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Signal transducers and activators of transcription (STATs) can transduce cytokine signals and regulate gene
expression. The cellular localization and nuclear trafficking of STAT1, a representative of the STAT family
with multiple transcriptional functions, is tightly related with transcription process, which usually happens
in the interphase of the cell cycle. However, these priority questions regarding STAT1 distribution and
localization at the different cell-cycle stages remain unclear. By using direct stochastic optical reconstruction
microscopy (ASTORM), we found that the nuclear expression level of STAT1 increased gradually as the cell
cycle carried out, especially after EGF stimulation. Furthermore, STAT1 formed clusters in the whole cell
during the cell cycle, with the size and the number of clusters also increasing significantly from G1 to G2
phase, suggesting that transcription and other cell-cycle related activities can promote STAT1 to form more
and larger clusters for fast response to signals. Our work reveals that the cellular localization and clustering
distribution of STAT1 are associated with the cell cycle, and further provides an insight into the mechanism
of cell-cycle regulated STAT1 signal transduction.

activated by tyrosine phosphorylation and this modification alters their conformation to form dimers,

translocate to the cell nucleus and specifically bind DNA elements'~. They are classically viewed as
transducing high-fidelity signals for the cytokine family of ligands and receptors from the plasma membrane
to the nucleus, which build a link between cell surface receptors and specific gene expression in the nucleus®. The
central role of STATS is activating transcription and regulating gene expression, and they function in many
physiological activities, such as development, immunity, survival and proliferation®*. Their malfunctions are
linked to the onset of a wide array of diseases, including developmental disorders and cancers’.

The STAT family is comprised of seven distinct members (STAT1-STAT6), among which are the two related
forms of STAT5 (STAT5A and STAT5B)®. They respond to specific extracellular stimuli and induce the tran-
scription of genes that can invoke different biological functions®. Because the STAT family members share similar
structural arrangement of their functional motifs’, knowledge learned from one member can generally be applied
to other family members. Therefore, we mainly focused on STAT1 in this study. STAT1 was first identified as a
component of the DNA-binding complex that is activated in response to IFNs*'°. Alternatively, it can be
phosphorylated by growth-factor binding to receptor tyrosine kinases, such as epidermal growth factor
(EGF)"'"'* and platelet-derived growth factor (PDGF)".

As STATS are very important transcription factors, their cellular localization, nuclear trafficking and other
activities are tightly related with the transcription process. Moreover, the occurrence of transcription directly
links to a series of physiological events of cells, which constitute the so-called cell cycle. Previous studies hinted
that there might be a relationship between STAT activities and cell cycles. For example, researchers found that
STAT1 was essential for the cell growth suppression by inducing CDK inhibitors in response to cytokines', or
interacted directly with the G1 cell cycle regulatory cyclin D1 and CDK4". Therefore, accurate cellular local-
ization and nuclear trafficking during the cell cycle plays an integral role in the effective function of STAT
proteins. Localizing STAT1 in a cell cycle might provide a solution for therapeutic intervention in diseases that
are related with STAT activity and helpful for generating synthetic molecules that function as transcription
factors'.

S ignal transducers and activators of transcription (STATSs) are latent transcription factors that become
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Early studies about STAT structures and signaling pathway gen-
erally used crystallology, biochemistry, immunofluorescence and so
on'”*. However, these methods mostly aimed at the average results
of ensemble measurements from many molecules. Conventional
fluorescence microscopy has only provided the single-cell or subcel-
lular level of information due to the diffraction limit of light
(~200 nm). Fortunately, the recent development of super-resolu-
tion fluorescence microscopy has overcome this resolution barrier,
generating images with lateral resolutions in the tens of nanometers
range® . Among these successful methods, localization microscopy*,
such as stochastic optical reconstruction microscopy (STORM)*>*
and photoactivated localization microscopy (PALM)*, based on
the precise localization of single molecules, has been widely used.
It has been proved as a powerful tool particularly suitable for investi-
gating the detailed features of protein distribution at the single mole-
cule level””*. The major principle of this approach is separating
the overlap fluorescence signals by only allowing one molecule per
diffraction-limited area to fluoresce at a given time. As activated
fluorescent molecules are sparsely distributed each time, it is possible
to accurately record their coordinates. By obtaining a series of images
until molecules bleach, this localization process is repeated and
finally a complete fluorescence image is built up based on the iden-
tified locations of every detected molecule.

Herein, we utilize direct STORM (dSTORM), which achieves the
precision localization by using small molecule dyes that can be
switched between fluorescence on/off states, to investigate the local-
ization and nuclear trafficking of STAT1 at the different cell-cycle
stage. Due to the improvement of the spatial resolution, we can
characterize the distribution of STAT1 proteins in both cytoplasm
and nucleus during the cell cycle. The quantitative analyses indicate
that the amount of STATI in the nucleus is associated with the
activity of different cell-cycle stages. Meanwhile, we find that
STAT1 proteins mostly exist in the form of clusters especially with
cytokine stimulation leading to the significant increase of cluster size
and number, which may facilitate faster transduction of signals and
activation of transcription.

Results

Super-resolution imaging of STAT1 distribution at the different
cell-cycle stage. Hela cells were firstly synchronized by TdR
and collected at different time points for detecting the cell cycle by
flow cytometry. The results showed a good synchronization
(Supplementary Fig. S1), which ensured the accuracy of sampling
each time. To observe the STAT1 localization accurately, we
firstly optimized fixation and permeabilization conditions of
immunostaining® for dSTORM imaging (Supplementary Fig. S2).
There were no significant differences in STAT1 localization between
different methods, except that the number of localizations in
methanol permeated cells was much less than that in Triton X-100
treated cells. To eliminate the effect of protein extraction or redis-
tribution, the STATI localization in living Hela cells transfected
with GFP-fused STAT1 plasmids was completed* (Supplementary
Fig. S3). Comparing the living cell fluorescence imaging and
immunofluorescence, we found that both STAT1 localization and
distribution features (e.g. fluorescent spots) were similar except the
number and size of fluorescent spots due to the different spatial
resolution of two imaging techniques. Therefore, we preferred to
use 4% paraformaldehyde fixation and 0.2% Triton X-100
permeablization for immunostaining (see Methods for details).
The fluorescence images of STAT1 from 3-D, TIRF and wild-field
illumination showed that there was no major difference of STAT1
appearance between membrane-associated fraction and cytoplasmic
fraction (Supplementary Fig. S4). The only difference was the
amount of clusters because many STATI1 proteins were not
transported into the nucleus without EGF stimulation. Thus, our
work was focused on the cytoplasmic-nuclear region of the cell.

Figure 1 showed the distribution of STAT1 in the whole cell with
or without EGF stimulation during the interphase. From G1 to G2
phase, we observed that STAT1 accumulated in the nucleus and it
was more obvious after EGF stimulation, which was consistent with
previous studies that the tyrosine phosphorylated STAT1 could
translocate to the nucleus and bind DNA. Previous studies also
suggest the existence of STATI in the nucleus of unstimulated
cells>™; herein, our experiment directly proved it.

Next, we imaged the STAT1 localization in the different phase of
the mitotic Hela cells with or without EGF stimulation according to
the nucleus morphology (Fig. 2). As the nuclear envelop disappeared
and the nuclei broke up at the beginning of mitosis, STAT1 proteins
were sporadic in the whole cell with fewer proteins surrounding the
chromosomes. Furthermore, there was no significant difference of
STAT1 expression level between control groups and EGF-induced
groups.

Characterization of STAT1 cellular localization during the cell
cycle. To quantitatively analyze the STATI protein levels and its
cellular localization, we calculated the localizations of reconstructed
dSTORM images of STAT1 in the whole cell, in the cytoplasm and in
the nucleoplasm at the different cell-cycle stage. The average number
of localizations for single Alexa647-labeled STAT1 antibody was
29.6 * 5.4 (s.d.) (100 dyes analyzed, see Methods and Supplementary
Fig. S5 for details). Since the number of localizations is almost
proportionate to the amount of labeled proteins, we can estimate
STAT1 protein levels in different regions of cells by the number of
localizations with the statistical method and keeping the experimental
conditions as same as possible. Figure 3a showed the normalized total
localizations of individual STAT1 images from 20 cells in four
independent experiments at the different cell-cycle stage with or
without EGF stimulation, which also indicated the changes of
STAT1 protein levels. From Gl to G2 phase, the quantity of
STAT1 kept growing and reached a maximum at G2 phase. This
increasing tendency was more pronounced after EGF stimulation.
When it came to the mitosis, the STAT1 levels dropped down and
was nearly the same with the levels of G1 phase, whether adding EGF
or not. Moreover, western blot analysis also manifested the similar
result of dASTORM localizations (Fig. 3c). This may be related to the
cell-cycle stage during which the transcription takes place. Generally,
DNA transcription carries out during the interphase in which cells
produce RNA and proteins required for DNA duplication and cell
division. Thus, the STATS activity and expression level is high during
the interphase, especially after cytokines stimulation. However, in the
mitosis, chromatins became condensed, twined and spiraled to form
chromosomes, resulting in ceasing the transcription. Therefore, it
may affect the STATI expression level and cellular localization, and
EGF stimulation does not apparently induce the increase of STAT1
level, either.

As mentioned above, we speculate that the changes of STATI
amount are associated with physiological behavior of different cell-
cycle stage, such as transcription and DNA duplication during the
interphase. These activities all take place in the nucleus. To test the
hypothesis, we compared the distribution differences of STATI in
the cytoplasm and nucleoplasm. Figure 3b displayed the ratio of
nucleoplasm to cytoplasm localizations of STAT1 proteins during
the cell cycle with or without EGF stimulation. Although the nuclear
envelop disappeared in the mitosis, we took the chromosome region
as ‘nuclear area’ to calculate the localizations and the statistical result
was the average of each phase of the mitosis. In G1 phase, the ratio
was less than one when EGF did not stimulate, demonstrating that
STAT1 maintained a prominent accumulation in the cytoplasm.
After adding EGF, the ratio rose to more than 1.5, indicating that
numerous STATI translocated into the nucleus. Transcription and
production of proteins for DNA replication usually begin at G1
phase. Therefore, the nuclear accumulation of STAT1 with EGF
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Figure 1| STAT1 expression gradual enhance from G1 to G2 phase and EGF-induced STAT1 transportation into the nucleus. STAT1 labeled with anti-
STAT]I antibody and the nucleus labeled with Hoechst33342 in fixed and permeabilized Hela cells were imaged at the different cell-cycle stage with or
without EGF stimulation. The first column displays the reconstructed dSTORM images of STAT1 in the whole cell and STAT1 expression increased by
degrees from G1 to G2 phase either in control groups or in EGF-induced groups. The second column are the single fluorescent images of the

corresponding nucleus. The third column are the merging images of STAT1 and nucleus, which show marked accumulation of STAT1 in the nucleoplasm
after EGF stimulation at all cell-cycle stages. Especially in S and G2 phase, STAT1 form many clusters in the nucleus which white arrows point to. The last
column shows the boxed areas in the first column (white lines) at higher magnification. Scale bars are 10 pm in the third column and 2 pm in the last

column.

stimulation during G1 phase confirmed that STAT1 expression level
and cellular localization was actually related to the cell-cycle beha-
vior. In subsequent S and G2 phase, the ratio still kept more than 1.5
and grew gradually before reaching a maximum of 2.2 in G2 phase.
However, during S and G2 phase, EGF stimulation did not markedly
promote the nuclear import of STAT1 as in G1 phase. Maybe the
amount of STAT1 in the nucleus gradually saturated during this time
and was sufficient to satisfy the requirement of transcription. So even
with EGF stimulation, the number of STAT1 in the nucleus did not
rise sharply. When cells underwent mitosis, the ratio dropped down
to below 0.5, indicating that most of STAT1 distributed in the cyto-
plasm due to cell division.

Clustering properties of EGF induced STAT1. We then investigated
the distribution pattern of STAT1 in detail in both the cytoplasm and
nucleus at the different cell-cycle stage. As known, when STATI is
activated by tyrosine phosphorylation at amino acid 701, it forms
homodimerization or heterodimerization with other STATs through
SH2-domain interactions™*, and then the dimers translocate into
the nucleus and bind DNA. So we expect that STAT1 may form
clusters especially in the nucleoplasm after EGF stimulation. From
the magnified dSTORM images of STAT1 (Fig. 1, the last column),
we have already observed that some fluorescent localizations
assembled tightly, especially in the nucleus during S and G2 phase
after EGF stimulation (Fig. 1, the third column indicated by white
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Figure 2 | The distribution of STAT1 in the whole cell during the mitosis with or without EGF stimulation. From top to down, Hela cells are classified
into four phases according to the nucleus morphology in the mitosis, namely, prophase, metaphase, anaphase and telophase. STAT1 and nucleus
were labeled as described above. The left three columns are the control groups and the right ones are the EGF-induced groups. The accumulation of
STAT1 during the mitosis is not as evident as in the interphase after EGF stimulation. Scale bars are 10 pum.

arrows). Ripley’s K-function analysis®**” was employed to estimate

spatial randomness or aggregation to confirm our presumption
again. The K-function (see Methods, Equation 1) is a widely used
spatial statistics method and applied to analyze protein distributions
in cells in recent years®™. It is often transformed to the H-function
(see Methods, Equation 2), where the larger value of H corresponds to
the areas of less randomness, and the value of r corresponding to the
maximum of H is considered to be the average diameter of clusters in
the areas. For instance, we took a 2 X 2 pm? region of the dSSTORM
image in the nucleus of G2 phase cell to analyze the characteristic of
clustering (Fig. 4a). The Ripley’s K-function plot revealed that the
average clustering diameter was about 250 nm and clustering range
above the level for a random distribution scaled up to 625 nm. The
color-encoded map of clustering was then created by interpolating a
surface plot with L(r) of each points as the z-axis, and the binary
cluster map was generated from this color-encoded map by setting
a defined L(r) threshold (see Methods). Eventually, the number, size,
shape and other parameters of clusters can be obtained from the
binary cluster map. We also utilized this method to analyze
different regions of STAT1 images in both cytoplasm and
nucleoplasm at the different cell-cycle stage with or without EGF
stimulation. Supplementary Fig. S6 showed the representative results
of Ripley’s K-function analyses, indicating that the majority of STAT1
proteins actually formed clusters in the whole cell despite different
cluster size. To verify this specific clustering of STAT1, we used
Alexa647 goat anti-mouse antibody, a non-STAT1 antibody, as a
negative control (Supplementary Fig. S7). The results showed that
the protein level was low under non-specific labeling condition and
clustering was not as obvious as that with STATI1 labeling.

Furthermore, the average cluster diameters were about 30 nm
(interphase cells) and 35 nm (mitotic cells) when cells were labeled
with non-specific antibodies, which were consistent with the average
size of single Alexa647-conjugated antibody molecule (Supplementary
Fig. S5). This indicated that non-STATI1 antibodies did not form
clusters and further confirmed the facticity of STAT1 clusters.

To visually compare the statistical results of all the plots, we chose
the parameter r,.. (the average of cluster diameter), as a represent-
ative for characterizing these clusters at the different cell-cycle stage.
Figure 4b-d showed the distribution of cluster diameter based on
Ripley’s K-function. We found that the average cluster diameter grew
steadily during the interphase, especially from G1 to S phase, both in
the cytoplasm (Fig. 4b) and nucleus (Fig. 4c), which may be related to
the accumulation of producing proteins and the continuous process
of transcription. Moreover, the cluster sizes of EGF-stimulated
groups were larger than those of control groups throughout the
whole interphase, suggesting that EGF activated STAT1 to form
larger clusters. Figure 4d showed the changes of both cytoplasmic
and nuclear cluster diameters in each phase with and without EGF
stimulation. In G1 phase, cluster size in the cytoplasm was larger than
that in the nucleoplasm, which indicated that STAT1 prominently
assembled into clusters in the cytoplasm when cells were not induced
by EGE. Whereas, after EGF stimulation, the nuclear cluster diameter
increased more visibly than the cytoplasmic cluster diameter, which
implied that EGF-induced STAT1 clusters were prone to translocate
into the nucleus. As for S and G2 phase, cluster size in the nucleo-
plasm was much larger than that in the cytoplasm, and the difference
between them was more impressive after EGF stimulation. This
is probably because that in these phases, homodimerized or
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Figure 3 | The changes of STAT1 distribution during the cell cycle. (a) Normalized total localizations of individual reconstructed dSTORM images of
STAT] at the different cell-cycle stage with and without EGF stimulation, indicating that the relative quantity of STAT1 proteins increase from G1 to G2
phase and decreased at the mitosis. (b) The ratio of nucleoplasm to cytoplasm localizations of STAT1 proteins during the cell cycle with and without EGF
stimulation, showing that STAT1 mainly distributes in the nucleoplasm from G1 to G2 phase after EGF stimulation, and the percentage of STAT1
surrounding the chromosomes decreases significantly in the mitosis. Every control and stimulation group includes 20 cells from four independent
experiments. All error bars denote standard deviation (s.d.). (c) Western blot analyses of STAT1 expression level during the cell cycle and quantitation of
the data by Image J. The relative signal intensity is calculated after correction for the -actin loading control.

heterodimerized STAT1 had assembled into larger clusters in the
nucleus to participate in transcription, production of proteins and
DNA duplication. We also summarized other parameters of Ripley’s
K-function plots in a list (Supplementary Table S1), such as H(r)nax
(the degree of clustering) and 1, (clustering range), which showed
the similar trend.

Based on Ripley’s K-function analysis of clustering, we compared
the amount of STAT1 clusters in the nucleoplasm and cytoplasm at
the different cell-cycle stage with or without EGF stimulation as well
(Fig. 4e-g). An increasing number of STATI clusters was observed
both in the cytoplasm (Fig. 4e) and nucleus (Fig. 4f) from G1 to G2
phase either in control or EGF-induced groups, and EGF-induced
groups always had more clusters than control groups. The results also
showed that the number of nuclear STAT1 cluster was more than
that of cytoplasmic cluster at each stage of the interphase either in
control or in EGF-induced groups (Fig. 4g). Furthermore, We found
that more and more STAT1 proteins were assembled into clusters as
the cell cycle continued, and the percentage of STAT1 in clusters in
the nucleoplasm was larger than that in the cytoplasm at each phase
either with or without EGF stimulation (Fig. 4h-j). The changes in

the STAT1 cluster amount and the percentage of STAT1 particip-
ating in clusters were consistent with those in the average cluster
diameter and the STAT1 protein distribution. Taken together, our
findings support that STAT1 cellular localization and forming clus-
ters are related to cell-cycle behavior; that is, the more active the
transcription is, the more STAT1 proteins translocate into the nuc-
leus and form more and larger clusters.

Discussion

STAT1, as a vital transcription factor responding to inflammatory
and growth-factor signals, has attracted widely attentions. Many
studies have reported its ability to regulate gene expression and par-
ticipate in many biologically important signaling systems. As tran-
scription usually happens in the interphase of the cell cycle, we
speculate that the cellular localization and nuclear translocation of
STAT1 may associate with the timing of transcription. Therefore, we
used a super-resolution fluorescence imaging technique-dSTORM to
investigate the nucleoplasm and cytoplasm distribution of STAT1 at
the different cell-cycle stage. Our work allowed the direct observation
of transcription factor at the single molecule level with the resolution
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of 20-30 nm, and revealed the relationship between STAT1 cellular
localization and cell cycle.

Through dSTORM imaging of STAT1 in the whole cell at the
different cell-cycle stage with or without EGF stimulation, we found
that the distribution and expression level of STAT1 during the cell
cycle substantially increased from G1 to G2 phase, and dramatically
dropped at the mitosis, and EGF induced the increase of STAT1
amount (Fig. 3a and 3c). Moreover, the nuclear accumulation of
STAT1 happened during the interphase and became obvious at G2
phase, while EGF promoted the nuclear import (Fig. 3b). The inter-
phase is a period during which transcription occurs, proteins are
produced and DNA is synthesized. Thus, transcription factors are
very active during this stage of the cell cycle, which probably leads to
the increase of STAT1 expression level. In the mitosis, the main task
is that one cell is divided into two daughter cells and chromosomes
are transmitted equally to the daughter cell. Transcription is consid-
ered to cease during the mitosis, which causes the dramatic reduction
in STAT1 amount.

Furthermore, the spatial clustering distribution of STAT1 during
the cell cycle by Ripley’s K-function analysis uncovers that STAT1
proteins can assemble into different sizes of clusters. The percentage
of STAT1 proteins in clusters increased with the cell cycle continu-
ing. In control groups, about 40% of STAT1 proteins formed clusters
at G1 phase and this value went up to ~60% at S phase and reached to
70% at G2 phase (Fig. 4h and 4i). Meanwhile, the clustering percent-
age in the nucleoplasm was larger than that in the cytoplasm at S and
G2 phase (Fig. 4j). After EGF stimulation, there was a sharp rise of the
clustering percentage and nuclear clustering was more obvious.
Besides, the change of the cluster number was also similar with that
of the clustering percentage and related to the cell cycle (Fig. 4e-g).
Cluster size was much larger at S and G2 phase as well, and the
average diameter of clusters in the nucleoplasm was larger than that
in the cytoplasm (Fig. 4b-d). Similarly, as transcription and protein
production occur during the interphase, these cell-cycle activities
promote STAT1 to form more and larger clusters, which may be
the oligomerization of STAT1 or the heterodimerization of STAT1
and other STATs. The clustering distribution shortens the distance
between STAT proteins, which may promote their interactions and
facilitate STAT1 rapid response to signals when required. Nuclear
import of STAT1 needs to be tyrosine phosphorylated, and then
phosphorylated STAT1 form dimers and bind to specific DNA tar-
gets. Thus, upon adding EGF in the cells, STAT1 clusters transloca-
tion to the nucleus is very noticeable.

In summary, we find that STAT1 can form various amount and
size of clusters in the nucleoplasm and cytoplasm at the different cell-
cycle stage, and our results suggest that the cellular localization
and distribution pattern of STAT1 is linked to the cell cycle.
Transcription and other relevant behavior may enhance the
STAT1 expression level and promote the forming of clusters, which
may endow STAT1 with stronger capability of transducing signals.
Our work lays a foundation for further exploring the mechanisms of
cell-cycle regulated STAT1 clustering distribution, and sheds light on
the development of new highly targeted means of treatment of
STAT-triggered diseases.

Methods

Cell culture. Hela cells were cultured in a 5% CO, humidified atmosphere at 37°C in
Dulbecco’s modified Eagle’s medium (Hyclone) supplemented with 10% fetal calf
serum (Biochrom AG, Germany), 100 U/ml penicillin and 100 pg/ml streptomycin
(Invitrogen). Cells were passaged every two or three days.

Cell synchronization. After Hela cells in the logarithm period were treated by

2.5 mmol/L thymidine (Sigma-Aldrich) for 16 hours, cells were washed twice by PBS
to remove TdR and cultured for 9 hours in DMEM. Then cells were treated by

2.5 mmol/L TdR again for 16 hours, washed twice by PBS and cultured for different
time in DMEM continually. At 3.5 h, 8.5 h, 10.5 h and 15 h, cells were collected and
stained with PI (Sigma-Aldrich), and then cell cycle was detected by flow cytometry.
70.3% S-phase cells, 84.0% G2-phase cells, 51.2% M-phase cells and 82.1% G1-phase
cells were obtained respectively, which showed good cell synchronization

(Supplementary Fig. S1). In each experiment, different phases of cells were cultured
for fixed time as mentioned above.

Plasmids and antibodies. Mammalian expression plasmids encoding wild-type
human STAT1 fused carboxy-terminally to green fluorescent protein (a gift from
Prof. Yue Qin) were used for living cell fluorescence imaging. Alexa647 goat anti-
mouse IgG (Invitrogen, A-21236) was used as a non-specific STAT1 antibody.
Western blot analyses were done with the following primary antibodies: anti-STAT 1o
p91 (a mouse monoclonal antibody epitope mapping between amino acids 613-739
of STAT1a p91 of human origin, from Santa Cruz, C-111) and anti-p-Actin mouse
monoclonal antibody (Transgen Biotech, #110813). Peroxidase-conjugated goat anti-
mouse IgG (Proteintech, SA00001-1) was used as the secondary antibody.

Cytokine treatment, cell fixation and permeabilization. Cells were seeded onto pre-
cleaned standard microscope slides. Activation of STAT1 was done by treating cells
with 50 ng/ml EGF (Peprotech) for 1 hour before collecting different phases of cells.
Then different phases of cells were fixed in 4% paraformaldehyde (PFA, Fisher) for
15 min at the room temperature at each time point, washed three times by PBS,
treated with 0.1% Triton X-100 (Roche) for 20 min or methanol (MeOH) for 1 min at
—20°C, and washed three times by PBS again. Finally, cells were stored in PBS at 4°C
in dark for use.

Staining and sample preparation. At first, anti-STAT 1o p91 antibodies were labeled
with Alexa647 (Invitrogen) in an appropriate concentration. 100 pl STAT1

(100 pg/ml) antibodies were stained by 2 pl Alexa647 (1 mg/ml, dissolved in DMSO)
and shook for 2 hours in dark at room temperature. After reacting completely, the
solution was filtered out by gel filtration using illustra NAP-5 columns (GE
Healthcare) to remove excess dyes. The Agso and A,go was read to determine that the
labeling ratio of Alexa647 and antibody was 0.7~1 dye/protein by absorption
spectroscopy assay. Appropriate fractions were pooled for use.

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 pl
Alexa647- conjugated STAT1 antibodies, as described above, for 40 min in dark at
room temperature. Then cells were incubated with 1:500 dilution of Hoechst33342
(Sigma-Aldrich) for 10 min, and washed out the staining solutions for three times
with PBS again.

Prior to imaging, cell samples were immersed in a STORM imaging buffer, con-
taining Tris (50 mM, pH 8.0), NaCl (10 mM), glucose (10% w/v), B -mercaptoeth-
anol (1% v/v; Sigma-Aldrich), glucose oxidase (500 pg/ml; Sigma-Aldrich), and
catalase (40 pg/ml; Sigma-Aldrich) in PBS, and mounted on pre-cleaned glass slides.

Microscopy setup and image acquisition. STORM imaging was performed on a
Nikon Ti-E microscope with a 100 X 1.49 NA TIRF lens (Nikon, Japan). Excitation
was provided by diode-pumped, solid-state lasers emitting at 640 nm. The imaging
laser had an output power in the 80 mW range, corresponding to a total irradiance of
approximately 30 mW at the sample. Diffraction-limited images were acquired prior
to dSTORM in wide-field illumination. The sample was firstly illuminated by 405 nm
laser to obtain a single image of the nucleus, and then was excited by 640 nm laser to
acquire the Alexa647 signal for imaging STAT1. 5,000-10,000 images were captured
for each cell with 40 ms internal per frame for the reconstruction of the super-
resolution image. The system was equipped with one dichromic filter which reflects
both 405 nm and 647 nm laser (Chroma Technology). In order to maximize spatial
registration of the sequentially collected fluorescence images from Alexa647 and
Hoechst33342, one dual-band emission filter which collects fluorescence at 420-
480 nm and at 655-870 nm (Chroma Technology) was used to avoid switching
fluorescence cubes. Fluorescent signals were collected via a cooled EMCCD camera
(Photometrics, Cascade II). Obtaining one single dSTORM image usually took less
than 7 minutes. During this short acquisition time, the z-drift was eliminated by a
focus lock, and TetraSpeck microspheres (Invitrogen) were embedded as fiducial
markers to correct the x-y drift of the sample and characterize the optical registration
for dual color imaging.

Image reconstruction. For imaging data analyses, we used a freely available plug-in
for Image ] named quickPALM*' to analyze raw images*>. Image TIFF stacks were
first preprocessed via background subtraction. For each frame, points corresponding
to single photoemission events were identified with a minimum SNR of 2-4. Then
fluorescence peaks were identified in each frame and fitted a least-squares fit with an
elliptical Gaussian function. Individual least-squares fit estimates were performed by
athreshold of the peak height and the peak widths in the two lateral dimensions. After
rejecting the poor fit and asymmetric point spread functions (PSFs), the coordinates
of detected molecules were determined by the centers of gravity of their PSFs. STORM
images were reconstructed as a density map using the precise localization data of
single fluorescent molecules. The reconstructed dSSTORM image of STAT1 within the
cell was overlapped with the single fluorescent image of the nucleus via Image-Pro
Plus 6.0 (Media Cybernetics, Inc.) to obtain the two-channel merging image.

To detect the resolution in our set-up instrument, single molecule localization
precision was measured”. Adequately diluted Alexa647 conjugated anti-STAT1
antibodies (about 10 nM) were added onto the prepared cell surface, incubated for
40 min, and imaged. From repetitively switching fluorophores, the localization pre-
cision was determined to be 30 nm for Alexa647-STAT1 antibody by measuring the
full-width at half-maximum (FWHM) of the localization distribution of individual
fluorophores (Supplementary Fig. S2). Meanwhile, the average number of localized
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spots in a single Alexa647-labeled STAT1 antibody was calculated, which was
29.6 = 5.4 (s.d.) (100 dyes analyzed).

Cluster analysis. To analyze the distribution of STAT1 in the whole cell, Ripley’s
K-function®*” was applied to characterize STATI clustering based on the
localization data established as described above. The examined region of 2 X 2 pm?®in
the reconstructed dSTORM image was selected. Ripley’s K-function was then
calculated as:

AL &
K=" > % m
i=1j=1j#i

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 d;; is the distance between
points the i-th and the j-th localizations. Here, if 6 is less than r, the value will be one,
otherwise J;; = 0. This essentially counts the number of other points encircled by
concentric rings centered on each point. The linear transformation of K(r), namely H-
function, was used to interpret the spatial randomness:

H(r)=L(r)7r=\/¥77 (2)

The amplitude of H(r) would be zero for particles with a random distribution, and
positive for clustering particles. Edge-effects were negated 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 a L(r) threshold. If the
percentage of points satisfying H(r) = 0 was 30%, the L(r) threshold was set at 30% of
the maximum L(r) value from the plot. 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.
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