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The identification and targeting of key molecular drivers of
melanoma and breast and lung cancer have substantially improved
their therapy. However, subtypes of each of these three common,
lethal solid tumors lack identified molecular drivers, and are thus
not amenable to targeted therapies. Here we show that pleckstrin
homology domain-interacting protein (PHIP) promotes the progres-
sion of these “driver-negative” tumors. Suppression of PHIP expres-
sion significantly inhibited both tumor cell proliferation and
invasion, coordinately suppressing phosphorylated AKT, cyclin D1,
and talin1 expression in all three tumor types. Furthermore, PHIP's
targetable bromodomain is functional, as it specifically binds the
histone modification H4K91ac. Analysis of TCGA profiling efforts
revealed PHIP overexpression in triple-negative and basal-like
breast cancer, as well as in the bronchioid subtype of nonsmall cell
lung cancer. These results identify a role for PHIP in the progression
of melanoma and breast and lung cancer subtypes lacking identified
targeted therapies. The use of selective, anti-PHIP bromodomain
inhibitors may thus yield a broad-based, molecularly targeted ther-
apy against currently nontargetable tumors.

PHIP | driver gene-negative | target | chromatin remodeling

mproved understanding of the molecular basis of cancer has

resulted in the development of targeted therapies for various
solid tumors, which have been shown to prolong survival in the
setting of metastatic disease. These developments have led to the
approval by the US Food and Drug Administration of agents
targeting HER?2 in breast cancer (1), EGFR and ALK in non-
small cell lung cancer (2, 3), and BRAF in melanoma (4-6). As a
result, precision medicine using such targeted approaches can
revolutionize current approaches to cancer classification and
treatment. To determine the appropriate targeted therapy, tu-
mors must be classified according to the major molecular drivers
of the malignant phenotype.

However, a significant proportion of common solid tumor
types currently lack clearly identified targetable molecular ab-
errations, highlighted by the triple-negative subset of breast
cancers, and therefore cannot be effectively treated with cur-
rently available targeted approaches. As a result, the treatment
of cancers without known molecular drivers has lagged signifi-
cantly behind that of targetable tumors. Furthermore, such
nontargetable tumors are often more treatment resistant than
tumors displaying currently targetable molecular drivers. To
date, genome-wide analyses of such tumors have not resulted in
effective targetable interventions. Thus, identifying molecular
factors that promote the progression of diverse solid tumors
lacking known molecular drivers would represent a significant
advance in our understanding of cancer progression and define
targets for the therapy of such tumors. Previously, we identified a
role for the pleckstrin homology domain-interacting protein
(PHIP) in the progression of melanoma (7). Here we identify a
more broad-based role for PHIP in driving the progression of
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three solid tumor subtypes, each lacking identified mutational
drivers or molecular targets for precision therapy.

Results

The effect of PHIP on the progression of currently nontargetable
subsets of three solid tumors in which targeted therapeutics play
an important role (breast and lung cancer and melanoma) was
evaluated using shRNA-mediated gene silencing as well as PHIP
cDNA overexpression. Initially, the effects of regulating PHIP
expression were evaluated using lentiviral transduction of a well-
characterized shRNA targeting human PHIP (7, 8) in the triple-
negative MDA-MB-231 human breast cancer cell line. Sup-
pression of PHIP expression (85% knockdown by TagMan; Fig.
1A4) produced significant reductions in MDA-MB-231 cell colony
formation (Fig. 1B) compared with control clones expressing a
shRNA targeting firefly luciferase (luc shRNA). In addition,
anti-PHIP shRNA expression reduced the invasive capacity of
MDA-MB-231 cells into Matrigel by 75% (Fig. 1C). Finally,
shRNA-mediated targeting of PHIP resulted in 42% reduction in
the metastatic potential of MDA-MB-231 cells after i.v. injection
into nude mice (P < 0.0005; Fig. 1D).

Significance

The development of targeted therapies represents a major advance
in cancer therapy, with its most prominent examples including
agents targeting HER2 in breast cancer, EGFR and ALK in lung cancer,
and BRAF in melanoma. However, a key challenge confronting such
precision medicine approaches concerns the presence of subtypes of
each of these three common, lethal solid tumors that lack identified
molecular drivers, and are thus not amenable to targeted ther-
apies. Our studies identify a role for pleckstrin homology domain-
interacting protein (PHIP) in promoting the progression of “driver-
negative” subtypes of these common solid tumors. In addition, they
demonstrate a physical interaction between PHIP and an activating
histone modification, thereby identifying PHIP as a rational target for
the therapy of these solid tumor subtypes.
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Fig. 1. Effects of stable shRNA-mediated suppression of PHIP in MDA-MB-231 cells. (A) Western analysis of expression of PHIP and other proteins in MDA-MB-
231 cells expressing anti-luc shRNA or anti-PHIP shRNA (127738). (B) Colony formation ability of MDA-MB-231 cells expressing anti-luc shRNA or anti-PHIP
shRNA (127738) (P < 0.01). (C) Invasion into Matrigel of MDA-MB-231 cells expressing anti-/luc shRNA or anti-PHIP shRNA (127738) with corresponding mi-
crophotographs (P < 0.001). (D) Quantification of total tumor counts on day 36 in the lungs of nude mice i.v. injected with MDA-MD-231 cells expressing anti-
luc shRNA or anti-PHIP shRNA (127738) (P < 0.00001). (E and F) Qualitative immunofluorescence analysis of (E) PHIP and Talin 1 and (F) PHIP and Cyclin D1 in
MDA-MB-231 cells expressing anti-/uc shRNA or anti-PHIP shRNA (127738). (Scale bar, 20 um.) (G) Effects of overexpression of TLNT cDNA or control plasmid on
invasive capacity into Matrigel of MDA-MB-231 cells expressing anti-PHIP shRNA (127738) (P = 0.02).
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Fig. 2. Effects of modulation of PHIP expression in MDA-MB-231 cells. (A) Western analysis of expression of PHIP and other proteins in MDA-MB-231 cells
overexpressing PHIP cDNA or control plasmid. (B) Effects of overexpression of PHIP cDNA or control plasmid on invasive capacity into Matrigel of MDA-MB-
231 cells (P < 0.05). (C) Effects of overexpression of PHIP cDNA or control plasmid on colony-formation ability of MDA-MB-231 cells (P < 0.05). (D-G) Qual-
itative immunofluorescence analysis of (D) PHIP and Talin 1, (E) PHIP and Cyclin D1, (F) PHIP and pHH3, and (G) PCNA and Ki67 in MDA-MB-231 cells
overexpressing PHIP cDNA or control plasmid. (Scale bar, 20 um.)

We then assessed the downstream pathways by which PHIP  was accompanied by down-regulation of phosphorylated AKT
exerts its effects on human breast cancer progression and metas-  (pAKT Ser473) and Talin 1 (7). Accordingly, anti-PHIP shRNA-
tasis. Previously, we showed that suppression of PHIP expression  expressing MDA-MB-231 cells expressed reduced levels of PHIP
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Effects of stable shRNA-mediated suppression of PHIP in H1703 cells. (A) Western analysis of expression of PHIP and other proteins in H1703 cells

expressing anti-/luc shRNA or anti-PHIP shRNA (127738). (B) Colony formation ability of H1703 cells expressing anti-/uc shRNA or anti-PHIP shRNA (127738) (P <
0.02). (C) Invasion into Matrigel of H1703 cells expressing anti-/luc shRNA or anti-PHIP shRNA (127738) (P < 0.04). (D) Tumor volume 50 d after s.c. injection of
H1703 cells expressing anti-luc shRNA or anti-PHIP shRNA (127738) (P = 0.000006). (E and F) Qualitative immunofluorescence analysis of (E) PHIP and Talin
1 and (F) PHIP and Cyclin D1 in H1703 cells expressing anti-luc shRNA or anti-PHIP shRNA (127738). (Scale bar, 20 pm.) (G) Effects of overexpression of TLN1
cDNA or control plasmid on invasive capacity into Matrigel of H1703 cells expressing anti-PHIP shRNA (127738) (P < 0.001).

and pAKT by Western analysis (Fig. 14), as well as of PHIP and
Talin 1 by immunofluorescence analyses (Fig. 1E and SI Appendix,
Fig. S1 A and B). In addition, suppression of PHIP resulted in
reduced expression of Cyclin D1 (Fig. 1F and SI Appendix, Fig.
S1C), which plays an important role in breast cancer progression
and is regulated by the PI3K/AKT pathway (9, 10). Transfection of
a plasmid encoding TLNI cDNA into MDA-MB-231 cells ex-
pressing anti-PHIP shRNA rescued the effects of PHIP suppres-
sion on invasion (Fig. 1G), indicating the requirement of Talin
1 for the proinvasive effects of PHIP. The effects of shRNA-based
targeting of PHIP on expression of PHIP, pAKT, Talin 1, and
Cyclin D1, as well as in reducing the invasive capacity and colony
formation ability of MDA-MB-231 cells, were confirmed using a
second shRNA targeting human PHIP mRNA (78% knockdown
by TagMan; SI Appendix, Fig. S1 D-K). Finally, overexpression of
PHIP cDNA in MDA-MB-231 cells resulted in increased invasive
and proliferative capacity, together with increased expression of

de Semir et al.

pAKT, Talin 1, and Cyclin D1 (Fig. 2 A-E and SI Appendix, Fig.
S2 A-C). In addition, as a recent study has shown an important
role for PHIP in DNA replication (11), we observed significant
overexpression of the proliferation markers PCNA, Ki67, and
phospho-Histone H3 (pHH3) on PHIP overexpression (Fig. 2 F
and G and SI Appendix, Fig. S2 D-F).

The effect of PHIP on human breast cancer progression was
subsequently assessed in triple-negative MDA-MB-436 cells
(12). Specifically, shRNA-mediated suppression of PHIP (83%
knockdown by TaqMan; SI Appendix, Fig. S34) resulted in sig-
nificant suppression of MDA-MB-436 cell proliferation (60%
reduction in colony formation, SI Appendix, Fig. S3B) and in-
vasion (by 78%, SI Appendix, Fig. S3C), and was accompanied by
down-regulation of pAKT (SI Appendix, Fig. S3A4), Talin 1, and
Cyclin D1 (SI Appendix, Fig. S3 D-H). Similar to MDA-MB-
231 cells, transfection of a plasmid encoding 7LNI cDNA into
MDA-MB-436 cells expressing anti-PHIP shRNA rescued the

PNAS | vol. 115 | no.25 | E5769
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Fig. 4. Effects of modulation of PHIP expression in H1703 cells. (A) Western analysis of expression of PHIP and other proteins in H1703 cells overexpressing PHIP
cDNA or control plasmid. (B) Effects of overexpression of PHIP cDNA or control plasmid on invasive capacity into Matrigel of H1703 cells (P < 0.05). (C) Effects of
overexpression of PHIP cDNA or control plasmid on colony formation ability of H1703 cells (P < 0.05). (D-G) Qualitative immunofluorescence analysis of (D) PHIP and
Talin 1, (E) PHIP and Cyclin D1, (F) PCNA and pHH3, and (G) PHIP and Ki67 in H1703 cells overexpressing PHIP ¢cDNA or control plasmid. (Scale bar, 20 pm.)

effects of PHIP suppression on invasion (SI Appendix, Fig. S3I). We then examined the role of PHIP in the progression of
Taken together, these results demonstrate an important role for =~ human nonsmall cell lung cancer, focusing on H1703 and Calu-
PHIP in the progression of triple-negative breast cancer, thus 3 cells, which lack molecular aberrations in EGFR, KRAS,
identifying a target for its therapy. PIK3CA, BRAF (13), and ALK (SI Appendix, Fig. S4A4). Initially,

E5770 | www.pnas.org/cgi/doi/10.1073/pnas.1804779115 de Semir et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804779115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804779115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1804779115

O

Luc PHIP Merge
shRNA  shRNA
. ) <
= s
W R [ AKT(Serd73) L;’
N
KT i
=
SR /\PDH 8
<
p4
['4
e
[}
o
I
B o
N
300 z
250 3
S =
< 200
o
5 150
é 100 E
3 50 Merge
0 <
Luc shRNA  PHIP shRNA z
%
[&]
3
-
o
T
=
©
=
Cg 50
[}
o <
40
2 Z
3 30 @
£ =
5 20 £
5 o
10 iy
5 2
b4 T
0 ©
Luc shRNA ~ PHIP shRNA =
Fig. 5.

PHIP Talin 1 DAPI

PHIP Cyclin D1 DAPI

Effects of shRNA-mediated suppression of PHIP in Ma-Mel-12 cells. (A) Western analysis of expression of PHIP and other proteins in Ma-Mel-12 cells
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shRNA-mediated PHIP knockdown (84% knockdown by TagMan;
Fig. 34) in H1703 cells resulted in significant reduction in lung
cancer proliferation (Fig. 3B) and invasion (Fig. 3C). Inoculation
of H1703 cells expressing anti-PHIP shRNA s.c. produced pro-
found (78%) reduction in the growth of lung cancer cells in vivo
(P < 0.000005; Fig. 3D). PHIP suppression in H1703 cells was
accompanied by down-regulation of pAKT (Fig. 34), Talin 1,
and Cyclin D1 (Fig. 3 E and F and SI Appendix, Fig. S4 B-D),
similar to that observed in triple-negative breast cancer cells. The
suppression of H1703 cell invasion by PHIP knockdown was
rescued by TLNI overexpression (Fig. 3G). In addition, the re-
duced expression of PHIP, accompanied by decreased pAKT,
Talin 1, and Cyclin D1 expression, cell proliferation, and invasive
capacity, was confirmed by targeting PHIP with a second shRNA
(82.8% knockdown by TaqMan; SI Appendix, Fig. S5). Finally,
overexpression of PHIP cDNA in H1703 cells resulted in in-
creased invasive and proliferative capacity along with increased
expression of pAKT, Talin 1, Cyclin D1, PCNA, Ki67, and pHH3
(Fig. 4 and SI Appendix, Fig. S4 E-J).

The effects of PHIP on promoting lung cancer progression
were subsequently examined in Calu-3 cells. shRNA-mediated
PHIP knockdown (85.4% knockdown by TaqMan; SI Appendix,
Fig. S6A4) was shown to result in significant (85%) reduction in

de Semir et al.

Calu-3 cell colony formation (SI Appendix, Fig. S6B). As Calu-
3 cells do not invade into Matrigel, the effects of PHIP suppres-
sion were assessed in a scratch assay, in which the PHIP shRNA-
expressing cells closed the wound to a significantly lesser extent
than control shRNA-expressing cells (P < 0.0005; SI Appendix,
Fig. S6C). shRNA-mediated PHIP suppression also resulted in
reduced expression of pAKT (SI Appendix, Fig. S64), Talin 1, and
Cyclin D1 (SI Appendix, Fig. S6 D-H).

Finally, we assessed the role of PHIP in promoting the pro-
gression of human melanoma in early-passage, short-term mela-
noma cultures (Ma-Mel-12 and Ma-Mel-103b). Ma-Mel-12 cells
have been characterized at the molecular level and found to harbor
wild-type BRAF, NRAS, and NFI [which defines the triple wild-
type subtype defined by the recent TCGA analysis (14)]. Ma-Mel-
12 cells also harbor wild-type PTEN and c-KIT, which represent
additional mutational targets in melanoma. shRNA-mediated
suppression of PHIP (85.6% knockdown by TagMan; Fig. 54)
resulted in significant suppression of melanoma cell proliferation
(Fig. 5B) and invasion (Fig. 5C), and was accompanied by down-
regulation of pAKT (Fig. 54), Talin 1, and Cyclin D1 (Fig. 5 D and
E and SI Appendix, Fig. S7 A-C). In addition, the reduced ex-
pression of PHIP, accompanied by decreased pAKT, Talin 1, and
Cyclin D1 expression, cell proliferation, and invasive capacity, was
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confirmed by targeting PHIP with a second shRNA (84.4%
knockdown by TaqMan; SI Appendix, Fig. S7 D-K). The effects of
PHIP on promoting melanoma progression were subsequently
confirmed in another short-term melanoma culture, Ma-Mel-103b,
which also lacks mutations in BRAF, NRAS, NF1, PTEN, and c-
KIT (71.5% knockdown by TaqMan; SI Appendix, Fig. S8).

Having established a role for PHIP in promoting the pro-
gression of “driver-negative” breast cancer, nonsmall cell lung
cancer, and melanoma cell lines, we assessed PHIP expression
levels in these malignancies using genome-wide analyses per-
formed by TCGA. In the breast cancer analysis (15), PHIP
transcript levels were significantly elevated in both basal-like
tumors and triple-negative tumors (Fig. 6 A and B) compared
with the other subtypes. In the analysis of lung adenocarcinomas
(16), in the subset of tumors lacking mutations in EGFR, KRAS,
and ALK, PHIP expression was significantly increased in the
bronchioid and magnoid subtypes compared with the squamoid
type, with a statistically significant increase in the bronchioid
subtype (Fig. 6C). In the analysis of melanoma specimens (14),
PHIP expression was not enriched in any particular molecular
subtype, with its expression in the triple wild-type subtype not
significantly different compared with all other subtypes (Fig.
6D). Thus, the PHIP gene is expressed in “driver-negative” tu-
mors (and is enriched in the basal-like or triple-negative subtypes
of breast cancer, and in the bronchioid subtype of lung cancer),
justifying its role as a potential therapeutic target.

Because PHIP promotes the progression of three currently
nontargetable solid tumor subtypes, we assessed its potential
druggability. The PHIP protein contains two bromodomains, which
present an opportunity for small molecule targeting (17). Bromo-
domains are involved in chromatin remodeling by binding to
acetylated lysine residues, enabling their interaction with specific
histone modifications. However, whether the PHIP bromodomains
are functional has not been conclusively demonstrated. Compu-
tational modeling has suggested the possible interaction of the
second PHIP bromodomain with various acetylated lysine residues
on histones (18). We therefore assessed the potential interaction of
PHIP with one of these predicted modifications, H4K91ac.

Initially, we determined the level of nuclear PHIP protein in
our target tumor models. A cytoplasmic vs nuclear fractionation
assay showed almost exclusive nuclear localization of PHIP in
MDA-MB-231, H1703, and Ma-Mel-12 cells (Fig. 74). Next, we
assessed whether the PHIP protein has a spatial relationship with
H4K91ac. Immunofluorescence analysis indicated a well-defined
pattern of immunopositivity for both PHIP and H4K91ac stain-
ing in nuclei of MDA-MB-231, H1703, and Ma-Mel-12 cells,
suggesting this colocalization (Fig. 7B). Intriguingly, areas of
intense positivity, resembling distinct nuclear foci, were visible in
all cell lines examined and were present in channels representing
both PHIP and H4K91ac, suggesting this spatial relationship. We
then assessed whether expression of PHIP and H4K9lac was
coordinately regulated after a mitogenic stimulus. The intensity
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Fig. 6. TCGA analysis of PHIP expression. (A-D) Box plots showing mean
expression levels for PHIP in various molecular subtypes of human specimens
from TCGA of (A) and (B) breast cancer, (C) lung cancer, and (D) melanoma.
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of nuclear immunopositivity was significantly increased for both
proteins after treatment of MDA-MB-231, H1703, and Ma-Mel-
12 cells with insulin (SI Appendix, Fig. S9 A-F). Further analysis
using a laser-scanning microscope, with a resolution of 140 nm,
indicated that these foci indeed occupy the same space when
visualized over consecutive Z-stacks (Fig. 84 and Movies S1-S3).
In addition, analysis of these consecutive Z-stacks in the confocal
images revealed significant values for the Pearson’s colocaliza-
tion coefficient between PHIP and H4K91ac in MDA-MB-231,
H1703, and Ma-Mel-12 cells in both the presence or absence of
insulin (SI Appendix, Fig. S9 G-L). Finally, a physical interaction
between the two proteins was confirmed by coimmunoprecipi-
tation of both PHIP and H4K91ac in nuclear extracts of H1703
cells. Both immunoprecipitated fractions were positive for their
counterpart by Western analysis, indicating that PHIP binds to
H4K91ac (Fig. 8B).

Discussion

The development of targeted therapies has revolutionized the
treatment of many cancers. Such therapies require the identifica-
tion of specific molecular drivers of the malignant phenotype that
can be targeted by small molecules or monoclonal antibodies. This
precision medicine approach has enabled the selection of drug
therapies based on the molecular analysis of individual patient
tumors. This restricts use of the therapeutic agent to those patients
most likely to benefit from the targeted intervention, while sparing
patients whose tumors lack these targets from the additional time,
expense, and adverse events associated with treatments from which
they are unlikely to benefit. Targeted therapies have been associ-
ated with both significantly increased response rates in matched
patient populations and prolonged survival in multiple solid tumors,
with breast and nonsmall cell lung cancer, as well as melanoma,
emerging as the most prominent examples.

Despite these dramatic advances, significant challenges re-
main for the optimal development of targeted therapies for pa-
tients with cancer. First, the development of acquired drug
resistance has emerged as a significant limitation of these ap-
proaches. In addition, many identified molecular targets are not
currently druggable using available small molecules or mono-
clonal antibodies. One of the greatest challenges in the targeted
therapy field remains the subset of patients whose tumors do not
express the targetable molecular drivers. To date, no shared
molecular targets for therapy have been identified for such tu-
mor types. As a result, therapeutic approaches for these sub-
groups of patients have lagged significantly and continue to rely
on conventional therapies.

In this study, we describe a broad-based role for PHIP in pro-
moting the progression of three solid tumors (breast and nonsmall
cell lung cancer as well as melanoma) in which targeted therapies
have shown the greatest efficacy. We focused on subtypes of these
three cancers that specifically lack identified targeted therapies,
which are largely distinct in the three tumor types examined. The
PHIP gene is expressed at high levels in each of these molecular
subtypes, as evidenced by TCGA analyses of these malignancies.
PHIP was specifically enriched in triple-negative or basal-like
breast cancer. Interestingly, the PHIP locus has been recently
identified as a possible breast cancer susceptibility gene (19).
PHIP expression was also enriched in the bronchioid subtype of
lung cancer lacking mutations in EGFR, KRAS, and ALK. This
molecular subtype was previously shown to occur more commonly
in females and to be associated with chemotherapy and radiation
resistance, as well as poorer survival in late-stage disease (20). We
show that regulation of PHIP expression, both through gene si-
lencing and through PHIP cDNA overexpression, results in sig-
nificant modulation of two hallmarks of the malignant phenotype;
namely, tumor cell proliferation and invasion. These observations
were supported by its coordinate regulation of a cascade of tumor
cell proliferation and invasion markers (pAKT, Cyclin D1, and
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H1703 and Ma-Mel-12 cells. Lamin B1 was used as a specific nuclear marker. (B) Qualitative immunofluorescence analysis showing colocalization of PHIP and
H4K91ac (see arrows) in MDA-MB-231, H1703, and Ma-Mel-12 cells with or without insulin stimulation. (Scale bar, 20 pm.)

Talin 1, as well as Ki67, PCNA, and pHH3). Furthermore, sig-
nificant suppression of cancer progression was observed in tumor-
bearing mice by PHIP targeting in MDA-MB-231 and H1703 cells.
In addition to the results presented here, prior studies have shown
that PHIP regulates glycolysis and tumor angiogenesis, providing

de Semir et al.

additional pathways by which it promotes tumor progression (8,
21, 22). Taken together, these results firmly establish a role for
PHIP targeting in the setting of such “driver-negative” tumors.
However, PHIP targeting may be difficult to achieve, in part
because of the lack of targetable enzymatic activity. As a result,
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an anti-PHIP antibody (Left); nuclear extracts from H1703 cells were subjected to the immunoprecipitation of endogenous PHIP, using an anti-PHIP antibody

or IgG control antibody followed by Western analysis of endogenous H4K91ac, using an anti-H4K91ac antibody (Right).

we focused on PHIP’s bromodomains, given that the bromodomain-
acetyl-lysine protein—protein interaction may be blocked by small
molecule inhibitors (17). Previous studies of the BET protein
family (including BRD2-4) indicating that the interaction between
bromodomains and lysine residues on histones can be targeted by
small molecules (17, 23, 24) have generated substantial interest in
the druggability of bromodomain motifs (25). The PHIP bromo-
domains do not share significant sequence homology with that of
BRD2-4 (18, 26), suggesting that novel small molecule inhibitors
will need to be identified to most effectively target PHIP. Al-
though a recent study has described a domain in the PHIP protein
important for interacting with methylated histones (27), whether
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the PHIP bromodomains are functional has not been conclusively
demonstrated. Our studies, using immunofluorescence, confocal
microscopy, and coimmunoprecipitation, showed not only a
colocalization but also a physical interaction between PHIP and
H4K91ac, thereby indicating a role for the PHIP protein in
chromatin remodeling. Our results are supported by a recent
chromatin proteomic analysis that identified an association of
PHIP with histone-marked genomic regions (28). In addition, an
important role for PHIP in regulating site-specific initiation of
DNA replication and cell cycle progression has been recently
reported (11). DNA synthesis and histone modifications are
highly coordinated to ensure the uninterrupted advance of the

de Semir et al.


www.pnas.org/cgi/doi/10.1073/pnas.1804779115

replication fork and assembly of the nascent DNA strands onto
nucleosomes, a process that involves the deposition of histones
H3 and H4 (29, 30). Interestingly, acetylation of H4K91 serves as
a key modification associated with replication-coupled chroma-
tin assembly (31).

Importantly, our studies suggest the potential therapeutic utility
of pharmacological targeting of PHIP using small molecules
inhibiting the PHIP bromodomain. Further supporting this hy-
pothesis, a recent study has identified a small molecule specifically
inhibiting one of the PHIP bromodomains (32). Additional re-
finements in medicinal chemistry will be required to develop an
even more specific anti-PHIP small molecule inhibitor. Our studies
clearly support the further development of such an approach.

In conclusion, these studies have identified a role for PHIP in
promoting the progression of three common solid tumor types,
each lacking an effective targeted therapy. In addition, they
demonstrate a physical interaction between PHIP and a specific
histone modification, thereby assigning a role to PHIP in chro-
matin remodeling. Last, our findings identify PHIP as a rational
target for the therapy of each of these three important, now
poorly treatable, “driver-negative” solid tumor subtypes lacking
known targetable aberrations.

Materials and Methods

Additional technical details are provided in S/ Appendix, SI Materials
and Methods.

Cell Culture. Ma-Mel-12 and Ma-Mel-103b short-term human melanoma
cultures were provided by Dr. Schadendorf (Department of Dermatology,
University of Duisburg-Essen, Essen, Germany). MDA-MB-231 and MDA-MB-
436 human breast cancer cell lines and H1703 and Calu-3 human lung cancer
cells were purchased from ATCC (Manassas, VA).

Generation of Stable Transformants. All cells were generated by infection with
a lentivirus containing anti-luc or anti-PHIP shRNA, as previously described (7).

Quantitative Real-Time PCR Analysis. Gene expression was assessed as pre-
viously reported (7).

Invasion Assay. The Matrigel assay for tumor invasion was performed as
described (7).
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Colony Formation Assay. Five hundred to 2,000 cells were plated in a six-well
plate and allowed to grow until visible colonies appeared. Then, they were
stained with Crystal violet (Sigma) and counted.

Scratch Assay. Calu-3 cells were plated in 10-cm dishes and a scratch was made
by using a pipette tip on the confluent cells. Medium was aspirated to remove
floating cells, and fresh medium was added to cells. At 24 h, several pictures
were taken to evaluate the extent of wound closure. The percentage of area
covered was quantified with ImageJ software.

Western Analysis. Western analysis was performed as described (7). Protein
extractions were carried out from adherent cells according to the manufac-
turer’s protocol (Santa Cruz Biotechnology). Antibodies to PHIP, ALK, Lamin
B1, Actin, H4K91ac, pAKT (Ser473), total AKT, and GAPDH were used to detect
the individual proteins (see S/ Appendix, S| Materials and Methods for details).

Nuclear Fractionation and Coimmunoprecipitation. All cells were stimulated with
5 pg/mL insulin for 30 min before nuclear and cytoplasmic fractionations and
coimmunoprecipitation (described in SI Appendix, SI Materials and Methods).

Immunofluorescence and Confocal Imaging. All cells were stimulated with 5 pg/mL
insulin for 30 min before fixation. Quantification of protein expression using
immunofluorescence was performed as previously described (7). Antibodies to
PHIP, H4K91ac, Talin 1, pHH3, PCNA, Ki67, and Cyclin D1 were used to detect
the individual proteins (see S/ Appendix, SI Materials and Methods for details).

Animal Studies. All animal care was in accordance with the NIH guide for the
care and use of laboratory animals and with institutional protocol that was
approved by the California Pacific Medical Center Research Institute. For
experimental details, see S/ Appendix, SI Materials and Methods.

Statistical Analysis. All quantified data represent an average of at least triplicate
samples or as indicated. Error bars represent standard error of the mean. Statistical
significance was determined by the Student's t test, Mann-Whitney test, or
Kolmogorov-Smirnov test, and two-tailed P values <0.05 were considered sig-
nificant. In all experiments, *P < 0.05 or otherwise indicated vs control.
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