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Acquired resistance to BRAF kinase inhibitors (BRAFi) is the
primary cause for their limited clinical benefit. Although several
mechanisms of acquired BRAFi resistance have been identified, the
basis for acquired resistance remains unknown in over 40% of
melanomas. We performed a large-scale short-hairpin RNA screen,
targeting 363 epigenetic regulators and identified Block of Pro-
liferation 1 (BOP1) as a factor the loss of which results in resistance
to BRAFi both in cell culture and in mice. BOP1 knockdown pro-
moted down-regulation of the MAPK phosphatases DUSP4 and
DUSP6 via a transcription-based mechanism, leading to increased
MAPK signaling and BRAFi resistance. Finally, analysis of matched
patient-derived BRAFi or BRAFi+MEKi pre- and progressed mela-
noma samples revealed reduced BOP1 protein expression in pro-
gressed samples. Collectively, our results demonstrate that loss of
BOP1 and the resulting activation of the MAPK pathway is a
clinically relevant mechanism for acquired resistance to BRAFi
in melanoma.
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Melanoma is an aggressive cancer that frequently metasta-
sizes to various distal organs (1, 2). Although treatment of

melanoma at early stages is generally effective, even with several
improvements in current therapeutic approaches the median
survival of patients with metastatic melanoma is only 4.5–
12.5 mo (1, 3). Genomic sequencing of melanoma has identified
oncogenic mutations in the BRAF gene in over 50% of tumors
(4, 5). Acquiring oncogenic mutations in the BRAF gene causes
constitutive activation of the BRAF → MEK → ERK pathway
and is necessary for melanoma growth and progression (4, 6).
These findings have led to the development and approval of
several BRAF and MEK kinase inhibitors by the Food and Drug
Administration for treating unresectable metastatic melanoma
(7, 8). However, although melanoma patients initially respond
robustly to BRAF kinase targeted therapy, they show acquired
resistance within a matter of a few months, resulting in disease
progression. Due to the high prevalence of this problem, in-
tensive efforts have focused on identifying the causes of re-
sistance to BRAF and MEK kinase inhibitors, and several
mechanisms have been identified (9, 10). These mechanisms can
be broadly categorized as either dependent or independent of
the MAPK pathway (11, 12).
Block of proliferation 1 (BOP1) contains WD40 repeats and

has been shown to be involved in 28S and 5.8S ribosomal RNA
(rRNA) processing and 60S ribosome biogenesis (13). BOP1 is
also part of the PES1-BOP1-WDR12 (PeBoW) complex, and
inactivation of subunits from this complex inhibits rRNA pro-
cessing and ribosome biogenesis (13, 14). Here, using a large-
scale short-hairpin RNA (shRNA) screen, we have identified
that loss of BOP1 causes resistance to BRAF kinase inhibitor
(BRAFi). We show that loss of BOP1 results in reduced ex-
pression of Dual specificity phosphatase 4 (DUSP4) and Dual
specificity phosphatase 6 (DUSP6), which results in activation of
the MAP kinase pathway, resulting in resistance to BRAFi.

Furthermore, analysis of matched patient-derived BRAFi or
BRAFi+MEKi pre- and progressed melanoma samples revealed
reduced BOP1 protein expression in progressed samples.

Results
A Large-Scale Epigenome-Wide Human shRNA Screen Identifies
Candidates That Confer Resistance to BRAF Inhibitors. Epigenetic
alterations are shown to play an important role in the regulation
of cancer cell growth and their response to targeted therapies
(15–17). Therefore, to determine the role of epigenetic regula-
tors in conferring resistance to BRAFi, we performed a large-
scale, unbiased, epigenome-wide shRNA screen by targeting 363
known and predicted epigenetic regulators with 1862 shRNAs
(SI Appendix, Table S1). For this screen, we infected the BRAF-
mutant melanoma line A375 with the epigenetic regulator
shRNA library at a multiplicity of infection (MOI) of 0.2 and
selected with puromycin to enrich for shRNA-expressing cells.
After selection, shRNA-containing cells were treated with 2 μM
of vemurafenib for 4 wk. Surviving colonies were then harvested,
and genomic DNA was isolated and sequenced for shRNA iden-
tification (Fig. 1A). From this analysis, we identified shRNAs
corresponding to six different epigenetic regulators in vemurafenib-
resistant A375 colonies (SI Appendix, Table S2).

Significance

Oncogenic mutations in the BRAF gene are found in ∼50% of
melanomas and drive melanoma growth. Thus, BRAF kinase
inhibitors (BRAFi), such as vemurafenib and dabrafenib, have
been developed and used for the treatment of BRAF-mutant
metastatic melanoma in clinic. However, the clinical benefits of
BRAFi are temporary and short-lived due to the emergence of
drug resistance. Although several mechanisms of acquired
BRAFi resistance have been identified, the basis for acquired
resistance remains unknown in over 40% of melanomas.
Identifying a new mechanism of acquired resistance to BRAFi
may provide new opportunities to effectively treat BRAF-
mutant melanoma. In this study, we have identified Block of
Proliferation 1 as a new factor the loss of which results in re-
sistance to BRAFi.
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Next, we individually knocked down expression of all six genes
identified from our primary screen in A375 cells (SI Appendix,
Fig. S1 A and B) and measured sensitivity to vemurafenib using
the MTT assay. Knockdown of four (BOP1, HAT1, ING5, and
KDM4C) of six candidates conferred resistance to vemurafenib,
as confirmed by two sequence-independent shRNAs (Fig. 1B).
Based on these results, we analyzed expression of all four vali-
dated candidates in three pairs of BRAF-sensitive parental and
BRAFi-resistant melanoma cell lines (SI Appendix, Fig. S1 C–E).
We found that two of three BRAFi-resistant lines showed sig-
nificant reduction in BOP1 and HAT1 protein levels (Fig. 1C).
Interestingly, down-regulation of BOP1 and HAT1 was observed
only in vemurafenib-resistant lines that also showed substantially
increased MAP kinase signaling, as indicated by higher p-ERK1/
2 levels in BRAFi-resistant parental cells compared with those in
BRAFi-sensitive cells (Fig. 1C).
We then analyzed the role of BOP1 and HAT1 in mediating

vemurafenib resistance in additional BRAF-mutant melanoma
cells. For these experiments, we knocked down BOP1 and HAT1
expression in BRAF-mutant SKMEL-28 and SKMEL-239 cells
(SI Appendix, Fig. S1 F and G) and measured vemurafenib
sensitivity. Similar to A375 cells, SKMEL-28 and SKMEL-
239 cells also developed vemurafenib resistance (Fig. 1D).
To further confirm the role of BOP1 and HAT1 in vemur-

afenib resistance, we performed soft-agar assays to measure
anchorage-independent growth. Consistent with MTT assay re-

sults, vemurafenib-treated melanoma cells expressing BOP1 and
HAT1 shRNAs showed significantly larger colonies compared
with cells containing nonspecific (NS) shRNAs (Fig. 2 A–D and
SI Appendix, Fig. S2 A–D). Next, to better emulate the long-term
treatment scenario in the clinic, we performed clonogenic assays
in shRNA knockdown cells in the presence of vemurafenib.
Consistent with our previous data, we found that BOP1 or HAT1
knockdown in melanoma cells also conferred vemurafenib re-
sistance in clonogenic assays (Fig. 2 E and F and SI Appendix,
Fig. S2 E and F). However, we noted that melanoma cells
expressing BOP1 shRNA formed significantly more colonies
than cells expressing HAT1 shRNA. Because all phenotypes as-
sociated with vemurafenib resistance were more potent in BOP1
knockdown cells than in HAT1 knockdown cells, we focused on
BOP1 for subsequent detailed studies.
To further elucidate the role of BOP1 in BRAFi resistance, we

next determined whether BOP1 knockdown can also confer re-
sistance to dabrafenib, a reversible ATP-competitive kinase in-
hibitor that inhibits BRAFV600E (18). Notably, we found that
similar to vemurafenib, BOP1 knockdown in melanoma cells
promoted dabrafenib resistance (SI Appendix, Fig. S3). Based on
our in vitro data, we then tested the effect of BOP1 knockdown
on development of vemurafenib resistance in mice. To this end,
we injected athymic nude mice s.c. with BRAF-mutant A375 or
SKMEL-239 melanoma cells expressing either BOP1 or NS
shRNAs. After injection, mice were treated with vemurafenib,

B

C D

Infect cells with human epigenetic regulators
shRNA library
(363 genes, targeted by 1862 shRNAs)
Puromycin select

Vemurafenib treatment
(2 μM, 4 weeks)

PCR amplify, sequence, identify
shRNAs causing resistance

to vemurafenib

BOP1

HAT1

P R
M24

9
M22

9
SKMEL-2

39

ACTINB

p-ERK1/2

total-ERK1/2

P R P R

SKMEL-239 SKMEL-239SKMEL-28 SKMEL-28

A375

Isolate surviving colonies

Purify genomic DNA

KDM4C

ING5

**
**

**
****
**

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

Vemurafenib (μM)

R
el

at
iv

e
ce

ll 
su

rv
iv

al
 (%

) NS shRNA
#1
#2 BOP1 shRNA

**
**

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

Vemurafenib (μM)

NS shRNA
#1
#2 HMGN1 shRNA

ns **
**

R
el

at
iv

e
ce

ll  
su

rv
iv

al
 (%

)

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

Vemurafenib (μM)

NS shRNA
#1
#2 HAT1 shRNA

**
**

R
el

at
iv

e
ce

ll 
su

rv
iv

al
 (%

)

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

Vemurafenib (μM)

NS shRNA
#1
#2 ING5 shRNA

**
*

R
el

at
iv

e
ce

ll 
s u

rv
iv

a l
 (%

)

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

Vemurafenib (μM)

NS shRNA
#1
#2

HMGB1 shRNA

nsR
el

at
iv

e
ce

ll 
su

r v
iv

al
 (%

)

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

Vemurafenib (μM)

NS shRNA
#1
#2 KDM4C shRNA

R
el

at
iv

e
ce

ll 
su

rv
iv

al
 (%

)

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

R
el

at
iv

e 
ce

ll 
su

rv
iv

al
 (%

) NS shRNA
#1
#2

BOP1 shRNA

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

R
el

at
iv

e 
ce

ll 
su

rv
iv

al
 (%

)

NS shRNA
#1
#2 BOP1 shRNA

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

R
el

at
iv

e 
ce

ll 
su

rv
iv

al
 (%

) NS shRNA
#1
#2 HAT1 shRNA

0.0
0

0.0
5

0.1
0

0.2
5

0.5
0

1.0
0

0

50

100

150

R
el

at
iv

e 
ce

ll 
su

rv
iv

al
 (%

) NS shRNA
#1
#2

HAT1 shRNA

Vemurafenib (μM) Vemurafenib (μM) Vemurafenib (μM) Vemurafenib (μM)

A

Fig. 1. Large-scale shRNA screen to identify epigenetic regulators of vemurafenib resistance in BRAF-mutant melanoma. (A) Schematic for large-scale
epigenetic regulator shRNA screen. (B) Relative cell survival (%) as measured by MTT assay of A375 cells expressing shRNAs targeting the indicated genes
or NS control shRNAs that were treated with the indicated concentrations of vemurafenib for 3 d. (C) Immunoblotting for the indicated proteins in three pairs
of BRAFi-sensitive (P) or resistant (R) BRAF-mutant melanoma cell lines. (D) Relative cell survival (%) as measured by MTT assay of SKMEL-239 or SKMEL-28 cells
expressing shRNAs targeting the indicated genes or NS control shRNAs that were treated with indicated concentrations of vemurafenib for 3 d. Data are
presented as the mean ± SEM. ns, not significant. ***P < 0.001 and ****P < 0.0001.
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Fig. 2. Loss of BOP1 confers resistance to BRAF kinase inhibitor. (A) A375 cells expressing NS or BOP1 shRNAs were treated with vemurafenib (1 μM) or DMSO
control, and anchorage-independent growth was measured by soft-agar assay. Representative soft-agar colony images are shown. (Scale bar, 500 μM.) (B)
Relative colony size (%) for the data in A. (C) SKMEL-239 cells expressing NS or BOP1 shRNAs were treated with vemurafenib (1 μM) or DMSO control, and
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and tumor progression was monitored. We found that BOP1
shRNA-expressing melanoma cells displayed significantly greater
resistance to vemurafenib compared with NS shRNA-expressing
cells (Fig. 2 G and H). Collectively, these data demonstrated that
BOP1 loss conferred acquired resistance to BRAFi, both in cell
culture and in mice.

BOP1-Mediated BRAF Inhibitor Resistance Does Not Rely upon Its
Ability to Modulate rRNA or Ribosome Biogenesis. Previous studies
have shown that BOP1 plays an important role in the formation
of mature 28S and 5.8S rRNAs and in biogenesis of the 60S
ribosomal subunit (13). BOP1 is also part of the PES1-BOP1-
WDR12 (PeBoW) complex, and inactivation of subunits from
this complex inhibits rRNA processing and ribosome biogenesis
(13, 14). Therefore, we tested whether knockdown of other
components of the PeBoW complex can promote vemurafenib
resistance, similar to BOP1 knockdown. Using shRNA, we
knocked down the expression ofWDR12 and PES1 in A375 cells;
however, neither knockdown conferred significant BRAFi re-
sistance (SI Appendix, Fig. S4).
Ribosome biogenesis defects cause a group of diseases col-

lectively referred to as ribosomopathies, the characteristic fea-
tures of which are well documented (19). Therefore, we assessed
BRAFi-resistant melanoma cells and BRAF-mutant BOP1
knockdown melanoma cells for ribosomopathy-like phenotypes.
Specifically, we measured p53 protein expression, a major
marker of ribosomopathies (19, 20). No change in p53 expression
was detected in either vemurafenib-resistant cells or BRAF-
mutant melanoma cells containing BOP1 shRNAs, compared
with parental or NS shRNA-expressing melanoma cells, re-
spectively (SI Appendix, Fig. S5 A and B). To further rule out a
role for rRNA biogenesis defects in BRAFi resistance or in
mediating the effects of BOP1 knockdown, we measured rRNA
biogenesis using tritiated uridine-based metabolic labeling in
vemurafenib-resistant and BRAF-mutant melanoma cells with
BOP1 knockdown. We did not, however, detect any reproducible
changes in rRNA biogenesis in either cell line (SI Appendix, Fig.
S5C). Finally, we measured expression of a panel of genes known
to be altered in ribosomopathies in BRAFi-resistant vs. BRAFi-
sensitive cells and found that a large majority remained un-
changed (SI Appendix, Fig. S5 D and E). Similarly, levels of most
genes were unaltered in A375 cells after shRNA-mediated BOP1
knockdown (SI Appendix, Fig. S5F). Expression of two genes,
RPL11 and RSP24, was decreased both in BRAFi-resistant
melanoma cells and in A375 cells expressing BOP1 shRNAs.
However, shRNA-mediated gene knockdowns of RPL11 or
RSP24 were unable to confer resistance to vemurafenib (SI
Appendix, Fig. S6). Collectively, these results indicated that
rRNA processing and ribosome biogenesis defects did not play a
role in BRAFi resistance, and loss of BOP1 likely conferred
BRAFi resistance via a mechanism that was independent of its
ability to regulate rRNA and ribosome biogenesis.

Loss of BOP1 Causes Reduced DUSP4 and DUSP6 Expression, Which
Results in Increased MAP Kinase Signaling. Previous studies have
indicated that the majority of BRAFi-acquired resistance results
from activation of the MAPK pathway by various mechanisms
(11, 12, 21, 22). Therefore, we hypothesized that BOP1 knock-
down might modulate this pathway. Interestingly, we found that
BRAF-mutant melanoma cells expressing BOP1 shRNAs
showed substantially higher p-ERK1/2 levels compared with NS
shRNA (Fig. 3A). Furthermore, higher p-ERK1/2 levels in
vemurafenib-treated melanoma cells expressing BOP1 shRNAs
compared with those with NS shRNA indicated that vemurafenib
was less effective in blocking MAP kinase signaling (Fig. 3B and
SI Appendix, Fig. S7A). These results indicated that BOP1 loss
enhanced MAPK pathway activation, in turn conferring BRAFi
resistance.

Based on this finding, we next investigated the mechanism by
which BOP1 knockdown-mediated MAPK up-regulation. Nu-
merous protein phosphatases can regulate the MAPK pathway
by dephosphorylating either MEK1/2 or ERK1/2 (23, 24).
Therefore, we assessed the role of these phosphatases in regu-
lating BOP1 knockdown-mediated MAPK pathway activation
and development of BRAFi resistance. We first measured ex-
pression of 13 MAPK phosphatases after vemurafenib treatment
in BRAF-mutant melanoma lines (A375 and SKMEL-28). We
found that expression of many phosphatases, including DUSP2,
DUSP4, DUSP5, DUSP6, and DUSP10, as well as SPRY1 and
SPRY2, were down-regulated after vemurafenib treatment (Fig.
3C and SI Appendix, Fig. S7B), whereas expression of PP2A,
PP2C, and several tyrosine phosphatases (DUSP3, STEP,
HePTP, and PTP-SL) remained unchanged (SI Appendix, Fig. S7
C and D).
We then measured expression of BRAF pathway-regulated

DUSPs and SPRY phosphatases in vemurafenib-sensitive
and -resistant melanoma cell line pairs, as well as in melanoma
lines expressing BOP1 or NS shRNAs. We found decreased
DUSP4 and DUSP6 expression in BRAFi-resistant cells com-
pared with parental cell lines (SI Appendix, Fig. S7 E and F).
Furthermore, expression of both DUSP4 and DUSP6 was also
down-regulated in melanoma cells expressing BOP1 shRNAs
compared with NS shRNA-expressing cells (Fig. 3 D and E and
SI Appendix, Fig. S7 G and H).
Analysis of the promoter sequences of DUSP4 and DUSP6

genes revealed CpG islands in both loci (SI Appendix, Fig. S8A),
which suggested that down-regulation of these genes in BOP1
knockdown cells occurred via a transcription-based mechanism.
To test this possibility, we treated BOP1 knockdown cells with
the DNA methyltransferase inhibitor 5Aza-2deoxy-cytidine
(5Aza2dC), and the histone deacetylase inhibitor Tricostatin A
(TSA), which restored expression of both DUSP4 and DUSP6 (SI
Appendix, Fig. S8 B and C). Consistently, 5Aza2dC and TSA
treatment restored DUSP4 and DUSP6 protein levels in BOP1
knockdown cells (SI Appendix, Fig. S8 D and E). Our results
showed that BOP1 loss promoted DNA methylation-based epi-
genetic silencing of DUSP4 and DUSP6 in melanoma cells.
We then investigated the role of DUSP4 and DUSP6 down-

regulation in BRAFi resistance. Consistent with previous results,
we found that DUSP4 and DUSP6 knockdown in melanoma cell
lines led to increased ERK1/2 phosphorylation (Fig. 3 F and H)
and vemurafenib resistance (Fig. 3 G and I). Furthermore, ec-
topic expression of DUSP4 or DUSP6 in cells expressing BOP1
shRNAs restored sensitivity to vemurafenib (Fig. 3 J–M).

BOP1 Protein Is Down-Regulated in Patient-Derived Melanoma
Samples That Are Progressed After BRAF Inhibitor Treatment. Next,
we determined if the mechanism identified and validated in cell
culture and mice is also clinically relevant. Toward this end, we
decided to validate our findings in the clinical setting and con-
firm the significance of BOP1 as a mediator of BRAFi re-
sistance. To do so, we measured BOP1 protein expression in
11 pairs of matched pre- and post-BRAFi or BRAFi+MEKi-
treated melanoma samples using automated quantitative analy-
sis (AQUA)-based immunofluorescence analysis (25) (SI Ap-
pendix, Table S3). AQUA analysis revealed that 7 of 11 cases
that progressed on BRAFi or BRAFi+MEKi had lower BOP1
protein expression compared with pretreatment samples (Fig. 4).
These results reveal the potentially important role of BOP1 in a
clinical setting. However, we recognize the need for analyzing a
large cohort of paired BRAFi-resistant samples to determine the
exact percentage of cases in which BOP1 loss correlates with
BRAFi resistance.
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Fig. 3. BOP1 loss inhibits DUSP4 and DUSP6 expression, resulting in MAPK pathway activation. (A) Levels of indicated proteins measured by immunoblotting
in melanoma lines expressing NS or BOP1 shRNAs. (B) Levels of p-ERK1/2 and total-ERK1/2 measured by immunoblotting in A375 cells expressing NS or BOP1
shRNAs and treated with vemurafenib (0.1 or 1.0 μM) or DMSO for 3 h. (C) Levels of indicated phosphatases measured by RT-qPCR in A375 cells treated with
vemurafenib (0.1 or 1.0 μM) or DMSO for 24 h. Relative mRNA expression in vemurafenib-treated relative to DMSO-treated cells. (D) Relative mRNA ex-
pression of indicated phosphatases in BOP1 shRNA-expressing A375 cells relative to NS shRNA-expressing A375 cells. (E) Levels of indicated proteins measured
by immunoblotting in A375 cells expressing NS or BOP1 shRNAs. (F) Levels of indicated proteins measured by immunoblotting in A375 cells expressing NS or
DUSP4 shRNAs. (G) Relative cell survival (%) measured by MTT assay in A375 cells expressing NS or DUSP4 shRNAs, treated with indicated concentrations of
vemurafenib for 3 d. (H) Levels of indicated proteins measured by immunoblotting in A375 cells expressing NS or DUSP6 shRNAs. (I) Relative cell survival (%)
measured by MTT assay in A375 cells expressing NS or DUSP6 shRNAs, treated with indicated concentrations of vemurafenib for 3 d. (J) Levels of indicated
proteins measured by immunoblotting in A375 cells expressing NS or BOP1 shRNAs alone or with DUSP4-ORF. (K) Relative cell survival (%) measured by MTT
assay in A375 cells expressing NS or BOP1 shRNAs alone or with DUSP4-ORF, treated with indicated concentrations of vemurafenib for 3 d. (L) Levels of
indicated proteins measured by immunoblotting in A375 cells expressing NS or BOP1 shRNAs alone or with DUSP6-ORF. (M) Relative cell survival (%)
measured by MTT assay in A375 cells expressing NS or BOP1 shRNAs alone or with DUSP6-ORF, treated with indicated concentrations of vemurafenib for 3 d.
Data are presented as the mean ± SEM. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Discussion
Acquired resistance to targeted therapeutic agents, such as
BRAFi, is the major hurdle in the success of targeted therapies
and limits the benefit of these agents. One of the approaches to
overcome this limitation is to understand the mechanism that
causes acquired resistance. These studies can provide important
insight into the mechanisms of acquired resistance that can then
be used to revise the therapeutic regimen or develop combina-
tion therapies that may forestall emergence of drug resistance. In
this study, we performed a large-scale epigenome-wide human
shRNA screen and identified that the loss of a protein BOP1,
which was previously implicated in the regulation of rRNA

biogenesis and ribosome biogenesis, conferred acquired re-
sistance to BRAFi. Our results are summarized in Fig. 5 and
described below.

BOP1 in Acquired Resistance to BRAF Kinase Inhibitors. Due to the
dependence of BRAF-mutant melanoma cells on oncogenic
BRAF activity, clinical translation of BRAF and MEK kinase
inhibitors for treating metastatic melanoma patients was con-
sidered a significant advance in the field of precision medicine.
However, upon treatment BRAF-mutant melanoma rapidly
evolved to acquire resistance to BRAF and MEK kinase inhibitors
that rendered the use of these inhibitors ineffective for treating

A

B

Fig. 4. BOP1 is down-regulated in patient samples that progress on BRAF pathway-targeting therapies. (A) Representative AQUA of immunofluorescence
and merge images of the indicated matched pre- and progressed melanoma samples treated with BRAF kinase inhibitors and stained for DAPI, S100/HMB45,
and BOP1. (B) Average AQUA scores for pre- and progressed melanoma samples treated with BRAF kinase inhibitors. Data are presented as the mean ± SEM.
***P < 0.001.
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Fig. 5. Proposed model showing the role of BOP1 in vemurafenib resistance. The model indicates that loss of BOP1 results in down-regulation of DUSP4 and
DUSP6 that in turn results in activation of the MAPK kinase pathway and BRAFi resistance.
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metastatic melanoma patients (9–12). Several genetic and epige-
netic mechanisms that modulate BRAF inhibitor responses have
been identified, which indicate the complex underlying mecha-
nisms that cause acquired drug resistance (17, 26–28).
We have identified BOP1 using an unbiased epigenome-wide

large-scale shRNA screen. Since epigenetic factors play an im-
portant role in almost all aspects of cancer biology and therapy
(29, 30), our screen targeted genes that encode for known or
predicted epigenetic regulators in human cells and assessed their
role in conferring resistance to BRAFi. We showed that
BOP1 loss was able to confer resistance to BRAFi both in cell
culture and in mice. Additionally, because many paired mela-
noma patient samples that progress on BRAFi treatment showed
BOP1 down-regulation, our results also have direct clinical im-
plications. However, a larger cohort of matched patient mela-
noma samples should be analyzed to determine the percentage
of melanoma in which BOP1 down-regulation contributes to
BRAFi resistance. Furthermore, although we did not follow up
HAT1 in detail due to HAT loss-associated phenotypes being
less robust compared with BOP1 in regard to acquired resistance
to BRAFi. However, future studies using mouse models and
BRAFi-treated patient samples may fully reveal the importance
of HAT1 in vivo and in clinical settings in conferring resistance
to BRAFi.

Role of DUSP4 and DUSP6 in Conferring Resistance to BRAFi in
Melanoma Downstream of BOP1. As we mentioned above, the al-
terations that result in acquired BRAFi resistance can be broadly
categorized to function either in a MAPK-dependent or in a
MAPK-independent manner (11, 12). For example, a large
number of genetic events have been identified in a study that
either at the level of BRAF itself or downstream of BRAF re-
store the activity of the MAPK pathway (11, 12). This study
analyzed BRAF inhibitor resistance mechanisms using 132 samples
in a multicenter meta-analysis and was able to identify resistance
mechanisms in 58% of the cases, including NRAS or KRAS mu-
tations (20%), BRAF splice variants (16%), BRAF(V600E/K)
amplifications (13%), MEK1/2 mutations (7%), and nonmitogen-
activated protein kinase pathway alterations (11%) (11).
DUSP4 and DUSP6 are shown to negatively regulate the

MAPK pathway (31, 32). Previous studies have identified the
role of the dual-specificity phosphatases, such as DUSP6, in
causing resistance to BRAFi (33). We found that BOP1
regulates DUSP4 and DUSP6 expression by a transcription-
based mechanism. BOP1 knockdown cells show significantly
lower expression of DUSP4 and DUSP6 and consequentially an
increased MAPK pathway. Thus, our studies provide a non-
genetic mechanism of DUSP4 and DUSP6 regulation and show
that loss of BOP1 and the resulting activation of the MAPK
pathway result in acquired resistance to BRAFi in melanoma
that occurs independently of the canonical functions of BOP1.

Materials and Methods
shRNA Interference Screen. A375 cells were transduced with eight lentiviral
shRNA pools containing 1,862 shRNAs targeting 363 known or predicted
epigenetic regulatory genes and including NS control shRNA. These shRNAs
were administered at an MOI of 0.2 to prevent superinfection and to ensure
that each cell received no more than one shRNA. Transduced A375 cells were
selected with puromycin (0.5 μg/mL) for 7 d to enrich A375 shRNA-expressing
cells, and after puromycin selection, cells were grown in vemurafenib (2 μM).
Media was changed every 3 d, and cells were grown for 4 wk. Surviving
colonies were collected, and genomic DNA was isolated. Integrated shRNAs
were PCR-amplified using primers specific to the shRNA vector (pLKO.1) and
cloned using the pGEM-T Easy Kit (Promega). Cloned shRNAs were amplified
by colony PCR, and the products were sequenced with SP6 primers to
identify candidate shRNAs. All primer sequences are listed in SI Appendix,
Table S4, and the epigenetic regulator library was obtained from the Uni-
versity of Massachusetts shRNA facility.

Cell Culture and Plasmids. SKMEL-28 and A375 cells were purchased from the
American Type Culture Collection and grown as recommended in Dulbecco’s
Modified Eagle Medium containing 10% FBS at 37 °C in 5% CO2. The M249
parent and BRAFi-resistant lines, the SKMEL-239 parent and BRAFi-resistant
lines, and the M229 parent and BRAFi-resistant lines were gifts from Roger
Lo, University of California, Los Angeles, and Neil Rosen, Memorial Sloan
Kettering Cancer Center, New York. V5-tagged DUSP4 and DUSP6 ORF
lentivirus constructs cloned in the pLX304-Blast-V5 plasmid were purchased
from Dharmacon and are listed in SI Appendix, Table S4.

shRNA and Lentivirus Preparation. pLKO.1 lentiviral vector-based shRNAs
targeting specific candidate genes and NS shRNA controls were obtained
from OpenBiosystems (Dharmacon); shRNA information is provided in SI
Appendix, Table S4. Lentivirus particles were prepared by transfecting
293T cells with either gene-specific shRNA or NS shRNA plasmids along with
the lentiviral packaging plasmids, as described in detail at https://portals.
broadinstitute.org/gpp/public/resources/protocols. All lentiviral transfections
were performed using Effectene (Qiagen). Stable cell lines were generated
by infecting melanoma cells with lentivirus particles, followed by selection
with appropriate concentrations of puromycin (0.5–1.5 μg/mL) to enrich for
infected cells. For the pLX304-Blast-V5-based lentivirus, infected melanoma
cells were selected with 2 μg/mL Blasticidin (Thermo Fisher Scientific).

Antibodies and Immunoblot Analysis. Whole-cell protein extracts were pre-
pared using Pierce IP lysis buffer (Thermo Fisher Scientific) containing pro-
tease inhibitor mixture (Roche) and phosphatase inhibitor mixture (Sigma-
Aldrich). Protein concentrations were estimated using the Bradford assay
(Bio-Rad). Proteins were separated by 10 or 12% SDS/PAGE and transferred
onto polyvinylidene fluoride (PVDF) membrane by wet transfer. PVDF
membranes were blocked with 5% nonfat dry milk or 5% BSA as recom-
mended for specific antibodies, washed, and probedwith primary antibodies.
Membranes were washed again and then incubated with HRP-conjugated
secondary antibodies (GE Healthcare). Immunoblots were developed using
Supersignal West Pico or Femto Substrates (Pierce) as needed. All primary and
secondary antibodies used in these studies are listed in SI Appendix, Table S4.

RNA Preparation, cDNA Preparation, and Quantitative PCR Analysis. Total RNA
was extracted with TRIzol Reagent (Invitrogen) and purified using the RNeasy
Mini Kit (Qiagen); cDNA was generated using the M-MuLV First Strand cDNA
Synthesis Kit (New England Biolabs) according to the manufacturer’s in-
structions. Quantitative RT-PCR was performed with gene-specific primers,
using the Power SYBR-Green Master Mix (Applied Biosystems) according to
the manufacturer’s instructions. Actin was used as an internal control. For
measurement of 28S rRNA by RT-qPCR, primers specific to the 28S rRNA were
utilized, and U1 nuclear RNA was used as control. Primer sequences are
provided in SI Appendix, Table S4.

5Aza2dC and TSA Treatment and DUSP4 and DUSP6 Analysis. A375 and SKMEL-
239 cells were treated with 5Aza2dC at 5 μM for 72 h and TSA at 1 μM for
12 h or as control dimethyl sulfoxide (DMSO) was used. Treated cells were
used to isolate RNA and also for preparing protein lysates. These were then
used to analyzed DUSP4 and DUSP6 mRNA and protein levels by RT-qPCR
and immunoblotting, respectively. Primer sequences used for DUSP4 and
DUSP6 mRNA expression analysis are listed in SI Appendix, Table S4.

MTT Assays. For MTT assays, 5 × 103 melanoma cells were plated in triplicate
in a volume of 100 μL in 96-well plates. After 48 h, BRAF inhibitors
(vemurafenib or dabrafenib) were administered at various concentrations,
as indicated in the figures and figure legends. Cell viability was evaluated
after 3 d of treatment. To this end, 20 μL of 5 mg/mL MTT solution dissolved
in 1× PBS was added to each well of the 96-well plate and incubated for 1 h
at 37 °C. The MTT solution was then gently removed, and 100 μL of DMSO
was added to each well. After mixing well by pipetting, absorbance was
measured at 590 and 630 nm using the Biotek Synergy MX Multi Format
Microplate Reader. The average measurement at 630 nm was subtracted
from the average at 590 nm, and relative growth rate was plotted with
respect to vehicle control-treated cells.

Clonogenic Assays. The clonogenic ability of cells stably expressing control or
gene-specific shRNAs was measured in untreated and in vemurafenib- or
dabrafenib-treated conditions. For these assays, 1 × 106 cells were seeded in
100-mm cell culture dishes and grown for 24 h. For drug treatment experi-
ments, cells were then treated with DMSO, vemurafenib (2 μM), or dabra-
fenib (100 nM), and cell culture media was changed every 3 d, adding fresh
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drug each time. After 3–4 wk of treatment, surviving colonies were fixed in a
solution containing 50% methanol and 10% acetic acid and then stained
with 0.05% Coomassie blue (Sigma-Aldrich). The relative number of colonies
was calculated by normalizing to the average colony number under
control conditions and then plotting the average obtained from the
triplicates under experimental conditions, as indicated in the figures
and figure legends.

Soft-Agar Assay. Soft-agar assays were performed by seeding 5 × 103 to 2 ×
104 melanoma cells stably expressing the indicated shRNA or cDNA con-
structs onto 0.4% low-melting-point agarose (Sigma-Aldrich), layered on top
of 0.8% agarose. For drug treatment experiments, cells were then treated
with DMSO, vemurafenib (1 μM), or dabrafenib (50 nM), and cell culture
media was changed every 3 d, adding fresh drug each time. After 3–4 wk of
incubation, colonies were stained with a 0.005% crystal violet solution and
imaged using a microscope. Colony size was measured using ImageJ soft-
ware (https://imagej.nih.gov/ij/) and plotted.

Analysis of rRNA Biogenesis by Tritiated Uridine Labeling. Analysis of rRNA
biogenesis by tritiated uridine (H3-U) labeling was performed as described
previously (34). Briefly, 2 × 106 cells per well were seeded in six-well plates in
triplicate. After 24 h, [5,6-3H] uridine was added to the medium at a final
concentration of 3 μCi/mL, and samples were incubated for 2 h. Total RNA
was then prepared using TRIzol Reagent (Invitrogen), as described in Ma-
terials and Methods, RNA Preparation, cDNA Preparation, and Quantitative
PCR Analysis. Incorporated [5,6-3H] uridine was measured by liquid scintil-
lation counter, and equal amounts of radiolabeled RNA were separated by
1.5% agarose-formaldehyde gel electrophoresis. RNA was then transferred
overnight from agarose gels to Amersham Hybond-N+ membranes via the
capillary transfer method. After the transfer, the nylon membranes were
sprayed with autoradiography enhancer (EN3HANCE; Perkin-Elmer) and
then completely covered with a small volume of carbon tetrachloride.
Finally, the membranes were air-dried for 5 min and exposed to a radi-
ography film in a light-proof cassette at −80 °C for 72 h. Films were de-
veloped, and the ratios for various rRNA species were measured using
ImageJ software (NIH).

Mouse Experiments. Athymic nude (NCr nu/nu) mice (6 wk of age) were in-
jected s.c. with cell lines expressing different shRNAs or control NS shRNAs.
After 1 wk, mice with tumors were treated with either vehicle control or
vemurafenib (30 mg/kg) via oral gavage three times a week. Tumor volume
was measured every week, and the size was calculated using the formula:
length × width2 × 0.5 and plotted. All animal protocols were approved by
the Institutional Animal Care and Use Committee at Yale University. For
all mouse experiments, vemurafenib was dissolved in DMSO and diluted
to 25× in 2% Klucel-LF, and animals were dosed orally at 30 mg/kg on
every alternative day.

Patient Sample Acquisition. Melanoma samples were obtained through bi-
opsies, and surgical resections were performed during standard clinical care

of melanoma patients. Excess samples not required for surgical pathology
assessment were stored in the Vanderbilt University melanoma tumor re-
pository as FFPE. All patients provided consent through Institutional Review
Board-approved protocol before tissue acquisition (Vanderbilt IRB# 030220),
and samples were de-identified for the analysis.

Quantitative Immunofluorescence Analysis. Whole-tissue sections of paired
pre- and progressed patient samples that were treated with targeted BRAF
inhibitors, as described in SI Appendix, Table S3, were deparaffinized at 60 °C
for 30 min, incubated in xylene (soaking twice for 20 min), and rehydrated
with ethanol (twice in 100% ethanol for 1 min and then in 70% ethanol for
1 min). Antigen retrieval was performed by boiling samples for 20 min at
97 °C in citrate buffer, pH 6.0 (PT module, Lab Vision; Thermo Scientific).
Slides were blocked by treating with 30% hydrogen peroxide in methanol
and then incubated with a blocking solution containing 0.3% BSA in Tris-
buffered saline and 0.05% Tween solution (TBST) for 30 min at room tem-
perature. Slides were then incubated overnight with a mixture of BOP1
rabbit antibodies, as well as S100 and HMB45 mouse antibodies (SI Appen-
dix, Table S4). The next day, these were washed and treated with a mixture
of Alexa 546-conjugated goat anti-mouse secondary antibody (Invitrogen),
diluted 1:100 in rabbit Envision reagent (K4003, Dako), and incubated for
60 min at room temperature. For target detection, slides were treated with
cyanine 5, directly conjugated to tyramide (FP1117; Perkin-Elmer) at a
1:50 dilution, for 10 min. ProLong gold mounting medium (Invitrogen),
containing 4′,6-diamidino-2-phenylindole (DAPI), was used to stain nuclei.
Control slides were processed for reproducibility alongside each experi-
mental slide-staining run. Quantitative measurements of BOP1 and immu-
nofluorescence analysis were performed using the AQUA method (25). A
tumor mask was created by binarising the BOP1 signal and S100 and
HMB45 signals. Quantitative immunofluorescence scores were calculated by
dividing the target pixel intensity by the area of the S100 and HMB45
compartments. All patient samples were scored using AQUA software, and
in each sample 40–70 different spots were analyzed; the average scores of
target in the tumor mask-normalized are shown in the figures.

Statistical Analysis. All experiments were conducted in at least three bi-
ological replicates. Results for individual experiments are expressed as the
mean ± SEM. For measurement of tumor progression in mice and MTT as-
says, statistical analyses were performed by analyzing the area under curve
using GraphPad Prism software, version 7.0, for Macintosh (GraphPad Soft-
ware; https://www.graphpad.com). For the remaining experiments, P values
were calculated using the two-tailed unpaired Student’s t test in GraphPad
Prism software, version 7.0, for Macintosh.
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