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hnRNPK is a multifunctional protein that plays an important
role in cancer cell proliferation and metastasis via its RNA-
and DNA-binding properties. Previously we showed that cell-
penetrating peptides derived from the RGG RNA-binding
domain of SAFA (hnRNPU) disrupt cancer cell proliferation
and survival. Here we explore the efficacy of a peptide derived
from the RGG domain of hnRNPK. This peptide acts in a
dominant-negative manner on several hnRNPK functions to
induce death of multiple types of cancer cells. The peptide phe-
nocopies the effect of hnRNPK knockdown on its mRNA-sta-
bility targets such as KLF4 and EGR1 and alters the levels and
locations of long non-coding RNAs (lncRNAs) and proteins
required for nuclear and paraspeckle formation and function.
The RGG-derived peptide also decreases euchromatin as evi-
denced by loss of active marks and polymerase II occupancy.
Our findings reveal the potential therapeutic utility of the
hnRNPK RGG-derived peptide in a range of cancers.

INTRODUCTION
Heterogeneous nuclear ribonucleoprotein K (hnRNPK) is a member
of the hnRNP family of RNA-binding proteins (RBPs) with numerous
and complex molecular functions. It has critical roles in diverse
cellular processes including proliferation, DNA repair, differentia-
tion, and cancer progression.1–4 In addition to regulating mRNA
transport, splicing, stability, and translation, it mediates interactions
between nucleic acids, long non-coding RNAs (lncRNAs), and part-
ner proteins to activate or repress transcription networks downstream
of a variety of signaling pathways such as the p53, MYC, and FOS net-
works. hnRNPK plays a central role in the DNA damage response and
apoptosis in coordination with p53. The formation and function of
nuclear paraspeckles and recruitment of splicing factors to nuclear
speckles and active chromatin all require hnRNPK.

Recent chromatin immunoprecipitation sequencing (ChIP-seq) ex-
periments revealed that chromatin occupancy by hnRNPK positively
correlates with active chromatin marks, DNase I hypersensitive sites,
polymerase II (Pol II) binding, and active transcription.5 Repressive
chromatin marks are depleted from hnRNPK-bound promoters,
and knockdown of hnRNPK leads to Pol II dissociation from many
HNRNPK bound regions.6 hnRNPK interacts with the TATA-bind-
ing protein (TBP) of the RNA polymerase machinery.4,7 This protein
plays a critical role in higher-order chromatin structure and remod-
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eling as a matrix attachment region binding protein to stabilize
chromatin loops.8 It also functions in transcriptional repression by in-
teracting with Polycomb complexes9 and promotes transcriptional
termination through the XRN2 pathway.5

In addition to DNA-dependent molecular functions, hnRNPK regu-
lates many aspects of mRNA, lncRNA, andmicroRNA (miRNA) pro-
cessing, stability, and nuclear retention.10 It binds nascent mRNAs
and recruits RBPs and splicing machinery to nuclear speckles and
to chromatin of actively spliced genes.10,11 hnRNPK binds to
GRHL3, KLF4, and ZNF750 transcripts and decreases their mRNA
stability to prevent premature differentiation and regulate apoptosis
in epidermal stem cells.6 By binding to the 30 UTR of CDKN1A,
hnRNPK negatively regulates its translation in a neuronal context.12

In contrast, it can directly bind to the 50 UTR of theMYC transcript to
promote ribosomal engagement.13 hnRNPK plays a role in process-
ing, nuclear retention, and function of lncRNAs in numerous nuclear
subdomains, including nuclear speckles and paraspeckles.10 Disrup-
tion of a short interspersed nuclear element (SINE) in MALAT1
lncRNA disrupts its interaction with hnRNPK, leading to increased
cytoplasmic MALAT1, abnormal nuclear speckle morphology and
function, and DNA damage and apoptosis.14 hnRNPK is required
for alternative 30 end processing of NEAT1 to generate the isoform
required for nuclear paraspeckle formation, maintenance, and func-
tion.15–18

Depending on context, hnRNPKcan function as an oncogene or tumor
suppressor.19–22 Its overexpression in several tumors (breast, hepato-
cellular, colorectal, melanoma) correlates with poor outcomes and
advanced disease,23–27 and depletion of hnRNPK reduces proliferation
of pancreatic and renal cancer lines.28,29 In other contexts, its functions
as a tumor suppressor are clear: it is a p53 coactivator30,31 and is actu-
ated downstreamof theATR/ATMpathways during theDNA-damage
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response.32,33 Hnrnpk+/� mice have decreased survival due to myelo-
proliferation, lymphomas, and hepatocellular carcinomas.34

Cell-penetrating peptides (CPPs) are composed of short stretches of
amino acids that facilitate translocation of cargo molecules across
cell membranes.35 This strategy has been employed to deliver domi-
nant-negative peptides that abrogate the function of the oncoproteins
MYC and ATF5 and are now in clinical trials.36,37 In addition to these
targets, numerous peptides have been developedwith effects on gastric
and colon cancers,38 breast cancer,39 glioma,40 and skin cancer.41 We
recently developed novel RBM39- and hnRNPU-derived dominant-
negative CPPs that reduce the survival and proliferation of a range
of cancer cells.42,43 We have demonstrated that RBM39-derived
CPPs disrupt its interaction with the MLL1 complex and its DNA tar-
gets, while a peptide derived from the RGG domain of SAFA (also
known as hnRNPU) disrupts its interaction with target RNAs. In
both cases, the resulting effects on the epigenetic landscape, transcrip-
tion, and splicing decrease the growth and survival of multiple types of
cancer cells while leaving normal cells unharmed. hnRNPK harbors
three K homology (KH) domains that are highly conserved across
other poly(C)-binding proteins and facilitate binding to poly(C) tracts
in both RNA and single-strandedDNA.44 It also contains a K-protein-
interaction (KI) domain harboring an RGG box that facilitates pro-
tein-protein interactions and nucleic acid binding.8,22,45,46 Because
the RGG RNA-binding domains of SAFA and hnRNPK are highly
related, here we evaluate the effects of a peptide derived from the
RNA-binding domain of hnRNPK on the proliferation, survival,
and transcriptional and epigenetic features of various cancer cells.

RESULTS
Cell-penetrating peptide derived from the RGG domain of

hnRNPK decreases survival of multiple types of cancer cells

We hypothesized that the RGG domain of hnRNPK would have
dominant-negative activities and phenocopy at least some aspects
of hnRNPK loss of function.28,29,47,48 To test this, we synthesized a
peptide containing amino acids 241–270 of the hnRNPK RGG-
domain conjugated to Penetratin CPP49 and to a His6-tag (Figure 1A,
CPP-hnRNPK-RGG); His-tagged Penetratin served as negative con-
trol (CPP-Neg). Initially, we evaluated their cellular penetration by
treating HEK293 cells with 10 mM peptide in medium for 6 h and
used anti-His antibody to detect the peptide by immunofluorescence.
Both peptides exhibited uniform penetration into the cytoplasm and
nucleus (Figures S1A and S1B). Next, we treated cancer cell lines
(MDA-MB231, triple-negative breast cancer; DU145, prostate cancer;
HT1080, fibrosarcoma; UMUC3, bladder cancer) with peptides at
10 mM for 24 h. Crystal violet staining showed that CPP-hnRNPK-
RGG reduced the total number of all four cell types (Figure 1B, quan-
titated in 1C). More detailed analysis showed that this decrease was
due to decreased viability (Figure 1D). In contrast, treatment of
MCF10A cells, a transformed but non-malignant breast cancer cell
line, or primary human foreskin fibroblasts (HFFs) had no effect on
their proliferation or survival (Figures 2A–2C). The HCT116 colon
cancer cell line was also minimally affected (Figure 2). Thus CPP-
hnRNPK-RGG has cell-type-specific functions.
Peptides derived from the RGG domains of hnRNPA1 and

hnRNPF have no effect on cancer cell proliferation or viability

Wesynthesized additional CPPs from theRNA-binding domains of the
related proteins hnRNPA1 (amino acids 218–240, CPP-hnRNPA1-
RGG) and hnRNPF (amino acids 176–186, CPP-hnRNPF-RBD) (Fig-
ure S2A) and confirmed that these peptides penetrate HEK293 cells
(Figures S1C and S1D). We then employed the same assays to evaluate
cell number and viability but observed no significant effect of these
peptides on any of the cell lines (Figures S2B–S2D). These findings indi-
cate that there are specific attributes of the peptide derived from
the RNA-binding domain of hnRNPK that confer dominant-negative
activity.46,50–52

Cancer cell apoptosis/necrosis in response to CPP-hnRNPK-

RGG is dosage dependent

We used trypan blue to measure the number of dead cells in
vehicle-treated, CPP-Neg, and CPP-hnRNPK-RGG cells (Figure 3A).
While the numbers of dead cells were minimally different between
vehicle and CPP-Neg treatments, CPP-hnRNPK-RGG treatment
markedly increased the number of trypan blue-stained (dead) cells.
We then used an Annexin V-based assay to examine the apoptosis/
necrosis response to varying doses of CPP-hnRNPK-RGG (Fig-
ure 3B). Equal numbers of each cell type were treated with 1, 5,
and 10 mM peptide and assayed at regular intervals over 24 h.
When treated with 5 mM peptide, all cell types had a modest in-
crease in apoptosis/necrosis relative to treatment with either 1 mM
CPP-hnRNPK-RGG or 1 mM CPP-Neg. In contrast, 10 mM treat-
ment revealed differential sensitivity of the cancer cell lines:
MDA-MB231 cells were the most sensitive, with a maximal effect
at 8 h, while HT1080 and DU145 cells were approximately 40%
less sensitive, and their effect peaked at 4 h; UMUC3 cells had a
continuous increase in the number of apoptotic cells over the 24-
h monitoring period.

CPP-hnRNPK-RGG does not alter cancer cell-cycle kinetics

The differential sensitivity of these cancer cell types to CPP-hnRNPK-
RGG peptide treatment suggests divergent mechanisms underlying
their response. Previously, we showed that treatment of these cancer
lines with hnRNPU-RGG-derived peptide resulted in decreased
expression of E2F1-responsive genes and perturbed the cell cycle in
a cell-type-specific manner.42 Others have shown that hnRNPK loss
of function leads to reduced expression of cell-cycle genes, blocking
the cell cycle at different stages depending on cell type.53,54 In the
case of CPP-hnRNPK-RGG-treated cells, flow cytometry analysis of
propidium iodide-stained cells showed no alteration in cell-cycle dis-
tribution relative to CPP-Neg, with the exception of a slight increase
in HT1080 cells in S phase (Figure S3A). Although CPP-hnRNPK-
RGG treatment caused decreases in E2F1 and CDC2 transcript levels,
their downstream transcripts were largely unaffected (Figure S3B), a
finding that has been reported elsewhere and attributed to redun-
dancy of E2F proteins.55 These cell-cycle results are congruent with
the findings in Figures 1 and 3, showing that the mechanism of
decreased cell number in response to CPP-hnRNPK-RGG is induc-
tion of cell death.
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Figure 1. CPP-hnRNPK-RGG peptide decreases viability of MDA-MB231, DU145, HT1080, and UMUC3 cancer cells

(A) Amino acid sequences of CPP-Neg (negative control CPP) and CPP-hnRNPK-RGG (CPP conjugated with hnRNPK-derived RGG domain). The Penetratin

sequence is in red and His-tag is in blue. (B) Representative light-microscopic images of MDA-MB231, DU145, HT1080, and UMUC3 cancer cells stained with crystal

violet. Cells were treated for 24 h with 10 mM concentration of the synthetic peptide indicated at the side. Scale bars, 50 mm. (C) Quantification of total cell number of

all four cancer cell types measured with a hemocytometer after 24 h of treatment with 10 mM CPP-Neg or CPP-hnRNPK-RGG. (D) Quantification of viability

(absorbance, 490 nm, y axis) as measured with the CellTiter-Blue viability assay colorimetric method after 24 h of treatment with 10 mM CPP-Neg or CPP-hnRNPK-

RGG. *p < 0.05, **p < 0.01.
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Figure 2. Effects of CPP-hnRNPK-RGG are cell-type specific

(A) Representative light-microscopic images of crystal violet-stained MDA-MB231 breast cancer cells, the benign MCF10A breast cells, primary human fibroblasts (HFF), and

HCT116 colon cancer cells. Cells were treated for 24 h with 10 mM peptide indicated at the left. Scale bars, 50 mm. (B) Quantification of total cell number of all four cell types

measured with a hemocytometer after 24 h of treatment with 10 mM CPP-Neg or CPP-hnRNPK-RGG. (C) Quantification of cell viability (absorbance, 490 nm, y axis) as in

Figure 1. *p < 0.05, **p < 0.01.
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CPP-hnRNPK-RGG increases transcript levels of proapoptotic

mRNAs normally destabilized by hnRNPK

hnRNPK regulates the levels of its target transcripts by both co- and
post-transcriptional mechanisms.44 We tested whether hnRNPK-
RGG alters the levels of transcripts regulated by both mechanisms.
The levels of several known transcriptionally regulated targets5,6,25,48,56
were not or only modestly affected by CPP-hnRNPK-RGG (black
boxed gene names in Figure 4). Transcripts previously reported to
be regulated by hnRNPK-mediated degradation in some cellular con-
texts were markedly increased in all four cell types (GRHL3, EGR1,
KLF4; green boxed in Figure 4), as was seen with hnRNPK knock-
down.5,6 FOS transcripts were markedly increased in all four cell types.
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Figure 3. Cell death in response to CPP-hnRNPK-RGG treatment is dosage sensitive and cell-type specific

(A) Quantification of trypan blue-positive dead cells. (B) Quantification of apoptosis/necrosis as measured in fluorescence units detected with the RealTime-Glo Annexin V

apoptosis and necrosis assay in response to 1, 5, and 10 mM peptide treatments assayed at the times shown below each graph. Blue and orange lines represent CPP-Neg

and CPP-hnRNPK-RGG peptide treatments, respectively. *p < 0.05, **p < 0.01.
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Figure 4. CPP-hnRNPK-RGG dysregulates the abundance of known hnRNPK target mRNAs

(A–D) qRT-PCR analysis of mRNA transcripts after 24 h of 10 mMpeptide treatment. Cell types are labeled: (A) MDA-MB231, (B) DU145, (C) HT1080, (D) UMUC3. Green and

red bars indicate increased and decreased transcript levels, respectively. Error bars show standard deviation. In other studies,5,6,46 the transcripts named in black boxes at

the bottom of the graphs have been shown to be regulated by hnRNPK at the transcriptional level and those in green boxes at the level of mRNA stability. *p < 0.05, **p < 0.01.
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CPP-hnRNP-RGG disrupts amount and location of nuclear

speckle- and paraspeckle-associated lncRNAs and RNA-

binding proteins

The contribution of hnRNPK to post-transcriptional regulation of
gene expression occurs in part via its roles in nuclear retention of
lncRNAs and mRNAs and its functions in nuclear paraspeckles
and speckles.11,57 It plays crucial roles in 30 end processing and nu-
clear retention of the paraspeckle transcript NEAT1, and in recruit-
ment and retention of MALAT1 to nuclear speckles. These
hnRNPK/lncRNA interactions (and others) are critical to many
cellular processes, including the formation and function of these
nuclear domains.10 We assayed the levels of several cancer-related,
hnRNPK-interacting lncRNAs58 in DU145 and MDA-MB231 cells
(Figures 5A and 5B), which revealed elevated levels of many of
these, the most marked being increased levels of NEAT1_1 and
NEAT1_2 relative to CPP-Neg. Further, 10 mM CPP-hnRNPK-
RGG decreased the ratio of NEAT1_1 to NEAT1_2 (Figure S4),
suggesting that the RGG domain of hnRNPK is not required for
alternative 30 end processing of NEAT1_1 to generate NEAT1_2.
Evaluation of NEAT1 transcripts by fluorescence in situ hybridiza-
tion (FISH) showed that CPP-hnRNPK-RGG decreased the num-
ber of paraspeckles in both cell types, and this was associated with
mislocalization of NEAT1 transcripts to the cytoplasm (Figures 5C,
arrowheads, and S5A). CPP-hnRNPK-RGG treatment altered the
pattern and intensity of signal of the nuclear speckle lncRNA
MALAT1, resulting in a dense network of fine nuclear bodies
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Figure 5. Altered levels and location of lncRNAs, nuclear speckles, and paraspeckles induced by CPP-hnRNPK-RGG

(A and B) qRT-PCR analysis of levels of lncRNA transcripts listed at bottom in (A) DU145 and (B) MDA-MB231 cells in response to treatment with control or CPP-hnRNPK-

RGG peptides at 10 mM for 24 h. (C) Fluorescence in situ hybridization to detect NEAT1 lncRNA in DU145 and MDA-MB231 cells. CPP-hnRNPK-RGG at 10 mM for 24 h

decreases the number of nuclear paraspeckles (punctate nuclear signal) while increasing the presence of transcripts in the cytoplasm (arrowheads) in comparison to control

peptide. Scale bars, 10 mm. Additional images are presented in Figure S5. (D) Fluorescence in situ hybridization to detect MALAT1 in DU145 and MDA-MB231 cells. CPP-

hnRNPK-RGG at 10 mM for 24 h increases the number of cells with diffuse, bright staining (arrows) and cytoplasmic staining (arrowheads). Scale bars, 10 mm. Quantitative

FISH results are presented in Figure S6. *p < 0.05, **p < 0.01.
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(Figure 5D, arrows) and in transcripts also mislocalized to the
cytoplasm in DU145 cells (Figures 5D, arrowheads, and S5B).
The changes we observed in NEAT1 and MALAT1 staining are
quantitated in Figure S6.

Abnormal function of hnRNPK and abnormal number or composi-
tion of nuclear speckles and paraspeckles would be predicted to affect
the localization of RBPs and splicing factors. For example, MALAT1
binds splicing factors in nuclear speckles and regulates their distribu-
tion and function. We found that treatment with 10 mM CPP-
hnRNPK-RGG increased the number of cells with dense cytoplasmic
aggregates of hnRNPK (Figure 6A), but hadminimal effect on TDP43
or SAFB (Figures 6B and 6C). CPP-hnRNPK-RGG markedly altered
the level and/or location of several RBPs in DU145 cells (Figure 6):
DDX3, SC35, U2AF65, DDX17, and SFRS10 are splicing factors
348 Molecular Therapy: Oncolytics Vol. 23 December 2021
that are decreased in the nucleus, and SFRS10 is also decreased in
the cytoplasm (Figures 6D–6H). hnRNPA1 and hnRNPC are both
nuclear envelope proteins that also have splicing functions: hnRNPA1
activates splicing, while hnRNPC competes with U2AF65 to repress
splicing of shared target RNAs.59 Treatment with10 mM CPP-
hnRNPK-RGG decreased hnRNPA1, while hnRNPC was increased
(Figures 6I and 6J). The levels of hnRNPG were not significantly
changed (Figure 6K). Increased size and number of nucleoli is a stress
response and part of the apoptotic process,60 and we detected an in-
crease in the number of cells with large, dense DDX21-positive
nucleoli with CPP-hnRNPK-RGG treatment (Figure 6L, arrow-
heads). These findings are quantitated in Figure S7. Similar findings
in the nuclear signal of the splicing factors SC35, U2AF65, and
SFSR10 and hnRNPs A1, C, and G were seen in MDA-MB231 cells
(Figure S8).



Figure 6. Altered levels and localization of splicing factors and RNA-binding proteins in response to CPP-hnRNPK-RGG in DU145 cells

(A–L) Fluorescence immunocytochemical detection of the indicated proteins in DU145 cells after 24 h of treatment with 10 mMpeptides. (A) hnRNPK, (B) TDP43, (C) SAFB, (D)

DDX3, (E) SC35, (F) U2AF65, (G) DDX17, (H) SFRS10, (I) hnRNPA1, (J) hnRNPC, (K) hnRNPG, (L) DDX21. White arrowheads highlight cells with enlarged, dense DDX21-

positive nuclei. Scale bars, 10 mm. Quantitation of these findings is presented in Figure S7.
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CPP-hnRNP-RGG reduces global active epigenetic marks in

cancer cells

Previous reports demonstrated that hnRNPK can regulate transcrip-
tion of its targets by directly interacting with their promoters and
influencing histone marks.4,61 Thus, we tested if CPP-hnRNPK-
RGG alters Pol II occupancy or bulk levels of the active marks
H3K4me3 and H3K9ac, or the H3K27me3 repressive mark. Immuno-
fluorescence assays show that CPP-hnRNPK-RGG treatment of
DU145 cells at 10 mM results in markedly decreased levels of the active
marks H3K4me3 and H3K9ac, as well as Pol II occupancy, with min-
imal effect on the repressive mark H3K9me3 (Figures 7A–7D, quanti-
tation in Figure S9). Immunoblotting of DU145, HT1080, UMUC3,
and MDA-MB231 cell lysates also showed decreased levels of active
marks H3K4me3 and H3K9ac, with no effect on the H3K27me3
repressive mark (Figure S10). Together, these results strengthen the
correlation between active chromatin and hnRNPK and suggest that
this epigenetic function is mediated by the RGG domain.

DISCUSSION
hnRNPK has central roles in regulating gene expression at multiple
levels and in multiple cellular compartments, including transcription
via direct promoter binding; Pol II binding and establishing and/or
maintaining active chromatin structure; alternative mRNA splicing,
30 end processing, andmiRNA biogenesis; nuclear retention and stabil-
ity ofmRNAs and lncRNAs; and function and location of partnerRBPs.
Our results demonstrate that treatment with CPP-hnRNPK-RGGpep-
tide disrupts many of these functions, resulting in cellular stress and
apoptosis inMDA-MB231,DU145,HT1080, andUMUC3 cancer cells.
These effects were not seen inHCT116 hepatocarcinoma cells, primary
human fibroblasts, or the benign MCF10A breast cell line, suggesting
that there are cell-type-specific differences in the function of the
hnRNPK-RGG domain. The cell-type-specific variations we observe
in response to CPP-hnRNPK-RGG are consistent with gene- and
cell-type-specific transcriptional activation and repression activities
by hnRNPK reported previously.4,62–65

Elevation of KLF4 and EGR1, both of which are well-established
drivers of apoptosis,66,67 by CPP-hnRNPK-RGG may occur via
disruption of the binding and/or processing functions of hnRNPK
on these transcripts, as has been reported elsewhere.5,6 The mecha-
nism of peptide-mediated increases in FOS transcripts that we
observe is unclear, but this finding has been reported in cells
Molecular Therapy: Oncolytics Vol. 23 December 2021 349
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Figure 7. Active chromatin marks and Pol II occupancy are decreased by CPP-hnRNPK-RGG in DU145 cells

Fluorescence immunocytochemical detection of histone marks and Pol II in DU145 cells after 24 h of 10 mM peptide treatment. (A) H3K4me3, (B) H3K9ac, (C) Pol II, and (D)

H3K9me3. Scale bars, 10 mm. Quantitative results are presented in Figure S9.
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undergoing apoptosis.68 Removal of the RGG domain of hnRNPK
was shown to disrupt its binding to an RNA probe containing 32 nu-
cleotides of the c-FOS mRNA, and hnRNPK regulation of the FOS
promoter in transactivation assays is thought to occur via hnRNPK
binding of the nascent mRNA.69

The functions of nuclear paraspeckles are yet to be completely eluci-
dated, but they are an established domain formRNAadenosine-to-ino-
sine (A-I) editing and retention. Paraspeckles are highly sensitive to a
variety of cellular stresses that alter their number, distribution, and abil-
ity to release or retain transcripts via effects on nuclear export. Alter-
ations in miRNA biogenesis in paraspeckles in response to stressors
is another mechanism whereby this compartment regulates gene
expression. hnRNPK controls alternative 30 end processing of NEAT1
to generate the isoform required for nuclear paraspeckle formation,
maintenance, and function, and we found that CPP-hnRNPK-RGG
350 Molecular Therapy: Oncolytics Vol. 23 December 2021
causes an increase in transcript levels of both isoformsofNEAT1, which
manifests as increased transcripts in the cytoplasm,while the number of
paraspeckles is decreased inbothDU145 andMDA-MB231 cells. These
observations suggest that theRGGdomainof hnRNPKfacilitates reten-
tion of NEAT1 in paraspeckles.

Nuclear speckles (NS) are known to house splicing and other RNA-
processing machinery and, more recently, their role in “boosting”
active transcription and Pol II occupancy has been revealed as a
mechanism that coordinates multiple aspects of expression regula-
tion.70 The lncRNA MALAT1 is critical to this aspect of nuclear
speckle function by recruiting transcriptional machinery to active
chromatin and interacting with chromatin at actively spliced genes.71

Discovery of a consensus sequence within lncRNA SINEs that is
bound by hnRNPK and mediates nuclear accumulation has far-reach-
ing implications,57 as disruption of this element in the MALAT1
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lncRNA resulted in increased cytoplasmic MALAT1, abnormal nu-
clear speckle morphology and function, and DNA damage and
apoptosis.14 The hnRNPK functional domain(s) required for retention
ofMALAT1 is unknown; however, our data show that CPP-hnRNPK-
RGG causes increased MALAT1 levels, altered nuclear speckle size
and distribution, and mislocalization of this lncRNA to the cytoplasm
in DU145 cells, similar to the effects of deleting the 30 SINE in MA-
LAT1. All of these observations suggest that the RGG domain plays a
role in the hnRNPK/MALAT1 SINE interaction. The level of cyto-
plasmic hnRNPK relative to that in the nucleus also increased in
response to CPP-hnRNPK-RGG (Figures 6A and S7A), suggesting a
contribution of the RGG domain in nuclear retention of hnRNPK
in these cells.46 Additional effects of CPP-hnRNPK-RGG on nuclear
speckles are evident in the altered levels and locations of splicing fac-
tors and other RBPs.

In addition to effects on active transcription due to alterations in nu-
clear speckles/MALAT1, CPP-hnRNPK- RGG decreased bulk levels
of activating histone marks and levels of nuclear Pol II. Increased
levels of lincRNA-p21 may also contribute to the decrease in active
chromatin that we observed.72

Collectively, these findings support our hypothesis that the peptide
disrupts hnRNPK-mediated recruitment of, or interaction with, pro-
teins and lncRNAs that confer active marks and regulate higher-order
chromatin structure. hnRNPK has known roles in these processes and
also is required for the binding of Pol II to active sites of transcrip-
tion.5,6 The observed changes in active chromatin would be expected
to have widespread consequences on gene expression that are beyond
the scope of the present study. Clearly, additional investigation into
the factors that engage with hnRNPK to establish active chromatin
in cancer cells is warranted, as is determining the molecular roles of
the RGG domain in these events.

Our published work shows that a dominant-negative peptide derived
from the RGG domain of SAFA (hnRNPU) has effects on cancer cell
survival, histone marks, and other key processes that are similar to
those of CPP-hnRNPK-RGG.42,43 Despite the similarity in structure
between theRGGdomain of hnRNPKandhnRNPUand those of other
hnRNPs, peptides derived from the RGG domains of hnRNPA1 and
hnRNPF had no effect on survival of the cancer cells we tested. It could
be that these hnRNPs have more limited roles in cancer cells and/or
that their RGG domains havemolecular functions different from those
of hnRNPK and hnRNPU. Future studies will be directed at deter-
mining the respective interacting partners of hnRNPK and hnRNPU
in cancer cells. Unbiased studies are needed to determine and compare
the breadth of altered chromatin structure and gene expression in
response to CPP-hnRNPK-RGG in different types of cancer cells.

Pharmacologic or nucleic acid-basedmethods to inhibit key oncogenic
factors are themost commonstrategies todisrupt cancer progression or
metastasis. However, many of these interventions are directed at mol-
ecules and processes that are also required in normal cells, resulting in
significant toxicity. We have shown that dominant-negative peptides
derived from the RNA-binding domains of hnRNPU and RBM39
(also known as CAPERa) haveminimal effects on normal cells because
they disrupt cancer-cell-specific interactions and molecular func-
tions42,43 andmayhave significant clinical advantages over less targeted
approaches. Here, we provide support for further exploration and
development of a peptide with dominant-negative functions in
hnRNPK, called CPP-hnRNPK-RGG, as a therapeutic peptide.

MATERIALS AND METHODS
Cell culture

MDA-MB231, UMUC3, HCT116, DU145, HFF1, and HT1080 cell
lines were obtained from ATCC. These cell lines were maintained
in Dulbecco’s modified Eagle’s medium (cat. no. 30-2002) with 10%
fetal bovine serum. The MCF10A cell line was obtained from
ATCC and were cultured in MEBM complete medium (kit cat. no.
CC-3150 + 100 ng/mL cholera toxin). Cells were maintained in a hu-
mid incubator with 5% CO2 at 37�C.

Antibodies

The following antibodies were used in this study: R-IgG (SC-2027), m-
IgG (SC-2025), actin (SC-47778), H3K4me3 (Cell Signaling, 9751;
active motif 39159), H3K27me3 (Cell Signaling, 9733), H3K27ac
(ab4729), H3K9ac (ab176916), rabbit polyclonal Ki67 (Vector Labs),
hnRNPK (SC-28380), TDP43 (ab133547), SAFB1 (A300-811A),
DDX3 (SC-365768), SC35 (ab11826), U2AF65 (SC-53942), DDX17
(SC-130650), SFRS10 (Bethyl, A305-011A), hnRNPA1 (SC-32301),
hnRNPC (SC-32308), hnRNPG (Cell Signaling D7C2V), and DDX21
(SC-376953).

For the immunohistochemistry (IHC) studies, primary antibody was
used at a 1:200 dilution and secondary at 1:1,000. For western blots, a
1:1,000 dilution was used for the primary and 1:10,000 for the
secondary.

Crystal violet staining

Crystal violet staining was performed as in Puvvula and Moon.42

Briefly, cells were grown in six-well plates in complete growth me-
dium. When they reached 60% confluence, the growth medium was
replaced with Opti-MEM medium supplemented with peptide at
the concentrations shown in the figure legends. Cells were incubated
for the times indicated and fixed with 1% paraformaldehyde (PFA)
for 10 min. Subsequently, the cells were stained with 100 mL 0.1%
crystal violet solution for 2 h. Crystal-violet-stained cells were
observed and recorded using inverted optical microscopy.

Cell count analysis

Cells were plated in six-well dishes and incubated with synthetic pep-
tides in Opti-MEM at the concentrations and times indicated in the
figures or legends, and then the cells were trypsinized and counted us-
ing a hemocytometer.

RNA isolation and reverse transcription-PCR

Total RNA was prepared as per the manufacturer’s protocols. We
used the RNeasy Mini Kit (cat. no. 74104) from Qiagen to extract
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the RNA and then prepared cDNA using the EcoDry Premix Dou-
ble Primed kit (Clontech). Quantitative RT-PCR was performed
using SsoFast EvaGreen Supermix (Bio-Rad) as per the manufac-
turer’s protocol. RT-PCR primer sequences will be provided upon
request.
Synthetic peptides

LifeTein synthesized hnRNPK-, hnRNPA1-, and hnRNPF-derived
peptides at purity >75%. Peptides were dissolved in PBS at 1 mg/
mL and then applied to cells at the concentrations stated in the leg-
ends in Opti-MEM medium.
CellTiter-Blue

Cell Viability Assay (cat. no. G8080, Promega) and RealTime-Glo
Annexin V Apoptosis and Necrosis Assay (JA1011, Promega) were
performed as per Promega’s specified protocols.
lncRNA FISH

NEAT1 (SMF-2037-1) and MALAT1 (2035-1) Stellaris FISH probes
were purchased from Biosearch Technologies and RNA-FISH was
performed as per the manufacturer’s protocol. Briefly, cells were
grown on 18-mm round coverglasses in 12-well cell culture plates
and subjected to peptide treatment for 24 h at 10 mM concentration.
At the end of the treatment, cells were washed with 1� PBS and fixed
for 10 min in fixation buffer. Cells were permeabilized with 70%
ethanol for at least 1 h in the cold. Before hybridization, cells were pre-
treated once with wash buffer A. Cells were incubated with 100 mL of
hybridization buffer containing 125 nM lncRNA probes overnight.
Cells were washed with wash buffers A and B and stained with
Hoechst at the end of the procedure. LncRNA signals were visualized
and recorded by confocal microscopy.
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