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ABSTRACT
Spatial resolution defines the physical limit of microscopes for probing biomolecular localization and
interactions in cells. Whereas synchrotron-based X-ray microscopy (XRM) represents a unique approach
for imaging a whole cell with nanoscale resolution due to its intrinsic nanoscale resolution and great
penetration ability, existing approaches to label biomolecules rely on the use of exogenous tags that are
multi-step and error-prone. Here, we repurpose engineered peroxidases as genetically encoded
X-ray-sensitive tags (GXET) for site-specific labeling of protein-of-interest in mammalian cells. We find
that 3,3′-diaminobenzidine (DAB) polymers that are in-situ catalytically formed by fusion-expressed
peroxidases are visible under XRM. Using this new tag, we imaged the protein location associated with the
alteration of a DNA-methylation pathway with an ultra-high resolution of 30 nanometers. Importantly, the
excellent energy resolution of XRM enables multicolor imaging using different peroxidase tags.The
development of GXET enlightens the way to nanoscopic imaging for biological studies.

Keywords: synchrotron-based X-ray microscopy, cellular imaging, nanoscale protein localization,
genetically encoded X-ray tags, 3,3′-diaminobenzidine polymers

INTRODUCTION
Determining the localization of proteins using fluo-
rescent microscopy has been integral to elucidating
many cellular processes. The development of super-
resolution (SR) fluorescence microscopy enables
themonitoring of cellular functional biomolecules at
10- to 100-nm resolution [1,2], shedding new light
on the nanoscale imaging of cellular events. Electron
microscopy (EM) provides a powerful means to
image cells at the atomic resolution [3]. Especially,
recently developed genetically encoded EM tags,
e.g. engineered ascorbate peroxidase (APEX2),
have established a paradigm-shifting framework
for labeling cellular targets for EM imaging with
unprecedented resolution [4]. Nevertheless, the
low penetration ability of electrons restricts the use
of EM for whole-cell imaging [5].

Synchrotron-based X-ray microscopy (XRM)
offers a unique approach to imaging whole cells in
the sub-100-nm regime [6,7]. XRM is intrinsically

a type of nanoscopy because of the very short wave-
length of X-rays. Compared with electron beams,
X-rays have a greater ability to penetrate biological
specimens, hence intact cells can be imaged without
specimen sectioning. Probablymore importantly, X-
rays provide excellent energy resolution that allows
accurate spectral identification, which in principle
allows the nanoscale cellular imaging of bio-targets
withhigh specificity.However, currently availableX-
ray-sensitive probes generally exploit the use of high-
atomic-number elements, e.g. metal or semiconduc-
tor nanoparticles (NPs). Staining cells with these ex-
ogenous labeling tags often leads to poor specificity
due to cross reactions [8–10]. Hence, the develop-
ment of X-ray-sensitive probes with high labeling
specificity is highly desirable for cellular imaging.

For optical SR/EM microscopy, appropriate
imaging tags have achieved great successes in gain-
ing a better understanding of cellular processes.The
advent of genetically encoded fluorescent proteins,
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such as the GFP-like family, has revolutionized cell
biology using optical SRmicroscopy [11,12]. Newly
developed genetically targetable EM tags, especially
engineered ascorbate peroxidase (APEX2), provide
unprecedented labeling techniques for imaging any
cellular bio-targets using EM [4]. Inspired by the
strong adsorption capacity for organic material in
the X-ray-transmissive ‘water window’ [13] and
the polymerization reaction after peroxidase treat-
ment [3], here we repurpose engineered peroxidase
for XRM.

RESULTS
Wefirst examinedwhether the APEX2 system could
be repurposed to provide contrast enhancement in
XRM. APEX2 catalyses local polymerization of di-
aminobenzidine (DAB) [14], generating dense pre-
cipitates rich in carbon (C) and nitrogen (N). We
analysed the X-ray absorption of DAB precipitates
derived from an APEX2-catalysed reaction (Fig. 1a,
left). We found that, within the X-ray-transmissive
‘water window’ (wavelength 2.4–4.4 nm, or photon-
energy range ∼280–530 eV, between the K-shell
absorption edges of C and O) typically used in
bioimaging, the absorption of DAB precipitates
is far stronger than that of water or soluble DAB
monomers (Fig. 1b). By using synchrotron-based
scanning-transmission X-ray microscopy (STXM)
at a photo energy of 525 eV (2.36 nm wavelength
within the water window), we observed that DAB
aggregates with high contrast (dark-colored struc-
tures in Fig. 1a, right; Supplementary Figs 1 and 2).
In comparison, DABmonomers in solution showed
little contrast from the background (Fig. 1a, right).
These results suggest that DAB can be used as an
XRM contrast agent specific to APEX2 catalysation.

We proceeded to test the utility of the genetically
encoded tagging system for X-ray imaging in cells
(Fig. 1c). We constructed plasmid-expressing
APEX2 fused to mitochondrial cytochrome c
oxidase subunit 4 (APEX2–COX4) and transfected
it into HeK293T cells. After DAB staining, the cell
specimen was imaged by STXM with photon ener-
gies ranging from 395 to 550 eV (Supplementary
Fig. 3). The resulting images show high-contrast
(dark-colored) structures with typical shapes of
mitochondria (Fig. 1d and Supplementary Fig. 3).
We found that the optimal resolution (measured
by the full width at half maximum, or FWHM, of a
filament structure) and signal-to-background ratio
(SBR) could be obtained at 525 eV. Here, although
untagged cell structures containing C and N also
generated contrast in this energy range (which
lays the basis for unlabeled XRM cell imaging),

the DAB precipitates can produce much stronger
contrast (3.1–8.1-fold enhancement) compared to
the former, thus allowing us to specifically track the
functional molecules of interest under XRM via the
genetic tagging.

To demonstrate the generality of this tagging sys-
tem, we next sought to tag and image diverse sub-
cellular structures. We separately transfected cells
with APEX2-fused connexin-43, α-tubulin, β-actin,
nuclear localization sequence (NLS) and galacto-
syltransferase (GalT, a Golgi marker). Correspond-
ingly, theirXRMimages (Fig. 1d andSupplementary
Fig. 4) revealed high-contrast structures with typi-
cal shapes of gap junctions, microtubules, microfil-
aments, cell nucleus and Golgi apparatus, in agree-
ment with fluorescent microscopic images [15–19].
In the contrary, cells free of tag labeling showed no
such high-contrast structures under STXM(Supple-
mentary Figs 5 and 6).These results suggest that the
APEX2 tagging system can be used to specifically tag
diverse peptides or proteins in cells.

Next, we evaluated the photostability of the X-
ray tag under XRM. After 10 continuous frames of
STXM scans of the tag-labeled mitochondria sam-
ples, we observed little change in the SBR of the
tagged structures, suggesting good photostability of
the tag system under XRM (Fig. 1e and Supplemen-
tary Fig. 7). In comparison, the sample labeled with
endogenous fluorescent tags showed a decrease in
the fluorescence intensity of up to 28% under confo-
cal microscopy in the same number of frames (Sup-
plementary Fig. 8). The photostability of this tag al-
lows repetitiveX-ray scanningwith high density, and
thus enables us to obtain images with high spatial
and energy resolution.

We then quantified the spatial resolution of the
XRM cell imaging based on this tagging system.The
optimal resolution of our XRM system was∼25 nm
(determined with the imaging of a star test pattern
shown in Fig. 2b, with a scanning step of 15 nm).
We imaged the taggedmicrotubule filaments in cells
using this system (Fig. 2a, left). Line profiles of the
filaments indicate that their representative FWHM
was about 25–28 nm (Fig. 2a, right). Moreover,
two adjacent filaments with a peak-to-peak distance
down to ∼30 nm could be clearly distinguished,
suggesting the nanoscale spatial resolution of our
system (Fig. 2a, right). In contrast, under confocal
microscopy, the filaments tagged with enhanced
green fluorescent protein (EGFP)-tubulin showed a
typical FWHM value of >200 nm (Fig. 2c), consis-
tently with the theoretical resolution limit of optical
microscopy (∼200 nm) due to the diffraction
limit. These data suggest that our tagging system in
combination with XRM allows a nanoscale spatial
resolution (∼30 nm), which is approximately
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Figure 1. Repurpose-engineered peroxidase as genetically encoded tags for protein localization with XRM. (a) Schematic
showing the catalytic polymerization of DAB into DAB polymer (left) and X-ray imaging of the DAB polymer (right). (b) X-ray-
absorption spectra of water and DAB polymer. In the ‘water window’, absorption by carbon and nitrogen is much stronger
than that by oxygen. (c) Schematic showing APEX2 as genetically encoded tags for protein localization with XRM. Through
using fusion-expression plasmids including APEX2 and biotargets, they have high specificity. Following catalyzing the poly-
merization of DAB into localized X-ray-visible dense DAB polymers, they localize and image various cellular targets with high
resolution. (d) STXM images of cellular proteins and specific amino-acid sequence: COX4 (mitochondrial), Cx43, α-tubulin,
β-actin, NLS and GalT. Scale bars: 10 μm. (e) Photostability characterization of this genetically encoded tag for protein lo-
calization with XRM. No photo-bleaching occurred after 10 frames of STXM scans (for each STXM scan, the SBR of 10 loci
was calculated and averaged to obtain a single value.). Scale bars: 10 μm.
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Figure 2. Super-high-resolution X-ray imaging of tubulin by using genetically encoded tags. (a) HeLa cells were transfected
with APEX2–tubulin plasmids and then dyed with DAB. Left: X-ray images of α-tubulin in cells. Scale bar: 5 μm. Right:
magnification of the boxed regions and the intensity profile of a single fibril or fibril crossing along dashed lines. Scale bars:
500 nm. (b) X-ray imaging of test star-pattern sample. The inner circle demonstrates a spatial pattern of 25 nm. Scale bar:
500 nm. (c) HeLa cells were transfected with EGFP–tubulin plasmids. Left: conventional confocal images of tubulin in cells.
Scale bar: 5μm. Right: magnification of the boxed regions and the intensity profile of a single fibril along dashed lines. Scale
bars: 500 nm. Each intensity profile was acquired by loading the gray value of the image using ImageJ. Structural features
were inferred with 1D Gaussian fits and the FWHM values are shown on each profile.

an order of magnitude improved compared with
classic optical microscopy. We also envisaged
the development of our tagging system, such as
enhanced APEX2 with improved activity toward
DAB, in the hope that faster kinetics could reduce
the reaction time andminimize the diffusion ofDAB
precipitates within cells, thus further improving the
spatial resolution down to a few nanometers, which
provides unprecedented power for cellular imaging.

Following this proof of concept, we sought to
apply this tagging system in visualizing the change in
intercellular connections associated with the DNA-

methylation pathway. Intercellular connections and
channels (e.g. gap junctions) allow intercellular
communication between cells to regulate cell
death, proliferation, differentiation and oncogenesis
[20,21]. A high level of methylation has been re-
ported to occur in the promoter region of connexin-
43 (Cx43, a component protein of gap junctions)
in diverse tumor cells [22] (Supplementary Fig. 9),
suggesting the important role of DNA methylation
in regulating intercellular connections and tumor-
cell growth [23,24]. Thus, direct visualization of
subtle changes in the intercellular-connection



1222 Natl Sci Rev, 2020, Vol. 7, No. 7 RESEARCH ARTICLE

Time (h)

d

0 12 24 36 48
0

2

4

6

8

C
el

l n
um

be
r (

×1
05 )

f

24 h36 48

Cx43

Cx43+

GAPDH

Cx43-

Cx43-Recovery kDa

0.40 0.01 0.25

43

37

e

Cx43- RecoveryCx43+

A
bs

or
ba

nc
e 

(a
.u

.)

1.2

2.4

400 420

0.8

0.6

C N

290 310
Energy (eV) Energy (eV)

Cx43- Cx43- Recovery

5-Aza-CdR
treatment

*
**

0.0

a

×
Promotor

Cx43-

M M M

Cx43+

Promotor Exon1 Promotor

Cx43- Recovery

Cx43 geneCx43 gene

M M M 5-Aza-CdR

1 μm3 μm

Cell 1

Cell 2

5 μm

Cell 1

Cell 2

Cell 1

Cell 2

Cell 1

Cell 1

Cell 2

3 μm

Cell 1

Cell 2

3 μm1 μm

Cell 1
Cell 2

Cell 1

Cell 25 μm

b c

Exon2 Exon1 Exon2 Exon1 Exon2

Figure 3. Tracking of the regulation of Cx43 expression by DNA methylation in cells with genetically encoded X-ray tags. For
Hek293T cells (Cx43+), they were transfected with Cx43–GFP–APEX2 plasmids; for HeLa cells (Cx43– or Cx43– Recovery),
they were treated without or with methylation inhibitor 5-Aza-CdR and then transfected with Cx43–GFP–APEX2 plasmids and
dyed with DAB. (a–c) Cx43+ (a); 43– (b); Cx43– Recovery (c). Upper: schematic showing the regulation of Cx43 expression
by DNA methylation in cells. Lower: X-ray images of Cx43 in cells. Black arrows indicate the primary cilia on the surface of
HeLa cells. Scale bars: 3 μm. Inset: confocal and transmission electron microscope (TEM) images of HeLa cells. Scale bars:
5 μm (confocal) and 1 μm (TEM). (d) NEXAFS spectra analysis of the boxed regions in (a), middle. Dashed lines indicate
the main adsorption features of the peptide bonds. (e) Immunoblots of Cx43 in treated cells. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the loading control. (f) Growth curves of and crystal-violet-staining analysis-treated
HeLa cells. ∗P< 0.05; ∗∗P< 0.01, significantly different from Cx43–.

structures can provide a powerful means to help
understand themechanism, which however remains
challenging due to the resolution limit of optical mi-
croscopy [3]. Here, we set out to tag Cx43 using our
system. We constructed a plasmid with the fusion
proteinCx43–GFP–APEX2 and transfected it into a
normal cell lineHek293T (known as Cx43 positive)
and a carcinoma cell line HeLa (known as Cx43
repressed), respectively. Under XRM, we observed
high-contrast, continuous stripes at the bound-
aries between adjacent Hek293T cells (Fig. 3a

and Supplementary Figs 11a and 12), which can
be confirmed by fluorescent microscopy (Supple-
mentary Fig. 10), suggesting successful visualization
of Cx43 and gap junctions. In comparison, these
continuous stripes could not be found between
HeLa cells (Fig. 3b and Supplementary Figs 11b
and 12), in agreement with the low level of Cx43
fluorescence under confocal microscopy, suggesting
the suppression of Cx43 in HeLa cells. Instead, we
observed many ciliary connections (marked with
arrows in Fig. 3b and Supplementary Fig. 11b)
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between the cells under XRM. These primary cilia
havebeen reported tobe crucial for thedevelopment
of cancers [25]. Notably, these refined intercellular
structures can hardly be visualized by confocal
microscopy or EM (Fig. 3b, inset). To verify the de-
pendency of the intercellular connections on Cx43
methylation, we further treated the HeLa cells with
the methylation inhibitor 5-aza-2′-deoxycytidine
(5-Aza-CdR) (known asCx43 recovery). As a result,
we observed the appearance of dark stripes between
the methyltransferase-inhibited HeLa cells (Fig. 3c
and Supplementary Figs 11c and 12), indicating the
formation of gap junctions similar to those in Cx43-
positive cells. Meanwhile, the number of primary
cilia between the methyltransferase-inhibited cells
was largely reduced (Fig. 3c and Supplementary
Fig. 11c). Further, near-edge X-ray-absorption
fine-structure (NEXAFS) spectra and immunoblot-
ting of Cx43 proteins in these two cell lines also
confirmed the recovery of Cx43 expression in
methyltransferase-inhibited HeLa cells (Fig. 3d and
e, and Supplementary Fig. 13). By cell counting and
crystal-violet-staining analysis, we also found that
the growth rate of the methyltransferase-inhibited
HeLa cells is significantly slower than that of un-
treated HeLa cells (Fig. 3f). These data confirmed
that the methylation of Cx43 is closely related
to the status of the intercellular connections and
communications. Our genetically encoded tagging
system in cooperation with XRM enables the
visualization of details in these biological pathways
with nanoscale spatial resolution.

Finally, we demonstrate XRM dual-color imag-
ing of cells by introducing different peroxidase tags
(Fig. 4b depicts our design). Due to the excellent
energy resolution, XRM can implement multicolor
imaging by introducing elements with distinguish-
able adsorption energies. Here, we introduced
enhanced DAB (EDAB) as another substrate (in
addition to DAB), which contains Co element and
possesses characteristic adsorptions at 794 and
779 eV in the NEXAFS spectrum, and thus it can be
discriminated from DAB, providing another ‘color’
under XRM (Fig. 4a). To tag different cellular struc-
tures, we introduced the photosensitizer miniSOG
(mini singlet oxygen generator) as another genet-
ically encoded peroxidase tag (in addition to the
APEX2 tag), which can be photoactivated by blue
light [26]. For dual-color imaging, HeLa cells were
transfected with plasmids carrying NLS–APEX2
(targeting cell nucleus) and mito-miniSOG (target-
ing mitochondria). For the first round of staining,
EDAB was added to allow polymerization catalysed
by APEX2. Subsequently, the specimen was stained
with DAB under a stream of pure oxygen, allowing
polymerization catalysed by miniSOG under the

blue light (Fig. 4b). For cell nucleus tagged with
APEX2–EDAB, two STXM absorption images
with energies above (780 eV) and below (775 eV)
the Co-absorption edge were acquired separately
and processed with a dual-energy ratio-contrast
processing method [27] (Fig. 4c–e). The resulting
image shows the region of the cell nucleus with high
contrast, which can be attributed to the precipita-
tion of Co-enriched EDAB there. For mitochondria
tagged with miniSOG-DAB, we acquired the image
at 525 eV in the water window (Fig. 4f), which
clearly shows typical structures of mitochondria. In
this image, the cell-nucleus region also presents high
intrinsic contrast. However, by overlaying it with
the processed image of the cell nucleus, we obtained
a dual-color image in which the cell nucleus and
mitochondria can be well distinguished (Fig. 4g).
To demonstrate the generality of this dual-color
tagging system, we next transfected HeLa cells with
plasmids carrying Golgi–APEX2 (targeting Golgi)
and mito-miniSOG (targeting mitochondria).
Then, cell samples were treated by the samemethod
as mentioned above, and we obtained a dual-color
image in which the Golgi and mitochondria can be
well distinguished (Supplementary Fig. 14). These
results suggest the potential of this tagging system
for multiplexed XRM imaging. Given the high
energy resolution of XRM, the multiplexability can
be readily expanded by introducing more elements.

DISCUSSION AND CONCLUSION
In summary, we repurposed engineered peroxidases
as genetically encoded tags for nanoscale protein lo-
calization with XRM. By using this tagging system,
we obtained images of diverse molecules and struc-
tures in cells with a spatial resolution of∼30 nm.We
visualized the change in intercellular connections
among tumor cells dependent onDNAmethylation.
We also demonstrate the dual-color imaging of cel-
lular structures utilizing the high energy resolution
of XRM. This tagging system shows several distinct
features: (i)This technique generates XRMcontrast
based on a specific chemical reaction (i.e. DABpoly-
merization), which is well restricted in a nanometer-
scale area, and thus can provide nanoscale precision
in target locating. In comparison, for transmission
electron microscope (TEM) tags, the global OsO4
staining used to provide high contrast (high electron
density) is a process of physical diffusion andadsorp-
tion [3,28], which may cause nonspecific staining
that compromises the SBR and locating precision
(Supplementary Fig. 13) [29]. (ii) Compared to ex-
ogenous probes, which work temporally, genetically
encoded tags can be maintained across cell-division
cycles without signal loss, and thus can be used to
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track the fate of target molecules across cell genera-
tions. Besides, the exogenous probe-labeling process
may disturb cellular ultrastructures due to the per-
meabilizing treatment [30], resulting in distortions
in target locating. This disadvantage can be avoided
by the endogenous, genetically encoded tags. (iii)
Compared to fluorescent tags, the X-ray tags show
high photostability, enabling repetitive X-ray scan-
ning with high pixel density, high penetration and
multiple energy ranges, which in principle allows
XRM imaging with ultra-high energy resolution and
spatial resolution in thick samples (e.g.whole cells or
tissues). In future, wewill be devoted to the develop-
mentof a spectrumofX-ray tags in combinationwith
orthogonal substrate molecules, which would allow
high-multiplexed XRM imaging for targeting multi-
ple molecules and structures in cells.

METHODS
Plasmid construction
The pcDNA3 rat connexin43 (Cx43)–GFP–
APEX2, mito-V5–APEX2 (named mito–APEX2 in
text), APEX2–tubulin and APEX2–actin (Addgene
plasmid # 49385, 72480, 66171, 66172) were
gifts from Alice Ting. Cx43 human cDNA was
synthesized, amplified and inserted into pcDNA3
rat Cx43–GFP–APEX2 by standard restriction
cloning methods to create pcDNA3 human Cx43–
GFP–APEX2. DNA-encoding human galactosyl-
transferase (GalT)–APEX2 was synthesized and
cloned into pcDNA3.1 vector to generate Golgi–
APEX2. The APEX2 sequence in mito–APEX2 was
replaced by the EGFP gene sequence to generate
mito-EGFP. EGFP–Tubulin-6 was a gift from
Michael Davidson (Addgene plasmid # 56450).

DNA-encodingNLS–APEX2was synthesizedby
overlap extension polymerase chain reaction (PCR)
and cloned into pcDNA3 vector. MiniSOG-Mito-
7 (named mito-miniSOG in text) was a gift from
Michael Davidson (Addgene plasmid # 57773).

Preparation of X-ray-sensitive genetic
probes
HEK293Tcellswere grown in theDulbecco’smodi-
fiedEagle’smedium(DMEM,Gibco)with10% fetal
bovine serum (FBS) and antibiotics (100 units/mL
penicillin and 100 μg/mL streptomycin). HeLa
cells were grown in the minimal essential medium
(MEM, Gibco) with 10% FBS and antibiotics. All
cells were kept at 37◦C under 5% CO2.

The Si3N4 windows were previously put into 24-
well plates and sterilized by ultraviolet rays. A cell
suspension (2× 105 cells/mL forHek293T and 7×

104 cells/mL for HeLa) was dispensed into 24-well
plates and incubated overnight to allow cell adher-
ence to the Si3N4 windows. After 24-h transfection
with plasmids as required: hCx43–GFP–APEX2,
APEX2–EGFP–tubulin,mito-V5–APEX2,APEX2–
actin, NLS–EGFP–APEX2 and Golgi–APEX2 plas-
mids with the v/v/w of lipo3000/p3000/plasmids
was0.75μL : 1μL : 500ng, cellswerefixedon iceus-
ing chilled 2% glutaraldehyde (SPI-CHEM) in Dul-
becco’s phosphate-buffered saline (DPBS) buffer
containing Mg2+ for 40 min. After being washed
twice in chilled DPBS, they were treated by 20 mM
glycine in DPBS for 5 min to quench unreacted
glutaraldehyde. Then, cells were washed again and
stained with freshly diluted DAB (1.4 mM, Sigma)
and H2O2 (0.03% v/v) in chilled DPBS for 1 min
(for most plasmids) or 1 h (for α-tubulin) as re-
quired. Finally, cells were fixed with a little 4%
paraformaldehyde in DPBS and then dehydrated in
a graded gradient ethanol series.

Synchrotron-based XRM and NEXAFS
spectra analysis
The absorption and differential phase contrast
images were obtained by STXM. STXM measure-
ments were performed at the 10ID-1 Soft X-ray
Spectromicroscopy beamline of the Canadian Light
Source (CLS), the BL08U1-A Soft X-ray Spectro-
microscopy beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) and the 10A Soft X-ray
Nanoscopy beamline of the Pohang Light Source
(PLS) II. The beamlines are equipped with a 25-nm
outermost-zone zone plate (CXRO, Berkeley Lab).
The monochromatic X-ray beam was focused to
a 30-nm spot on the sample. The samples on a
transparent Si3N4 window were raster scanned by
a piezoelectric stage with synchronized detection
of transmitted X-rays to generate the images. The
STXM chamber was filled with Helium (CLS, PLS)
or maintained in a vacuum (SSRF). Images were
recorded within the energy region of the K-edges of
C (between 280 and 320 eV), N (between 395 and
435 eV) and O (between 525 and 560 eV) and the
L-edge of Co (between 770 and 810 eV). C-, N- and
Co-NEXAFS spectra were obtained for every 0.15-
to 1-eV step, while O-NEXAFS was obtained for
every 0.2- to 1-eV step.The extraction of images and
spectra from energy-dependent image data was con-
ducted using Xis2000 software (A. P.Hitchcock, the
aXis2000 analysis package iswritten in an Interactive
Data Language [IDL], http://unicorn.mcmaster.
ca/aXis2000.html). NEXAFS spectra from each
interested region and from the control region were
extracted from the image stacks using an image

http://unicorn.mcmaster.ca/aXis2000.html
http://unicorn.mcmaster.ca/aXis2000.html
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mask, which allows only selecting the region(s) of
interest.

Analysis of the regulation of Cx43
expression by DNA methylation in cells
A Hek293T cell line (Cx43+) was transfected with
hCx43–GFP–APEX2 plasmids for 24 h. The HeLa
cell line was treated with or without 50-μMmethy-
lation inhibitor 5-aza-CdR for 24 h and then trans-
fected with hCx43–GFP–APEX2 plasmid for 48 h.
All cellswerefixedand stainedwithDABby the same
method as mentioned above.

Two-color XRM
The HeLa cell suspension (7 × 104 cells/mL)
was dispensed into 24-well plates and incubated
overnight. After 24-h co-transfection with NLS–
APEX2 (or Golgi–APEX2) and mito-miniSOG
plasmids at 80% confluence with the v/v/w/w
of lipo3000/p3000/NLS–APEX2 (or Golgi–
APEX2)/mito-miniSOG was 1.5 μL : 2 uL :
500 ng : 500 ng, cells were fixed on ice using chilled
2% glutaraldehyde in DPBS buffer containingMg2+

for 40 min. Then, cells were stained with freshly
prepared EDAB (0.2 mg/mL DAB, 1 mg/mL
CoCl2) to initial APEX2 depositing EDAB polymer.
Following five 2-min washes with phosphate buffer
saline (PBS), cells were rinsed for 5 min three
times with fresh 100 mM acetylimidazole in 0.15 M
NaCl to block further polymerization of EDAB. For
the subsequent photo-oxidation reaction, freshly
prepared DAB solution (0.2 mg/mL) was placed on
ice and added to the cells. A stream of pure oxygen
was gently blown continuously over the top of the
solution. Then, cells were illuminated to excite
miniSOG depositing DAB polymer using a 473-nm
blue laser for 15 min. Cells were rinsed, fixed and
dehydrated by the samemethod as described above.

The absorption and differential phase contrast
images were obtained by STXM at the 10A Soft X-
rayNanoscopybeamlineof thePohangLight Source
(PLS) II. The beamlines are equipped with a 40-nm
outermost-zone zone plate (CXRO, Berkeley Lab).
The monochromatic X-ray beam was focused to a
50-nm spot on the sample. The samples on a trans-
parent Si3N4 windowwere raster scannedbyapiezo-
electric stage with synchronized detection of trans-
mitted X-rays to generate the images. Three photon
energies were chosen, namely E1 = 780.68 eV, E2
= 775 eV and E3 = 525 eV, to scan the cell sample
pixel by pixel. E1 and E2 are just above and below
the absorption edges of cobalt and a dual-energy
ratio-contrast imaging method [27] was applied to

obtain the overlay of the absorption-contrast images
of the cobalt-distribution images. After overlaying
the STXM imaging at 525 eV (in the region of the
‘water window’), two bio-target distribution images
were obtained. Pseudocolored images of the two-
hue representative bio-targets were generated using
ImageJ.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

ACKNOWLEDGEMENTS
This paper is dedicated to the memory of Dr. Qing Huang. We
thank Prof. Alice Ting andMr. Michael Davidson for kindly pro-
viding us plasmids.

FUNDING
This work was supported by the National Key Research and
Development Program of China (2016YFA0400902), the Open
Large Infrastructure Research of Chinese Academy of Sciences,
the National Natural Science Foundation of China (21834007,
11675251 and21390414), theLUJIAXI InternationalTeamPro-
gram supported by the K.C. Wong Education Foundation and
CAS, and the Youth Innovation Promotion Association of CAS
(2012205 and 2016236).

AUTHOR CONTRIBUTIONS
C.F. and Y.Z. supervised the research. H.K., J.Z. and Y.Z. per-
formed the experiments. J.W., H.S. and R.T. helped in guidance
of X-ray microscopy. Q.Y. and K.X. aided in cell experiments.
J.H. and L.W. performed critical revisions. Y.Z., J.L. and C.F. de-
signed the experiments, analysed the data and wrote versions of
the manuscript. All authors discussed and commented on the
manuscript.

Conflict of interest statement.None declared.

REFERENCES
1. Hell SW and Wichmann J. Breaking the diffraction resolution
limit by stimulated-emission—stimulated-emission-depletion
fluorescence microscopy. Opt Lett 1994; 19: 780–2.

2. Betzig E, Patterson GH and Sougrat R et al. Imaging intracellu-
lar fluorescent proteins at nanometer resolution. Science 2006;
313: 1642–5.

3. Martell JD, Deerinck TJ and Sancak Y et al. Engineered ascor-
bate peroxidase as a genetically encoded reporter for electron
microscopy. Nat Biotechnol 2012; 30: 1143–8.

4. Lam SS, Martell JD and Kamer KJ et al. Directed evolution
of APEX2 for electron microscopy and proximity labeling. Nat
Methods 2015; 12: 51–4.

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa055#supplementary-data


RESEARCH ARTICLE Kong et al. 1227

5. Leis A, Rockel B and Andrees L et al. Visualizing cells at the nanoscale. Trends
Biochem Sci 2009; 34: 60–70.

6. Ade H, Zhang X and Cameron S et al. Chemical contrast in X-ray microscopy and
spatially resolved XANES spectroscopy of organic specimens. Science 1992;
258: 972–5.

7. Schneider G, Guttmann P and Heim S et al. Three-dimensional cellular
ultrastructure resolved by X-ray microscopy. Nat Methods 2010; 7: 985–
7.

8. Meyer-Ilse W, Hamamoto D and Nair A et al. High resolution pro-
tein localization using soft X-ray microscopy. J Microsc 2001; 201: 395–
403.

9. Ashcroft JM, GuW and Zhang T et al. TiO2 nanoparticles as a soft X-ray molec-
ular probe. Chem Commun 2008; 21: 2471–3.

10. Niclis JC, Murphy SV and Parkinson DY et al. Three-dimensional imaging of
human stem cells using soft X-ray tomography. J R Soc Interface 2015; 12:
20150252.

11. Chalfie M, Tu Y and Euskirchen G et al. Green fluorescent protein as a marker
for gene-expression. Science 1994; 263: 802–5.

12. Heim R, Cubitt AB and Tsien RY. Improved green fluorescence. Nature 1995;
373: 663–4.

13. Zhu Y, Earnest T and Huang Q et al. Synchrotron-based X-ray-sensitive
nanoprobes for cellular imaging. Adv Mater 2014; 26: 7889–95.

14. Adams SR, Mackey MR and Ramachandra R et al. Multicolor electron mi-
croscopy for simultaneous visualization of multiple molecular species. Cell
Chem Biol 2016; 23: 1417–27.

15. McKinney SA, Murphy CS and Hazelwood KL et al. A bright and photostable
photoconvertible fluorescent protein. Nat Methods 2009; 6: 131–3.

16. Giepmans BNG, Adams SR and Ellisman MH et al. The fluorescent toolbox for
assessing protein location and function. Science 2006; 312: 217–24.

17. Pollard TD and Cooper JA. Actin, a central player in cell shape and movement.
Science 2009; 326: 1208–12.

18. Luxton GWG, Gomes ER and Folker ES et al. Linear arrays of nuclear envelope
proteins harness retrograde actin flow for nuclear movement. Science 2010;
329: 956–9.

19. Keller P, Toomre D and Diaz E et al. Multicolour imaging of post-Golgi sorting
and trafficking in live cells. Nat Cell Biol 2001; 3: 140–9.

20. Wodarz A and Nathke I. Cell polarity in development and cancer. Nat Cell Biol
2007; 9: 1016–24.

21. Perez-MorenoM, Jamora C and Fuchs E. Sticky business: orchestrating cellular
signals at adherens junctions. Cell 2003; 112: 535–48.

22. Chen JT, Cheng YW and Chou MC et al. The correlation between aberrant con-
nexin 43 mRNA expression induced by promoter methylation and nodal mi-
crometastasis in non-small cell lung cancer. Clin Cancer Res 2003; 9: 4200–4.

23. Aasen T, Mesnil M and Naus CC et al. Gap junctions and cancer: communicat-
ing for 50 years. Nat Rev Cancer 2016; 16: 775–88.

24. Kulis M and Esteller M. DNA methylation and cancer. Adv Genet 2010; 70:
27–56.

25. Wong SY, Seol AD and So PL et al. Primary cilia can both mediate and suppress
Hedgehog pathway-dependent tumorigenesis. Nat Med 2009; 15: 1055–61.

26. Qi YCB, Garren EJ and Shu XK et al. Photo-inducible cell ablation in Caenorhab-
ditis elegans using the genetically encoded singlet oxygen generating protein
miniSOG. Proc Natl Acad Sci USA 2012; 109: 7499–504.

27. Zhu Y, Li W and Zhang Y et al. Excessive sodium ions delivered into cells by
nanodiamonds: implications for tumor therapy. Small 2012; 8: 1771–9.

28. Shu XK, Lev-Ram V and Deerinck TJ et al. A genetically encoded tag for cor-
related light and electron microscopy of intact cells, tissues, and organisms.
PLoS Biol 2011; 9: e1001041.

29. Brandenberger C, Clift MJD and Vanhecke D et al. Intracellular imaging of
nanoparticles: is it an elemental mistake to believe what you see? Part Fibre
Toxicol 2010; 7: 15.

30. Schnell U, Dijk F and Sjollema KA et al. Immunolabeling artifacts and the need
for live-cell imaging. Nat Methods 2012; 9: 152–8.


