernatant with 2 μg/ml polybrene, and select-
ed 24 h after infection using 3 μg/ml puromycin. The
established stable cell lines were attested western blotting
analyses and used for subsequent experiments.

Fluorescence microscopy

HeLa cells were seeded at an appropriate density per well on
18 × 18-mm glass cover slips and transfected as described.
The medium was replaced after 24 h with L-15 medium con-
taining 10% (vol/vol) FBS and 1% (vol/vol) antibiotics. Stable
transfectants expressing CFP-, YFP-, or mCherry-fusion were
observed under a rotary disk confocal microscope (Nikon
ECLIPSE Ti) at × 100 magnification, and the images were
analyzed using IQ 3.0 software. The excitation wavelengths
of CFP, YFP, and mCherry fluorescent protein are 445 nm,
488 nm, and 594 nm respectively.

Data analysis

FRET ratio (YFP/CFP) data were presented as mean ± SD of
one representative experiment. Each experiment was repeated
at least three times. Images were analyzed by ImageJ and
MATLAB software. Statistical analyses were performed
using GraphPad Prism 8.0 software, and unpaired two-tailed
Student’s t test was used to compare two groups. P < 0.05 was
considered statistically significant.

Results

Structure and design of CD147 glycosylation sensor

The CD147 glycosylation sensor was constructed using CFP-
S100A9 and YFP-E-selectin (Fig. 1). Simultaneous binding of
S100A9 and E-selectin to the corresponding segments of
CD147 altered the distance between CFP-S100A9 and YFP-
PHA-L, which altered the FRET ratio. Cyan fluorescent pro-
tein (CFP) and S100A9 were connected by two flexible re-
peated GGSGG sequence (linkers). The yellow fluorescent

protein (YFP) was connected to the lec and egf domains of
E-selectin with eight GGSGG repeats. In order to ensure the
detecting efficiency, we tested different binding sites on YFP
and E-selectin (lec, egf, CR1, and CR2) and linkers of varying
lengths (see Supplementary Information (ESM) Table S1).
Finally, YFP-8 × GGSGG-lec-egf was selected for further
studies. It could be speculated that the placement of YFP at
the N terminal of E-selectin and a sufficient long linker were
necessary for high response of the sensor.

Glycosylation sensors can respond to the decrease of
CD147 glycosylation level effectively

As shown in Fig. S1 (see ESM), CD147-mCherry localized to
the cell membrane and cytoplasm, CFP-S100A9 was evenly
expressed in the cytoplasm and only sparsely in the nucleus,
and YFP-E-selectin was uniformly expressed in both cyto-
plasm and nucleus. Therefore, both CFP-S100A9 and YFP-
E-selectin co-localized with CD147. We tested the efficacy of
the sensor by downregulating glycosylation level of CD147
with tunicamycin (TM), a broad-spectrum N-glycan inhibitor
[13]. The cells were treated with varying doses (0, 0.5, 1, 2,
and 3 μg/ml) of TM (Fig. 2a), and the levels of glycosylated
CD147 were detected by SDS-PAGE. The proportion of HG-
CD147 was obviously higher than that of LG-CD147 in the
presence of 0.5 μg/ml TM. The bands corresponding to core
CD147 began to appear when the TM dose was increased to
1 μg/ml. Further increasing of TM led to gradual increase in
the core protein bands along with the decrease in LG-CD147.
Furthermore, adding TM of concentration higher than 2 μg/ml
shows cytotoxicity and results in poor growth and rounded
cells. Therefore, 1 μg/ml TM was used to treat cells in the
following co-transfection experiments with CFP-S100A9
and YFP-E-selectin. As shown in Fig. 2b, the FRET ratio of
CFP to YFP increased by 39% in the co-transfected cells after
treating with TM. Consistent with this, the cell images colored
by FRET ratio values exhibited yellow and purple fluores-
cence before and after TM treatment respectively (Fig. 2c).
The increase in FRET ratio was clearly due to the proximity
between the fluorophores resulting from TM-induced de-
crease in CD147 glycosylation levels. The result indicated that
the CFP-S100A9/YFP-E-selectin sensor was responsive to the
changes in CD147 glycosylation level. To further verify that
the change of FRET ratio values was not due to the expression
level interference caused by adding TM, we co-transfected the
cells with YFP-E-selectin/CFP and YFP/CFP-S100A9, re-
spectively, as well as treated them with TM. As shown in
Fig. S2 (see ESM), no significant change of the FRET ratio
has been observed, indicating that observed FRET ratio
change was dedicated by binding of S100A9 and E-selectin
to the specific domains on CD147, not potential expression
level relative change. Taken together, the CFP-S100A9/YFP-
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E-selectin sensor responds to the decrease in CD147 glyco-
sylation levels successfully.

Glycosylation sensors can respond to changes in
CD147 glycosylation level specifically

Since TM is a broad-spectrum glycosylation inhibitor and
does not target CD147 selectively, we knocked down
CD147 using the shRNA construct in wild-type cells and ob-
served a significant reduction in the protein levels in stable

shCD147 transgenic cells (Fig. 3a).With lack of the target, the
FRET ratio of the glycosylation sensor fails to change signif-
icantly after TM treatment (Fig. 3b). Due to the reduced
CD147 levels, TM-induced change in the level of glycosylat-
ed CD147 was also limited, which leads to limited change in
FRET ratio. Consistent with this, the FRET ratio images of
CD147 knockdown cells still preform as yellow imaging even
after TM treatment (Fig. 3c). Interestingly, overexpression of
CD147 also did not significantly alter the FRET ratio despite
an increase in the initial fluorescence (ESM Fig. S3). This is

Fig. 1 Design of CD147
glycosylation sensor. The orange
circle, blue circle, and black
rectangle constitute the CD147
core protein structure. The red
curve represents the sugar chain at
the asparagine residue. The green
star represents CFP-S100A9, and
the yellow circle represents YFP-
E-selectin. When the distance
between YFP and CFP is
appropriate, YFP can be excited
by the emission light of CFP to
produce the FRET effect. CFP
and S100A9 are connected by
2 ×GGSGG sequence, and YFP
and E-selectin are connected by
8 ×GGSGG sequence

Fig. 2 TM-induced changes in
CD147 glycosylation and sensor
efficiency. a Immunoblot
showing relative expression of
differentially glycosylated
CD147 in the presence of varying
doses of TM. b The FRET ratio of
CFP-S100A9 and YFP-E-selectin
in response to TM-induced
changes in CD147 glycosylation
levels. c Representative images of
co-transfected cells showing
fluorescence change before and
after TM treatment
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possibly due to the fact that overexpression of CD147 did not
affect the extent of its glycosylation after TM treatment. Taken
together, the CFP-S100A9/YFP-E-selectin glycosylation sen-
sor could respond to CD147 specifically.

Glycosylation sensors directly interact with CD147

The specific interaction between CD147 and the CFP-
S100A9/YFP-E-selectin sensor was evaluated by the co-
immunoprecipitation assay. The cells were transfected with
the CFP empty plasmid or CFP-S100A9 and treated with
TM. As shown in Fig. 4a, the cells expressed CFP or CFP-
S100A9, and the levels of glycosylated CD147 were reduced
after TM treatment. In addition, the anti-CFP antibody suc-
cessfully pulled down CD147 along with CFP-S100A9 re-
gardless of TM, whereas CFP alone did not co-precipitate
with CD147 protein. Furthermore, HG-CD147 showed the
strongest co-precipitation with CFP-S100A9, whereas LG-
CD147 interacted weakly with the sensor protein. Similar
co-IP experiment was performed in cells transfected with
YFP or YFP-E-selectin. As shown in Fig. 4b, the anti-GFP
antibody pulled down CD147 with YFP-E-selectin and not
YFP. The major fraction of the co-precipitated CD147 was
about 40 kDa high glycosylated form, followed by the
60 kDa and the low glycosylated form of molecular weight
about 30 kDa. Finally, the CD147 co-precipitated by YFP-E-

selectin and CFP-S100A9 had the same molecular weight,
indicating that both sensors have consistent efficiency.
Therefore, CFP-S100A9 and YFP-E-selectin directly interact
with CD147 domains in living cells. We also performed a
quantitative analysis of the co-IP results in Fig. 4. The results
are shown in Fig. S5 of the ESM.

The sensors can dynamically track the reduction of
CD147 glycosylation level in live cells

To determine whether the CFP-S100A9/YFP-E-selectin sensor
can detect the changes in CD147 glycosylation levels in real
time, the cells were treated with 2 μg/ml TM continuously for
12 h. As shown in Fig. 5c, CD147 glycosylation levels did not
decrease significantly in the first 2 h, and LG-CD147 and core
CD147 appeared thereafter. The amount of core CD147 in-
creased in a time-dependent manner, whereas LG-CD147 disap-
peared after 8 h. The overall CD147 glycosylation levels de-
creased within the first 6 h. The reason why the TM concentra-
tion is 2 μg/ml instead of 1 μg/ml is that after 1 μg/ml TM treats
the cells, the glycosylation level of CD147 is not significantly
reduced within 6 h (ESM Fig. S4). When the cells were treated
with 2 μg/ml TM, the glycosylation level of CD147 decreased
significantly within 6 h. The FRET ratio of the sensor increased
sharply in the first 3 h, and steadily plateaued with the time-
dependent decline in CD147 glycosylation levels (Fig. 5b). As

Fig. 3 Specificity of the CFP-
S100A9/YFP-E-selectin sensor to
CD147 glycosylation. a
Immunoblot showing CD147
overexpression and knockdown
(NC is the negative control, and
shRandom is the scramble
shRNA control). b The FRET
ratio of CFP-S100A9 and YFP-E-
selectin in the TM-treated
shCD147 cells. c Representative
images of shCD147 cells showing
fluorescence change before and
after TM treatment
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expected, the FRET ratio was unaltered in the control cells, and
the curve was relatively flat. Since the cells under the TM culture
condition were continuously exposed to laser irradiation, most of
them started to round or even died after 6 h. Therefore, only the
data of the first 5 h were used for statistical analysis. Consistent
with the change in FRET ratio, the FRET ratio imaging of the
cells steadily darkened from yellow to purplewith prolonged TM
treatment (Fig. 5a). Taken together, the CFP-S100A9/YFP-E-
selectin sensor can detect the dynamic changes in CD147

glycosylation that can be read both visually and in terms of
FRET ratios. Then, we performed a quantitative analysis of
CD147 on the results of Fig. 5c, and quantified the amount of
HG-CD147 decreased with the increase of TM treatment time
(ESM Fig. S6a). And we analyzed the relationship between the
FRET ratio of the sensor and the reduction in CD147 glycosyl-
ation (ESM Fig. S6b) at the corresponding time (0, 1, 2, 4 h) of
the TM treatment. From Fig. S6b, it can be seen that in the first 2
h, the FRET ratio will increase by 0.2 for every 5% decrease in

Fig. 4 Co-IP showing
intracellular interaction of CFP-
S100A9 and YFP-E-selectin with
CD147. a Immunoblots showing
co-precipitation of CD147 with
CFP and CFP-S100A9 by anti-
CD147 (image 1) and anti-GFP
(image 2) antibodies, expression
of CD147 (image 3), and
expression of CFP and CFP-
S100A9 (image 4). b
Immunoblots showing co-
precipitation of CD147 with YFP
and YFP-E-selectin by anti-CD47
(image 1) and anti-GFP (image 2)
antibodies, expression of CD147
(image 3), and expression of YFP
and YFP-E-selectin (image 4)

Fig. 5 CFP-S100A9/YFP-E-
selectin sensor detects dynamic
changes in CD147 glycosylation
in the presence of TM. a
Representative images of cells
showing changes in fluorescence
in response to continuous TM
exposure. The white dotted line
indicates the nucleus. b FRET
ratio in cells treated with 0 or
2 μg/ml TM for 12 h. The red and
black discontinuous lines indicate
2 μg/ml and 0 μg/ml TM
respectively. c Immunoblot
showing changes in CD147
glycosylation levels during the
12-h TM treatment
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CD147 glycosylation level. But as the TM processing time in-
creases, the rate of increase of the FRET ratio value becomes
slower. This may be due to the annihilation of sensor fluores-
cence as the laser irradiation time increases during microscope
shooting.

Conclusion

In general, the novel developed pair of sensors could specifically
and dynamically detect the glycosylation level of CD147 in liv-
ing cells. Direct interaction between CD147 and sensor has been
confirmed. Significant FRET ratio changes have been observed
with downregulating glycosylation level of CD147 using TM
inhibitor. The specificity of the sensor was also confirmed
through interference expression level of CD147. Finally, the
real-time imaging for continuous reduction of CD147 glycosyl-
ation has been established in live cells successfully. The sensor is
quite suitable for detecting immature glycosylation CD147 in the
cytoplasm, which makes it possible to explore the dynamic
changes and potential cellular process of intracellular CD147
glycosylation. In addition, considering the design principle based
on the specific binding domain for targeting protein andmodified
sugar chain, it could be speculated that similar sensors aiming to
detect other protein glycosylationmight also be able to develop a
simple replacement of S100A9. Furthermore, detecting other
types of glycosylation is also possible by using other candidates
instead of E-selection.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03256-0.
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