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Facilitates chromatin transcription (FACT) is a chromatin remodeling complex with two subunits: SSRP1 and SPT16.
Mechanisms controlling FACT levels are of interest, since the complex is not expressed in most differentiated cells, but is
frequently upregulated in cancer, particularly in poorly differentiated, aggressive tumors. Moreover, inhibition of FACT
expression or function in tumor cells interferes with their survival. Here we demonstrate that SSRP1 and SPT16 protein
levels decline upon induction of cellular differentiation or senescence in vitro and that similar declines in protein levels
for both SSRP1 and SPT16 occur upon RNAi-mediated knockdown of either SSRP1 or SPT16. The interdependence of
SSRP1 and SPT16 protein levels was found to be due to their association with SSRP1 and SPT16 mRNAs, which stabilizes
the proteins. In particular, presence of SSRP1 mRNA is critical for SPT16 protein stability. In addition, binding of SSRP1 and
SPT16 mRNAs to the FACT complex increases the stability and efficiency of translation of the mRNAs. These data support
a model in which the FACT complex is stable when SSRP1T mRNA is present, but quickly degrades when SSRP1T mRNA
levels drop. In the absence of FACT complex, SSRP1 and SPT16 mRNAs are unstable and inefficiently translated, making
reactivation of FACT function unlikely in normal cells. Thus, we have described a complex and unusual mode of regula-
tion controlling cellular FACT levels that results in amplified and stringent control of FACT activity. The FACT dependence

of tumor cells suggests that mechanisms controlling FACT levels could be targeted for anticancer therapy.

Introduction

Facilitates chromatin transcription (FACT) is a conserved het-
erodimeric complex of two protein subunits, Structure specific
recognition protein 1 (SSRP1) and suppressor of Ty 16 (SPT16).
FACT is involved in chromatin remodeling through nucleosome
stabilization, destabilization, and histone exchange (see ref. 1 for
review) and has been implicated in numerous biological processes
that encompass chromatin. FACT assists in transcription driven
by all three RNA polymerases," replication,*® recombination,’
DNA damage responses,”” and DNA methylation.'® With respect
to its role in regulation of gene expression, FACT is not a general
enhancer of transcription, but appears to be specifically required
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for expression of particular genes that have highly ordered chro-
matin structure and are induced under certain conditions rather
than constitutively expressed.''? Despite these intriguing func-
tions (and the possibility of additional functions that have yet
to be described), FACT has been primarily studied in single cell
models, such as yeast and cultured human tumor cells, and the
physiological roles of FACT in multicellular organisms remain
poorly understood.

A significant aspect of FACT’s activity in higher organ-
isms was revealed by our recent identification of FACT as the
molecular target of a novel class of small molecules (Curaxins)
with potent antitumor activity."® The importance of FACT for
tumor cells was confirmed by experiments showing that reduced
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expression of either SSRP1 or SPT16 (via RNAI) led to tumor
cell death” and by our finding that both SSRP1 and SPT16
are expressed at higher levels in tumor cells than in correspond-
ing normal cells and that FACT is expressed more frequently
in aggressive poorly differentiated tumors with low overall
survival."

Importantly, while FACT expression is critical in tumor cells,
it is not ubiquitously expressed in normal adult tissues of higher
organisms. Rather, we and others have shown that FACT expres-
sion is generally limited to stem-like or undifferentiated cells such
as germ cells, stem cells and progenitor cells in mammals and
undifferentiated cells in growing parts of plants.”"” Moreover,
Hertel et al. demonstrated that protein levels of both FACT
subunits decrease during senescence or differentiation of mouse
fibroblasts,'®! and we found that levels of SSRP1 and, even more
dramatically, SPT16, decline upon induction of in vitro differen-
tiation of mouse myoblasts into myotubes.'®

Given the very low or undetectable levels of expression of
both FACT subunits in normal adult tissues, FACT has strong
potential as a diagnostic/prognostic marker and therapeutic anti-
cancer target, particularly for poorly differentiated, aggressive
tumors.'®" To facilitate development of strategies for therapeu-
tic modulation of FACT, this study was aimed at characteriz-
ing the endogenous mechanisms that control cellular levels of
FACT. Our previous work revealed a strong positive correlation

between levels of SSRP1 and SPT16 on both the mRNA and
protein levels in different cells and tissues under different condi-
tions,'® suggesting that either their expression or stability is co-
regulated. Here, we demonstrate that in undifferentiated cells
both SSRP1 and SPT16 proteins are present and are extremely
stable; however, upon induction of in vitro differentiation or
upon RNAi-mediated knockdown of either subunit, protein lev-
els of both subunits decline. The interdependence of SSRP1 and
SPT16 protein levels was found to be due to their association
with SSRPI and SPT16 mRNAs, which stabilizes the proteins.
In particular, presence of SSRP1 mRNA is critical for SPT16
protein stability. In addition, binding of SSRP1 and SPT16
mRNAs to the FACT complex increases the stability and effi-
ciency of translation of the mRNAs. These data support a model
in which the FACT complex is stable while SSRP1 mRNA is
available but quickly degrades when SSRP1 mRNA levels drop.
In the absence of FACT complex, SSRP1 and SPT16 mRNAs
are unstable and inefficiently translated, making reactivation of
FACT function unlikely in normal cells. The observed inter-reg-
ulation of SSRP1 and SPT16 mRNA and protein levels creates
an effective means for prompt disruption of an otherwise very
stable complex in conditions when it is no longer required and,
moreover, provides a barrier against reformation of the complex,
which, based on its association with cancer, can be considered
“unwanted”.
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Figure 1. Levels of the FACT subunits SSRP1 and SPT16 decline upon induction of differentiation or senescence in vitro. (A) Western blot analysis of
SSRP1 and SPT16 protein levels in lysates of C2C12 cells collected before and after differentiation from myoblasts into myotubes. C2C12 myoblasts were
grown to high density and maintained for 2 d (day —2 to day 0). At day 0, differentiation was induced (see “Materials and Methods"). Myosin heavy chain
(MHC) was analyzed as a marker of myotube differentiation. (B) Western blot analysis of SSRP1, SPT16, and B-actin protein levels in lysates of BJ human
diploid fibroblasts collected at different times after induction of senescence via tamoxifen (TMX)-regulated expression of the H-rasV12 oncogene (see
Materials and Methods). (C) Western blot analysis of SSRP1, SPT16, and B-actin protein levels in lysates of WI38 cells collected at different times after
induction of senescence by addition of 1 mg/ml etoposide. (D) Quantitative RT-PCR (qRT-PCR) analysis of SSRP1 and SPT16 mRNA levels in WI38 treated
as in (C). mRNA levels are shown relative to the level at “time 0" (before addition of etoposide), which was set at 1.0. (E—F) Stability of SSRP1 and SPT16
mRNAs (E) and proteins (F) assessed using qRT-PCR and western blotting in cells with blocked transcription (E, actinomycin D, 100 ng/ml) or translation
(F, cycloheximide, 50 n.g/ml) for the indicated periods of time. SE and LE panels are correspondingly short and long expositions of the same membrane.

2424 Cell Cycle

Volume 12 Issue 15

. Do not distribute.

loscience

©2013 Landes B



Results

Protein and mRNA levels of SSRP1 and SPT16 subunits of
FACT are reduced upon induction of differentiation or senes-
cence, but with different kinetics
Analysis of multiple publicly available high-content gene expres-
sion data sets suggested that mRNA levels of SSRP1 and SPT16
decrease upon differentiation and senescence of mammalian
cells.® Here, we used three in vitro systems to model these pro-
cesses in vitro and directly measure accompanying changes in
SSRP1 and SPT16 mRNA and protein levels: (1) differentiation
of mouse C2C12 myoblast cells into myotubes, (2) senescence of
BJ human diploid fibroblasts via tamoxifen-regulated expression
of the H-ras12V oncogene, and (3) etoposide-induced senescence
of WI138 human diploid fibroblasts. In all three experimental sys-
tems, we observed that protein levels of SPT16 and SSRP1 both
decline upon induction of differentiation or senescence, but with
different kinetics (Fig. 1A—C). SPT16 protein levels undergo
rapid and dramatic reduction, while the reduction in SSRP1 pro-
tein levels is more modest and gradual (Fig. 1A—C). Interestingly,
however, levels of the two mRNAs respond in an opposite man-
ner, with SPT16 mRNA levels declining more slowly and less
dramatically than SSRP1 mRNA levels (Fig. 1D and data not
shown). We proposed that this unusual pattern might be due to
differences in the SSRP1 and SPT16 protein and mRNA half-
lives. However, measurement of these parameters showed that
both mRNA and protein half-lives were similar for SSRP1 and
SPT16. The intermediate half-life of both mRNAs was between
4 and 8 h (Fig. 1E). In contrast, the half-life of both proteins was
very long, more than 48 h (Fig. 1F), suggesting that SSRP1 and
SPT16 are very stable proteins.

These data indicate that the abrupt reduction in SPT16 pro-
tein level observed upon induction of differentiation or senescence
cannot be simply due to cessation of SPT16 gene expression. The
half-lives of the mRNA and protein suggest that SPT16 protein
levels should persist for a substantial amount of time even after
transcription of the gene is turned off and all existing mRNA has
decayed. Therefore, we hypothesized that a mechanism affecting
the stability of the SPT16 protein itself is involved in the loss of
FACT upon cellular differentiation/senescence.

The protein level of each FACT subunit depends on the
presence of the other subunit
In our previous work, RNA interference (RNAI) technology was
used to specifically knockdown (KD) each individual subunit
of FACT and demonstrate that FACT is essential for survival of
tumor cells.'” During the course of those studies, we noticed that
RNAi-mediated KD of SSRP1 or SPT16 led to reduction of not
only the subunit targeted by the si/shRNA but also the other
FACT complex subunit (Fig. 2). Thus, HeLa cells transduced
with either shSSRP1 constructs or shSPT16 constructs showed
reduced levels of both SSRP1 and SPT16 proteins, but not an
unrelated control protein (B-actin) (Fig. 2A). The responses
of SPT16 and SSRPI protein levels to anti-SSRP1 shRNA
(Fig. 2A, B, and D) were similar to those observed upon induc-
tion of differentiation and senescence (Fig. 1A—C): a sharp drop
for SPT16 and a more gradual decline for SSRP1. Coordinated
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reduction of SSRP1 and SPT16 protein levels was observed in
several different cell lines (Fig. 2A—C) with multiple different
anti-SSRP1 and anti-SPT16 shRNA constructs, thus indicating
that the observed effect was not due to “off-target” effects of shR-
NAs. In contrast to the effect of FACT subunits KD on protein
levels, levels of SSRP1 and SPT16 mRNAs were not reduced in
cells transduced with siRNA constructs targeting the opposite
subunit (Fig. 2D and E).

The finding that targeting of either SSRP1 or SPT16 on the
mRNA level leads to loss of both proteins suggested that the sta-
bility of the SSRP1 and SPT16 proteins may be dependent upon
the presence of the opposite subunit and FACT complex forma-
tion. To test this possibility, we measured the half-lives of SSRP1
and SPT16 proteins upon RNAi-induced KD of the opposite
subunit. Under these conditions, the half-life for both SSRP1 and
SPT16 was less than 10 h (as compared with >48 h without spe-
cific KD of either subunit) (Fig. 3A and B). The reduced stability
of SSRP1 and SPT16 proteins following KD of another subunit
appears to involve proteasome-mediated degradation, since bort-
ezomib, an inhibitor of proteasome activity, was found to have a
stabilizing effect on SPT16 and, to a lesser extent, SSRP1 pro-
teins in cells treated with shSSRP1 or shSPT16 correspondingly,
but not an irrelevant control shRNA (shGFP) (Fig. 3C).

Stability of FACT complex subunits depends on the pres-
ence of mRNA
The data described above suggested that loss of FACT expression
in vivo (e.g., upon induction of differentiation or senescence),
might be due to disruption of the FACT complex, leading to
reduced stability and enhanced degradation of both subunits,
with a particularly strong effect on SPT16. However, a model
in which SSRP1 and SPT16 protein levels depend solely upon
the opposite subunit protein cannot fully explain the effects of
SSRP1 KD: rapid degradation of SSRP1 mRNA accompanied
by gradual/moderate loss of SSRP1 protein, and paradoxically,
rapid/drastic loss of SPT16 protein (Fig. 2). In this experimental
system, the stability of SPT16 protein appears more closely tied
to the presence of SSRP1 mRNA than SSRP1 protein. Therefore,
we hypothesized that the stability of the SSRP1/SPT16 protein
complex depends on the presence of SSRP1 mRNA. To test this
hypothesis, we compared the half-lives of SSRP1 and SPT16 pro-
teins in untreated cells with normal endogenous mRNA content
and in cells depleted of mRNAs by treatment with the general
inhibitor of transcription, actinomycin D. We found that the
half-lives of both SSRP1 and SPT16 proteins were reduced under
conditions of mRNA depletion to less than 20 h (as compared
with more than 48 h in untreated cells) (Fig. 4). Inhibition of
RNA synthesis by actinomycin D had a stronger effect on FACT
subunit protein levels than inhibition of translation by cyclohex-
amide and reduced the half-lives of the proteins to nearly the
same extent as specific KD of either SSRP1 or SPT16.

The FACT complex contains SSRP1 and SPT16 mRNAs
Based on the data described above, we proposed that the SSRP1
and/or SPT16 mRNA might be a component of the FACT com-
plex and either facilitate interaction of the protein subunits or
maintain complex stability. To determine whether SSRP1 and/
or SPT16 mRNAs are present in the FACT complex in vivo,
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Figure 2. Interdependence of SSRP1 and SPT16 levels: RNAi-mediated knockdown (KD) of either SSRP1 or SPT16 leads to reduced levels of both proteins.
(A-C) Western blot analysis of SSRP1, SPT16, and B-actin protein levels in lysates of cells with KD of SSRP1 or SPT16: (A) HeLa cells transduced with lentivi-
ral shRNA constructs targeting SSRP1 (three different shRNAs), SPT16 (two different shRNAs), or GFP (control) followed by puromycin selection; (B) HeLa
and HT1080 cells transduced with a lentiviral tet-on regulated shRNA construct targeting SSRP1 and treated with doxycycline (Dox) for the indicated
periods of time; (C) MCF10A, MCF7 and MBA-MB-231 cells transduced with lentiviral sShRNA constructs targeting SSRP1 (#3), SPT16 (#2), or GFP (control)
followed by puromycin selection as in (A). (D and E) SSRP1 and SPT16 protein levels are reduced earlier than their corresponding mRNAs upon siRNA-
mediated KD of the opposite subunit. (D) RT-PCR (upper three panels) and western blot analysis (lower 3 panels) of SPT16 and SSRP1T mRNA and protein
levels, respectively, in HT1080 cells at the indicated times after transfection of control siRNA, siSSRP1, or siSPT16. (E) Levels of SSRP1 and SPT16 mRNA
were measured in Hela cells at different time points after transfection of the indicated siRNAs using qPCR. Mean of 3 replicates +/— standard deviation.

we performed an RNA immunoprecipitation (RIP) experiment
in HeLa cells. FACT complexes were immunoprecipitated from
HeLa cell lysates using anti-SSRP1 antibody, and RNA that copre-
cipitated with the complexes was isolated and used as the template
for RT-PCR with primers specific for SSRP1, SPT16, or control
mRNAs. Since FACT is known to be involved in transcription
and might, therefore, bind non-specifically to newly synthesized
RNAs, we did not include a crosslinking step before immunopre-
cipitation (normally used to stabilize nucleic acid-protein binding).
This experiment revealed that both SSRP1 and SPT16 mRNAs
were present in FACT complexes immunoprecipitated with anti-
SSRP1, while 18S rRNA and IL-8 mRNA (used as controls) were
not (Fig. 5A). Presence of the SSRP1 and SPT16 mRNAs in the
immunoprecipitates was not due to isolation of polypeptide chains
bound to ribosome-RNA complexes in the process of translation,
since SSRP1 and SPT16 mRNAs also co-precipitated with FACT
when nuclear extracts depleted of ribosome-RNA complexes were
used instead of total cell lysates (Fig. 5B).

SSRP1 mRNA present in the FACT complex is needed to
maintain stability of the SSRP1 and SPT16 protein subunits in
the intracellular environment
Presence of the SSRP1 and SPT16 mRNAs in FACT complexes
suggested that they might play a functional role in promoting
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interaction of the SSRP1 and SPT16 protein subunits and/or in
preserving stability of the complex. To test these possibilities,
we first used RNAI to deplete SSRP1 or SPT16 from cells and
examined interaction of SSRP1 and SPT16 proteins by immuno-
precipitation. If RNA is needed for the binding of two subunits,
then we may observe presence of unbound subunits shortly after
RNA depletion, while if RNA helps stabilization of the complex,
we will observe parallel reduction of both subunits in the com-
plex. We observe parallel reduction of both subunits protein lev-
els and no unbound subunit up to 48 h after siRNA transfection,
suggesting that complex formation between SSRP1 and SPT16
proteins was not affected by RNAi-mediated depletion of either
SSRP1 or SPT16 mRNA (Fig. 6A and B). These results indi-
cate that neither FACT subunit mRNA is required for formation
of a complex between the SSRP1 and SPT16 proteins, which is
consistent with demonstration of SSRP1-SPT16 protein-protein
binding in the absence of mRNAs in previous in vitro FACT
complex reconstitution experiments.>?**' Thus, we propose that
SSRP1 mRNA is needed to maintain stability of the protein sub-
units of the complex in the cellular environment.

To test this possibility, we evaluated the relative importance of
SPT16 protein binding to SSRP1 mRNA vs. SSRP1 protein for
stability of the SPT16 protein. This was done by creating a set of
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Figure 3. Stability of the SSRP1 and SPT16 proteins is reduced when expression of mRNA is inhibited via RNAI. (A) Western blot analysis of SPT16, SSRP1,
B-actin and p53 protein levels in Hela cells transduced with shRNAs targeting SPT16, SSRP1 or GFP using cell lysates prepared at the indicated times
after addition of 50 pg/ml cycloheximide (CHX). B-actin and p53 were evaluated as examples of proteins with long and short half-lives, respectively. (B)
Quantitation of data shown in (A) corresponding to SPT16, and SSRP1 proteins normalized to the intensity of B-actin bands. Normalized intensities of
bands at “time 0” were set at 1.0. (C) Western blot analysis of SPT16, SSRP1, and 3-actin protein levels in HeLa cells transfected with siRNA against GFP,

SSRP1, or SPT16 and treated with 100 nM bortezomib (Btz) for 4 h.
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Figure 4. Stability of SPT16 and SSRP1 proteins is reduced under conditions of mMRNA depletion. (A) Lysates were prepared from Hela cells treated with
100 ng/ml actinomycin D (ActD) or 50 .g/ml cyclohexamide (CHX) for the amount of time indicated above each lane and analyzed by western blotting
with antibodies against SPT16, SSRP1, or B-actin. (B) Quantitation of the intensities of the bands in (A) corresponding to SPT16 and SSRP1 proteins nor-
malized using the intensity of B-actin bands. The normalized intensity at “time 0” was set at 1.0.
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Figure 5. The FACT complex contains SSRP1 and SPT16 mRNAs. HeLa cell lysates were used for immunoprecipitation (IP) with anti-SSRP1 or IgG (non-
specific isotype-matched control) antibodies. RNA isolated from the immunoprecipitated complexes was used as the template for RT-PCR with primer
sets specific for SSRP1, SPT16, or IL-8 mRNAs or 18s rRNA. (A) Total cell extracts were used for immunoprecipitation. (B) Nuclear cell extracts were used
for immunoprecipitation. In (B), “no-template” controls (first lane in each set of three) and two different sets of SPT16 primers (SPT16-1and SPT16-2)
were used. *Indicates the position of the primers on the gel. Note that an18S product was detected with both anti-SSRP1- and IgG-immunoprecipitated

GFP-tagged SSRP1 constructs differing in the ability to bind to
SPT16 protein due to the presence of GFP on either C- or N ter-
mini. HeLa cells were transduced with these different constructs
and, 48 h later, used in immunoprecipitation assays to assess
SSRP1-SPT16 protein-protein binding (Fig. 6C). In addition,
GFP-positive transduced cells were sorted and expanded to allow
evaluation of the effect of the overexpressed SSRP1 constructs
on endogenous SPT16 protein levels (Fig. 6D). Like wild-type
SSRP1, recombinant GFP-tagged at the C terminus (“C-GFP-
SSRPY”) full-length SSRP1 can bind to SPT16 protein because the
N-terminal SPT16-binding domain of SSRP1 is preserved (refs. 22
and 23 and Fig. 6C). In contrast, the SPT16-binding activity
of this domain is eliminated in recombinant full-length SSRP
tagged with GFP at the N terminus (“N-GFP-SSRP1”) (Fig. 6C).
Despite this difference in SPT16 binding, transduction of either
tagged construct into HelLa cells resulted in a similar increase in
SPT16 protein levels (Fig. 6D). This result indicates that the posi-
tive effect of SSRP1 expression on protein levels of SPT16 does
not involve binding between the SSRP1 and SPT16 proteins.

To directly test the hypothesis that SSRP1 mRNA, not SSRP1
protein, stabilizes SPT16 protein, we created a construct direct-
ing expression of a mutant SSRP1 mRNA that cannot be trans-
lated. To achieve this, we modified the full-length SSRP1 mRNA
to include a stop codon immediately after the codon for the first
methionine of the SSRP1 protein. The mRNA for this mutant is
identical to the wild-type SSRP1 mRNA except for the presence
of the introduced stop codon but does not produce any protein.
When we expressed this SSRP1 mutant into cells, we observed an
increase in endogenous SPT16 protein levels similar to that seen
in cells transduced with a wild-type SSRP1 expression vector
(Fig. 6E). This result unequivocally demonstrates that presence
of SSRP1 mRNA is, in itself (without SSRP1 protein), sufficient
to stabilize the SPT16 protein.

The stability of SSRP1 and SPT16 mRNAs is enhanced in
the presence of FACT complex proteins
Having demonstrated that SSRP1 and SPT16 mRNAs bind to
the FACT complex and enhance stability of its protein com-
ponents, we next investigated whether this association has any
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effect on the mRNAs themselves. The most likely mechanism by
which a nuclear protein complex could affect an mRNA would
be through protection of the mRNA from degradation in the
nucleus. Although there was no reduction in SSRP1 or SPT16
mRNA levels at short time points (0-48 h) after transfection
of siRNAs targeting the opposite subunit (Fig. 2D and E), we
designed an experiment to test this at later time points. Cells were
transduced with shRNAs targeting SSRP1, SPT16, or GFP (con-
trol) and selected in puromycin for 3 d. In these cells, in contrast
to cells transiently transfected with siRNAs, we observed reduced
levels of SPT16 mRNA following SSRP1 KD and reduced levels
of SSRP1 mRNA following SPT16 KD by RT-PCR, quantitative
RT-PCR (q-RT-PCR) and northern hybridization (Fig. 7A-C).
While statistically significant, these reductions in mRNA levels
were more modest than changes observed in protein levels (SPT16
and SSRP1 mRNA levels were reduced ~60% and ~40%, respec-
tively in cells with KD of the opposite subunit (Fig. 7C). To
determine whether the observed reductions in mRNA levels were
due to reduced transcription or enhanced mRNA degradation,
we treated shRNA-transduced/puromycin-selected cells with
actinomycin D to block transcription and then measured SSRP1
and SPT16 mRNA levels at different time points by norwthern
hybridization. In control (shGFP-expressing) cells, the halflife
of both SSRP1 and SPT16 mRNAs was between 4 and 8 h, but
in shSSRP1-expressing cells, the half-life for SPT16 mRNA was
reduced to between 2 and 4 h. The halflife of SSRP1 mRNA
was not changed upon expression of shSPT16, which is consistent
with the generally lesser impact of SPT16 on SSRP1 as compared
with the effect of SSRP1 on SPT16 (Fig. 7D).

If the half-life of an mRNA is reduced, we should also observe
reduction in this mRNA translation. Translation of SPT16 and
SSRP1 mRNAs was monitored using ¥S metabolic labeling of
cells followed by immunoprecipitation. This was compared in
HeLa cells transfected with control siRNA (i.e., expressing nor-
mal levels of endogenous FACT) or with siRNAs targeting either
SSRP1 or SPT16 to deplete the total amount of FACT complex
present in the cells. We found that translation of SPT16 was sup-
pressed if the total amount of FACT complex was reduced via
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Figure 6. The stabilizing effect of SSRP1T mRNA on SPT16 protein lev-
els does not require direct interaction of the two proteins. (A and B)
Reduction of mRNAs of SSRP1 and SPT16 leads to stoichiometric reduc-
tion of both proteins in the complex. (A) Western blotting of immuno-
precipitates of SSRP1 and SPT16 or control IgG in Hela cells transfected
with the indicated siRNAs. (B) Quantitation of data shown in (A). Band
intensities of SSRP1 and SPT16 in control siRNA-transfected cells immu-
noprecipitated with anti-SSRP1 antibodies were set as 1.0. (C) HeLa cells
were transfected with the empty EGFP fusion vector (no protein fused to
EGFP, EV), or with constructs producing SSRP1 with EGFP fused to either
its N or C terminus (N and C, respectively). At 48 h after transfection,
extracts of the cells were used for immunoprecipitation with either GFP
or SSRP1 antibodies. Immunoprecipitates were immunoblotted with
antibodies, shown on the right. GFP-C-term-SSRP1 was not immunopre-
cipitated with anti-GFP antibodies (in multiple experiments), although
it was precipitated with antiSSRP1. GFP is also visible in these cells.
(D) Populations of HeLa cells transduced with the constructs indicated at
the top of the figure were expanded and sorted for GFP expression. After
establishing and expanding ~100% GFP-positive cell populations (~2
wk), cell extracts were analyzed by western blotting to assess expression
of exogenous SSRP1 variants and associated changes in SPT16 protein
levels. Note that it was difficult to obtain a stable cell population overex-
pressing SSRP1 constructs, including wild-type SSRP1 (see “Discussion”).
However, in all cases in which SSRP1 protein expression was increased
after cell expansion, SPT16 protein levels were found to be increased as
well. (E) Overexpression of a mutant SSRP1T mRNA that cannot be trans-
lated leads to increased SPT16 protein levels. WI38 cells were transduced
with either an empty expression vector (vector), or vectors directing
expression of the wild-type SSRP1T mRNA (wt) or a mutant SSRP1T mRNA
with a stop codon inserted after the first methionine (nt). After puromy-
cin selection and expansion of transduced cells, total cell extracts were
analyzed by western blotting with the indicated antibodies.

siRNA-mediated KD (Fig. 7E). The effect of SPT16 siRNA on
SSRP1 translation was not obvious (similar to control SSRP1
band of slightly lower molecular weight appeared in this case
as seen in Fig. 7E, insets). These results indicate that SPT16
mRNA is more stable and more readily translated in the presence
of FACT complex (i.e., under conditions of association of the

SSRP1 and SPT16 mRNAs with the complex).

Discussion

The results of this study provide new information regarding the
molecular mechanisms that regulate FACT levels in cells, which
is the most basic level of control for FACT activity. The previ-
ously described tissue-, differentiation state-, and tumor-related
differences in FACT subunit (SSRP1 and SPT16) levels'®!41
suggest that tight regulation of the complex is likely important
for development and health of multicellular organisms. Indeed,
FACT has been identified as a prospective target for anticancer
treatment'? and prognostic marker of aggressive cancers.' An
improved understanding of endogenous mechanisms controlling
FACT levels may enable rational design of strategies for inhibi-
tion of FACT as a cancer therapy.

Most functional and biochemical studies of FACT suggest
that its two subunits, SSRP1 and SPT16, act as a single chro-
matin remodeling complex to regulate various nuclear processes,
including transcription and replication.>****? QOur studies of
SSRP1 and SPT16 mRNA and protein expression also support
the notion that the two subunits act as a single unit: levels of the 2
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subunits were found to be highly concordant on both the mRNA
16

SPT16
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and protein levels in different cells, tissues, and conditions.
The work reported here shows that this concordance derives
from complex reciprocal regulation between SSRP1 and SPT16
mRNAs and proteins.

FACT subunit co-regulation was first indicated by our finding
that RNAi-mediated knockdown (KD) of SSRP1 led not only to
the expected decreases in SSRP1 mRNA and protein, but also
to a dramatic decrease in SPT16 protein levels. SPT16 KD had
a similar, although consistently weaker and more gradual, effect
on SSRP1 protein levels (Fig. 2). The most obvious explanation
for these results was that the stability of each subunit protein
depends on presence of the other, and, therefore, reduced expres-
sion of one via RNAI leads to a decrease in the other. However,
this hypothesis was in conflict with the observation that both
SSRP1 and SPT16 proteins are extremely stable (Fig. 1F). To
explain why an otherwise stable complex disappears rapidly upon
reduction of mRNA levels of one of the subunits, we proposed
that the mRNA itself plays a role in stabilization of the complex
(i.e., the subunit proteins).
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Figure 7. Stability and translation of SSRP1 and SPT16 mRNAs depends on the presence of the FACT complex. (A-C) Cells were transduced with lentiviral
vectors directing expression of the indicated shRNAs and used for the experiments at the indicated times after a short selection with puromycin (3 d).
(A) RT-PCR of total RNA from HT1080 cells. (B) Northern hybridization of total RNA from HeLa cells. (C) Quantitative RT-PCR of total RNA from Hela cells.
(D) Northern blot hybridization of total RNA obtained from HelLa cells transduced with the indicated shRNAs at different time points after the start of
treatment with actinomycin D (100 ng/ml). (E) HeLa cells were transfected with control siRNA targeting GFP, SSRP1, or SPT16 and, 48 h later, incubated
for 2 h with **S-labeled methionine. Cells were then lysed and used forimmunoprecipitation (IP) with anti-SSRP1, anti-SPT16, or control (IgG) antibodies.

Involvement of an mRNA in stabilization of a protein or pro-
tein complex is not a widely observed mode of protein regula-
tion; indeed, stabilization of mMRNAs by proteins is a much more
common phenomenon. Nevertheless, there are several published
reports demonstrating that binding of an mRNA to a protein
alters protein function or stability. For example, the noncoding
5S rRNA was shown to play a critical role in regulating Mdmx
protein stability?® and, in another study, the p53 mRNA was
shown to promote stability of the p53 protein through interac-
tion with the p53 negative regulator, Mdm?2 protein.”

In this study, we used a number of complementary approaches
to test the somewhat unorthodox hypothesis that FACT subunit
mRNAs play a role in stability of FACT subunit proteins, and
all of the obtained results support the hypothesis. First, using
Actinomycin D to block transcription, protein half-life analysis
showed that the stability of SSRP1 and SPT16 proteins is depen-
dent upon the presence of RNA (Fig. 4). Second, immunopre-
cipitation experiments demonstrated specific physical association
of SSRP1 and SPT16 mRNAs (but not unrelated RNAs) with
FACT complex subunits in living cells (Fig. 5). Third, compari-
son of the effects of SSRP1 variants either able or unable to bind
SPT16 on SPT16 protein levels confirmed that interaction of
SSRP1 and SPT16 proteins does not affect SPT16 protein stabil-
ity (Fig. 6C and D). Finally, the most direct experiment showed
that overexpression of an SSRP1 variant containing a stop codon
after the first methionine (thus, producing SSRP1 mRNA but
no protein) was just as effective as wild-type SSRP1 in inducing
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increased SPT16 protein levels (Fig. 6E). Taken together, these
results establish that the mRNAs of both FACT subunits are
components of the FACT complex, and that stability of FACT
subunit proteins is dependent upon their interactions with the
mRNAs, not the corresponding proteins.

In all of our experiments, the effect of SSRP1 presence on
SPT16 protein levels was notably stronger than the effect of
SPT16 on SSRP1 protein levels. In the model of SSRP1-SPT16
co-regulation built from our data (Fig. 8), this identifies SSRP1
mRNA expression as the key driver of the mechanism that con-
trols levels of both FACT subunits. This role for SSRP1 mRNA
is supported by findings from our previous analysis of FACT
elevation in the process of in vitro transformation: while both
SSRP1 and SPT16 were found to be elevated in transformed cells
on protein levels, only the mRNA of SSRP1 was increased." In
line with this is the much higher frequency of SSRP1 mRNA
elevation in multiple human tumors as compared with SPT16
mRNA." Therefore, a critical next step in this area will be to
characterize the promoter of SSRP1 and determine mechanisms
controlling transcription of SSRP1 mRNA.

Through analysis of FACT expression in normal tissues, we
established that FACT is expressed at very high levels during
embryonic development and in undifferentiated progenitor and
stem cells of adult organisms.'® We and others also observed that
levels of FACT subunits (particularly SPT16) are quickly and
effectively reduced upon induction of differentiation.”" In the-
ory, rapid and complete elimination of the activity of a complex
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can occur if the complex subunits are unstable and regulated
at the level of transcription: transcription termination will be
quickly followed by degradation of the proteins. However, if such
a hypothetical complex is in high demand during a particular
stage of development, expression of high levels of unstable protein
subunits would be extremely energy consuming. On the other
hand, if a complex is very stable, its production might require
less energy, but its activity could not be effectively turned off in
a rapid manner simply by halting transcription. Our proposed
model for regulation of the FACT complex solves the problem of
how to minimize energy consumption required for protein pro-
duction while ensuring that protein levels (and, therefore, activ-
ity) can be quickly and effectively reduced. The FACT complex
is very stable, but only in the presence of FACT subunit mRNAs.
When transcription of the mRNAs is reduced, the stability of
the protein complex is significantly reduced, and its levels drop
rapidly (Fig. 8).

While presence of SSRP1 and SPT16 mRNAs in the FACT
complex is beneficial for the stability of the proteins in the com-
plex, the association also has a beneficial effect on the mRNAs
themselves. Presence of FACT proteins enhances the stability
and efficacy of translation of the mRNAs (Fig. 7). This sug-
gests that when FACT protein levels are low, new FACT complex

formation may be hindered due to rapid degradation of FACT
mRNAs. This aspect of our model of FACT regulation is sup-
ported indirectly by the difficulties we experienced in trying to
obtain stable ectopic overexpression of FACT subunits in cells:
only a few of our attempts were successful. Limitation of FACT
mRNA translation in the absence of FACT proteins may provide
an extra “security measure” to ensure that FACT activity remains
off when it is not needed (i.e., in normal differentiated cells of
adult tissues). The likely importance of this mode of regulation
is underscored by the association of FACT re-expression with
tumorigenesis.

Our data indicate that the two FACT subunits are expressed
and maintained in cells only in concert and as a complex.
However, separate functions for the two subunits are described
in two publications. The first study analyzed global gene expres-
sion profiles in lung adenocarcinoma cells upon inhibition of
either SSRP1 or SPT16 expression using shRNA, and found that
there is a set of genes that are differentially dependent on either
SSRP1 or SPT16 expression.'? The second paper demonstrated
that SSRP1, but not SPT16, is involved in regulating spindle for-
mation during mitosis.? It should be noted, however, that neither
of these studies unequivocally established that FACT subunits
act independently. The results of the first study might be due to

FACT mRNAs are protected from degradation by FACT
protein complex, FACT proteins are protected from
degradation by FACT mRNAs
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Figure 8. Proposed scheme of the regulation of FACT complex subunits in mammalian cells (see “Discussion” for details).
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differences in the degree of downregulation of target genes or
off-target effects of the shRNAs. The second study, although it
did show that only SSRP1 function is needed for proper spindle
formation, did not exclude the passive presence of the SPT16
subunit. Neither study evaluated the effect of KD of one FACT
subunit on the protein level of the other subunit; however, our
own testing of the cells used in these studies showed that they
displayed co-regulation similar to all other cells we have tested
(data not shown). Therefore, whether only one (as claimed by the
reports) or both (as predicted from our results) FACT subunits
were actually “targeted” in these studies is unclear.

In summary, we have identified a complex and unusual mech-
anism of regulation of cellular FACT complex levels that involves
interactions of SSRP1 and SPT16 mRNAs and proteins. This
mechanism of inter-regulation leads to rapid and effective down-
regulation of FACT protein levels when FACT mRNA levels
decline and provides a “safety mechanism” that hinders produc-
tion of new FACT subunit proteins when FACT complex levels
are low. Our identification of these aspects of FACT regulation
will guide future studies including those aimed at mapping inter-
acting sites of the FACT mRNAs and proteins, and determining
how expression of SPT16 mRNA and SSRP1 mRNA (the key
controller) is regulated, how normal FACT regulatory mecha-
nisms are disrupted in tumor cells, and how FACT can best be
targeted for treatment of cancer.

Materials and Methods

Reagents
Etoposide, actinomycin D, cycloheximide, and tamoxifen were
purchased from Sigma Aldrich Corp. Bortezomib was obtained
from LC Laboratories.

Cell lines
HeLa, HT1080, Wi38, MCF7, MCF10A, and MDA-MB231
cell lines were purchased from ATCC and maintained accord-
ing to instructions from ATCC. C2Cl2 mouse myoblasts
were kindly provided by Dr Asoke Mal (Roswell Park Cancer
Institute). C2C12 cells were maintained for 48 h before differen-
tiation in DMEM supplemented with 20% FBS; differentiation
was induced by changing the medium to DMEM contain-
ing 2% horse serum (Invitrogen, Life Science Technologies).
Primary human BJ fibroblasts expressing 4-OH-tamoxifen
(4-OHT)-inducible oncogenic H-RasV12 (BJ-RasV12ER cells)
were obtained from Dr Reuven Agami (The Netherlands Cancer
Institute).

Vectors and expression constructs
Mission shRNA lentiviral vectors were purchased from
Aldrich ~ Corp
science/functional-genomics-and-rnai/shrna/shrna-search-
and-order.html) and included: shControl-shRNA against
GFP; shRNAs against SSRP1: shSSRP1-2 (#2 in Fig. 2A);
SHGLYC-TRCN0000019270, shSSRP1-4 (#1 in Fig. 2A);
SHGLYC-TRCN0000019272 and shSSRP1-5 (#3 in Fig. 2A);
SHGLYC-TRCN0000019273; and shRNAs against SPT16:
shSPT16-3 (#2 in Fig. 2A); SHGLYC-TRCN0000001259;
and shSPT16-4 (#1 in Fig. 2A) SHGLYC-TRCN0000001260.

Sigma (http://www.sigmaaldrich.com/life-
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Unless otherwise indicated, shSSRP1-2 and shSPT16-4 were
used. N-GFP-SSRP1 construct was previously described.”
C-GFP-SSRP1 was generated through subcloning of full-
length human SSRP1 lacking stop codon in frame with EGFP
into the same pLM-CMYV lentiviral vector (kind gift of Peter
Chumakov, Cleveland Clinic). Non-translatable SSRP1
was generated from the pReceiver-Lv105-SSRP1 construct
(Genecopeia;  http://www.genecopoeia.com/product/search/
detail.php?pre=18&cid=&key=B0096) by introducing a muta-
tion encoding a stop codon after the start codon of SSRP1
using Quick Change Lightning Site-Directed Mutagenesis kit
(Agilent Technologies; http://www.genomics.agilent.com/en/
Site-Directed-Mutagenesis/QuikChange-Lightning/?cid=AG-
PT-1758&tabld=AG-PR-1162). The primers used for mutagenesis
were forward: 5'~AAA GCA GGC TCC ACC ATC TAG GAG
ACA CTG GAG TTC-3" and reverse: 5-GAA CTC CAG
TGT CTC CTA GAT GGT GGA GCC TGC TTT-3").
siRNA transfection

Transfection of HT1080 cells with siRNAs was performed
using Lipofectamine 2000 following the manufacturer’s proto-
col (Invitrogen Corp). siRNAs targeting SSRP1(On-Target plus
SMART pool, cat# L-011783-00) and SPT16 (On-Target plus
SMART pool, cat# L-009517-00) and siCONTROL non-target-
ing siRNA (cat# D-001210-01) were purchased from Thermo
Scientific
rnai-and-custom-rna-synthesis/sirna/on-targetplus-sirna/search-

Dharmacon  (http://www.thermoscientificbio.com/

gene/). Six hours after transfection, cells were seeded into new
plates for use in experiments.
Western blot
Protein extracts were prepared by lysing cells in Cell Culture Lysis
Reagent (Promega). Protein concentrations were determined
with the Bio-Rad Dc protein assay kit. Equal protein amounts
were run on 4-20% gradient precast gels (Invitrogen Corp)
and transferred to Immobilon-P membranes (Millipore Corp).
The membranes were blocked in 5% nonfat milk-TBS-T buffer
and incubated with primary antibodies for 1.5 h at room tem-
perature. The following antibodies were used: anti-p53 (mono-
clonal mouse DOI, cat# sc-126, Santa Cruz Biotechnologies;
hetp://www.scbt.com/datasheet-126-p53-do-1-antibody.
html), anti-SSRP1 (mouse monoclonal 10D1, cat# 609702,
BioLegend, Inc; http://www.biolegend.com/purified-anti-ssrpl-
antibody-1978.html), and anti-Sptl6 (monoclonal mouse 8D2,
cat# 607002, BioLegend, Inc; hetp://www.biolegend.com/
purified-anti-spt16-fact140-complex-antibody-2003.html).
To verify equal protein loading and transfer, anti-B-actin (Sigma)
antibodies were used. Anti-MHC (myosin heavy chain) antibody
was kindly provided by Asoke Mal (Roswell Park Cancer Institute)
and was used to confirm myotube differentiation of C2C12 myo-
blasts. Horseradish peroxidase-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology. Quantitation of
the data was performed using QuantityOne® software from Bio-
Rad Laboratories, Inc or Image] software from NCI.
Northern blot

Total RNA was extracted from cells using TRIzol (Invitrogen).
Five g of RNA was separated by electrophoresis on a 1% aga-
rose-formaldehyde gel and blotted onto a Hybond N+ membrane
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(Amersham Biosciences). The membrane was dried, and RNA
was UV-crosslinked. Membranes were hybridized for 16 h with
specific [*P]-labeled probes: 600 bp oligonucletide probes for
SSRP1, SPT16, and tubulin were generated using PCR with
specific primers. The DNA oligonucleotides were labeled using
a random primed DNA labeling kit (Roshe) in the presence of
[a-2P]dCTP. After hybridization, the filters were washed with
3 changes (5 min each) of 2 x SSC, 0.1% SDS at 55 °C, and 3
changes (5 min each) of 1 x SSC, 0.1% SDS at 55 °C. Membranes
were exposed to X-ray film for 16 h at -80 °C
RT-PCR

Total RNA was isolated by TRIzol reagent according to the man-
ufacturer’s protocol. First-strand cDNA was synthesized from 2
g total RNA using the iScript cDNA Synthesis kit (Bio-Rad;
http://www.bio-rad.com/prd/en/CA/LSR/PDP/
MS87EWZESH/iScript-cDNA-Synthesis-Kit) in a 40 pl
reaction according to the manufacturer’s protocol. PCR
was performed using 2 ul of first-strand ¢cDNA and the
AccuPrime Pfx DNA Polymerase Kit (Invitrogen Corp;
http://www.invitrogen.com/site/us/en/home/References/pro-
tocols/nucleic-acid-amplification-and-expression-profiling/
per-protocol/accuprime-pfx-dna-polymerase.html)  with  con-
ditions of 95 °C for 2 min followed by 21 cycles of 95 °C for
30's, 50 °C for 30 s and 72 °C for 30 s. Primer pairs included:

SPT16 (forward: 5-GTGGAAAAGGCCATTGAAGA;
reverse: 5'-GTGATAGCCCCAAAGTGCAT), SSRP1
(forward: 5-AGGCAAGAATGAGGTGACA; reverse:

5 "TACATCCGCCTTTGACAACA), and GAPDH (for-
ward: 5'-GCCTTCCGTGTCCCCACTGC;
5-GGCTGGTGGTCCAGGGGTCT).
Quantitative RT-PCR

Total RNA and first-strand c¢cDNA was synthesized as
described above for standard RT-PCR. Quantitative real-time
RT-PCR (qRT-PCR) was performed using 1 pl of first-strand
cDNA with primers purchased from Applied Biosystems:
SSRP1-Hs00172629_m1, SUPTI6H (SPT16)-Hs00200446_
ml, and 185-Hs99999901_s1. qRT-PCR was performed using
TagMan gene Expression Master Mix (Applied Biosystems;
http://www.invitrogen.com/site/us/en/home/brands/Applied-
Biosystems.html) and the default parameters of the 7900HT
sequence detection system (ABI PRISM; Applied Biosystems).
To compare gene expression between samples, the threshold cycle

reverse:

(CT) value was normalized using the mean CT for the refer-
ence gene, 185 rRNA (rRNA). The normalized mRNA level was
defined as ACT = CT (mean for test gene) - CT (mean for the
reference gene). All reactions were performed in triplicate, and
the experiments were repeated at least twice. The results are pre-
sented as the mean of at least 2 experiments.
RNA immunoprecipitation

HeLa cells were lysed in cold NP40 lysis buffer containing protease
inhibitors for 5 min on ice (producing “total cell extract”) and then
centrifuged at 1000 rpm for 10 min. The nuclear pellet was lysed
in RIP buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 2.5 mM
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MgCl2, 250 mM sucrose, 0.05% NP40, 0.5% Triton X-100) con-
taining RNASIN (Promega), | mM DTT and protease inhibitors,
on ice for 15 min (producing “nuclear extract”). Total cell extracts
or nuclear extracts were pre-cleared by rotation with protein A/G
agarose (equilibrated in RIP buffer) in the presence of yeast tRNA
(30 pg per 1 ml) at 4 °C for 1 h. Pre-cleared lysates were incubated
with anti-SSRP1 or mouse IgGb2 (non-specific isotype-matched
control) antibodies overnight at 4 °C, followed by 2 h incubation
with protein A/G agarose. The immunoprecipitates were washed
with RIP buffer 5 times and RNA was isolated by phenol/chlo-
roform/isoamyl alcohol extraction and ethanol precipitation. The
isolated RNA was DNase-treated and reverse-transcribed using
an iScript cDNA Synthesis kit (Bio-Rad). PCR was performed
using the AccuPrime Pfx DNA Polymerase kit (Invitrogen) and
conditions of 95 °C for 2 min, 30 cycles of 95 °C for 30 s, 55
°C for 30 s and 72 ° C for 30 s. Primer pairs were as follows:
SPT16 (SPT16-1 forward:5'-AGAAGCAAAGAGGCGATTGA;
SPT16-2

reverse: 5-GATTGTGGCAATGTGAAACG),

(forward: 5-GTGGAAAAGGCCATTGAAGA; reverse:
5-GTGATAGCCCCAAAGTGCAT), SSRP1 (for-
ward: 5'-CAGGCAAGAATGAGGTGACA; reverse:

5" TACATCCGCCTTTGACAACA), 18S (for-
ward: 5'-AAACGGCTACCACATCCAAG; reverse:
5-CCTCCAATGGATCCTCGTTA), and IL8  (for-
ward:  5-GCAAGGTAACTCAGACAATTCCA;
5'-GCAAGCTAAGACTCTCCAGCA).

Immunoprecipitation
Cells were lysed in NP40 buffer, rotating at 4 °C for 15 min.
Lysates were then centifuged at 14000 x g for 15 min and super-
natants were pre-cleared by rotating with protein A/G agarose
beads at 4 °C for 1 h. Cell lysates at 1 mg/ml were rotated over-
night at 4 °C with anti- SSRP1 (cat# 609702, BioLegend, Inc, 5
g antibody per 500 pl lysate). To capture immunocomplexes,
lysates were rotated with protein A/G agarose beads for 1 h at
4 °C. Agarose beads were collected by centrifugation, washed 3
times with cold PBS and boiled in 60 pl of 2x loading buffer
for 5 min. Supernatants were used for SDS-PAGE followed by
autoradiography.

Metabolic labeling and immunoprecipitation
For metabolic labeling, cells were washed with methio-
nine-free DMEM supplemented with 10% dialyzed FCS
and 2 mM glutamine and kept in this medium for 1 h
before addition of 3°[S]-methionine (50 WCi/ml, Perkin
Elmer, cat# NEG772002MC). After 2 h of incubation, the
35[S]-methionine-containing medium was removed and cells
were lysed in NP40 buffer with protease inhibitors. After
rotation for 20 min at 4 °C, the extracts were centrifuged for
5 min at 13000 rpm. Supernatants were used for immunopre-
cipitation. The extracts were incubated with SSRP1, SPT16,
or IgGb2 antibodies from Biolegend (5 pg antibody per
500 pl of lysate at protein concentration of 1 mg/ml) overnightat
4 °C. Immunocomplexes were collected and analyzed as
described above for “Immunoprecipitation”.

reverse:
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