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INTRODUCTION

While many targeted therapies are available for breast cancers that express estrogen recep-
tor-a. (ER"), relapse and death is common and closely linked to resistance to these ER-targeting
agents. The overall objectives of this project are to define mechanisms of endocrine therapy re-
sistance, and to design etiology-matched treatments to improve outcomes. This project investi-
gates the hypothesis that NF1 (Neurofibromatosis type 1), previously known chiefly as a negative
regulator for Ras as a GAP (GTPase Activating Protein), also negatively regulates ER signaling
via co-activator interactions, such that NF1 loss in tumors leads to aggressive tumor behavior not
only through activated Ras signaling but also through increased ER activity. This project is a col-
laboration between Eric Chang (the initiating PI) and Matthew Ellis (Partnering PI), and they each
contribute equally to this project (see below).

KEYWORDS

NF1, Neurofibromatosis type 1, Ras GTPase, GAP, Neurofibromin, estrogen receptor,
gene expression, targeted therapy, ER co-regulators, ER-co-repressors.

ACCOMPLISHMENTS

To investigate our hypothesis, this proposal has two specific aims: In Aim 1 we are defin-
ing how NF1 regulates expression of ER target genes by investigating a direct interaction between
NF1 and canonical ER transcriptional co-regulators, with a particular focus on how NF1 may in-
hibit activities of co-activators. This is the main responsibility of the Chang lab. Aim 2 is the
main responsibility of the Ellis lab, with the goal of establishing a strategy to effectively treat NF1-
deficient ER" breast cancers by rationally combining anti-Ras and anti-ER approaches. We have
made great strides in the studies of both aims, and a revised manuscript describing our findings
(see “Products” and the submitted manuscript attached as an Appendix) was submitted to the high
impact journal Nature. Our task-specific progress is as follows:

Major Task 1 (responsibility of the Chang lab): To define how NF1 regulates expression of
ER target genes by investigating a direct interaction between NF1 and canonical ER tran-
scriptional co-regulators.

Subtask-1: Build vectors needed for this project. In addition to gene silencing using

NF1-CRISPR shRNA, which was generated in the last reporting period, we have

g £ o now generated two NF1 knock-out cell lines using CRISPR (Fig. 1).

NF1 These cell lines behave the same as cells carrying the ShRNA that will
1.0 01 0.1 be shown below.

GAPDH E Subtask-2: Measure effects of NF1 on half-lives of ER and co-

activator SRC-1. We have determined that when NF'] expression was
silenced, no major change of steady state protein levels of ER and
SRC-1. Thus, regulating ER and SRC-1 stabilities are unlikely to be

the target of NF1 and will not be pursued further.

Subtask-3: Measure NF1-dependent nuclear trafficking of ER and SRC-1. In the last pro-
ject period, we have shown that while more ER and SRC-1 are found in the nuclei upon E2 (estra-
diol) stimulation, NF1 loss increases this further. We have decided to put the study of trafficking
on hold to focus on what appears to be a more important question: what happens to ER once it is
in the nucleus of NF1-depleted cells.



Subtask-4: Measure NF1 and ER binding. In the last project period, we have detected the
o ..l binding using the mammalian two-hybrid system, as well as using pu-

Ab, IP Ab, IP Ab, IP . . . .
foc 29 29T w rified components in vitro. In this project period we have focused on
= = = =~ measuring binding between endogenous proteins and whether it is lig-
L=l IE=—=le  and dependent. We have data using MCF7 cells that ER antibody can
E9EE%EESE co-immunoprecipitate (co-IP) NF1 and NF1 antibody can co-IP ER,
| == @ 54 that this interaction is stimulated by an ER antagonist (4-OHT)

l‘" i‘““-‘-’ '—“:: !| NF1

but not by E2 (Fig. 2). This suggests that ER anatagonists may func-
tion by recruiting NF1 to attenuate ER activity.

Subtask-5/6: Measure NF1-dependent co-regulator recruit-

ment to the ERE (Estrogen Responsive Element) by a cell-free system.

In the last project period, we have used a cell-free ERE-bead pull-down assay to show that NF1,
as well as another co-repressor, HDACI, is recruited to the ER-ERE complex in the presence of
4-OHT, but not E2. Together with the findings above that the binding between NF1 and ER is also
stimulated by 4-OHT, it strongly suggests that NF1 has transcription co-repressor activity. We
have thus pursued this more thoroughly by performing RNA-seq experiments to analyze how loss
of NFI impacts gene expression in an unbiased fashion. As shown in Fig 3A, we performed
o ) B K N4 RNAseq to profile differential gene
g o s o Ven  _E2  _ven E2 expression in NF1* vs NF1% cells af-

h ter E2 stimulation and found that 72%

—u——}k———k— I\ of well-known E2-responsive genes
T T I T 1T | seenin NF1* cells were also seen in
y | E2-stimulated NF1*¢ cells (Fig. 4A).
Similar results were detected in pa-
tients (not shown). Importantly, the
majority of E2-induced genes in
NF1* cells are more strongly induced
in NFI*4 cells; conversely, E2-re-
pressed genes are more strongly re-

NF1- — _ pressed in NF 1% cells.
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Squ -7: Measure ER ChIP

epelP

yond the or1g1na1 scope and con-

‘between:NE1 and:ER i-NICF7

motes ER recruitment to the chroma-
tin. As expected the ER binding sites
C e I I S o are highly enriched by ERE sites (not
shown). There is a 77% overlap be-
tween the genes identified in the
RNAseq and ER ChIP-seq experi-
ments (not shown), suggesting that
changes in expression of the genes
seen in the former are mostly due to
direct ER recruitment to the EREs.

Subtask-8: Repeat above with more cell lines. We have repeated key experiments using
several cell lines and will show one figure here (Fig 4) to illustrate that NF1 depletion induces



tamoxifen agonism such that tamoxifen can now stimulate cell growth instead of blocking it (more
can be seen in the attached manuscript).

Subtask-9: Analyze ER-IP by MS and
ChIP-seq. These experiments will be pursued in
the future.

-MCE7 Scr shANA 4

ZMGE7 N1 ShANA G5 -MoF7 ~ _ZR75B MCF7
~-MGF-7 NF1 ShRNA C5 + DOX 3 =

MDA-ME-175V

‘A:ﬂ Subtask-10: Write a paper. We have now
___ published in Nature Communications the original
OHT (Loghh WEISEWA G5 G5 G5 G Neromom patient profiling study that inspired this project
(below). Most of the results described here have
been included in a revised manuscript submitted

to Nature (see Appendix).
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Major Task 2 (Responsibility of the El-
lis lab): To establish a strategy to treat NF1-
deficient ER" breast cancers by rationally
combining anti-Ras and anti-ER approaches.

Subtask-1/2: Seek antibody for IHC. We
have generated a monoclonal antibody against NF1 and thoroughly tested it by immunofluores-
cence staining using several controls as requested by the reviewers of our paper, and the final
results are shown in Fig 5. We have also made progress in the IHC. As shown in Fig 6, we can
easily detect NF1 in T47D cells, which have the highest
NF1 levels among the ER™ cell lines we have tested (Fig (J‘;ZR) ?fj;ﬁj MDA;,Z",?;SV"
5), but no signal was seen in the NF 1null MDA-MB-175
cells. However, the challenge now is that for cell lines
that express low/medium levels of NF1, such as MCF7
cells, we also could not detect any signal. We thus need
to further optimize the protocol to better control back-
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in the previous project period, we have
now also demonstrated the same results
using ZR75 cells. All of these validate
our hypothesis that in these NFI1-defi-
cient ER" breast cancer cells, a combina-
tion therapy using a SERD, e.g., fulves-
trant, and anti-Ras agents, e.g., dabraf-
enib and trametinib, is needed for opti-
mal treatment efficacy.

Subtask-6/7: Measure tamoxifen
resistance and E2 hypersensitivity in
mice: This has been accomplished in the
last period using the MCF7 xenograft
model.

Subtask-8: Test treatment strat-
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egy using cell lines in mice. This has been accomplished in the last period using the MCF7 xeno-

graft model.

Subtask-9: Test treatment strategy using PDXs in mice. See above.

Subtask-10/11: Perform MIB-MS to identify the resistance mechanism in treated cell lines.

This will be performed in the future.

Subtask -2: Evaluate data and repeat key experiments and write paper. See above, Task 1,

Subtask 10.

We have disseminated these observations by (1) submitting a paper, (2) presenting as a talk
in a meeting, and (3) applying and receiving additional funding — see “Products” below.

Fig 7. Treatment o
anti-Ras agents. Lo:
(left, bottom). The 1



IMPACT

Despite the fact NF1 has been mostly known for its ability to negatively regulate Ras, the
results of this project suggest that it is also a negative regulator for ER. Thus, inactivation of a
single tumor suppressor can turn on two powerful oncogenic pathways, which currently are not
being co-targeted for therapy. The results from this project strongly suggest that we must combine
Ras pathway inhibitors and a SERD in order to effectively treat NF1-deficient cancers driven by
ER, while tamoxifen may be contraindicated due to ER agonism.

In fact, a prospective treatment trial with this approach is currently being considered. The
trial is a single arm multi-institutional phase II trial (Simon two-stage design) that will examine
the efficacy of a combined therapy approach, trametinib + fulvestrant, in women with NF1-defi-
cient ER" metastatic breast cancer. The trial has been developed into a working protocol with
assistance from the AACR — “Methods in Clinical Research” meeting at Vail, CO 2017. Women
with metastatic ER* breast cancer who have progression of disease on Al + CDK 4/6 inhibitors
would be eligible for tumor profiling. If NF1 deficiency is found, they would be screened for this
trial. The protocol for the trial will soon be submitted to the IRB for approval. This grant will
directly impact this protocol by providing diagnostic strategies and the preclinical rationale.

CHANGES/PROBLEMS: Doug Chan was a mass spectrometry (MS) expert in the Ellis’s lab with
a proposed 2.4 Months effort/salary. He has since left, and his responsibility has been taken over
by Dr. Beom-jun Kim. However during this funding period, we have focused more on animal
work, and less so on MS. Therefore, we have reduced Kim’s effort (to 1.8 Months), while adding
support for an animal technician Purba Singh (1.2 Months), without greatly affecting the budget
for personnel.

PRODUCTS:

(1) With support from this project, the original patient profiling study has been published
in Nature Communications:

Obi Griffith, Nick Spies, Meenakshi Anurag, Malachi Griffith, Jingqin Luo, Dongsheng Tu,
Belinda Yeo, Jason Kunisaki, Christopher Miller, Kilannin, Krysiak, Jasreet Hundal, Benjamin
Ainscough, Zachary Skidmore, Katie Campbell, Runjun Kumar, Catrina Fronick, Lisa Cook,
Jacqueline Snider, Sherri Davies, Shyam Kavuri, Eric C. Chang, Vincent Magrini, David Larson,
Robert Fulton, Shuzhen Liu, Samuel Leung, David Voduc, Ron Bose, Mitchell Dowsett, Richard
Wilson, Torsten Nielsen, Elaine Mardis, Matthew J. Ellis. The prognostic effects of somatic mu-
tations in ER-positive breast cancer, Nature Communications, in press.

(2) A revised manuscript describing the bulk of the results from this project has been peer
reviewed by Nature. While the paper was returned, we are responding to the comments and will
re-submit.

Ze-Yi Zheng, Meenakshi Anurag, Jin Cao, Burcu Cakar, Xinhui Du, Jing Li, Philip Lavere, Jona-
than T. Lei, Purba Singh, Sinem Seker, Doug Chan, Xi Chen, Kimberly C. Banks, Richard B.
Lanman, Maryam Nemati Shafaee, Susan Hilsenbeck, Charles E. Foulds, Matthew J. Ellis, Eric C.
Chang. Neurofibromin is an Estrogen Receptor-a Transcriptional Corepressor in Breast Cancer.
Nature, under peer review.



(3) Dr. Foulds is a key member of the team and was able to use the support of this grant to
publish a paper focusing on profiling co-regulators associated with mutant ER:

Gates LA, Gu G, Chen Y, Rohira AD, Lei JT, Hamilton RA, Yu Y, Lonard DM, Wang J, Wang
SP, Edwards DG, Lavere PF, Shao J, Yi P, Jain A, Jung SY, Malovannaya A, Li S, Shao J,
Roeder RG, Ellis MJ, Qin J, Fuqua SAW, O'Malley BW, Foulds CE. Proteomic profiling identi-
fies key coactivators utilized by mutant ERa proteins as potential new therapeutic targets. Onco-
gene, in press.

(4) This study was selected for a talk at the 2018 GeneMed meeting in Houston:

Ze-Yi Zheng, Meenakshi Anurag, Jin Cao, Burcu Cakar, Xinhui Du, Jing Li, Philip Lavere,
Jonathan T. Lei, Purba Singh, Sinem Seker, Doug Chan, Xi Chen, Kimberly C. Banks, Richard B.
Lanman, Maryam Nemati Shafaee, Susan Hilsenbeck, Charles E. Foulds, Matthew J. Ellis, Eric C.
Chang. Neurofibromin is an Estrogen Receptor Alpha Transcriptional Corepressor in Breast Can-
cer. GeneMed, 2018.

(5) With the direct support of this DOD grant, a pre-application focusing on another aspect
of NF1 biology in breast cancer has been selected for a full application for a grant available at
Breast Cancer Research Foundation. We have also just been notified the award of another NF1-
related grant from the Cancer Prevention and Research Institute of Texas (CPRIT). We have also
been productive in other areas using the DOD funding which has led to the award of an R21 from
NIH. This R21 focuses on how Ras may promote DCIS progression in breast cancer.
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Neurofibromin is an Estrogen Receptor-a Transcriptional Co-repressor in Breast

Cancer

(Running title: NF1 is an ER Co-repressor)
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Neurofibromin, encoded by the NFI Neurofibromatosis type I gene, is a
GTPase-Activating-Protein (GAP) that attenuates Ras signaling!. However, extensive
evolutionary sequence conservation beyond the GAP domain suggests other hitherto
undefined functions. Herein we report a GAP-independent activity of NF1 in the
context of endocrine therapy resistant estrogen receptor-o positive (ER") breast
cancer. We find that NFI-silencing increases ER activity to cause estradiol (E2)
hypersensitivity and tamoxifen agonism. NF1 nuclear levels and binding to ER are
both enhanced by tamoxifen, but not by E2. The binding to ER is mediated by two
consensus leucine/isoleucine-rich co-repressor motifs*>>. When conserved residues in
these NF1 motifs are mutated, including a somatic event in an ER* breast cancer, ER
binding and transcriptional repression are decreased without impairing GAP activity.
Conversely, GAP mutations in NF1 do not impact its ER binding and repression.
NF1-deficient ER* breast cancer models retain sensitivity to selective estrogen
receptor degraders (SERDs), such as fulvestrant, and further targeting Raf/MEK
suppresses acquired fulvestrant resistance. In conclusion, NF1 is a previously
unrecognized ER co-repressor. Combining Ras pathway inhibitors and a SERD may
be an effective treatment for NF1-deficient ER" breast cancers, while tamoxifen may

be contraindicated due to ER agonism.

By sequencing tumor DNA from early stage ER" tumors treated with adjuvant
tamoxifen monotherapy, we recently reported that nonsense (NS) and frameshift (FS)
mutations in NF/ are associated with a markedly higher risk of breast cancer recurrence
and death (Griffith et al. in press). Furthermore, when samples of circulating cell-free

tumor DNA from metastatic ER* breast cancer patients (n=535)* were sequenced, the



frequency of NF'/ mutation was dramatically higher (18%, Fig. 1a and Supplemental Table
S1) than that in primary breast cancer (e.g., TCGAS at 2%, Fig Sla). Similar enrichment
of NFI mutations in metastatic breast cancer has been reported by others®’. These
observations suggest that somatic NF'/ events are an important new class of progression
mutation that may relate to treatment resistance.

NFI NS/FS mutations may trigger mRNA degradation through nonsense-mediated
decay. Consistent with this mechanism, greatly reduced full-length NF'/ mRNA levels were
observed in samples from both TCGA (Fig. 1b) and METABRIC? (Fig. S1b) samples when
NS/FS mutations were present. ER" breast cancer is also treated with aromatase inhibitors
(AI), which lower E2 levels. We therefore examined gene expression data from the
ACOSOG Z1031 clinical trial, where patients were treated with an Al before surgery®.
These data demonstrated that while a multi-gene proliferation score (MGPS)!? decreased
after Al treatment in tumors with higher NFF'/ mRNA levels, reduced suppression of MGPS
was observed in tumors with low NF'/ mRNA levels, indicating Al resistance (Fig. 1c and
Supplemental Table S2). Finally, many NS/FS mutations affect the C-terminus distal to the
centrally-located GAP domain, and NF1-R2450" is the most frequent mutation of any NF1
mutation type in the COSMIC database (Fig. S1c). We could not efficiently express NF1
missing a small portion of its C-terminus caused by the NF1-R2450® mutation or two other
recurrent FS/NS mutations (Fig. Slc). These findings raise the possibility that depletion
of the entire NF1 protein, rather than a stable truncated protein, is a common consequence
of FS/NS mutations. A requirement for the loss of the entire NF1 protein for poor outcomes,
and the lack of recurrent GAP-inactivating mutations in our sequencing studies*, led us to

speculate that NF1 may have additional functions besides Ras regulation.



To investigate the consequences of NF1 depletion on ER* breast cancer, MCF-7
ER" breast cancer cells were engineered to harbor lentiviruses expressing one of two
doxycycline (DOX)-inducible shRNA clones (C5 and C6). Upon DOX addition (+DOX),
NF1 protein levels were reduced by ~70%. Increased ERK phosphorylation versus vehicle
treated (—DOX) or scrambled shRNA controls indicated the anticipated reduction in GAP
activity (Fig. S1d). An NF1 shRNA-resistant expression construct reversed these effects

(Fig. S1d).

Remarkably, when NF'I expression was silenced (+DOX) in MCF-7 and ZR-75B
cells, in vitro growth was stimulated by 4-hydroxy-tamoxifen (4-OHT) rather than
inhibited, in comparison to the non-silenced control (-DOX) or the scrambled shRNA
+DOX control (Fig. 1d and Sle), indicating a switch from 4-OHT antagonism to agonism.
Furthermore, NFI-silenced cells proliferated at lower concentrations of E2 (10-'*M) than
controls and higher E2 concentrations (>107'°M) inhibited cell growth indicating E2
toxicity (Fig. 1e and S1f). Two pools of NF1 “knock-out” MCF-7 cells were independently
created by CRISPR with results similar to the shRNA data (Fig. 1 d and e, and Fig. S1g).
Finally, 4-OHT and E2 responses in ER" MDA-MB-175VII and ER- MDA-MB-231 cells
were also examined because these lines naturally harbor NF/ frameshift mutations
(+/p1679% and +/pY2285" in the former and +/pT467% in the latter)''>. Both lines have
lost all detectable NF 1 protein by Western blotting (Fig. S1h). The ER" MDA-MB-175VII
cells also exhibited 4-OHT agonism and E2 hypersensitivity and responded to E2 at even
lower concentrations (e.g., growth stimulation at 10-1°M and E2 toxicity at >10~!3 M) than
shRNA-silenced MCF-7 and ZR-75B cells. The ER- MDA-MB-231 cells were, as

expected, unresponsive to 4-OHT or E2 indicating a requirement for ER for the endocrine



effects of NF1 perturbation (Fig. 1 d and e). E2 hypersensitivity and 4-OHT agonism were
reproduced in vivo using an MCF-7-based xenograft mouse model: tamoxifen stimulated
the growth of NF/-silenced tumors (Fig. 1f, left), and these tumors grew at a dose of E2
(0.05 mg dose) that had almost no discernable effect on the growth of control tumors (Fig.

If, right).

Since the abnormal E2/tamoxifen responses observed in NF1-depleted cells are ER-
dependent, we investigated whether NF1-depletion affects ER-dependent transcription.
First, the mRNA levels of established ER-target genes were examined by qPCR in MCF-7
cells. The data showed that expression of GREBI and pS2 in the presence of E2 was
augmented by NF/ shRNA (Fig. S2a) or CRISPR-mediated NF'/ knock-out (Fig. S2b).
This enhancement was not due to an increase in ER levels (Fig. S2a) and could be reversed
by the aforementioned shRNA-refractory NF1 construct (Fig S2a), indicating specificity.
Gene expression was also stimulated by 4-OHT in MCF-7 cells depleted for NF1 by
shRNA (Fig. S2¢) or by CRISPR (Fig. S2b), consistent with conversion to agonism. E2
and 4-OHT-stimulated gene expression was similarly observed in NFI-silenced ZR-75B
cells (Fig. S2d). Finally, we examined tumor tissues from the aforementioned MCF-7
xenograft model by qPCR and found that expression of ER target genes GREBI and pS2

was greatly enhanced in NF'/-silenced tumors (Fig. S2e).

To examine endogenous gene expression in a genome-wide fashion, RNA-seq.
experiments were performed in control (—-DOX) and NF'[-silenced (+DOX) MCF-7 cells
before and after E2 stimulation. Overall E2 altered expression of 538 in the control NF1*
cells and 955 genes in NF1X¢ cells (Fig. 2a, and Table S3). There was an overlap of 386

genes between the two gene sets (Table S3) indicating that expression changes of 72%



(=386/538) of the observed E2-altered genes seen in NF1* cells were also altered in NF1%4
cells. These overlapping genes, referred to as the “common E2-regulon,” were analyzed
by GSEA Hallmark pathway analysis and found to be highly enriched with well-
established E2-responsive genes, such as GREBI and pS2/TFF1, which were detected
separately as discussed above, as well as PGR, PDZK1, NRIPI, AREG, EGR3, HI9 and
FOS (Fig. 2a and Table S3). Furthermore, nearly all genes upregulated after E2-stimulation

in NF17" cells were more strongly induced in NF1kd

cells, and the great majority of E2-
repressed genes were also more strongly repressed, consistent with ER-hyperactivity upon
NF1 depletion. The 417 (=955—-538) E2-altered genes that were selectively observed in
the NF1-depleted state (referred to as the “NF1*-unique E2-regulon”) were also assessed
by GSEA Hallmark Pathway analysis (Table S3). Aside from a predominance of additional
E2-regulated genes, a K-Ras-dependent gene expression signature was also observed (Fig.
2a). Gene expression changes induced by 4-OHT were also examined by RNA-seq (Fig.
2b, and Table S3) and the results were similar to the E2-stimulated gene expression
alterations confirming tamoxifen agonism in the NF1-depleted state. For example, the
overlap of 4-OHT-altered gene expression between NF1* and NF1* cells was 65% and
was also highly enriched with well-established E2-responsive genes. Furthermore, genes

that were induced by 4-OHT in NF1" cells were more highly induced, while 4-OHT-

repressed genes were more strongly repressed in NF1¥¢ cells.

To demonstrate whether the observed E2-induced gene expression patterns (Fig.
2a) could be replicated in patient samples, differentially expressed genes according to NF'/
status (with or without NF'/ NS/FS mutation) in the METABRIC and TCGA ER" data sets

were identified, and pathway enrichments were similarly assessed (Table S4). The results



were compared to the two MCF-7 E2-regulons described above. Supporting the conclusion
that NF1 depletion dramatically affects the expression of E2-responsive genes in clinical
ER" specimens, E2-responsive pathway terms were most significantly modulated by NF/

FS/NS mutation status, followed by the K-Ras signature (Fig. 2c).

To determine whether NF1-mediated repression of ER occurs at the level of
estrogen response element (ERE) activity, ER-ChIP qPCR experiments were performed.
These studies demonstrated that ERE occupancy in the promoters of both GREBI and pS2
was greatly enhanced by NFI-depletion (Fig. 2c¢). These data suggest that NF1 could
function as a ligand-dependent co-repressor for ER. To investigate this postulate further,
the motif homologies within NF1 were examined. Established ER co-repressors bind ER
via their leucine/isoleucine-rich co-repressor motifs, and minor substitutions of L or I with
an A can disrupt binding!®. Interactions are also mediated by charge®'*. NF1 harbors two
consensus co-repressor motifs designated here as M1 and M2 (Fig. 3a). In the UBC TAM
series!4, a somatic M1 1417M mutation was noted. Additional mutations affecting key
residues in M1 and M2 can be found in COSMIC and METABRIC and in
neurofibromatosis type-1'>. M2 is located in the GAP domain, which can be readily
purified in E. coli’®>. A purified NF1 GAP domain strongly pull-down purified ER,
confirming that the interaction between NF1 and ER is probably direct (Fig. 3b). A
mammalian two-hybrid assay!” was used to demonstrate that the ER-NF1 interaction can
occur in intact cells. In these assays NF1 selectively bound to the ligand-binding domain
of ER, but not the AF-1 domain (Fig. S3a), and the interaction was induced by 4-OHT, but
not by E2, mimicking a known corepressor NCoR1 (Fig. S3b). No substantial interaction

between NF1 and ER-B (Fig. S3c) was observed, indicating specificity. By generating a



monoclonal NF1 antibody for immunoprecipitation (Fig. S3d), we were able to perform
reciprocal co-immunoprecipitation (Co-IP) experiments in MCF-7 (Fig. 3¢) and ZR75B
(Fig. S3e) cells and demonstrated that NF1 can co-immunoprecipitated ER and vice versa.
In these Co-IP studies, interactions were stimulated by 4-OHT but not by E2 (Fig. 3c),

supporting the conclusion that ligand-binding modulates the NF1-ER interaction.

A cell-free system!® was used to confirm that ER ligands can impact NF1
recruitment to the ER-ERE complex. When purified ER, biotinylated EREs, and HeLa
nuclear extract were combined, the E2-liganded ER-SRC-1-ERE complex could be pulled
down by streptavidin beads'® with little recruitment of NF1, mimicking the behavior of the
co-repressor HDACI, but NF1 and HDAC1 were recruited to the ER-ERE complex in the
presence of 4-OHT (Fig. 3d). Using two separate polyclonal NF1 antibodies (Fig. S3f), we
also demonstrated that endogenous NF1 was recruited to the promoters of GREB! and pS2
(Fig. 3e) when 4-OHT was added, but not E2. In sum, these data support the hypothesis

that NF1 is an authentic ER co-repressor.

To directly determine whether M1 and M2 are authentic ER-binding sites, L was
substituted with A'®. The 1417M NFI somatic M1 mutant was also generated. The binding
to ER (Fig. 3f), measured by the two-hybrid assay, was greatly reduced by both M1 and
M2 mutations. The [417M M1 mutant and one M2 mutant were chosen to further
demonstrate that repression of ER transcriptional activity was also weakened, as measured
by an ERE-luciferase reporter assay'® (Fig. S3g), while retaining full GAP activity (Fig.
S3h). Conversely, two NF1 GAP inactivating mutants were identified to further
demonstrate ER repression is GAP independent. These GAP mutants were identified in

metastatic ER" breast tumors, NF1-R1362Q* and NF1-K1444R?° (Fig. S3h). Both mutants



bound ER (Fig. 3g) and repressed ER (Fig. S3g) as efficiently as wild type NF1. One GAP
and one M1 mutant were then chosen for further study by expressing them in NF'/-silenced
cells to levels comparable to NF1 in control cells (Fig. 3h). The enhanced GREBI and pS2
expression in NF'/-silenced cells was repressed by wild type NF1 and the GAP mutant, but
not by the M1 mutant (Fig. 3h). Furthermore, enhanced ERE-mediated gene expression
was not restored to normal levels by the Raf and MEK inhibitors dabrafinib and trametinib
(Fig. S3i1). Together these data demonstrate that GAP activity and ER repression are

functionally independent.

The human genome contains up to 14 Ras GAPs?!, which share no significant
sequence homology beyond the GAP domain. For example, in p120GAP/RASAL, there is
no identifiable M1; nor was there an M2 in a published GAP domain alignment study??
(Fig. S3j). In the ER-NF1 Co-IP experiment shown above, ER did not interact with
p120/RASALI, indicating specificity (Fig. S3e). Since protein co-expression is a strong
predictor for co-functionality?, the molecular activity classes of proteins whose levels
positively correlated with those of NF1 in >100 patient derived samples were explored in
the Clinical Proteomic Tumor Analysis Consortium (CPTAC) breast cancer database?*.
Remarkably, NF1 protein levels highly correlated with a number of transcription factor
functionalities, and the “ligand dependent nuclear receptor binding” protein class in
particular. pl20GAP was similarly examined as a control, with mostly negatively

correlations with these factors (Fig S3k).

For transcriptional regulation, NF1 must access the nucleus. While NF1 is mainly

cytoplasmic, nuclear NF1 has been previously reported in a variety of cell types including

25-31

ER" breast cancer cells*>>!. In one study, NF1 nuclear localization in neuronal cells was
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shown to be dependent on the Ran GTPase?!. This mechanism may also operate in ER"
breast cancer, because NF1 co-immunoprecipitated with Ran in MCF-7 cells (Fig. S3e).
To further investigate how NF1 nuclear localization is controlled in ER" breast cancer cells,
an immunostaining protocol was developed using a set of cell lines with varying degrees
of NF1 (Fig. S1h), including the NF1 null-like MDA-MB-175 cells as a negative control
(Fig. 4a). Nuclear NF1 levels in at least two ER* breast cancer cell lines could be increased
by leptomycin-B (LMB), which blocks CRM1-dependent nuclear export, as shown by both
microscopy (Fig. 4b) and cell fractionation experiments (Fig. 4c). Importantly, in cell
fraction experiments NF1 nuclear levels were decreased by E2 and increased by 4-OHT
indicating that hormone-regulated nuclear concentration is an aspect of the co-repressor
role of NF1 (Fig. 4d). Overall these results suggest that while NF1 is mostly cytoplasmic
at steady state, it is shuttled in and out of the nucleus, possibly by Ran and CRM-1, in a

ligand-regulatable manner.

The clinical and functional data presented thus far suggests that NF1-deficient ER"
breast tumors will not be effectively treated with tamoxifen or AI. However, when NF1
was depleted by either sShARNA or CRISPR, the resulting MCF7 cells were still sensitive to
the clinically-approved SERD fulvestrant (Fig. S4a). Similar observations were made in
NF1kd ZR75B cells (Fig. S4b). MCF7 NF1*4 cells are also sensitive to the experimental
SERD AZD9496* (Fig. S4c). However, in NFI-silenced cells fulvestrant produced an
enhanced compensatory activation of the Ras-Raf-MEK-ERK pathway which may
promote cell survival and/or drug resistance in spite of effective ER inhibition (Fig. 5a).
Thus, dual targeting to inhibit both ER and the Ras-Raf pathway was assessed to determine

if NF1-deficient ER" breast cancer would be effectively treated with this combination. In
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vitro the combination of dabrafenib and trametinib enhanced fulvestrant activity by greatly
increasing apoptosis in NF1¥ MCF-7 cells (Fig. 5b), an effect also observed for
selumetinib (Fig. S4d) and AZD9496 (Fig. S4e). NF1%¢ ZR-75B cells were similarly more
sensitive to the fulvestrant, dabrafenib, and trametinib combination (Fig. S4f). In vivo,
while tumors from the MCF-7 NF 1% xenograft model initially responded to fulvestrant, at
later time points these tumors acquired resistance. This fulvestrant resistant growth phase
was blocked with dabrafenib and trametinib (Fig. 5S¢ and S4g). In addition, we examined
RNA-seq?® and mass spectrometry data® to identify a patient-derived xenograft (PDX),
WHIM16%°, with no detectable NF1 protein and very low levels of NF'/ mRNA (Fig. 5d).
WHIM16 was derived from patient who died after the development of resistance to
multiple lines of endocrine treatment including fulvestrant. As such, WHIM16 represents
a late stage metastatic disease with pan-endocrine therapy resistance. Consistent with this
history, WHIM 16 showed minimal response to fulvestrant alone; however, dabrafenib and
trametinib, together with fulvestrant, effectively inhibited xenograft growth (Fig. 5d and

S4h).

In conclusion, this study presents multiple lines of evidence that NF1 is a
transcriptional co-repressor of ER in ER" breast cancer in a manner that is independent of
GAP activity. As a result, when NF1 is depleted through somatic mutation, ER function
is enhanced, leading to tamoxifen agonism, E2 hypersensitivity/Al resistance, and poor
outcome (Fig. 5e). In experimental systems, the tumor promoting effects of NF1 loss can
be opposed with a SERD, but Ras activation can cause acquired SERD resistance, which
could be effectively inhibited by drugs blocking Ras-Raf signaling. Further research may

connect the ER hyperactivity induced by NF1 depletion to other paradoxical or

12



unexplained observations in ER" breast cancer, for example, regression of endocrine
therapy resistant ER" breast cancer with E2 or synthetic estrogen treatment®>. Additionally,
the role of NF1 as an ER co-repressor may underlie the sexually dimorphic features of
neurofibromatosis, including the preponderance of optic chiasm gliomas during female

puberty*®.
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Figures and figure legends
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Figure 1. NF1 loss promotes tamoxifen agonism and E2 hypersensitivity leading to
poor patient outcome in ER" breast cancer. a, The portions of ER" primary vs.
metastatic breast cancers carrying NF'/ mutations (Supplemental Table S1) were analyzed
by Fisher Exact test. The number of patients carrying a particular type of NF'/ mutation is
shown at the top of each column. b, Boxplot to analyze NF'/ mRNA levels in ER" breast
tumors carrying different NF'/ mutations in the RNA-seq database of TCGA. P-value by
Wilcoxon rank sum test. ¢, Patients were stratified by NF/ mRNA levels according to
TCGA definitions of high versus low expression (Mean — 1.5 x SD). Boxplot shows
comparison of multigene proliferation score (MGPS) in tumors before treatment (BT) and
after treatment (AT) by Al. The differences in MGPS before and after treatment in each
NF1 group were analyzed by the Wilcoxon signed-rank test. The differences in MGPS as
a result of treatment between the two NF'I groups were further analyzed by Wilcoxon rank
sum test (P-value marked in red). d, MCF-7 cells stably transfected with doxycycline
(DOX)-inducible scramble or NF'/ shRNA (C5), as well as MDA-MB-231 and MDA-MB-
175VII cells, were seeded in E2-deprived medium, to which 4-OHT at indicated
concentrations was added (left). Cell numbers were measured 6 days later. The results (see
also Fig. S1 e and g) from the cells treated with 4-OHT at a given concentration (red arrow)
normalized to vehicle-treated control were quantified (right). n = 3 experiments, except for
MCEF-7 cells carrying NF'1 shRNA C5 (n = 6 experiments). e, Cells treated with E2 were
similarly analyzed as in panel-d (see also Fig. S1 f and g). n = 3 experiments, except for
MCF-7 cells carrying NF1 shRNA C5 (n = 8 experiments). f, MCF-7 cells carrying DOX-
inducible NF'/ shRNA were transplanted into the mammary fat pads of ovariectomized

nude mice, supplemented by an E2-capsule. When tumors appeared, the original E2-
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capsule was removed, and the resulting mice randomized into two sets (DOX or vehicle
treated). Each set was then treated by either tamoxifen (left), or E2 (right). For NFI*
tumors, n=10, 12, 12, and 8 mice per group for treatment of vehicle, 0.05 mg E2, 0.5 mg
E2, and tamoxifen; for NFI* tumors, n = 10, 13, 11, and 8 mice per group. The inset
shows NF'[-silencing validation by qPCR 2 weeks post-DOX addition. The tumor size was
measured twice weekly and plotted as the ratio relative to the initial tumor size right before

drug treatment.
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Figure 2
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Figure 2. NF1 depletion globally enhances ER transcriptional activity. a, RNA-seq
was performed on NF1* or NF1¥¢ MCF-7 cells treated with E2 or vehicle. A Venn diagram
depicts the number of E2-mediated differentially expressed genes in NF1* (purple) vs.
NF1Xd cells (teal) and those that overlap (“Common E2-regulon”). The latter in NF1* and
NF1* cells were ranked by (log2) fold-change in gene expression, and the Hallmark

pathways enriched in this set were revealed by GSEA (red line marks FDR cutoff at 0.05).
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GSEA analysis was also performed to similarly reveal Hallmark pathways enriched
selectively in NF1*¢ cells (“NF1% unique E2-regulon”). b. Gene expression changes
stimulated by 4-OHT were similarly analyzed by RNA-seq as above. ¢, Genes identified
in panel-2a were also examined in TCGA and METABRIC ER" breast cancer cases to
identify those genes that are differentially expressed (Table S4) between tumors with wild
type NF1 and NF1 FS/NS mutations. The enriched Hallmark pathways in patient data are
presented along with the results of the two E2-regulons identified in MCF-7 cells to
demonstrate high degrees of functional overlap similarity between cell line and clinical
datasets. ¢, ER was immunoprecipitated from NF1* or NF1% MCF-7 cells treated by E2
or vehicle, and ChIP-qPCR was performed to measure ER occupancy at the GREBI and

pS2 promoters. n = 2 experiments.
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Figure 3
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Figure 3. NF1 binds ER as mediated by co-repressor motifs and ER ligands. a, Protein

alignment was created by ClustalW (MUSCLE). NF1 has two potential co-repressor

20



motifs, M1 and M2 (consensus sequences® shown at the bottom). Mutations found in
cancers (COSMIC) or neurofibromatosis are colored blue. b, Purified ER was pulled-down
by amylose beads containing bacterially expressed His-NF1-GAP domain, but not the
control His-GST. ¢. MCF-7 cells grown in E2-deprived medium were treated with E2, 4-
OHT or ethanol as vehicle, immunoprecipitated with NF1 or ER antibodies, and examined
by Western blot. d, Indicated agents were added to the HeLa S3 nuclear extract together
with purified ER, and pull-down experiments were conducted using ERE-immobilized
beads. The resulting samples were analyzed by Western blot (left) and quantified (right). n
= 3 experiments. e, NF1 or ER was chromatin-immunoprecipitated from MCF-7 cells
stimulated by E2 or 4-OHT, and the associated chromatin was examined by qPCR using
primers targeting the GREBI or pS2 promoter. n = 2 experiments. f, The mammalian two-
hybrid interaction was measured by luciferase activity and inset shows that wild type and
mutant NF1 were expressed at the same levels in this assay. g, The two-hybrid interaction
was similarly measured as above. n = 3 experiments. h, FLAG-tagged shRNA-refractory
wild type or mutant NF1 was expressed in NF1*¢ MCF-7 cells to levels comparable to
endogenous levels (right). qPCR was performed to measure pS2 and GREBI expression

(left).
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Figure 4
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Figure 4. ER ligand-modulated nuclear accumulation of NF1. a, Immunofluorescence
microscopy was performed on indicated cells with varying degrees of NF1 proteins, known

by Western blot (Fig. S1h). PI marks the nucleus. b, T47D cells treated with LMB for 4 or
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6 hrs were examined for NF1 localization by confocal microscopy (left), and the levels of
NF1 the in nucleus vs. cytoplasm were quantified (see Methods section for detail) (middle).
NF1 levels in MCF-7 cells were similarly quantified (right). n = number of cells quantified.
¢, Lysates from cells similarly treated with LMB for 6 hrs were separated into the nuclear
and cytoplasmic fractions, marked by Histone-3 and GAPDH, respectively. NF1 levels in
the nuclear vs. the cytoplasmic fraction were quantified. d, MCF-7 and ZR-75B cells after

ligand stimulation were analyzed as in panel-c. n = 3 experiments.
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Figure 5
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Figure 5. Co-targeting Ras and ER to treat NF1-deficient ER" breast cancer. a, Cells
were seeded in 107'" M E2 to which fulvestrant, dabrafenib, or trametinib were
subsequently added at 10, 10 or 107 M, respectively. After 6 days, ERK
phosphorylation was measured by Western blot, and phosphorylation levels relative to the
vehicle-treated cells were set to 1. b, The same cells were treated by the same doses of
indicated drugs as 5a. Cell numbers and apoptosis were measured 6 days later. We note

that drug concentrations were selected (Fig. S4a) such that fulvestrant plus the dabrafenib
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and trametinib combination can more easily produce an effect on the cells that is greater
than either one group alone. n = 3 experiments. ¢, Xenograft experiment was performed
similarly as in Fig. 1f, except that when tumors became palpable, the original E2 capsule
was replaced by one that contains 0.05 mg E2, which can fully support the growth of NF1kd
tumors (Fig. 1f). The resulting mice were then randomized (+DOX). All NF1* tumors had
13 mice per group. The vehicle-treated NF1% tumors also had 13 mice per group but drug-
treated groups had only 12 mice per group. Tumor growth was similarly measured and
plotted as Fig. 1f. Tumor sizes at Week-12 of mice treated by fulvestrant alone and the 3-
drug combination were compared to show that only toward the end of this experiment the
former were becoming substantially bigger than the latter. d, Left, RNA-seq data from a
panel of ER" PDXs show that WHIM16 has very low NFI mRNA, and lack of NF1 protein
was confirmed by Western blot using an antibody against human DNA-PK as a human-
specific protein loading control. Right, tumor growth was similarly measured and plotted
as above (n = 10 mice). One tumor from each group was analyzed by Western blot for

treatment validation (inset). e, Model.
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