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Signal transducer and activator of transcription 3 (STAT3) mediates signals from the plasma membrane to the nucleus, and 

participate in gene expression in response to cytokines and growth factors. STAT3 translocation to the cell nucleus and 

subsequent recycling to the cytoplasm is the critical step for multiple functions. However, the distribution and molecular 

composition of STAT3 during the nuclear transport upon activating by different stimuli remains largely elusive. By direct 

stochastic optical reconstruction microscopy (dSTORM), we visualized the nucleocytoplasmic distribution of STAT3 in HeLa 

cells following different stimuli. Our work reveals that STAT3 is preclustered in the cytoplasm before activation, and that 

interleukin-6 promotes the formation of more and larger clusters. Further analysis indicates that STAT3 clusters vary with 

the nuclear translocation of STAT3. Moreover, dual-color dSTORM imaging shows the colocalization of STAT3 and STAT1 

clusters, and suggests that the ratios of their colocalization are associated with STAT functions. 

Introduction 

Various stimuli can induce the activation of transcription factors 

that lead to gene expression in the nucleus. Signal transducers and 

activators of transcription (STATs) are latent in the cytoplasm until 

they are activated by cytokines and growth factors 
1-2

. In response 

to stimulation, phosphorylated STATs undergo dimerization, 

subsequently move to the nucleus, bind to DNA, and activate the 

transcription of their target genes 
2-3

. There are seven mammalian 

STAT proteins (STATs 1, 2, 3, 4, 5A, 5B, and 6) that mediate distinct 

activating signals and elicit a wide spectrum of physiological 

outcomes 
4-5

. As a key representative, STAT3 is activated by 

cytokines such as interleukin-6 (IL-6), a cytokine that is well-studied 

in the JAK/STAT signaling pathway 
6-7

, as well as ligands that bind to 

receptor-tyrosine kinases e.g. epidermal growth factor (EGF)
 8

. 

STAT3 plays pivotal roles in embryo implantation 
9
, development 

10
, 

acute phase reactions 
11

, and immune responses 
12

. Because of its 

diverse functions, aberrant activities of STAT3 can lead to many 

diseases, even certain neoplasias 
13

. 

As a critical mediator for transmitting signals between the plasma 

membrane and nucleus, STATs need to be translocated to the 

nucleus from cytoplasm and then return to the cytoplasm. Thus, 

trafficking behavior is crucial for the functions of STAT proteins and 

might offer a new type of therapy to cure STAT-induced diseases 
14

. 

Some earlier studies proposed that inactive STATs reside in the 

cytoplasm as isolated monomers and then dimerize until they are 

phosphorylated 
1
. However, the recent statosome model predicts 

that STATs exist as dimers or high-molecular-weight complexes 

(statosome) with other proteins whose sizes are in the range of 

200–400 kDa and 1–2 MDa 
15-16

. Although the activation mechanism 

and functional role of STATs have been intensely investigated by 

biological experiments, the molecular composition and distribution 

of STATs during the nuclear transport after activating by stimuli is 

still unknown.  

Recently, a number of technologies have emerged to solve 

similar issues 
17-19

. One of them is super-resolution fluorescence 

microscopy, which has surpassed the light diffraction limit of ~200 

nm, allowing the observation of biological processes and cellular 

structures at nanometer scales 
20-21

. It can be divided into two 

categories: one is based on spatially patterned illumination, such as 

stimulated emission depletion microscopy 
22-23

 or saturated 

structured-illumination microscopy 
24

; the other is based on single-

molecule localization of individual fluorescent molecules, including 

(direct) stochastic optical reconstruction microscopy ((d)STORM) 
25-

27
 and photoactivation localization microscopy 

28-29
. Because of the 

high maneuverability of these instruments and the emergence of 

many commercial fluorescent dyes, (d)STORM has been widely used 

in many fields 
30-32

. The improvement of spatial resolution enables 

high-precision localization of proteins and the elucidation of many 

detailed structures or features of multi-protein complexes 
33-36

. 

Therefore, based on our earlier study about the relationship 

between the cellular localization of STAT1 and the cell cycle 
37

, we 

further located STAT3 during the nuclear trafficking under IL-6 or 

EGF stimulation by the super-resolution imaging technique 
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(dSTORM) in this work. Our data directly verified the statosome 

model that unactivated STAT3 existed as clusters in the cytoplasm, 

and these clusters became larger and were transported into the 

nucleus after IL-6 stimulation. Further statistical analysis indicated 

that these clusters changed as STAT3 was translocated into and out 

of the nucleus. Moreover, the dual-color dSTORM imaging revealed 

the colocalization of EGF-activated STAT3 and STAT1 clusters in the 

whole cell. 

Experimental section 

Cell culture 

Human HeLa cells (purchased from Shanghai Institute of Biological 

Sciences) were grown in Dulbecco’s modified Eagle’s medium 

(DMEM, Hyclone) supplemented with 10% fetal calf serum 

(Biochrom AG, Germany) and 1% penicillin/streptomycin (Invitrogen) 

in a humidified 5% CO2 atmosphere at 37℃. Cells were passaged 

every two or three days.  

 

Antibody labeling 

Anti-STAT1 antibody (a mouse monoclonal antibody epitope 

mapping between amino acids 613-739 of STAT1α p91 of human 

origin, C-111) and anti-STAT3 antibody (a mouse monoclonal 

antibody raised against amino acids 50-240 mapping at the N-

terminus of STAT3 p92 of human origin, F-2) were purchased from 

Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). At first, antibodies 

were respectively labeled with Alexa Fluor 647 or Alexa Fluor 532 

(Invitrogen) in an appropriate concentration. 100 µl anti-STAT3 or 

STAT1 (100 µg/ml) antibodies were stained by 2 µl Alexa Fluor 647 

or Alexa Fluor 532 (1 mg/ml, dissolved in DMSO) and shook for 2 

hours in dark at room temperature. To remove excess dyes, the 

solution was filtered out by gel filtration using illustra NAP-5 

columns (GE Healthcare). The absorbance of each tube at 280 nm 

(antibodies) and 650 nm (Alexa Fluor 647) or 532 nm (Alexa Fluor 

532) was measured by absorption spectroscopy assay. Tubes in 

which the labeling ratio of Alexa Fluor 647 (Alexa Fluor 532) and 

antibody was between 0.7 and 1 dye/protein were pooled for use. 

 

Cytokine treatment and sample preparation 

Prior to cell plating, standard microscope slides were sonicated for 

~15 min in 1% Micro-90 concentrated cleaning solution (Sigma-

Aldrich), rinsed thoroughly in Milli-Q water and sterilized in the 

biosafety cabinet under ultraviolet light for 30 min. HeLa cells were 

seeded onto the pre-cleaned slides for approximate 24 h to achieve 

a ~60% confluence. To observe nuclear transport of STAT3, cells 

were treated with 50 ng/ml IL-6 (Millipore) for 0, 20, 40, 60, 120 

and 240 min, respectively. Activation of both STAT3 and STAT1 was 

done by adding 50 ng/ml EGF (Peprotech) for 30 min. Then cells 

following different stimulation time were fixed in 4% 

paraformaldehyde (Fisher) for 10 min at the room temperature, 

washed by PBS for three times, permeablized with 0.1% Triton X-

100 (Roche) for 10 min, and washed by PBS for three times again. 

Prepared cell samples were blocked by incubating in 1% BSA for 30 

min. After washing out the blocking buffer by PBS for three times, 

cells were stained with 50 μl Alexa Fluor 647-conjugated STAT3 

antibodies (and 50 μl Alexa Fluor 532-conjugated STAT1 antibodies) 

for 40 min in dark at room temperature. After that, cells were 

incubated with 1: 500 dilution of Hoechst 33342 (Sigma-Aldrich) for 

10 min, and washed out the staining solutions three times with PBS. 

 

Super-resolution imaging 

STORM imaging was performed on a home-built microscope 

equipped with appropriate lasers. Samples were covered with the 

STORM imaging buffer containing Tris (50 mM, pH 8.0), NaCl (10 

mM), glucose (10% w/v), glucose oxidase (500 μg/ml; Sigma), 

catalase (40 μg/ml; Sigma), β-ME (1% v/v; Sigma) for single color 

imaging or MEA (10% v/v, 1 M; Sigma) for dual-color imaging. 

Samples were observed on a Nikon Ti-E microscope equipped with 

an oil-immersion objective (100×1.49NA lens; Nikon, Japan) and 

imaged on an electron-multiplying charge-coupled device (EMCCD) 

camera (Photometrics, Cascade II). The illuminated area was 

256×256 pixels with the pixel size of 160 nm. Excitation was 

provided by a 640 nm laser line (100 mW) and a 532 nm laser line 

(100 mW) with AOTF-based intensity control. To produce the 

photoswitching necessary for dSTORM imaging, moderately high 

powers were used, typically between 20 and 30 mW on the sample. 

In the range of 2-4 μm above the bottom of the cell, a single 

fluorescence image of the nucleus was firstly obtained by 405 nm 

laser, and then at the same imaging depth, dSTORM images of 

STAT3 or STAT1 were captured with oblique illumination to reduce 

as much background as possible. 640 nm laser was used to acquire 

the Alexa Fluor 647 signal for imaging STAT3 and 532 nm laser was 

used to acquire the Alexa Fluor 532 signal for imaging STAT1 if 

needed. For Alexa Fluor 647 and Hoechst 33342 signals, an 

excitation filter (ZET405/488/561/647x, Chroma), a dichromic 

mirror (ZT405/488/561/647rpc, Chroma) and an emission filter 

(ZET405/488/561/640m, Chroma) were set in a beam path. For 

Alexa Fluor 647 and Alexa Fluor 532 signals, an excitation filter 

(ZET532/647x, Chroma) and the corresponding dichromic mirror 

and emission filter were set in a beam path. Typically, 5000 images 

were captured for each cell with 40 ms integration time per frame. 

X-Y drift and alignment differences between different channels 

were corrected by localizing 100 nm TetraSpeck microspheres 

(Invitrogen) immobilized on the sample coverslip. The average 

deviation between Alexa Fluor 647 and Alexa Fluor 532 channels 

was 8-10 nm. 

 

Image reconstruction 

A freely available plug-in for Image J named quickPALM 
38

 was used 

to analyze raw images. Raw data were first preprocessed to detect 

single-molecule events via background subtraction with a minimum 

SNR of 2–4. Then fluorescence peaks were identified in each frame 

and fitted a least square fit with an elliptical Gaussian function. 

Individual least-squares fit estimates were performed by a 

threshold of the peak height and the peak widths in the two lateral 

dimensions. After rejecting the poor fit and asymmetric PSFs, the 

coordinates of detected molecules were determined by the centers 

of gravity of their PSFs. A super-resolution image was generated as 

a density map using the precise localization data of single 

fluorescent molecules. The merging images of the two or three 

channels were established via Image-Pro Plus 6.0 (Media 

Cybernetics, Inc.). 
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Measurement of localization precision 

Single molecule localization precision was analyzed to detect the 

resolution on our home-built instrument. Adequately diluted Alexa 

Fluor 647-conjugated anti-STAT3 antibodies (about 10 nM) were 

added onto the prepared cell surface, incubated for 40 min, and 

imaged. Similarly, 5000 images were recorded with 40 ms 

integration time per frame to generate a spot localization map. 

From repetitively switching fluorophores, the localization precision 

was 29 nm for Alexa Fluor 647-STAT3 antibody by measuring the 

full-width at half-maximum (FWHM) of the localization distribution 

of individual fluorophores (Fig. S1). Meanwhile, the average number 

of localized spots in a single Alexa Fluor 647-labeled STAT3 antibody 

was calculated, which was 27.8±5.1 (s.d.) (100 dyes analyzed). 

 

Cluster analysis by Ripley’s K-function 

To analyze the spatial distribution of STAT3 during the entry to the 

nucleus, Ripley’s K-function was applied to characterize STAT3 

clustering based on the localization data. 4×4 μm
2
 examined regions 

in the reconstructed dSTORM images were randomly selected. 

Ripley’s K-function 
39

 is then calculated as: 

 

                                    

                                                                                                           (1) 

 

Where A is the image area, N is the number of total localizations in 

the area, r is the spatial scale (radius) for the K-function calculation 

and δij is the distance between the i-th and the j-th points. Here, if 

δij is less than r, the value will be one, otherwise δij =0. The linear 

transformation of K(r), namely H-function 
40

, is used to interpret the 

spatial randomness: 

 

                                                                                                     (2) 

 

The amplitude of H(r) will be zero for particles with a random 

distribution, and positive for clustering particles. Edge-effects were 

eliminated by weighting edge points and cropping image edges 

after the calculation. The values of L(r) generated by each particle 

were used to produce a cluster map by interpolating a surface plot 

with L(r) as the z-axis. Then a binary cluster map was generated 

through an appropriate L(r) threshold, that is particles with their 

values of L(r)-r>0 are selected. Finally the information of clustering 

could be extracted from the binary map, such as the number and 

the size of clusters. All calculations and image processing were 

performed in Matlab. 

 

Co-cluster analysis using a combined univariate and bivariate G&F 

method 

To investigate the localization relationship between STAT3 and 

STAT1 during nuclear transport, a combined univariate and 

bivariate Getis and Franklin’s local point pattern analysis method 

was used to quantify the co-clustering of the two species. The value 

of L(r) or L(r)cross is given by: 

 

 

                                                                                                                   (3) 

where A is the image area, N is the number of total localizations in 

the area, r is the spatial scale (r = 100 nm in this experiment), and δij 

is the distance between the i-th and the j-th points. If δij is less than 

r, the value will be one, otherwise δij =0. Values of L(r) are 

calculated for one species by counting the number of its own 

species within the circle of radius r and values of L(r)cross are 

calculated for one species by counting the number of the different 

species within the circle of radius r. 

The L(100) and L(100)cross values for each molecule were plotted 

as a scatter plot and the color code denoted the number of 

molecules at the position. Linear trend lines were generated using 

linear least-squares fitting in Matlab. Cluster thresholds of 100 for 

nuclear areas and 150 for cytoplasmic areas were applied to divide 

the plot into four quadrants which indicated the percentage of co-

clustering, individual clustering and random distribution of the two 

species. 

Results and discussion 

Super-resolution imaging of IL-6-activated STAT3 nuclear transport 

To know the nuclear transport of STAT3, we located STAT3 in HeLa 

cells during IL-6 stimulation with time. Fig. 1 shows the localization 

of STAT3 in the whole cell before and after IL-6 stimulation for 20, 

40, 60, 120 and 240 min. The reconstructed dSTORM images of 

STAT3 labeled with Alexa Fluor 647-conjugated STAT3 antibodies 

(Fig. 1, the first column) and the single fluorescent images of the 

corresponding nucleus stained with Hoechst 33342 (Fig. 1, the 

second column) were independently acquired; the merged channels 

of STAT3 and the nucleus are shown in the third column. The serial 

images clearly show the translocation of STAT3 in and out of the 

nucleus following IL-6 stimulation. Nuclear STAT3 increased 

significantly from 0 to 20 min after IL-6 addition, remained stable 

during 20–40 min, and gradually decreased after 60 min up to 240 

min (Fig. 1, the last column). This result indicates that tyrosine 

phosphorylated STAT3 is rapidly transported into the nucleus and 

then slowly exports from the nucleus following continued 

stimulation. Interestingly, there were always some STAT3 in the 

cytoplasm during the stimulation, demonstrating that IL-6 only 

induced some but not all STAT3 to enter the nucleus (Fig. 1, the 

fourth column). This result agrees with previous studies that STAT3 

is not only present in the nucleus, but is continuously shuttled 

between the nucleus and cytoplasm as well, which is independent 

of tyrosine phosphorylation 
41-42

. Therefore, we showed that STAT3 

had still existed in the cytoplasm even after IL-6 stimulation for a 

relative long time. 

To further accurately analyze the localization of STAT3 during the 

stimulation, we quantitatively measured STAT3 expression level in 

the cytoplasm and the nucleus using reconstructed dSTORM images 

at different time points. In general, when fluorescent dyes attach to 

a type of antibodies, the number of localizations per dye is a 

constant value under the same experimental conditions, such as 

excitation, image capture, and data processing. Therefore, the 

number of localizations, to a large extent, can represent the 

amount of labelled proteins when the label ratio of dye and 

antibody is close to one (the ratio in our experiment ranged from 

0.7 to 1). We determined  the average number of localizations with
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Fig. 1 IL-6-induced STAT3 translocation from the cytoplasm to the nucleus. STAT3 was labeled with Alexa Fluor 647-conjugated STAT3 

antibodies and the nucleus with Hoechst 33342. The reconstructed dSTORM images of STAT3 in HeLa cells without IL-6 stimulation and 

with 20, 40, 60, 120, and 240 min IL-6 stimulation are shown in the first column. The single fluorescent images of the corresponding 

nucleus are displayed in the second column, and the merged images of STAT3 and the nucleus in the third column. The typical zoom-in 

views of cytoplasmic and nuclear STAT3 are listed in the fourth and fifth columns respectively. Each scale bar represents 10 μm in the first 

three columns, and 1 μm in the last two columns. 

 

 

a single Alexa Fluor 647-conjugated STAT3 antibody to be 27.8±5.1 

(mean±s.d.) by quantitative 100 dyes (see Experimental section and 

Fig. S1 for detail), which could be used to estimate STAT3 density in 

different locations of the cell as described 
37

. The normalized total 

localization number of STAT3 at different IL-6 stimulation time was 

essentially steady with a slight increase from 0 to 20 min and a slow 

decrease after 40 min (Fig. 2A). However, the ratio of nuclear: 

cytoplasmic STAT3 localizations fluctuated sharply (Fig. 2B). In 0-20 
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Fig. 2 Time course analysis of STAT3 localization in HeLa cells after 

IL-6 stimulation. (A) Normalized total localization number of STAT3 

proteins in HeLa cells with different IL-6 stimulation times. (B) The 

ratio of nuclear to cytoplasmic (nuc/cyto) localizations of STAT3 

proteins in HeLa cells with different stimulation times. Each data set 

was obtained from 20 cell samples in five independent 

experiments. Values are means±s.d.  

 

 

min, the proportion of nuclear STAT3 localizations went up 

dramatically from 0.2 to 1.3. In 20–40 min, it continued to increase 

but relatively slow, and reached a peak 1.5 at approximately 40 

min. After this point, the ratio began to decline until it returned to 

the unstimulated state. The statistic data together with the 

dSTORM images reveal that STAT3 could rapidly respond to IL-6 

activation and enter the nucleus, and then gradually export from 

the nucleus. The total quantity of STAT3 in the whole cell did not 

change after IL-6 stimulation, suggesting that the fluctuation of 

nuclear STAT3 was due to its translocation. 

 

Characterization of IL-6-induced STAT3 clustering 

We next attempted to determine what forms of STAT3 exist during 

IL-6-activated STAT3 nuclear trafficking. Previous studies have 

indicated that phosphorylation of STAT3 by cytokines or growth 

factors can generate induce STAT3 homodimers or heterodimers 

with other STATs, and these STAT3 complexes move from the 

cytoplasm to the nucleus. Thus, we hypothesized that activated 

STAT3 may form clusters just as STAT1 which was described in our 

earlier study 
37

. To confirm the validity of this hypothesis, we 

determined the distribution characteristics of STAT3 using Ripley’s 

K-function analysis (see Experimental section, Eqn 1), which is a 

widely used spatial statistic method to test randomness or 

aggregation for spatial point patterns 
39-40

 and is routinely applied 

to analyze protein heterogeneity for super-resolution data 
20, 43-44

. 

Here, we used the transformation of H-function (see Experimental 

section, Eqn 2), where the larger value of H corresponds to the 

region of more aggregation, and the value of r corresponding to the 

maximum of H, is considered to approximate to the cluster size in 

the region 
45

. As shown in Fig. S2, a 4×4 μm
2
 region of the 

reconstructed dSTORM image in the cytoplasm of a HeLa cell 

without stimulation was taken to exemplify the use of Ripley’s K-

function. According to Eqn 1 and 2, the H-function plot was 

obtained, which illustrated that the r value of maximal aggregation 

was approximately 190 nm with a clustering range stretched to 500 

nm (above the level of a random distribution). Simultaneously, the  

Fig. 3 Cluster analysis of nuclear transport of IL-6-induced STAT3 

using Ripley’s K-function. (A) Ripley’s K-function analysis of STAT3 

protein clustering. Regions (4×4 μm
2
) of reconstructed dSTORM 

images of STAT3 in both the nucleus and cytoplasm of HeLa cells 

with the different stimulation times were calculated. Plots shown 

are representatives of 120 analyzed regions from 20 cells. (B) The 

number of STAT3 clusters per μm
2
 in the nucleus, cytoplasm and 

whole cell at different stimulation times. (C) The percentage of 

STAT3 proteins participating in clusters in the nucleus and 

cytoplasm at different stimulation times. (D) Changes in the average 

STAT3 cluster diameter in the nucleus and cytoplasm. (E) The 

average amount of STAT3 protein per cluster in the nucleus and 

cytoplasm. Each data set in (B)–(E) were from 20 cells in five 

independent experiments. Every cell sample was chosen 6 regions 

(3 in the cytoplasm and 3 in the nucleus). Values are means±s.d. 
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pseudo-colored cluster map was also established by interpolating 

the surface plot with L(r) of every point as the z value. Finally, the 

binary cluster map was obtained through an appropriate L(r) 

threshold, from which the amount, diameter, shape and other 

parameters of clusters could be extracted. 

We then analyzed different regions of STAT3 in both the 

cytoplasm and nucleus of HeLa cells following different IL-6 

stimulation time. Fig. 3A shows the representative plots of Ripley’s 

K-function analysis, indicating that STAT3 formed clusters in the 

whole cell during the stimulation. As mentioned above, we 

extracted the information of clusters including cluster amount per 

μm
2
 (Fig. 3B), the percentage of proteins participating in clusters 

(Fig. 3C), and cluster diameter (Fig. 3D) at the different stimulation 

times according to binary cluster maps. We found that the cluster 

density in the whole cell was initially high and then reduced with 

stimulation time (Fig. 3B, the black line), which indicated that IL-6 

activation promoted the formation of STAT3 clusters. We next 

observed the change of this parameter in the nucleus and 

cytoplasm, respectively. In the nucleus, cluster density increased 

sharply during 0–20 min stimulation, remained steady from 20 to 

40 min, and gradually decreased to unstimulated levels from 40 to 

240 min. In contrast to the nucleus, cluster density in the cytoplasm 

firstly decreased and then increased. However, the increase of 

nuclear cluster number during 0–20 min stimulation was more than 

the decrease of cytoplasmic cluster number, indicating that not only 

cytoplasmic STAT3 was translocated to the nucleus, but also new 

STAT3 clusters were generated in the nucleus after stimulating by 

IL-6. As stimulation continued, nuclear STAT3 gradually exported 

out of the nucleus, and the distribution of STAT3 clusters returned 

to the initial state. Variations in the percentage of proteins 

participating in clusters were consistent with changes in cluster 

number, confirming the above view. Meanwhile, cluster size also 

changed significantly during this process. For nuclear areas, the 

average cluster diameter was merely 100 nm before IL-6 activation, 

increased to more than double (approximately 210 nm) after 

stimulating for 20–40 min, and finally reduced to 100 nm. However, 

cytoplasmic cluster diameter only fluctuated moderately. Before IL-

6 addition, there was a marked difference between the cytoplasmic 

and nuclear cluster size because STAT3 proteins have not been 

translocated to the nucleus. With IL-6 stimulation, the cluster 

diameter in the cytoplasm was smaller than that in the nucleus at 

20 and 40 min, suggesting that IL-6 induced the formation of large 

aggregations in the nucleus and that some cytoplasmic clusters 

might enter the nucleus. After that, STAT3 began to export out of 

the nucleus, causing cluster size in the cytoplasm to become larger 

than that in the nucleus again. These results suggest that the 

changes in cluster size are associated with the nuclear translocation 

of STAT3 after IL-6 stimulation. Meanwhile, the parameters of 

Ripley’s K-function plots listed in Table S1, rave (the radius of 

maximal clustering), H(r)max (clustering degree) and rmax (clustering 

range), were in accord with this trend change. 

Based on the localization number of each cluster, we semi-

quantitatively estimated the mean number of proteins in both 

cytoplasmic and nuclear clusters during the stimulation (Fig.  3E). 

This value was calculated by dividing the total localization number 

inside a cluster by the average localization number of single Alexa 

Fluor 647-conjugated STAT3 antibody. Similar to other parameters, 

the average protein amount of cytoplasmic clusters remained 

steady at approximately 8 (whether stimulated or not); however, 

the value of nuclear clusters increased from 4 to over 8 after IL-6 

activation. An earlier study using fluorescence correlation 

spectroscopy in live Hep3B cells expressing STAT3-green fluorescent 

protein reported that IL-6 stimulation induced the generation of 

high-molecular-weight complexes of STAT3 (>1 MDa) in the 

cytoplasm 
16

. Our findings on the formation of STAT3 clusters 

further verify this view and suggest that these clusters may be 

oligomers consisting of approximately two to four dimers. 

Overall, STAT3 distributes in clusters in HeLa cells. Without 

stimulation, STAT3 mainly aggregates into clusters in the cytoplasm, 

which may facilitate the rapid formation of dimers because of the 

closer distance between STAT3. After IL-6 addition, there is a 

dramatic increase in cluster number and size in the nucleus, 

indicating that STAT3 begins to enter the nucleus to form new and 

larger clusters. Over time, the cluster number in the nucleus 

decreases gradually, indicating the export of nuclear STAT3. Many 

intracellular processes are mediated by vesicles 
46-47

, and it has 

reported that STAT3 is targeted to endosomes and associated with 

other vesicular elements in response to IL-6 or growth factor 

stimulation 
48-49

. Hence, it is possible, although untested here, that 

the nuclear transport of STAT3 clusters also takes place along the 

vesicular pathway. 

 

Visualization of the distribution of STAT3 and STAT1 after EGF 

stimulation 

In addition to cytokines such as IL-6, STAT3 can be activated by 

growth factors to form homodimers and heterodimers 

simultaneously. EGF, as a key member of growth factors, can exert 

a variety of effects by activating STAT pathway including cell growth, 

differentiation and survival. Therefore, we further investigated the 

distribution of two STAT family members, STAT3 and STAT1, 

following EGF stimulation. Fig. 4 shows dual-color dSTORM images 

of STAT3 and STAT1 in HeLa cells without (Ctrl) and with 30 min-EGF 

stimulation (EGF). A significant amount of nuclear accumulation of 

both STAT3 and STAT1 was observed after EGF stimulation. 

Preliminary observations of the merged images revealed that STAT3 

and STAT1 have varying degrees of colocalization whether 

stimulated or not. In control HeLa cells, a portion of STAT3 was 

associated with STAT1 in the cytoplasm, while there was scarcely 

colocalization in the nucleus. In EGF-stimulated cells, nuclear 

colocalization was obvious, whereas the change in the cytoplasm 

could not be quantitatively determined. Despite this, we could 

observe that there was a colocalization relationship between STAT3 

and STAT1 in the whole cell, particularly in the nucleus following 

EGF stimulation, which is consistent with previous studies 
2
. The 

imaging mode of STAT3 and STAT1 used in dSTORM was oblique 

illumination and 3D fluorescence imaging was performed to rule 

out the possibility that there was a certain overlap of nuclear and 

cytoplasmic regions during the acquisition of dSTORM images. The 

3D fluorescence data (Fig.S3) was similar to the results of dSTORM 

images as expected, although they could not provide a clear enough 

organization of STAT3 and STAT1 due to the resolution of 

fluorescence microscopy.  

  The interesting observation is that the distribution pattern of EGF- 
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Fig. 4 dSTORM imaging showing colocalization of STAT3 and STAT1 in HeLa cells before and after EGF stimulation. STAT3 was labeled with 

Alexa Fluor 647-conjugated STAT3 antibodies, STAT1 with Alexa Fluor 532-conjugated STAT1 antibodies, and the nucleus with Hoechst 

33342. dSTORM images of STAT3 and STAT1 are shown in the first two columns and the corresponding nucleus image is shown in the third 

column. Merged panels of STAT3 and STAT1 are shown in the fourth column (Merge 1). Merged panels of STAT3, STAT1 and the nucleus 

are shown in the last column (Merge 2). Each scale bar represents 10 μm. 

 

 

 

Fig. 5 Clustering properties of EGF-activated STAT3 and STAT1. (A) The number of STAT3 and STAT1 clusters per μm
2
 in the nucleus and 

cytoplasm of control and EGF-stimulated HeLa cells. (B) The average cluster diameter of STAT3 and STAT1 in the nucleus and cytoplasm 

with and without EGF stimulation. (C) The average number of molecules in one STAT3 or STAT1 cluster in the nucleus and cytoplasm before 

and after EGF addition. Each data set were from 60 regions of 20 cells in five independent experiments. Every cell sample was chosen 6 

regions (3 in the cytoplasm and 3 in the nucleus). Values are means±s.d. *P<0.05, #P<0.01, Ctrl vs EGF, two-tailed unpaired t-test. 

 

 

activated STAT3 and STAT1 is similar to that of IL-6-induced STAT3. 

Therefore, we examined the clusters of STAT3 and STAT1 using 

Ripley’s K-function. The H-function parameters (Table S2) of both 

STAT members confirmed the clustering of STAT3 and STAT1 in the 

cytoplasm and nucleus either before or after EGF stimulation. This 

finding implies that clustering during the nuclear transport may be 

universal to all members of the STAT family. On the basis of Ripley’s 

K-function analysis, the amount and size of clusters were extracted 

as shown in Fig. 5A and B. Without EGF activation, cluster number 

in the cytoplasm was two times more than that of the nucleus for 

both STAT3 and STAT1. However, the results were the opposite 

after EGF activation, with more nuclear cluster amount than 

cytoplasmic one. When focusing on the cytoplasmic cluster amount, 

the values of both STAT3 and STAT1 only modestly reduced after 

EGF treatment. However, with respect to the nuclear cluster 

number, a dramatic increase was observed following EGF 

stimulation. Moreover, the cluster size of STAT3 and STAT1 had a 

similar trend with cluster number. Finally, we estimated the 
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number of molecules in single clusters using the aforementioned 

method (Fig. 5C). There was only a slight decline in the value of 

cytoplasmic clusters for both STAT3 and STAT1 after EGF treatment, 

but the value of nuclear clusters increased from four to over eight. 

Taken together, similar with IL-6 stimulation, the statistical results 

illustrate that STAT3 and STAT1 can form clusters before activation, 

which facilitates oligomerization to enable fast signal transduction, 

and that EGF promotes nuclear import of STAT3 and STAT1 and the 

formation of new and large clusters in the nucleus. In addition, the 

cluster distribution and size of STAT3 and STAT1 are very similar 

during the whole activation process possibly because the two 

proteins share approximately 70% sequence homology and have a 

similar crystal structure as tyrosine phosphorylated dimers in the 

nucleus 
2. 

 
Co-clustering analysis of STAT3 and STAT1 in the whole cell 

Because STAT3 and STAT1 can form clusters individually, we 

questioned whether the overlapping areas (Fig. 4, yellow regions of 

merged images) were co-clusters consisting of both species. 

Therefore, to explicitly detect the colocalization of STAT3 and STAT1 

under EGF stimulation, we used a combined univariate and 

bivariate version of Getis and Franklin’s analysis method 
50

 to 

quantify the degree of co-clustering in single-molecule localization 

data. In addition to testing the clustering of each species, it is 

possible to acquire intuitive co-cluster information, for example, the 

number of clusters of one species overlapping with clusters or 

random distributive molecules of the other species. This method is 

more advantageous and reliable than Pearson’s correlation 

coefficient for single-molecule localization data 
50

. 

As shown in Fig. 6, the dual-color dSTORM image of STAT3 and 

STAT1 in the nucleus and cytoplasm (4×4 μm
2
 regions), without and 

with EGF stimulation, were selected for analysis (Fig. 6, left panel). 

Considering that the average cluster diameters of STAT3 and STAT1 

are greater than 100 nm in both nucleus and cytoplasm, with and 

without stimulation (Fig. 5B), the value of r was set at 100 nm, 

allowing for the search of cluster colocalization on a 100-nm scale. 

The L(100) and L(100)cross values for each molecule were 

calculated according to Eqn 3 (see Experimental section) and scatter 

diagrams were plotted (Fig. 6, middle panel). The scatter plots show 

the data of STAT3 molecules only. The x-axis (L(100)) denotes the 

self-clustering degree of STAT3 molecules and the y-axis 

(L(100)cross) represents to what extent STAT3 molecules are within 

STAT1 clusters.. Each molecule with the same L(100) and 

L(100)cross values was marked by one color. Based on the positions 

of all the points, linear trend lines (green) were generated using 

linear least-squares fitting in Matlab. To determine whether 

molecules were in or out of clusters, an appropriate clustering 

threshold was defined based on informed biological assumptions. 

Molecules whose local point density was over the threshold, were 

identified as being inside clusters. As described above, the average 

STAT3 or STAT1 numbers of cytoplasmic and nuclear clusters are 

different in control and IL-6-stimulated cells (Fig.  5C). For example, 

in nuclear areas of STAT3, the molecular number of clusters is 

almost more than four and the average number of localized points 

in a single Alexa Fluor 647-labeled STAT3 antibody is about 28, so 

the local point density within a nuclear cluster is approximately 112 

(obtained by 28×4). As for cytoplasmic areas, the value is 

approximately 168 (28×6). Thus, we set two clustering threshold 

values, 100 for nuclear areas and 150 for cytoplasmic areas, 

according to their individual molecular density in the clusters. The 

thresholds drawn by red lines divided the plots into four quadrants. 

The proportion of each quadrant occupied by STAT3 molecules is 

displayed as a histogram (Fig. 6, right panel), from which the 

localization relationship between STAT3 and STAT1 was obtained. 

Quadrant I denotes that STAT3 molecules are not in any cluster and 

are only randomly distributed. Quadrant II represents that STAT3 

molecules form clusters with their own species. Quadrant III 

indicates that random distributive STAT3 molecules are in STAT1 

clusters. Quadrant IV indicates that STAT3 molecules exist 

simultaneously in both STAT3 and STAT1 clusters. 

We first examined data derived from control cells. For nuclear 

areas, 23% of STAT3 molecules were in STAT3 clusters (Quadrants II 

and IV) whereas 20% of molecules existed within STAT1 clusters 

(Quadrants III and IV). The overlap was only less than 5% (IV) and 

the remaining 60% were in Quadrant I. The results reveal that the 

majority of STAT3 molecules are randomly distributed and there is 

no apparent co-clustering of STAT3 and STAT1. The reason may be 

that the two STAT species have not entered the nucleus. For 

cytoplasmic areas, we observed that 20% of STAT3 molecules were 

self-clustered (II) and 19% of the randomly distributed STAT3 

molecules overlapped with STAT1 clusters (III). These two values 

are essentially in agreement with those of nuclear areas (19% and 

16%, respectively). However, it was found that 27% of STAT3 

molecules resided simultaneously in both STAT3 and STAT1 clusters 

(IV), which was almost six times greater when compared with the 

nuclear areas. This resulted in a noticeable decrease in Quadrant I 

(34%). The degree of co-clustering is also illustrated by the trend 

line showing the positive correlation between L(100) and 

L(100)cross. These results demonstrate that before EGF stimulation, 

STAT3 and STAT1 clusters are colocalized to some extent in the 

cytoplasm. This distribution pattern may shorten the distance 

between STAT3 and STAT1 proteins and benefit the formation of 

heterodimers when being activated. 

We next applied this method to data from EGF-stimulated cells. 

The proportion of Quadrant II and III increased in the nucleus and 

decreased in the cytoplasm slightly compared with control cells, 

indicating that self-clustering of STAT3 and STAT1 increased in the 

nucleus and decreased in the cytoplasm at a slow rate. In contrast, 

the percentage of molecules in Quadrant I and IV markedly changed 

in the nucleus and cytoplasm. The co-clustering of STAT3 and STAT1 

(IV) increased from approximately 5% to 37% in the nucleus, and 

the value also increased from 27% to 46% in the cytoplasm. Thus, 

the proportion of only randomly distributed STAT3 molecules (I) 

reduced accordingly, from 60% to 26% in the nucleus and from 34% 

to 22% in the cytoplasm. The colocalization of STAT3 and STAT1 

clusters in stimulated cells was much higher than that in control 

cells, particularly for nuclear areas, revealing that EGF promotes the 

generation of more co-clusters, with a considerable number of 

these co-clusters being transported to the nucleus. Moreover, 

compared with the increase of self-clustering and co-clustering 

after stimulation, we know that nuclear accumulation of STAT3 and 

STAT1 clusters mainly contributes to the formation of co-clusters. 
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Fig. 6 Co-cluster analysis of STAT3 and STAT1 before and after EGF stimulation using a combined univariate and bivariate G&F analysis 

method. Regions (4×4 μm
2
) of reconstructed dual-color dSTORM images of STAT3 and STAT1 in both the nucleus and cytoplasm of HeLa 

cells with and without EGF stimulation for 30 min were measured, as shown in the left panel. The scatter plots of combined univariate and 

bivariate G&F analyses for the four representative regions at a spatial scale of r = 100 nm together with trend lines (green) are shown in the 

middle panel. Clustering thresholds of 100 for nuclear areas and 150 for cytoplasmic areas are indicated by red lines, which divide the plots 

into four quadrants. The proportion of STAT3 in every quadrant is displayed as histograms in the right panel. Each data set were from 60 

regions of 20 cells in five independent experiments. Every cell sample was chosen 6 regions (3 in the cytoplasm and 3 in the nucleus). 

Values are means±s.d. Scale bars represent 1 μm. 
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What are the components of the co-clusters? There are two 

possible hypotheses. One is that two clusters concatenate without 

molecular mixing, while the other is that two clusters completely 

merge to form a new cluster. Till now, we can not decide which one 

stands or both stand. Although the two species can generate 

homodimers and heterodimers, the proportion of each type of 

dimers in co-clusters remains unclear and needs further study. It is 

of interest here that the co-clustering in the cytoplasm is more 

striking than that in the nucleus after EGF stimulation. This may be 

because heterodimers and homodimers of STAT3 and STAT1 need 

to separate to bind individual target DNA motifs and activate 

transcription 
2, 8

. Therefore, we infer that the components of co-

clusters are different in the nucleus and cytoplasm. The nuclear co-

clusters may be more prone to consist of heterodimers, whereas 

the cytoplasmic co-clusters may include not only the merging of 

heterodimers but also the concatenation of STAT3 and STAT1 

homodimers, which leads to more co-clusters in the cytoplasm. 

Conclusions 

In summary, we have successfully used dSTORM to characterize the 

cellular clustering of STAT3 along with STAT1 in HeLa cells under 

different stimuli. Either STAT3 or STAT1 forms clusters in the 

cytoplasm whether it is activated or not, which may facilitate fast 

response to stimuli. The cluster characteristics of STAT3 are the 

same in both IL-6 and EGF stimulations, i.e., more and larger STAT3 

clusters form and enter the nucleus after stimulation. Moreover, 

dual-color dSTORM imaging and co-clustering analysis reveal that 

STAT3 clusters colocalize with STAT1 clusters and the composition 

of the co-clusters may be related to their functions. Our study 

reveals the characteristics of STAT3 self-clustering and co-clustering 

with STAT1 in mediating signals from the cytoplasm to the nucleus, 

which can be generalized to other STAT members. Moreover, this 

method, combined with further developed algorithms, can pave the 

way to study the accurate stoichiometry of STAT co-clusters in the 

near future.  
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STAT3 cellular clustering revealed by super-resolution fluorescence microscopy 
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