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Functional inactivation of gene expression in mammalian cells is crucial for the study of the contribution of a protein of interest to various
pathways1 However, condltlonal knockdown of gene expression is required in cases when constitutive knockdown is not tolerated by cells

for a long period of time®®. Here we describe a protocol for preparation of cell lines allowing conditional knockdown of subunits of the ACF
chromatin remodellng factor. These cell lines facilitate the determination of the contribution of ACF to induction of cell death by the adenovirus
E4orf4 proteln Sequences encoding short hairpin RNAs for the Acf1 and SNF2h subunits of the ACF chromatin remodeling factor were cloned
next to a doxycycline-inducible promoter in a plasmid also containing a gene for the neomycin resistance gene. Neomycin-resistant cell clones
were selected in the presence of G418 and isolated. The resulting cell lines were induced by doxycycline treatment, and once Acf1 or SNF2h
expression levels were reduced, the cells were transfected with a plasmid encoding E4orf4 or an empty vector. To confirm the specific effect

of the shRNA constructs, Acf1 or SNF2h protein levels were restored to WT levels by cotransfection with a plasmid expressing Acf1 or SNF2h
which were rendered resistant to the shRNA by introduction of silent mutations. The ability of E4orf4 to induce cell death in the various samples
was determlned by a DAPI assay, in which the frequency of appearance of nuclei with apoptotic morphologies in the transfected cell population
was measured’

The protocol described here can be utilized for determination of the functional contribution of various proteins to induction of cell death by their
protein partners in cases when constitutive knockdown may be cell lethal.

Video Link

The video component of this article can be found at https://www.jove.com/video/4442/

Protocol

1. Generation of Inducible Cell Lines

1. Prior to the experiment one needs to find the minimal concentration of the drug G418 which kills all the cells used for preparation of the
desired cell lines. For this purpose, plate the cells of choice in several duplicate plates at 70% confluency in the medium that will be used
during the experiment and add increasing concentrations of G418 (0-1,000 ug per ml). Monitor the cells daily to determine the minimal G418
concentration that kills the cells efficiently. Cell death is observed within 3-7 days.

2. Prior to generation of cell lines it is recommended to verify by transient transfection assays that the plasmid expressing the shRNA can
reduce to some extent expression of the gene under study. This may be done in any cell line that can be efficiently transfected.

3. Plate T-REx-293 cells at a density of around 5x10° cells per 10 cm plate in 8 ml of DMEM medium (containing 10% Tet system approved
FBS, 2mM L-glutamine, 100 units per ml penicillin and 0.1 mg per ml streptomycin, 5 pyg per ml blasticidin). Incubate the plates overnight at
37 °C, 5% CO,.

4. On the following day, change the medium to 8 ml fresh medium prior to transfection.

5. Transfect the cells using 10 ug of pSuperior.neo+GFP plasmid (Figure 1) encoding Acf1 or SNF2h shRNA driven by a tetracycline-inducible
H1 promoter, as well as the neomycin-resistance gene fused to GFP and driven by a constitutive PGK promoter. Add the DNA to 500 pl of
150 mM NaCl. Add the jetPIE reagent to another aliquot of 500 ul of 150 mM NacCl at 2 pl per ug DNA. Add the jetPIE solution to the DNA
and mix well by vortexing. Incubate for 15 min at room temperature. Gently pipette DNA complexes onto the 10 cm plates containing 70-80%
confluent cells. Return the plates to the incubator.

6. The next day replace the medium with a selective medium (DMEM medium as described above containing an additional 500 pg per ml
G418).

7. For the next two weeks monitor the cells and replace the selective medium with a similar fresh medium every 3-4 days until colonies appear
and can be visualized without a microscope.

8. Prior to isolation of colonies, prepare 24-well plates with selective medium.
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9. Identify colonies by eye, and mark their location at the bottom of the plate using a colored marker. Verify under the microscope that the
colonies are well separated.

10. In the sterile hood, aspirate the medium from the plate, gently rinse with warm PBS and aspirate well all remaining liquid. Add 3 pl of 0.25 %
trypsin/EDTA to one colony on the plate. Pipette the trypsin repeatedly until the cells detach and add them to one of the wells in the 24-well
plate. Repeat this for several other colonies on the plate.

11. Grow the cells at 37 °C, 5% CO until they fill the well. Then split the cells derived from each of the original colonies into three wells, each in a
separate 12-well plate, and incubate overnight.

12. On the following day, replace the medium in one plate with medium containing 1 pg per ml doxycycline from a stock solution prepared in
double-distilled water (1-5 mg per ml). Replace the medium in a control plate with medium without doxycycline. Incubate the cells for 72 hr at
37 °C, 5% CO..

13. Harvest cells from one treated and one untreated well of each cell clone for preparation of protein extracts and Western blot analysis to
determine the efficiency of Acf1 or SNF2h knockdown. Use antibodies to Acf1 or SNF2h as well as antibodies to alpha-Tubulin, serving as a
loading control. Use the cells in the third well, left untreated, for expansion of selected cell clones in which doxycycline addition led to at least
50% reduction in the level of the protein under study. Freeze aliquots of these cells in 90% FBS, 10% DMSO for further use.

2. Induction of Knockdown and Transfection

1. Plate cells in the selective medium in 10 cm plates. Add doxycycline at 1 ug per ml to half the plates and incubate at 37°C, 5% CO,, for 48-72
hr (see Figure 4).

2. After 48-72 hr, trypsinize the cells from each group of cells, count them, and plate 1.5x10° cells per 6 cm plate in the same medium, with or
without doxycycline. Incubate the cells at 37°C, 5% CO, overnight. Plan so that each group of plates from section 2.1 will provide the cells for
twelve 6 cm plates, including two duplicates for the DAPI assay for each point as well as one plate for Western blot analysis of each sample
(see Figure 4).

3. On the following day transfect the cells in 6 cm plates with the following combinations of plasmids: 1 ug of an empty plasmid or an identical
quantity of the plasmid encoding E4orf4, together with 4 pg of a vector expressing Acf1-GFP or SNF2h-GFP rendered resistant to the shRNA
in the cell clones by introduction of silent mutations, or 3 ug of the corresponding empty vector and 1 ug plasmid expressing GFP (Figure 4).
Use the jetPIE reagent as described above (10 ul per 5 ug DNA) to prepare the transfection mix. For each sample, prepare a transfection mix
for three plates.

4. Following a 15 min incubation of DNA with the jetPIE reagent at room temperature, gently pipette equal amounts of DNA complexes from
each transfection mix onto three 6 cm plates and incubate at 37°C, 5% CO, overnight.

3. DAPI Assay in Transfected Cells

1. The next day, extract proteins from one plate per sample for Western blot analysis to determine that Acf1 or SNF2h have been efficiently
knocked down and that E4orf4 was expressed equally in the different samples.

2. Aspirate the medium from the plates intended for the DAPI assay, wash the plates gently with PBS and add 1 ml of 4% paraformaldehyde
prepared in PBS to cover the cells. Preparation of the paraformaldehyde solution and treatment of the cells with this chemical should be
carried out in a chemical hood. Incubate for 15 min at room temperature without shaking.

3. Aspirate the paraformaldehyde and wash three times with PBS, rocking at room temperature for 5 min each time. Add 80% ethanol kept at
-20 °C and incubate at -20 °C for at least 1 hr. The plates can be kept under ethanol at -20 °C for several days as long as they are sealed well
to prevent ethanol evaporation and drying.

4. Aspirate the ethanol and wash the cells twice with PBS and once with PBS-BT (PBS containing 0.5% BSA and 0.05% tween-20), rocking at
room temperature for 5 min each time.

5. To prevent non-specific antibody binding, block the cells in 1 ml PBS-BT buffer containing 10% goat serum for 20 min while rocking at room
temperature. Then wash the cells twice in PBS-BT, 5 min each wash.

6. Incubate the cells with the primary antibody (an E4orf4-specific antibody in our case) in 1 ml PBS-BT for 1 hr while rocking at room
temperature. Then wash twice in PBS-BT and once in PBS containing 0.1% BSA, 5 min each wash.

7. Incubate the cells in 1 ml of PBS-0.1% BSA containing the appropriate secondary fluorescently-labeled antibody and 0.5 pg per ml final
concentration of DAPI for 40 min while rocking at room temperature in the dark. Then wash with PBS for 5 min, dry well by aspiration and
keep the plates upside down for an additional hour to overnight to achieve complete drying. Then mount cover slides on the cells, using
Fluoromount-G solution. Keep plates at 4 °C in the dark until ready to count the apoptotic nuclei.

8. Ask a colleague to identify the various plates by new numbers, so counting apoptotic nuclei in the various samples can be done in an
unbiased way.

9. Visualize the cells under an upright fluorescent microscope at a magnification of 400X (in air) or 630X (in immersion oil). Identify transfected
cells which are stained for the various proteins expressed in each sample, and count the number of condensed or fragmented nuclei
visualized by DAPI staining within the transfected cell population. Monitor several fields and count a total of at least 200 transfected cells.

10. Calculate the percentage of nuclei with apoptotic morphology within the transfected cell population. Repeat the experiment, with duplicates,
2-3 times to calculate the statistical significance of changes between the various samples.

4. Representative Results

The efficiency of obtaining colonies in which conditional knockdown of gene expression has been successful is variable, depending on the gene
involved. In our hands, we obtained 7 successful colonies out of 12 tested for Acf1 and 6 out of 18 for SNF2h. Figure 2 shows a representative
plate of selected cell clones (Figure 2A) as well as a single colony (Figure 2B). Figure 3 shows a representative blot prepared with proteins
extracted from cells of various clones grown in the presence or absence of doxycycline for 72 hr. The blot was stained with antibodies to

SNF2h and to alpha-Tubulin, serving as a loading control. Two of the clones (number 4 and 5) showed a strong reduction in SNF2h levels upon
doxycycline induction. It should be noted that although the pSuperior.neo+GFP plasmid (Figure 1) used for generation of the cell lines encodes
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a neo-GFP fusion protein, the green fluorescence in the stable cell lines was very low and expression of other GFP fusion proteins introduced
transiently into these cells could be easily detected above the background green fluorescence.

A schematic representation of the experiments carried out in the cell clones to measure the effect of Acf1 or SNF2h knockdown on E4orf4-
induced cell death is shown in Figure 4. The time required for knockdown of gene expression by doxycycline treatment can vary depending on
the stability of the protein whose levels should be reduced. For Acf1 and SNF2h, a 72 hr treatment was required for efficient knockdown at the
protein level.

Figure 5 shows an example of cells expressing E4orf4 and GFP and undergoing cell death manifested by the appearance of DAPI-stained
nuclei with a condensed or fragmented morphology. Figure 6 shows the results of a representative experiment demonstrating that doxycycline-
induced Acf1 knockdown led to an increase in E4orf4-stimulated cell death (Figure 6A). This increase did not result from an increase in E4orf4
levels (Figure 6B). Furthermore, restoration of Acf1 to the doxycycline-induced cells diminished the increase in E4orf4 toxicity to the levels
observed in uninduced cells (Figure 6).
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Figure 1. Map of the pSuperior.neo+GFP plasmid. The map shows the tetracycline-inducible H1 promoter driving shRNA expression and the
PGK promoter driving expression of a neo-GFP fusion protein. The map was adapted from the OligoEngine pSuperior manual.
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Figure 2. Identification of neomycin-resistant colonies. Images of a plate containing colonies (A) and of a single colony (B) are shown. The
colonies were obtained by culturing the cells for 14 days in a selective medium containing neomycin.
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Figure 3. Examination of knockdown efficiency in selected colonies. Cells of several colonies selected in the presence of neomycin were
plated in duplicate wells. One well of each sample was induced by doxycycline (+) and one well was left untreated (-). Proteins were extracted
72 hr post-induction and chromatographed on SDS-PAGE. The Western blot was stained successively with antibodies to SNF2h and to alpha-
Tubulin (serving as a loading control) and shows SNF2h levels in induced and control cells.
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Figure 4. Planning a typical knockdown-DAPI assay experiment. Successive steps of the experiment are shown, including doxycycline
treatment to achieve Acf1 or SNF2h knockdown, a transfection to restore Acf1 or SNF2h expression or to introduce an empty vector and to
introduce E4orf4 or its corresponding empty vector into the cells, and analysis of the results. Doxycycline-treated plates are shown in red (Dox)
and control plates are marked in blue. Click here to view larger figure.

A B

Figure 5. Detection of E4orf4-induced cell death by the DAPI assay. Cells which underwent the various treatments described in Figure 4
were fixed and stained with E4orf4-specific antibodies and DAPI to visualize the nuclei of transfected cells. This specific picture was taken from
a sample containing E4orf4 and the control GFP protein. (A) GFP. (B) E4orf4. (C) DAPI. (D) Merged images. The white arrows mark GFP- and
E4orf4-transfected cells containing nuclei with apoptotic morphologies. Red arrows mark nuclei with irregular shapes which are not counted as
apoptotic nuclei. Asterisks mark mitotic nuclei or nuclei that have just divided.
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Figure 6. Acf1 knockdown enhances E4orf4-induced cell death. (A) Cells from the T-REx-293- derived cell line expressing Acf1-shRNA from
a tetracycline-inducible promoter were induced with doxycycline (+Dox) or left untreated (-Dox). Three days later, the cells were transfected with
plasmids expressing E4orf4 (+E4orf4) or an empty vector (-E4orf4) together with an empty vector or a plasmid expressing GFP-tagged Acf1,
which was rendered resistant to the shRNA by the introduction of silent mutations. The cells were fixed twenty-four hours after transfection and
stained with antibodies to E4orf4 and with DAPI. Induction of cell death was measured by the DAPI assay described above and the percentage
of transfected cells with condensed or fragmented nuclei was determined. A representative experiment with three replicates is shown, and

error bars represent the standard deviation. (B) Cells from parallel plates were harvested for Western blot analysis. The blot was stained with
antibodies to E4orf4, GFP, and Acf1. The endogenous Acf1 and Acf1-GFP are shown in two separate panels.

Knockdown of specific gene expression is an important approach to the investigation of the contribution of a protein to regulatory pathways.
Since constitutive knockdown of expression of essential genes negatively affects cell proliferation, their study may require either transient
introduction of siRNAs or application of stable conditional knockdown systems. Generation of stable cell lines with the capacity for drug-induced
expression of shRNAs described here, provides an advantage over transient transfections which may not be efficient in many cell lines, and
over the use of viruses that require repeated preparation and sometimes an additional short-term selection. The cell lines, once generated, do
not require additional preparation. Furthermore, in our hands, transient transfections of shRNA constructs were much less efficient in knocking
down gene expression compared with induction of sShRNA expression in the selected cell lines. It is recommended however to ascertain in
each experiment that the drug-induced knockdown remained efficient. A potential disadvantage of the use of stable cell lines for conditional
knockdown of gene expression is that they may have acquired additional changes during the selection process that could potentially affect
the outcome of experiments. However, to overcome this problem, one can carry out the experiment in two parallel cell lines or reverse the
knockdown effect by introduction of a plasmid expressing a shRNA-resistant WT protein. If the WT protein eliminates the effect of the shRNA,
then a clonal effect can be ruled out.

Classical, caspase-dependent apoptosis, can be assayed by numerous methods, including detection of caspase activation, annexin-V staining,
Tunnel staining, detection of a sub-G1 cell population by FACS, etc.”®. However, E4orf4 induces a non-classical, caspase-independent cell
death in many cell lines and several methods for apoptosis detection are not applicable for detection of this unique mode of cell death®"1"12,

It has been previously shown that the most typical morphologies associated with E4orf4-induced cell death include membrane blebbing,
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nuclear condensation or fragmentation, and cell detachment '3, Therefore we usually measure E4orf4-induced cell death by assaying nuclear
condensation and fragmentation, or cell loss.

When utilizing the DAPI assay, one should pay special attention to the following points: 1) To maintain optimal objectivity of the test, it is highly
recommended that the assay will be performed in a "blind fashion" so that the person who counts the number of cells containing nuclei with
apoptotic morphologies will not be aware of the sample identity. 2) It is recommended to maintain stringent criteria to identify nuclear apoptotic
morphologies which should not be confused with mitotic nuclei or nuclei with uneven morphologies (see Figure 5). Additional cell death assays
can also be employed as a read-out of the experiment, such as clonogenic cell survival assays".
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