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ABSTRACT

Interactions of KRAB (Kriippel-associated box)-
associated protein KAP1 [also known as TRIM28
(tripartite motif containing protein 28)] with DNA-
binding KRAB zinc finger (KRAB-ZF) proteins si-
lence many transposable elements during embryo-
genesis. However, in some cancers, TRIM28 is up-
regulated and interacts with different partners, many
of which are transcription regulators such as EZH2 in
MCF?7 cells, to form abnormal repressive or activat-
ing complexes that lead to misregulation of genes.
We ask whether a KRAB domain—the TRIM28 in-
teraction domain present in native binding partners
of TRIM28 that mediate repression of transposable
elements—could be used as a tool molecule to
disrupt aberrant TRIM28 complexes. Expression of
KRAB domain containing fragments from a KRAB-
ZF protein (ZFP568) in MCF7 cells, without the DNA-
binding zinc fingers, inhibited TRIM28—EZH2 interac-
tions and caused degradation of both TRIM28 and
EZH2 proteins as well as other components of the
EZH2-associated polycomb repressor 2 complex. In
consequence, the product of EZH2 enzymatic activ-
ity, trimethylation of histone H3 lysine 27 level, was
significantly reduced. The expression of a synthetic
KRAB domain significantly inhibits the growth of
breast cancer cells (MCF7) but has no effect on nor-
mal (immortalized) human mammary epithelial cells
(MCF10a). Further, we found that TRIM28 is a positive
regulator of TRIM24 protein levels, as observed pre-
viously in prostate cancer cells, and expression of

the KRAB domain also lowered TRIM24 protein. Im-
portantly, reduction of TRIM24 levels, by treatment
with either the KRAB domain or a small-molecule
degrader targeted to TRIM24, is accompanied by an
elevated level of tumor suppressor p53. Taken to-
gether, this study reveals a novel mechanism for a
TRIM28-associated protein stability network and es-
tablishes TRIM28 as a potential therapeutic target in
cancers where TRIM28 is elevated. Finally, we dis-
cuss a potential mechanism of KRAB-ZF gene ex-
pression controlled by a regulatory feedback loop of
TRIM28—-KRAB.

INTRODUCTION

The family of Kriippel-associated box (KRAB) domain
containing zinc finger (ZF) transcriptional regulators has
expanded greatly during vertebrate evolution (1-3), largely
in response to a need to repress transposable elements (4,5).
Transposable elements make up a large fraction of the
genome and are mostly considered genetic threats in need
of the strictest silencing during embryogenesis and differ-
entiation. However, a few recently characterized KRAB-
ZF proteins are involved in determining meiotic recombi-
nation hotspots [PRDMO9 (6)] and controlling allele-specific
expression of imprinted genes [ZFP57 and ZFP568 (7,8)].
The KRAB-ZF proteins are generally organized into the
N-terminal portion containing at least one KRAB domain
and a C-terminal array of tandem ZFs (9), ranging from 3
to ~35 fingers with an average array size of 11-13 fingers
(10), that can potentially bind to long stretch of DNA with
sequence specificity.

The KRAB domain, a conserved ~75-residue polypep-
tide (11), is well characterized as an interacting part-
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ner of KRAB-associated protein (KAP1) (12), a core-
pressor also known as tripartite motif containing protein
28 (TRIM28) (13). The interaction with a KRAB domain
recruits KAP1/TRIM2S8 (11,14) and assembles a KAPI1-
associated heterochromatin complex in specific regions of
chromatin, including many well-known cofactors involved
in heterochromatin formation: histone H3 lysine 9 (H3K9)
methyltransferase SETDBI (15), heterochromatin protein
1 (16), histone deacetylase containing nucleosome remod-
eling complex (17) and DNA methyltransferases (18).

TRIM28, a large multi-domain protein, contains a
distinctive N-terminal RBCC domain—a composite of
RING, tandem B-box (Bl and B2) and long coiled-
coil domain—and a C-terminal PHD bromodomain (19—
21) (Figure 1A). This architectural organization enables
TRIM2S to assemble protein cofactors in a modular fash-
ion; i.e. TRIM28 acts as a scaffold for recruiting specific
cellular machinery to target genomic locations. TRIM28 is
now known to participate in many aspects of cellular bi-
ology, with many different activities. These include critical
roles in early embryonic development (22) while not essen-
tial in adult mice (23), promoting proliferation and metasta-
sis of many tumor types (24-27) and as a tumor suppressor
in the formation of childhood Wilms tumor (28,29). How-
ever, the multitude and complexity of TRIM28 actions in
cancer make it difficult to unambiguously establish a mech-
anism for TRIM28, probably because in each case TRIM28
was reported to interact with different partners, many of
which are transcription regulator(s), such as transcription
factors (30-32), histone methyltransferase EZH?2 (33) and
TRIM24 (a related member of TRIM family) (24). Inter-
estingly, TRIM28 targets tumor suppressor protein pS3 for
degradation in association with other proteins, particularly
ubiquitin E3 ligases MDM2 (34,35) and TRIM24 (36,37),
and a melanoma antigen family member MAGE-C2 (38—
40).

We hypothesize that tumor-associated TRIM28 is hi-
jacked by other protein(s) to form irregular (abnormal)
repressive or activating complexes that lead to misregula-
tion. We ask whether a KRAB domain—the native bind-
ing partner of TRIM28 required for repression of trans-
posable elements by KRAB-ZF proteins—could be used
as a tool molecule to disrupt such aberrant TRIM28 com-
plexes. As a proof of the concept, we use the KRAB-
containing N-terminal fragment of ZFP568—a highly con-
served mammalian KRAB-ZF protein that represses a tran-
script of placental-specific insulin-like growth factor 2 in
mice (8,41)—and test the concept in breast cancer derived,
estrogen receptor positive MCF7 cells where an abnormal
interaction between TRIM28 and EZH2 promotes mam-
mosphere formation (33). We observed changes in protein
levels of EZH2, TRIM24, p53 and a substantial number of
KRAB-ZF proteins in MCF7 cells upon introducing a pep-
tide fragment containing the KRAB domain.

MATERIALS AND METHODS

The plasmids used for expression in Escherichia coli are
listed in Supplementary Figure S1A and examples of puri-
fied proteins used for biophysical analyses are shown in Sup-
plementary Figure S1B. Experimental details of multi-angle

light scattering, small-angle X-ray scattering and analyti-
cal ultracentrifugation are provided in the ‘Materials and
Methods’ section in the Supplementary Data, which also
includes reverse-phase protein array analysis and RNA-seq
analysis.

Cell lines

MCF7, MCF10a, HEK293T and MDA-MB231 cells were
cultured at 37°C under 5% CO,. Dulbecco’s modified Ea-
gle’s medium (DMEM)/F-12 media (Thermo Fisher) was
used for MCF7 and MDA-MB231; DMEM media for
HEK293T containing 10% fetal bovine serum (FBS; At-
lanta Biologicals), 1% L-glutamine, 1% Pen—Strep; and
MEBM containing bullet kit (Lonza) for MCF10a cells.
The cells were routinely tested for mycoplasma using Lonza
mycoplasma kit using manufacturer’s instructions.

Lentiviral transfection and establishment of stable cell lines

K2 fragment (residues 1-360) or K1 fragment (residues 1-
105) from mouse ZFP568 was cloned onto pLIM1-eGFP
lentiviral construct (Addgene plasmid #19319). KRAB
lentiviral plasmid was co-transfected with packaging plas-
mids pPAX2 (Addgene plasmid #12260) and pMD.2G (Ad-
dgene plasmid #12259) into HEK293T cells to generate
virus. After 48 h, the supernatant was collected, filtered and
transferred onto targeted cell lines for infection for 48 h, fol-
lowed by selection with 2 wg/ml puromycin and growth of
stable resistant clones.

TRIM28 knockdown was achieved using stable pGIPZ
short-hairpin interfering RNA in lentivirus (clones of
shTRIM?28, Clone #1: V3LHS_358497, GE Dharmacon,
Lafayette, CO, USA). A lentiviral scrambled pGIPZ plas-
mid (GE Dharmacon) was used as control for transfection
and virus packaging. Expressions of EZH2 and GAPDH
were achieved using LentiORF EZH2 without stop codon
(Cloneld PLOHS_1000086) and LentiORF GAPDH with-
out stop codon (Cloneld PLOHS_100009204).

Growth assay

Cell growth rates in the presence and absence of KRAB
domain were assessed as described (42). Briefly, 1 x 10°
cells per well were seeded onto a six-well plate. Cells were
trypsinized and resuspended in medium for counting using
a hemocytometer daily over a 7-day period. Each experi-
ment was performed in triplicate.

Proliferation assay

Cell proliferation was assessed using CellTitre-Glo
(Promega, USA) as per manufacturer’s instructions.
Briefly, ~1000 cells were seeded onto a 96-well plate.
Growth of the cells was measured for a period of 7 days
where the cells were trypsinized and resuspended in lysis
buffer and luminescence was measured. Each experiment
was performed in triplicate for each harvest and repeated
thrice.
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Figure 1. KRAB interaction with TRIM28. (A, B) Schematic representation of human TRIM28 and mouse ZFP568 and two KR AB-containing fragments
(1K and 2K) used for expression. (C) Summary of mass measurements of hRBCC-1K complex by three biophysical methods. (D) The SAXS envelope
of hRBCC-1K complex (top panel). X-ray structure of RBCC (with a deletion of Bl box) in complex with SMARCAD1 CUE]L,2 (PDB 6QU1), where
the CUEI domain is in gray ribbon and CUE2 domain was not observed (middle panel) (20). X-ray structure of RBCC with an N-terminal fusion of
T4 lysozyme in dark ribbon (PDB 6QAJ) (bottom panel) (19). The B1 box (as indicated) is either deleted or disordered in both structures. Sedimentation
coefficient distribution profiles of hRBCC-1K complex (E) and the mutant R184D-1K complex (F).

Crystal violet staining

Cells were incubated with 2 ml of cell medium and incu-
bated for 10 days until colonies were visible. After brief
washing with phosphate-buffered saline (PBS), colonies
were fixed with fixation solution (10% methanol, 10% acetic
acid, 80% H,0O) for 10 min and stained with 0.4% crystal
violet (200 ml of 4% crystal violet, 200 ml of H,O and 100
ml of ethanol). Colonies containing > 50 cells were counted.
The ratio of intensity was calculated using ImageJ CFU plu-
gin.

Flow cytometry

Confluent cells were harvested for fluorescence-activated
cell sorter (FACS) analysis. Cell monolayers were washed
twice with PBS, detached with 0.25% (w/v) trypsin—~EDTA
solution, collected by centrifugation and washed additional
two times with PBS. Cell cycle analysis was performed on
fixed cells using propidium iodide and apoptosis was sepa-
rately quantified with Annexin V-FITC using an apoptosis
detection kit (BD Biosciences). In each case, samples were
analyzed on a FACS Canto (BD Biosciences) using FACS
DIVA software, in comparison to appropriate controls.

Migration assay

Migration assays were performed using a two-chamber
Transwell, as described (43), using a polycarbonate filter
with 8 wm pores. Cells were trypsinized and suspended in
medium containing 0.1% (v/v) FBS at a concentration of
1 x 10° cells per well. The cells were placed in the upper
chamber and the medium containing 0.1% (v/v) was placed
in the lower chamber. After 24 h at 37°C, the cells in the up-
per chamber were wiped off with a cotton swab. The cells
on the lower surface of the filter were fixed with 4% (w/v)
paraformaldehyde for 1 min at room temperature, perme-
abilized with 100% (v/v) methanol, washed with PBS and

stained with crystal violet (Sigma-Aldrich). Migration was
quantitated by selecting 10 different views and the number
of migrated cells was calculated.

Immunoprecipitation

Nuclear extracts were prepared as described (44). A 5 pg
of the indicated antibody (Supplementary Table S1) was
added to 500 wg of nuclear extracts pre-cleared with pro-
tein AG combined magnetic beads and incubated overnight
at 4°C. Antibody-bound proteins were pulled down with
50 wl of protein AG combined magnetic beads and washed
thrice with wash buffer containing 0.1% Triton X-100. The
washed beads were resuspended in 20 pl sample buffer and
used for western blot analysis.

Western blot analysis

Proteins were extracted using RIPA buffer containing com-
plete protease inhibitors (Sigma-Aldrich) according to the
manufacturer’s instructions. The concentration of the pro-
tein was estimated using a Pierce BCA protein determi-
nation kit (Thermo Scientific, USA) following the manu-
facturer’s instructions, with bovine serum albumin used as
standard, and the absorbance at 562 nm determined using a
multilabel plate reader. Western blot was performed as de-
scribed (45), using the indicated antibodies (Supplementary
Table S1).

RESULTS
ZFP568 KRAB domain interacts with TRIM28 in vitro

ZFP568 is unique among the members of the KRAB-ZF
family, as it possesses two N-terminal KRAB domains,
followed by an uncharacterized region, prior to the C-
terminal tandem array of 11 fingers (Figure 1B). We gen-
erated two constructs, residues 1-105 containing the first
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Figure 2. KRAB domain disrupts TRIM28-EZH?2 interactions. (A) Expression of 1K and 2K assessed in the construct of 2xNLS-eGFP-Myc by GFP
expression and western blot against Myc in MCF7 cells. (B) TRIM28 and Myc-1K or Myc-2K were subjected to immunoprecipitations and immunoblotting
with TRIM28 and Myc antibodies. The inhibitory growth effect of 1K and 2K shown by (C) colony formation assay, (D) Transwell migration assay, (E)
cell viability assay and (F) cell cycle analysis. (G) Endogenous EZH2 and TRIM28 were immunoprecipitated in cells expressing Myc-1K or Myc-2K and
subjected to immunoblotting with TRIM28 and EZH?2 antibodies. (H) Western blot showing the endogenous levels of TRIM28, EZH2, H3K27me3,
SUZ12 and RBBP4. (I) Relative gene expressions of TRIM28, EZH2 and SUZ12 in MCF7 cells with Myc-1K or Myc-2K expression were analyzed by
gRT-PCR and normalized relative to IP08. (J) MCF7 cells were treated with MG132 with indicated concentrations for 24 h and subjected to immunoblot.
Data represent mean + SEM of three independent determinations (N = 3) and blots are representative of one experiment.

KRAB domain (termed 1K) and residues 1-360 of the en-
tire N-terminal fragment containing both KRAB domains
(termed 2K). Recombinant proteins of KRAB-containing
fragments (either 1K or 2K) and TRIM2S8 (full-length or
N-terminal RBCC domain) co-expressed in E. coli form sta-
ble complexes (Supplementary Figure SIA and B). We used
three biophysical methods to measure the absolute mass
of the complex of RBCC:1K. First, the samples were sub-
jected to size-exclusion chromatography coupled with syn-
chrotron multi-angle light scattering (46), which gave the
absolute mass of 154 kDa (Figure 1C and Supplementary
Figure S1C and D). The same fractions eluted from the
size-exclusion chromatography were simultaneously exam-
ined by synchrotron small-angle X-ray scattering (SAXS)
(47), which gave the molecular weight of 157 kDa and the
maximum dimension of the complex to be ~234 A long
(Figure 1C and D, and Supplementary Figure S1E-I). The
elongated overall shape of the SAXS model agrees with X-
ray crystal structures of TRIM28 RBCC fragment (19,20)

(Figure 1D). We assume the additional unaccounted den-
sity near the center of the SAXS envelope might be where
the KRAB domain bound (Figure 1D). Finally, sedimenta-
tion velocity analytical ultracentrifugation studies revealed
the existence of two populations, one at 159 kDa (in agree-
ment with the two scattering methods) and the second at
312 kDa (nearly double the size of the first population) (Fig-
ure 1C and E). The ratio between the two populations did
vary among preparations.

Our observed molecular mass at ~160 kDa agrees well
with the original observation that TRIM28 RBCC forms
trimers and binds the KRAB domain with a stoichiome-
try of 3:1 (11,48) or 3:2 (Figure 1C). Only when we mu-
tated a surface residue of the B1 box (Figure 1D), arginine
184 to aspartate (R184D), the dominant population at mass
of 97.5 kDa matches well with a stoichiometry of 2:1 (Fig-
ure 1C and F). It is still debatable in the literature whether
TRIM28 (full length or RBCC) forms high-order oligomers
(14,19,20,49), which might depend on the protein concen-
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Figure 3. EZH2 overexpression partially rescues growth defect. (A) Western blot confirms increased level of EZH2, H3K27me3 with no change in TRIM28
and actin was used as a control. (B, C) Partial rescue of cell growth as shown by cell viability assay over a period of 7 days. (D) Apoptosis assay. Percentage
of apoptosis for the indicated cell lines. (E) Western blot showing the endogenous levels of TRIM28, confirming knockdown by shTRIM28 and actin was
used as a loading control. (F) Relative gene expressions of TRIM28 in the presence or absence of shTRIM28 knockdown were analyzed by qRT-PCR and
normalized relative to IPOS8. (G) The inhibitory growth effect of knockdown TRIM28 shown by cell viability assay. Data represent mean + SEM of three
independent determinations (N = 3) and an asterisk indicates P < 0.05 compared to the control.

tration range tested under varied laboratory conditions (see
the ‘Discussion’ section in the Supplementary Data). In ad-
dition, introducing the chato mutation (50,51) in the con-
text of ZFP568 1K and 2K fragments significantly reduced
interactions with Trim28 in the pull-down assay (Supple-
mentary Figure S2).

Expression of KRAB domain in MCF7 interrupts TRIM28-
EZH?2 interactions and slows cell growth

We next developed MCF7 cell lines that stably express 1K
or 2K as eGFP-Myc fusion constructs and confirmed over-
expression by eGFP fluorescence and Myc detection (Fig-
ure 2A). Co-immunoprecipitation (co-IP) of endogenous
TRIM28 with KRAB fusion proteins confirmed the inter-
action of TRIM28 with KRAB-containing fragments 1K
and 2K (Figure 2B). MCF7 cells with stably expressed 1K
or 2K protein grew significantly slower than control cells
(Figure 2C) with decreased cell migration (Figure 2D). The
2K expression had a stronger inhibitory effect assessed by
colony formation assay (Figure 2C) and cell proliferation
assay (Figure 2E) over a period of 7 days. The cells showed
a growth arrest at GO/G1 analyzed by cell cycle (Figure
2F). We note that some proteins that could contribute to
these phenotypic changes, such as cyclin D1 and BCL2,
were downregulated with an increased BAX/BCL2 ratio [a
marker for apoptosis (52,53)], as revealed by both RNA-seq
and reverse-phase protein lysate microarray (RPPA) assay
(54) (Supplementary Figure S3F).

It was previously reported that in MCF7 cells, TRIM28
interacts with EZH?2 (33), a member of the polycomb re-
pressor 2 (PRC2) complex (Figure 2G, control lanes). As
we hypothesized, the interaction between TRIM28 and
EZH?2 is totally disrupted in MCF?7 lines stably expressing
KRAB domains (Figure 2G, lanes with Myc-1K or Myc-
2K). Unexpectedly, we found that endogenous protein levels
of EZH2 and TRIM?28 are drastically reduced (Figure 2H),
a finding confirmed by RPPA analysis (TRIM2S in Supple-
mentary Figure S3F). Consistent with the loss of EZH?2, the
sole histone methyltransferase that catalyzes the trimethyla-
tion of histone H3 lysine 27 (H3K27me3) (55), total histone
H3K27me3 levels and other components of PRC2 complex
(SUZI12 and RBBP4) were also reduced (Figure 2H). We
note that H3K9me3 level is also reduced to some extent
(Figure 2H), probably via the TRIM28-associated histone
methyltransferase SETDBI.

In contrast, the mRNA levels of TRIM28, EZH2 and
SUZ12 remained unaltered in KR AB-expressing cells, com-
pared to control cells (Figure 2I), suggesting the reduc-
tion in protein levels of PRC2 components was not at the
transcriptional level. Next, we treated the cells with protea-
some inhibitor (MG132) for 24 h and assessed protein lev-
els of TRIM28 and EZH2 in cells expressing KRAB do-
mains (Figure 2J). Whereas TRIM28 and EZH2 protein
levels in control cells changed little with MG132 treatment,
both 1K- and 2K-expressing cells exhibited significantly in-
creased levels of TRIM28 and EZH?2 in a concentration-
dependent manner, suggesting that the two proteins were



6 NAR Cancer, 2020, Vol. 2, No. 2

A MCF10a MCE7 E G
T 1T 1 | 2K dTRIM24 (3 yM
control 1K 2K control 1K 2K r control 1T 1K 1 r ] B s 2 ¢ 28) 72(h
- . D e == TRIM24 o o w § (hr)
_——s b4 S8 |5 S8 | s S3 —-~ TRIM28
e == =32 == S 32 ==
a8 z3 |28 &3 | 38 &3 - .-
——.".-.‘—.TRIMZS £« F2 lE- o £ -a
-— — S TRIM24 “.- TRIM24
v control 1K 2K pa—
— — - Actin T 1T 1 f 1 S— ——— D53
c c [
< 3 <3 < 3
N3 83 83 !
ol « x Iz 22 |3z 22 |3 =2 - e -— - /"
B —control.__ .. i £2 EZleEe EZ| 22 EZ
e + + shTRIM28 s GEEED v Sm— e — TRIM28 Ho* .
QD b et . . TRIM24 p
1_
— — — — — —Actin T
F control Myc-1K Myc-2K a
c c < &0
-3 8 H -3 8 3 .3 8 3 =
5 =22 |5 =23 |5 =3 S
c D gc EZ|82 ER |22 BEZ e -1
TRIM24 in MCF7 TRIM24 in MCF7 ——d —a—d e E a0
10 1.0 —Myc-2K % . TRIM28
H g - . —Myc-1K f
€ [
g 05 2 08 c c c 2 1.5
2 2 < 3 <« 3 <« 3 S
k| 3 e3 98| o3 98| o8 T
3 3 5X 52|58 22|88 =2 &
2O ¥3| 29 35| 292 3
£c Filec Filec F2
0.0 0.0 0.0—
contol 1K 2K shTRIM28 -  + - + - + - ~Mye-2K control 1K 2K -+
(Y S R I - ~Myc-1K L
control 1K 2K shTRIM28

Figure 4. KRAB domain interacts with TRIM28 but not TRIM24. (A) Endogenous levels of TRIM24 and TRIM28 shown by immunoblot. (B) Western
blot shows endogenous levels of TRIM24 in shTRIM28 cells. (C, D) Relative mRNA expression of TRIM24 normalized against IPO8 by qRT-PCR in
the absence and presence of shTRIM28. (E) Endogenous TRIM24 and TRIM28 were immunoprecipitated in cells expressing Myc-1K or Myc-2K. (F)
TRIM28, but not TRIM?24, interacts with KRAB. (G) TRIM24 degrader (dATRIM24) decreased TRIM24 and increased p53 protein level but not TRIM28.
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degraded by MG132-sensitive proteasome machinery in
KRAB-expressing cells.

Expressing EZH2 in KRAB-expressing cells partially re-
stores growth rate

To test whether the reduced level of EZH2 is responsible
for growth repression by KRAB domain expressing cells,
we overexpressed EZH2 in these cells with GAPDH as a
negative control. Western blot analyses showed that overex-
pressing EZH2 in 1K or 2K cells (lanes 7 and 8 in Figure 3A)
restored the level of EZH2 to that of parental MCF7 cells
(lane 1), while the level of H3K27me3 was only partially
restored and TRIM28 remained largely unchanged (Figure
3A). As a result, the rate of proliferation (Figure 3B and
C) and the fraction of live cells (Figure 3D) were partially
restored to parental cell levels.

Due to the unexpected reduction of TRIM28 protein
level in KR AB-expressing cells, we set out to compare the
effect of KRAB expression with that of a TRIM28 knock-
down (sShRNA) MCEF7 cell line. The reduction of TRIM28
in shTRIM28 line was confirmed by western blot and rel-
ative mRNA levels (Figure 3E and F). We noted that the
TRIM2S level in shTRIM?2S line is comparable to the 2K-
expressing line (Figure 3E, compare lanes 2 and 5), and that
the shyTRIM28 line has similarly reduced growth rate to that
of the 2K-expressing cell line (Figure 3G). Interestingly, fur-
ther reduction of TRIM28 level in 1K- and 2K-expressing
cells by shTRIM?28 (Figure 3E) caused complete inhibition

of growth (Figure 3G), such that the cell lines could not be
established beyond two passages.

KRAB interacts with TRIM28, but not TRIM24

TRIM?24, a related member of TRIM family, is an onco-
gene when aberrantly overexpressed (56). In prostate can-
cer, TRIM28 interacts with TRIM24 to prevent its degra-
dation (24). We asked whether TRIM24 levels could also
be affected in MCF7 cells expressing KRAB domains,
as a result of degradation of TRIM28 proteins. Indeed,
TRIM?24 protein levels are significantly reduced in cells ex-
pressing KRAB (Figure 4A) or knockdown of TRIM28
(shTRIM28) (Figure 4B), whereas there is little change at
the transcriptional level of TRIM24 (Figure 4C and D).

We confirmed that TRIM24 and TRIM28 interact with
each other by co-IP (Figure 4E, control lanes). Unlike
TRIM28-EZH2 interaction, TRIM28-TRIM24 interac-
tion is not affected by the presence of KRAB domain ex-
pression (Figure 4E). Although TRIM24 and TRIM28 are
closely related family members (57), TRIM24 does not in-
teract with KRAB domains, unlike TRIM28 (Figure 4F),
suggesting that the TRIM28 uses two distinct interfaces
for KRAB and TRIM24 interactions and forms two dis-
tinct non-overlapping complexes (TRIM28-TRIM24 and
TRIM28-KRARB).

A small-molecule TRIM24 degrader (dTRIM24) that
conjugates TRIM24 bromodomain to an E3 ubiquitin lig-
ase is available to target TRIM24 to degradation (58). Treat-
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Figure 5. Expression of KRAB domain has minimal effect in MCF10a and HEK293T cells. Endogenous protein levels of TRIM28, EZH2, H3K27me3
and H3K9me3 with Actin and total H3 as a loading control by immunoblotting in MCF10a (A) and HEK293T cells (B). (C) Cells that express Myc-1K
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Endogenous TRIM2S interacts with Myc-1K or Myc-2K in MCF10a cells. (G) No interaction between EZH2 and TRIM28 in MCF10a cells.

ment of MCF7 cells with dTRIM?24 at 3 uM resulted in de-
creased TRIM24 protein with no change in TRIM28 (Fig-
ure 4G), confirming TRIM?28 is upstream of TRIM24 (24).
Consistent with TRIM24 directly ubiquitylating p53 for
degradation (36,37), we observed that the levels of p53 in-
creased along with decreased TRIM24 protein levels (Fig-
ure 4G). Similarly, we also observed an increase in p53 pro-
tein level in an RPPA assay of cells expressing KRAB do-
main (Figure 4H).

KRAB domain expression has minimal effect on non-
cancerous cells

We also expressed KRAB domains in non-tumor-derived
cells, including MCF10a immortalized, non-transformed
human mammary epithelial cells and human embryonic
kidney HEK293T cells, to assess whether the effect of
KRAB expression is specific to tumor-derived cells. We first
noticed that the protein levels of TRIM28 and TRIM24
were not affected in MCF10a (Figure 4A) or HEK293T
cells with the expression of KRAB domains. Similarly, there
is no significant change at the protein (Figure SA and B) or
transcriptional level (Figure 5C) for TRIM28, EZH2 and
associated histone modification H3K27me3. More impor-
tantly, the MCF10a and HEK293T cells expressing KRAB
domain exhibit no growth defects (Figure 5D and E). Co-
IP showed that the expressed KRAB domains do interact
with TRIM28 in MCF10a cells (Figure 5F), as in the case
of MCF7, but there is no interaction between TRIM28 and
EZH?2 (Figure 5G).

Genome-wide gene expression changes of KRAB zinc finger
proteins induced by 2K expression

To obtain a genome-wide view of the gene expression
changes induced by KRAB domain expression, we per-
formed RNA sequencing on MCF7 cells expressing KRAB
domains and vector control cells, as well as shTRIM28
cells with shControl. Principal component analysis indi-
cated that the two biological replicates of each sample
clustered together by groups (control, 1K, 2K, shControl,
shTRIM28) (Supplementary Figure S3A). Overall, there
were 6333 genes differentially expressed in 2K-expressing
cells, 282 in 1K-expressing cells relative to control and 4191
genes in sShTRIM28 cells relative to the shControl (by false
discovery rate <0.05). Similar to colony formation and cell
proliferation assays (Figure 2), the 2K expression affected
a larger number of genes. The majority of genes changed
in the 1K dataset (201/282) overlapped with those of the
2K, including 127 upregulated (51 of them are KRAB-ZF
genes) and 74 downregulated. We thus focus on comparison
of the 2K datasets with that of sc TRIM28.

Using cutoffs of false discovery rate <0.05 and fold
change >2, the 2K-expressing cells had 1197 genes sig-
nificantly altered, of which 801 genes were downregulated
and 396 genes were upregulated (Supplementary Figure
S3B). For comparison, 612 genes were significantly altered
in shTRIM28, with 425 upregulated and 187 downreg-
ulated (Supplementary Figure S3C). QIAGEN’s Ingenu-
ity Pathway Analysis showed the top altered gene ontolo-
gies enriched in control versus 2K and ShControl versus
ShTRIM28 are important for cell death and survival, cellu-
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model of the 2K fragment (residues 1-360) of mouse ZFP568.

lar growth and proliferation, cellular development and cell
movement (Supplementary Figure S3D and E), although
with different numbers of genes in each category. Examples
of alteration in gene expression are consistent with the pro-
tein levels of the same genes analyzed by RPPA (Supple-
mentary Figure S3F).

Unexpectedly, of the 400 genes that were upregulated
with fold change >2 in the 2K-expressing cells, the greatest
number of them were 63 KRAB-ZF genes, 53 of which are
on chromosome 19 (Figure 6A and B, and Supplementary
Table S2). The increased expression of ZF proteins was con-
firmed by western blot using an antibody generated against
the ZF linker region (27) (Figure 6C). However, the changes
in KRAB-ZF gene expression were not seen with knock-
down shTRIM28 line, despite that the remaining protein
levels of TRIM28 were similar in the shTRIM28 cells and
the 1K- or 2K-expressing cells (~60% of control; compar-
inglanes 2, 3 and 5 in Figure 3E). In fact, the overall KR AB-
ZF protein level in shTRIM28 MCF7 cells was significantly
reduced, perhaps due to increased degradation as a result

of reduced TRIM28 level, as was observed in other breast
cancer cells (27). Homology modeling of the 2K fragment
of mouse ZFP568 suggested the existence of at least eight
ZF-like units, each comprising two B-strands and a helix,
after the first KRAB domain (Figure 6D). We speculate
that the presence of KRAB domain prevents the remaining
TRIM28 from repressing the expression of many KRAB-
ZF genes (see the ‘Discussion’ section in the Supplementary
Data).

DISCUSSION

Across primary human breast cancers in the Cancer
Genome Atlas (TCGA) (59), TRIM28 is highly expressed
whereas ZFP568 is consistently low expressed (Supplemen-
tary Figure S4). Here, we showed that introducing a peptide
fragment containing the KRAB domain of ZFP568 into
MCEF7 cells led to changes in protein levels of TRIM2S,
TRIM?24, EZH?2 (and other PRC2 complex components),
p53 and KRAB-ZF proteins (Figure 7). We find that the
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KRAB domain competes with and disrupts TRIM28—
EZH2 interactions and significantly reduced the protein lev-
els of TRIM28 and EZH2 through proteasome-mediated
degradation. The reason for TRIM28 protein degrada-
tion is not clear. One speculation is that the overexpressed
KRAB domain binds to TRIM28, but the complex is un-
able to bind DNA, therefore not incorporated into the
heterochromatin complex that TRIM28 normally belongs.
The non-chromatin-associated TRIM28-KRAB complex
is perhaps more susceptible to proteasome degradation
(Figure 7A). The same could be said for the TRIM28-
bound EZH2 that is displaced by KRAB domain from
chromatin. MCF7 cells stably expressing KRAB domain
showed decreased proliferation and migration, increased
apoptosis and cell cycle arrest at GO/G1, all of which can
be partially rescued by overexpressing EZH2. We note that
a number of EZH2 small-molecule inhibitors have been
developed targeting its enzymatic activity (60). Disrupting
TRIM28-EZH?2 interaction might provide a novel mecha-
nism to suppress EZH2 function in cancer cells by degrad-
ing EZH2 protein and thus ultimately diminishing its en-
zyme activity—which could potentially expand the thera-
peutic niche of drug combinations, overcoming resistance
that may develop toward existing EZH2 inhibitors.

We note that existing EZH2 inhibitors that do not af-
fect EZH2 protein levels in cells are ineffective at block-
ing proliferation of triple negative (for ER, PR and HER?2)

breast cancer cells even though they effectively reduce the
H3K27me3 mark (61,62). However, knockdown of EZH?2
via RNA interference is sufficient to block tumor growth
(63). Interestingly, we observed more severe inhibitory ef-
fect by KRAB expression on cell growth of triple negative
MDA-MB231 cells, where stable lines could not be estab-
lished beyond the first passage upon introducing the KRAB
domain containing 1K or 2K fragment (Supplementary
Figure S5A). We did observe decreased EZH?2 protein level
as well as H3K27me2 mark in the first passage cells (Sup-
plementary Figure SSB-E). A recent report of an EZH2-
selective degrader (64) showed a cytotoxic effect in multi-
ple triple negative breast cancer cells, while sparing normal
cells, and is efficacious in vivo. This observation and our
study suggest that pharmacological degradation of EZH2
protein can be advantageous for treating the cancers that
are dependent on non-catalytical functions of EZH2. We
also note that catalytically activating mutations in EZH2
(65) are significantly enriched in germinal center B-cell-like
lymphoma, where EZH?2 inhibitors have been shown to be
clinically effective (66). Strategies to reduce EZH2 protein
level could potentially be synergistic or additive to EZH2
inhibitor therapy.

There are at least three TRIM28-associated protein com-
plexes identified that target p53 for ubiquitination and
degradation: TRIM24 (24,36,37), MDM2 (34) and MAGE-
C2 (38) (Figure 7B). MDM2, TRIM24 or TRIM28 each
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contains a RING domain that could act as ubiquitin or
SUMO E3 ligases. Indeed, MDM?2 and TRIM24 have been
shown to ubiquitylate p53 directly (34,36,37), whereas the
isolated RING domain of TRIM28 lacks activity (67) but
MAGE-TRIM2S interactions reportedly form an active
ubiquitin ligase (31,68,69). Meanwhile, TRIM28 undergoes
auto-SUMOylation, which promotes its protein—protein
interactions (70,71). As a scaffolding protein that forms
dimer or trimer or even higher order oligomers, TRIM28-
mediated interaction with TRIM24, MDM?2 and MAGE-
C2 could co-exist in a large complex. As shown, introduc-
ing ectopic KRAB domains decreased TRIM28 level, which
also brings down the levels of TRIM24 and, potentially,
MDM2 (Supplementary Figure S3F) or MAGE-C2 (40).
The net result is decreased ubiquitination of p53, and thus
increased level of p53 protein (Figure 7C). Regulation of tu-
mor suppressor p53 is essential for maintenance of genome
integrity (72,73), innate immune response (74), stem cells
and development (75). Interestingly, as a feedback regu-
lation, MDM2 and members of TRIM family are high-
confidence p53 target genes (76). We suggest that target-
ing TRIM28, and associated E3 ligases, could be developed
into next-generation modulators as p53 therapeutics. A po-
tent small-molecule inhibitor, idasanutlin (RG7388), that
disrupts MDM?2-p53 interaction is being clinically investi-
gated for many cancers, including relapse/refractory acute
myeloid leukemia patients (77-79).

Based on our data and prior observations in the litera-
ture, we suggest that in cancer cells where significant upreg-
ulation of TRIM28 occurs, introducing peptides contain-
ing KRAB domain (or a small-molecule interrupter) into
the cell might prevent TRIM28 from abnormal interactions
with other transcription regulators, and possibly counter
the pro-tumorigenic effect of TRIM28. Mechanistically,
we showed that TRIM28 depletion results in proteasome-
dependent degradation of EZH?2, increased protein stability
of tumor suppressor p53 and increased expression of mul-
tiple KRAB-ZF proteins. These findings demonstrate that
TRIM28 and KRAB-ZF proteins may play an important
role in breast cancer and could be explored as targets for
therapeutic intervention.
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