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ABSTRACT
Although breast cancer (BrCa) may be detected at an early stage, there is a 

shortage of markers that predict tumor aggressiveness and a lack of targeted 
therapies. Histone chaperone FACT, expressed in a limited number of normal cells, is 
overexpressed in different types of cancer, including BrCa. Recently, we found that 
FACT expression in BrCa correlates with markers of aggressive BrCa, which prompted 
us to explore the consequences of FACT inhibition in BrCa cells with varying levels 
of FACT.

FACT inhibition using a small molecule or shRNA caused reduced growth and 
viability of all BrCa cells tested. Phenotypic changes were more severe in “high- FACT” 
cells (death or growth arrest) than in “low-FACT” cells (decreased proliferation). 
Though inhibition had no effect on the rate of general transcription, expression of 
individual genes was changed in a cell-specific manner. Initially distinct transcriptional 
profiles of BrCa cells became similar upon equalizing FACT expression. In “high-FACT” 
cells, FACT supports expression of genes involved in the regulation of cell cycle, 
DNA replication, maintenance of an undifferentiated cell state and regulated by the 
activity of several proto-oncogenes. In “low-FACT” cells, the presence of FACT reduces 
expression of genes encoding enzymes of steroid metabolism that are characteristic 
of differentiated mammary epithelia. 

Thus, we propose that FACT is both a marker and a target of aggressive BrCa 
cells, whose inhibition results in the death of BrCa or convertion of them to a less 
aggressive subtype.

INTRODUCTION

Advancements in the screening and diagnosis of 
breast cancer (BrCa) have led to the increased detection of 
tumors at a pre-invasive or early invasive stage, commonly 
leading to clinical intervention before the disease has 
a chance to spread. There are several subtypes of BrCa 
defined by the presence of molecular markers, such as 
Her2 and hormone receptors, which are used to predict 
the aggressive potential of BrCa and dictate therapeutic 
intervention. Though these markers have revolutionized 
the way clinicians approach BrCa, there is still significant 
heterogeneity within subtypes, which leads to the over-
treatment or under-treatment of many patients whose 
tumors do not progress as projected by their molecular 

subtype. 
Identification of novel predictive markers of 

aggressive BrCa within subtypes would have a major 
clinical advantage. We have found that levels of 
FAcilitates Chromatin Transcription (FACT) complex 
in BrCa correlate with poor overall survival, presence 
of clinical markers of bad prognosis (e.g. high grade of 
disease, triple negative status, HER2 amplification, and 
absence of estrogen receptor), and high probability of 
metastatic disease [1, 2]. Knockdown of FACT using 
RNAi inhibits tumor transformation and compromises the 
viability of tumor cells, but is well tolerated by non-tumor 
cells [1]. 

FACT, a complex of two subunits, SSRP1 and 
SPT16, belongs to a class of nuclear factors, known as 
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histone chaperones that, as suggested by their name, 
serve one class of proteins - histones. Histones are the 
most basic, positively charged proteins known, which 
makes their attraction to DNA very high, but to each 
other quite low. Histones not only bind DNA, but form 
a highly organized complex of 8 subunits, known as 
a nucleosome core, which DNA wraps 1.65 times [3]. 
This highly organized process is possible due to histone 
chaperones [4]. They escort histones from the moment of 
their synthesis in the cytoplasm through several steps of 
oligomerization and post-translational modifications to 
the stage of presenting them to DNA for final nucleosome 
assembly. Different members of the histone chaperone 
family serve at different steps of this complex process 
and are involved in chromatin assembly, disassembly and 
maintenance [4]. Not surprisingly, histone chaperones 
were traditionally viewed as ubiquitously expressed 
housekeeping factors. However, more and more published 
studies describe differential expression of histone 
chaperones in normal and cancer tissues and the particular 
importance of some family members for the growth 
of tumor, but not normal cells [5-9]. In contrast, some 
histone chaperones are lost in several types of cancer, 
suggesting their roles as tumor suppressor genes [10, 11]. 
Deciphering which aspects of histone chaperone activity 
have pro- and anti-cancer activity is critically important 
for understanding their function in normal and diseased 
conditions as well as to explore some of them as targets 
for cancer treatment.

FACT is involved in almost all chromatin related 
processes, including DNA replication [12], repair [13] 
and transcription [14-16]. However, the most well 
characterized FACT function is to assist RNA polymerase 
(RNAP) elongation through chromatin [17]. Additionally, 
a deficit of FACT in yeast caused cryptic transcription, 
suggesting a role for FACT in stabilizing nucleosomes 
during transcription. [18] Structural studies suggest that 
FACT forms dynamic contacts with the histone core that 
weakens the core contact with DNA, thus facilitating RNA 
polymerase passage. At the same time, FACT protects the 
core from falling apart [19], [20]. Thus, the most probable 
function of FACT in vivo is to increase the efficiency of 
transcription while preserving chromatin structure. 

Several years ago, we found that the anticancer 
activity of a class of small molecules known as curaxins 
is dependent on the functional inactivation of the FACT 
complex [21]. Further characterization of FACT triggered 
by this discovery led to the observation that FACT is not 
ubiquitously expressed in mammals. Moreover, it was 
detectable at the protein level in a very limited number 
of adult cells [22]. FACT is highly expressed at early 
stages of embryonic development with gradual reduction 
towards birth and postnatal expression in organs, such as 
bone marrow, immune and reproductive organs, bottom 
of intestinal crypts, suggesting the role of FACT in the 
maintenance of the undifferentiated cell state. This was 

confirmed by in vitro induced differentiation experiments 
[22]. Several studies from other labs also showed that 
FACT is involved in the early steps of differentiation [23, 
24], suggesting a role in actively proliferating progenitors 
of differentiated cells, the most probable source of cancer 
stem cells. Based on these findings, FACT elevation in 
multiple tumors, including BrCa [25] and ovarian cancer 
[26] was less surprising and more biologically explicable, 
though the mechanism by which FACT facilitates tumor 
growth is still obscure. 

FACT is not a DNA - binding transcription factor 
or a member of any known pathways. Its role was 
demonstrated mostly in chromatin related processes, such 
as transcription, general [14, 17, 19, 27] or gene specific 
[28], replication [12, 29], DNA repair [30], [13] and even 
mitosis [31] in different model systems. At the same time, 
none of these processes are universally dependent on 
FACT, because some normal cells do not express FACT 
and inhibition of FACT expression in normal cells that do 
express FACT does not significantly interfere with their 
viability and growth [1, 22]. To identify the mechanism(s) 
that explains tumor cell dependence on FACT among these 
plethora of possibilities, we aimed first to understand what 
phenotypical traits are associated with FACT expression 
in cancer cells. To achieve this, we used a panel of BrCa 
cell lines with varying FACT levels and analyzed the 
differences between “high” and “low”-FACT expressing 
cells. In addition, we assessed the sensitivity of these 
cell lines to FACT knockdown. Since the lead curaxin 
CBL0137, the first indirect FACT inhibitor, is currently 
in clinical trials, we addressed the important question 
concerning the consequences of FACT inactivation in 
“high” and “low” FACT expressing tumor cells.

RESULTS

Inhibition of FACT is lethal for BrCa cells with 
high basal FACT expression

Expression of both FACT subunits, SSRP1 and 
SPT16, is significantly elevated in BrCa samples versus 
normal mammary epithelial cells [1, 25]. However, there 
is significant variability in SSRP1 and SPT16 levels 
in clinical samples of BrCa [1], [2]. To understand the 
functional significance of high FACT expression, we 
compared the sensitivity of BrCa cells with different 
basal levels of FACT to FACT inhibition. To this end, we 
determined the SSRP1 and SPT16 mRNA and protein 
levels in several BrCa cell lines of different subtypes 
using RT-PCR and western blotting. Normalization of 
FACT levels across the panel of cell lines was performed 
using total mRNA or protein levels as well as levels of 
expression of housekeeping genes. To compare BrCa 
cell sensitivity to FACT inhibition, we treated cells with 
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indirect FACT inhibitor, CBL0137 [21]. All tested BrCa 
cell lines, which expressed variable amounts of both 
FACT subunits, were sensitive to CBL0137 (Figure 1A-
1D). We observed a negative correlation between the 
levels of both FACT subunits and the LC50 of CBL0137 
regardless of the normalization method used (Figure 1E 
and Supplementary Table S1). Thus, we hypothesized that 
cells with higher basal FACT levels may be more sensitive 
to FACT inhibition than cells with lower basal FACT 
levels. Since CBL0137 is an indirect inhibitor of FACT 
and has FACT-independent activity [32], we proposed that 
use of more specific tools for FACT inactivation, such as 
shRNAs, would allow assessment of the sensitivity of the 
panel of cell lines to FACT inhibition more accurately. 

Importantly, as it was previously shown, stability 
of the two FACT protein subunits depends on their 
interaction and therefore knockdown of any one of the 
subunits leads to downregulation of the other [33]. The 
effect is specifically strong when shRNAs to SSRP1 are 
used. These shRNAs causes even faster reduction of the 
SPT16 subunit, than SSRP1, which is observed in some 
cell lines (e.g. MDA-MB-231, Figure 2A). In this study, 
we used two different shRNAs to the 3’UTR of SSRP1 as 
the most effective tools to inhibit FACT expression. 

All BrCa cells tested were sensitive to FACT 
knockdown, but the degrees of sensitivity as well as 
the consequences of this downregulation were different 
between cell lines (Figure 2B-2D). Significant negative 
correlations between cells sensitivity to FACT knockdown 
and basal protein levels of SSRP1 (r = -0.67 (p = 0.05)) 
and SPT16 (r = -0.93 (p < 0.001)) were observed (Figure 
2B, Supplementary Table S1), indicating that BrCa cells 
with higher expression of FACT are more dependent on it 
for growth and viability than cells with low levels of both 
subunits. 

The consequences of FACT knockdown did not 
depend on BrCa subtype (Figure 2C). Reduction of FACT 
led to visible cell death in some luminal (MCF7v.1) 
and basal (MDA-MB-231) cell lines whereas other cell 
lines were either growth inhibited (luminal MCF7, basal 
BT549), or continued to grow, albeit slower than control 
cells (luminal T47D and basal MDA-MB-468) (Figure 3). 
Death of cells was confirmed by caspase activation (Figure 
3A) and growth arrest by reduced EdU incorporation 
(Figure 3B). Some growth arrested cells (e.g. MCF7) were 
enlarged, flattened and formed dendritic-like protrusions 
(Figure 2B and Supplementary Figure S1), which was 
suggestive of senescence, however, this was not confirmed 
by acidic beta-galactosidase staining (Figure 3C). 

We used a pair of syngeneic MCF7 cells that 
innately differed in their basal level of FACT, one obtained 
from ATCC (MCF7) and one from the lab of Dr. Bacus 
[34] (MCF7v.1). The close origin of the two cell lines 
was confirmed with short tandem repeat analysis (92% 
identical), however there were certain differences in the 
profiles of gene expression (Supplementary Table S2). 

Cells with very high FACT expression (MCF7v.1) did 
not tolerate FACT inhibition at all and died via apoptosis. 
In contrast, cells with a moderate level of FACT (MCF7) 
were growth arrested (Figure 3A-3C). Interestingly, the 
two cell lines with the lowest basal FACT expression, 
luminal T47D and basal MDA-MB-468, continued to 
proliferate (Figure 2D, note visible red colonies, and 
Figure 3C-3E), although they produced less colonies 
upon transduction with SSRP1 shRNAs than control 
shRNA (Figure 2B, 2C). We did not detect any difference 
in EdU incorporation of T47D or MDA-MB468 cells with 
and without FACT knockdown (Figure 3B). However, 
passaging of these cells led to the gradual reduction in 
the proportion of shRNA transduced cells (assessed via 
expression of mCherry marker present in shRNA vector) 
in shSSRP1 but not shControl cultures (Figure 3D). There 
was also no caspase activation or increase in acidic beta-
galactosidase staining cells in these two cell lines upon 
reduction of FACT levels (Figure 3A, 3C), suggesting 
a slowing down of the cell cycle rather than death or 
growth arrest in the majority of these cell lines. Thus, we 
observed that cells with the lowest basal level of FACT 
expression are the least sensitive to FACT inhibition, 
which is important to understand for further use of anti-
FACT therapy in the clinic.

Inhibition of FACT does not change the rate of 
general transcription

The most well established function of FACT is 
regulation of transcription through the maintenance of 
chromatin organization [35]. Therefore, a functional 
deficit of FACT may lead to a change in the rate of 
transcription. To test this hypothesis, we compared RNA 
synthesis in several cell lines before and after FACT 
knockdown using 5-Ethynyl Uridine (EU). For these 
analyses, we selected three BrCa cell lines of luminal 
subtype for which the response to FACT reduction was 
significantly different: MCF7v.1, which die via apoptosis, 
MCF7, which undergo growth arrest, and T47D cells, 
which slightly decelerate proliferation. In these studies, we 
measured the incorporation of EU into newly synthesized 
RNA 72 hours after transduction with control or SSRP1 
shRNA. In parallel, we determined the SSRP1 protein 
level present in each cell line using flow cytometry. In all 
three cell lines, we observed a negative shift in SSRP1-
associated fluorescence in shSSRP1-transduced cells 
relative to control cells, however, there was no shift in 
EU incorporation (Figure 4A and 4B, Supplementary 
Figure S2A). Furthermore, when cells were incubated 
with EU for different periods of time, including a very 
short incubation of 15 minutes that would detect more 
subtle differences in the rate of RNA syntheses, we did not 
observe any significant change in EU incorporation upon 
FACT knockdown (Figure 4 and Supplementary Figure 
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Figure 1: Correlation of FACT levels and cell sensitivity to CBL0137 in BrCa cells. A. mRNA levels of SSRP1 and SPT16 
in BrCa cells were assessed via RT-PCR and normalized to the level of GAPDH mRNA. Mean of three replicates +/- SD. p - Spearman 
correlation coefficient between SSRP1 and SPT16 expression. B. Western blotting of total cell lysates probed with the indicated antibodies. 
Equal amounts of protein were loaded for all cell lines. C. 72h cytotoxicity assay with CBL0137. Mean of three replicates in representative 
experiment. D. LC50 of CBL0137. Mean of all experiments (2-4 for different cell lines) +/- SD. E. Dot plots and linear trend lines between 
SSRP1 or SPT16 protein levels normalized via different means, total protein, beta-actin or GAPDH, indicated in italic above plots, and LC50 
of CBL0137. Numbers in the upper right corner is Spearman correlation coefficients (ρ) and p-values. 
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Figure 2: Sensitivity of BrCa cells to FACT knockdown. A. Western blotting of BrCa cells transduced with either control shRNA 
(C) or two independent shRNAs to SSRP1 (1 and 2), probed with the indicated antibodies. SE - short exposure, LE - long exposure. B. 
Negative correlation between basal levels of FACT subunits in BrCa cells and sensitivity of the cells to FACT knockdown. Upper plot 
- relative amount of SSRP1 and SPT16 proteins assessed using ImageJ software. Average of three ways of normalization. Cells were 
arbitrary categorized as “high” and “low-FACT”. Lower plot - relative number of cells that survived puromycin selection after transduction 
with the same titer viruses with shRNAs to SSRP1 versus control shRNA (taken as 1). Mean of two replicates +/- SD. C. Photographs of 
plates transduced with the indicated lentiviral constructs at the same titer that survived puromycin selection and stained with methylene 
blue. D. Morphology of representative colonies formed upon transduction of cells with control shRNA or shRNA to SSRP1-2. Bright-field 
and fluorescent microscopy. 


