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A. nanomedical treatment at the single cell level 
requires evaluation at the single cell level

B.  for evaluation purposes, does structure reveal function?
C.  the difficulty of anything but simple functional assays
D. the need for assays which at least show correlation

to functional activity

I.  Introduction and overview
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A. cell surface measures of protein expression on live, 
single cells

B. high-throughput flow cytometric screening of bioactive 
compounds 

C.challenges of measuring protein expression inside 
fixed, single cells

D.when location is important 2D or 3D imaging is required
to get spatial location of proteins inside cells

II.  Quantitative single cell measurements of one 
or more proteins per cell by flow and 

image/confocal cytometry
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A. attempts to measure "functional proteins" by detecting
phosphorylation

B. examples of phospho-specific, multiparameter 
flow cytometry

C.example of measuring single cell gene silencing 
by phosphor-specific flow cytometry

III. Quantitative multiparameter 
phospho-specific flow cytometry



5

III. B. example of phospho-specific, 
multiparameter flow cytometry

Source: Krutzik et al., 2004.
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Source: Krutzik et al., 2003

Advantages/Disadvantages of Phospho-Specific 
Flow Cytometry and traditional Western Blotting

Western Blotting
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Fig. 1. The advantages of single cell analysis. (A) In this hypothetical experiment, three samples are obtained that contain 
a protein of interest at 1, 10, or 50 copies per cell as indicated. The average number of protein molecules per cell is 1 for 
sample 1, and 5 for both samples 2 and 3. (B) When these cell populations are analyzed by Western blotting, samples 2
and 3 will show darker bands but will appear identical to one another. (C) When the samples are stained for the protein 
with fluorescently labeled antibodies and analyzed by flow cytometry, however, one can clearly see that sample 2 contains 
cells in two distinct populations that are equally represented, while in sample 3, only about 1 in 10 cells has an elevated 
level of protein. This kind of heterogeneity in the samples could be due to different cell types (i.e., immune cells), or 
because of all-or-none type signaling responses.

Source: Krutzik et al., 2003

Why single cell analysis is superior to 
bulk cell analyses
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Fig. 2. General phospho-protein staining technique for flow cytometry. (Step 1) A heterogeneous sample of cells is treated with two different stimuli, A and B 
(i.e., cytokines, growth factors, drugs, inhibitors), to induce distinct signaling cascades and phosphorylation of two target proteins. A third sample is treated with 
both stimuli simultaneously to induce phosphorylation of both proteins of interest. (Step 2) The cells are then fixed, permeabilized, and stained with fluorophore-
conjugated phospho-specific antibodies to the phosphorylated (and typically active) forms of the two proteins (surface markers can also be stained during this 
step with appropriate antibodies and fluorophore combinations). (Step 3) Finally, the cells are analyzed on a flow cytometer with two or more fluorescence 
channels. Because the antibodies bind only to the phosphorylated form of the proteins, an increase in fluorescence correlates with an increase in 
phosphorylation. Therefore, stimulus A produces an increase in red fluorescence because the red protein is phosphorylated. The combination of stimuli A and 
B induces phosphorylation of both proteins making the cells both green and red fluorescent. This technique can also be applied to patient samples to help 
characterize aberrant signaling events that occur during disease progression or determine the efficacy of signaling pathway-specific drugs in vivo. In this case, 
samples must be isolated from patients and immediately subjected to fixation and permeabilization conditions that will maintain phospho-epitope integrity.

Krutzik et al. (2004)

General phospho-protein staining technique for flow cytometry
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Fig. 4. Multidimensional analyses with phospho-specific flow cytometry. (A) Surface markers with phospho-epitope staining. 
Murine splenocytes were subjected to IFN-g stimulation (filled histograms) or left unstimulated (open histograms), then 
stained with B220, TCR-h, and CD11b to distinguish B cells (blue), T cells (red), and monocytes or dendritic cells (green), 
respectively. The cell types were simultaneously analyzed for induction of Stat1 and Stat5 phosphorylation with phospho-
specific antibodies. B cells and T cells showed clear Stat1 responses to IFN-g, but the CD11b-positive population was
heterogeneous in its response. Only minor inductions of phospho-Stat5 are seen.

Source:  Krutzik et al. (2004)

Multidimensional analyses with phospho-specific flow cytometry
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Fig. 4. Multidimensional analyses with phospho-specific flow cytometry. (B) Multiple kinases: U937 cells were treated with IFN-g, IL-4, and IL-6 in the 
combinations shown. The cells were then analyzed for pStat1, pStat3, and pStat6 simultaneously after fixation and permeabilization. The top panel 
shows histograms of each channel individually and clearly shows the expected induction of Stat1 with IFN-g, Stat3 with IL-6, and Stat6 with IL-4. When 
plotted in two dimensions (lower left panel), two samples appear coincidentally in the pStat1/pStat6 positive quadrant. However, when one analyzes 
these samples for pStat3, only the sample treated with IL-6 shows an induction. Therefore, samples that appear homogeneous within two dimensions 
can be separated clearly with simultaneous staining in three dimensions. Such correlations are not possible with Western blotting. The lower right panel 
is a representation of the data generated by a FACS analysis tool being developed in our laboratory. Each row represents a different stimulus, and 
each column represents a phospho-protein. The color of each block is indicative of the fold change in median fluorescence intensity in that channel. 
The data are easily visualized and compared without needing to plot all 15 samples. Larger screening experiments will require this form of analysis.

Source:  Krutzik et al. (2004)

Single cell measurements of multiple kinases by 
phospho-specific multiparameter flow cytometry

cytometry
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Some clinical applications of phospho-
specific flow cytometry
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Clinical applications of phospho-
specific flow cytometry

Source:  Krutzik et al. (2004)

Table 3 (continued): 
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III C. example of measuring single cell gene 
silencing by phospho-specific flow cytometry

Source: Chan et al., 2005

cytometry
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Source: Chan et al., 2005

FIG. 1. Detection of siRNA-mediated protein knockdown with flow cytometry, Western blotting, and immunofluorescence
microscopy. (A) Density plot of Jurkat T cells 48 h post-transfection with either a non-specific control or Lck-specific pool of 
siRNA. Forward scatter (FSC-H) is on the X-axis and intracellular Lck staining on the Y-axis. A representative gate 
circumscribing the Lcklo subpopulation is shown. Histograms of the corresponding cell populations for Lck are shown in the 
insets (green histograms). Red histogram plots represent background staining with purified rabbit gamma globulin.
These plots are representative of ten independent experiments.

Detection of siRNA-mediated protein 
knockdown with flow cytometry
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FIG. 1. Detection of siRNA-mediated protein knockdown with flow cytometry, Western blotting, and  immunofluorescence
microscopy. (B) Western immunoblot of two nonspecific control siRNA samples (lanes 1 and 2) and three Lck specific siRNA 
samples (lanes 3–5). Equal amount of protein was loaded in each lane. Samples were prepared from Jurkat cells 48 h post-
transfection. The blot was probed with the same Lck antibody used for flow cytometry. (C) Immunofluorescence images of 
Jurkat cells transfected with control siRNA or Lck siRNA. Transfected cells were fixed, permeabilized, and stained with the 
same Lck antibody used in flow cytometry. A FITC conjugated donkey anti-rabbit (DAR) antibody was used for secondary 
detection. Cells were also stained with DAPI to reveal the location of nuclei. White arrows point to two cells with diminished 
Lck staining. Top-left image represents background staining with nonspecific rabbit gamma globulin (RGG).

Source: Chan et al., 2005

Detection of siRNA-mediated protein 
knockdown with Western Immunoblots
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FIG. 2. Kinetics of siRNA-mediated effects over 6 days in Lck siRNA transfected Jurkat T cells. At the indicated time 
points, an aliquot of the transfected population was stained for intracellular Lck expression. The fraction of cells that were 
Lcklo (left Y-axis) was determined using the Overton cumulative subtraction algorithm (see Materials and Methods for 
details). The level of Lck expression in the Lcklo subpopulation relative to control siRNA transfected ‘‘wildtype’’ cells 
(right Y-axis) was estimated using Eq. (1) in Materials and Methods. Results shown are representative of three 
independent experiments.

Quantitative single cell measurements of 
kinetics of siRNA mediated effects on cells

Source: Chan et al., 2005
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FIG. 3. Simultaneous detection of siRNA-mediated protein down-regulation and functional responses 
to stimulation using multiparameter flow cytometry. Jurkat T cells were transfected with Lck siRNA 
and 48 h
later, stimulated with PHA-L at 5 lg/ml for 16 h in complete RPMI. Cells were then dually stained for 
CD69 up-regulation and Lck expression. Red histograms represent CD69 expression on either Lckhi
(left panel) or Lcklo (right panel) gated subpopulations. Blue histogram represents basal CD69 
staining on unstimulated Jurkat cells. MFI denotes mean fluorescent intensity. This experiment is 
representative of three independent experiments.

Source: Chan et al., 2005

Simultaneous detection of siRNA-mediated protein 
down-regulation and functional responses to stimulation 

using multiparameter flow cytometry. 

multiparameter flow cytometry. 
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FIG. 4. Phosphorylation states of signaling proteins in unstimulated and anti-CD3 stimulated Jurkat cells that were pre-
transfected with Lck siRNA. Forty eight hours after siRNA transfection, Jurkat cells were either left untreated or stimulated 
with an anti-CD3 antibody (10 lg/ml of HIT3a for 5 min at 37�C). After the stimulation, cells were immediately stained for 
Lck expression and phospho-ZAP70 (A) or phospho-p38 MAPK (B) levels. The Lckhi and Lcklo subpopulations were gated 
and their levels of phosphorylation of the indicated protein are shown as overlapping histogram plots. This experiment is 
representative of two independent experiments. 

Source: Chan et al., 2005

Measuring Phosphorylation States in Stimulated 
and Unstimulated Cells
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Gating behind the 
scenes on low or high 
expression of Lck
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FIG. 5. Surface CD4 and CD8 expression on CD31 PMBCs in correlation with intracellular Lck levels. 
PBMCs isolated from healthy volunteers were activated with anti-CD3/CD28 coated beads for 4 days, 
transfected with Lck siRNAs, and cultured in the presence of recombinant IL-2 for 48 h. The resulting
population was stained with antibodies to CD3, CD4 (A), or CD8 (B), and intracellular Lck. See text for 
experimental details. This experiment is representative of two independent experiments.

Source: Chan et al., 2005

Subset Analysis of Complex Populations 
Transfected With siRNA
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A.  Is gene expression at the single cell level really 
possible?

B.  Is it even useful to measure a single gene's changes?
C. Gene arrays must be of purified cell subpopulations
D. RNA amplification techniques to attempt to perform 

single cell gene arrays

IV.Quantitative measures of global gene
expression – the promises and the realities

Sources:  Szaniszlo et al., 2004.

Szaniszlo PhD Thesis 2007
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FIG. 5. Microarray analysis of purified CD34+ cord blood stem/progenitor cells. A: Flow cytometry scattergrams of CBMCs, MACS-purified CD34+ cord 
blood stem/progenitor cells, unsorted KG-1a cells, and MACS-sorted KG-1a cells. B: Affymetrix microarray images of the same four samples. Arrow 1 is 
pointing at a sequence expressed only in the first two samples. Arrow 2 is pointing at a sequence expressed only in CD34� cord blood stem/progenitor 
cells. D: Heat map of the same four samples. Samples and genes are ordered by Spotfire hierarchical clustering analysis based on normalized 
expression levels. Some groups of genes (a, b, and c) are differentially expressed in CD34� cord blood stem/progenitor cells.

Source: Szaniszlo et al. ,2004

Assessing global gene expression on purified cell subpopulations
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Table 1.1. Comparison of Affymetrix and spotted arrays

The two types of gene expression microarrays differ in many aspects (features in black), but 
most importantly they are both capable of analyzing the entire human genome, they both 
require microgram amounts of RNA and they both generate highly reproducible results 
(features in red)
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Figure 1.7. General principle of linear RNA amplification

Reverse transcription with oligo-dT primers only converts the poly-A tailed mRNAs into cDNA. The reverse transcription 
reaction is also used to label the cDNA with a T7 promoter sequence (T7 oligo dT-primer). In vitro transcription utilizing T7 
RNA polymerase is used to amplify each reverse transcribed sequence starting transcription at the T7 promoter 
sequence. The resulting product is single stranded, antisense RNA (aRNA or cRNA). This product can be used for a 
second round of amplification if necessary. (Adapted from www.ambion.com.)  Source: Szaniszlo PhD Thesis 2007.

http://www.ambion.com/
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Figure 3.1. Affymetrix microarray images of 
CEM and A2780 cells

Each small square represents the expression level of an individual gene sequence. Examples for 
gene sequences expressed only in one of the cell types marked with ovals 1 and 2. The sequence to 
the left in oval 1 is only expressed in A2780 cells, the sequence to the right in oval 2 is only expressed 
in CEM cells. A differentially expressed gene sequence with much higher expression level in A2780 
cells than in CEM cells is visible in square 3. (To visualize the raw image data of microarray analysis, 
corresponding segments of Affymetrix images were cropped, magnified and pseudo-colored using the 
Affymetrix Microarray Suite 5.0 software.) Source: Szaniszlo PhD Thesis 2007
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Figure 3.3. Affymetrix microarray 
images of CEM / A2780 cell mixtures

Corresponding segments of Affymetrix microarray images for seven samples with different 
CEM / A2780 cell ratios are displayed. Each small square within the images represents the 
expression level of an individual gene sequence. Examples for gene sequences expressed 
only in one of the cell types are marked with ovals 1 and 2. A differentially expressed gene 
sequence with much higher expression level in A2780 cells than in CEM cells is visible in 
square 3. As the CEM cell ratio decreases and the A2780 cell ratio increases a gene 
sequence in oval 1 appears and gradually strengthens. Oval 2 marks a gene sequence that 
disappears as the CEM cell ratio decreases despite the increasing A2780 cell ratio. The 
signal intensity for a gene sequence in square 3 gradually increases. Source: Szaniszlo 
PhD Thesis 2007
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Figure 3.8. Ratio effect of cell mixtures on individual gene expression 
levels – Moderately expressed genes in the presence of high background

Pure and mixed CEM and A2780 cell samples were processed and analyzed separately using Affymetrix GeneChip®
Human Genome U95Av2 array. Five individual genes with moderate expression levels (intensity range: 100-1,000) in 
CEM cells and high expression levels (intensity range: 3,000-12,000) in A2780 “background” cells were plotted 
throughout 7 samples with decreasing CEM cell ratios. Source: Szaniszlo PhD Thesis 2007

Samples: PS1=100% CEM; PS2=90% CEM+10% A2780; PS3=75% CEM+25% A2780; PS4=50% CEM+50% A2780; 
PS5=25% CEM+75% A2780; PS6=10% CEM+90% A2780; PS7=100% A2780

presence of high background
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Figure 3.9. Ratio effect of cell mixtures on individual gene expression 
levels – Moderately expressed genes in the presence of low 
background

Pure and mixed CEM and A2780 cell samples were processed and analyzed separately using Affymetrix GeneChip®
Human Genome U95Av2 array. Five individual genes with moderate expression levels (intensity range: 100-1,000) in 
CEM cells and very low expression levels (intensity range: 0-20) in A2780 “background” cells were plotted throughout 7 
samples with decreasing CEM cell ratios. Source: Szaniszlo PhD Thesis 2007

Samples: PS1=100% CEM; PS2=90% CEM+10% A2780; PS3=75% CEM+25% A2780; PS4=50% CEM+50% A2780; 
PS5=25% CEM+75% A2780; PS6=10% CEM+90% A2780; PS7=100% A2780

presence of low background
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Figure 6.7. Affymetrix array images of 
linear GEP amplification - CEM cells

The GEPs of 106 cells unamplified, 104 cells after one round, and a single 
cell after two rounds of T7 amplification were compared. Each small square 
represents the expression level of an individual gene sequence. To visualize 
the raw image data of microarray analysis, corresponding segments of 
Affymetrix images were cropped, magnified and pseudo-colored using the 
Affymetrix Microarray Suite 5.0 software. Even a single cell produced an 
analyzable GEP. The pattern of expressed genes was similar at each stage. 
Source: Szaniszlo PhD Thesis 2007
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Figure 6.8. Linear amplification is 
highly reproducible

Scatterplots of replicate samples after each T7 amplification round. 
High R2 values indicate high reproducibility. 

Source: Szaniszlo PhD Thesis 2007
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Figure 6.9. Linear RNA amplification 
distorts the GEP 

Scatterplots of the unamplified and amplified GEP of the same cell type. 
Both cell types suffered significant GEP distortion during amplification 
as indicated by the low R2 values. Unamplified samples: 106 cells, 
Amplified samples: 104 cells amplified by 1 round of T7 RNA 
amplification. Source: Szaniszlo PhD Thesis 2007
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Figure 6.10. Linear RNA amplification 
distorts the GEP in each round

Each amplification round is plotted individually and together. CEM and A2780 
cells suffered very similar GEP distortion. Lower R2 values correspond to 
lower correlation. Source: Szaniszlo PhD Thesis 2007
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Figure 6.11. Linear RNA amplification 
preserves differences between samples 

The GEPs of CEM and A2780 cells were plotted against each other after 
each round of T7 amplification. Similar R2 values indicate similar 
correlations between the two cell types after each round. The R2 value 
did not increase after amplification. 

Source: Szaniszlo PhD Thesis 2007
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Figure 6.12. Average gene expression 
levels after amplification

Average signal levels over background dropped rapidly during 
exponential amplification but remained stable during linear 
amplification. Ordinate: gene expression level above background in 
raw data units of the reader. Abscissa: level of amplification. 
Exponential: 0, 18, 24 PCR cycles; Linear: 0, 1, 2 rounds.

Source: Szaniszlo PhD Thesis 2007
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Figure 6.13. Linear amplification does not 
over-amplify absent genes

Amplified versus unamplified GEP scatterplots of genes that were absent in the 
unamplified samples (raw expression value below 50 on Affymetrix microarrays). 
Both in A2780 and CEM cells very few genes “emerge” as expressed genes (11 
out of 3309 genes in CEM cells and 23 out of 2866 genes in A2780 cells). 
Amplified samples went through one round of T7 RNA amplification.

Source: Szaniszlo PhD Thesis 2007
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